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ABSTRACT

Photonic devices that selectively transmit or reflect light are highly desirable in a wide
variety of applications, including energy harvesting, aesthetic decorations and optical displays.
However, most of these high optical-quality devices demonstrated to date involve complex
patterns or expensive fabrication processes, which limits high volume production. In comparison,
electrochemical methods can be simultaneously performed under mild conditions and with the

unique advantage of being applicable to objects of arbitrary shape and size.

This dissertation is focused on using two ambient condition approaches to fabricate
photonic devices with the capacity for scaling up. First, the electrochemical liquid-liquid-solid (ec-
LLS) growth technique is used to grow crystalline semiconductor micro/nanowires at T < 80 C
and Ge nanowire-based broadband absorbers on thermally sensitive substrates. The low
temperature aspect of ec-LLS makes this process compatible with a wide variety of substrates
ranging from metals to semiconductors to conducting polymers. This thesis provides a detailed
study on the critical factors affecting ec-LLS crystal growth, and the scope for implementation of
this growth method for practical applications is detailed. Additionally, electrical and optical
characterization of ec-LLS grown Ge micro/nanowires are presented. Second, electrochemical
techniques are used to fabricate angle-insensitive structural color filters by sequential
electrodeposition of tri-layer asymmetric metal/dielectric/metal Fabry-Pérot cavities. Additionally,

low-power consumption tunable color filters are achieved by employing an electrochemical effect

XXi



into the structural color design. It is shown that the proposed structures offer advantages over
existing colorant-based filters in terms of high efficiency, lifetime and switching stability. The
benchtop electrodeposition method utilized avoids any reliance on vacuum systems and ancillary

equipment.

To have a finer control over the electrodeposition processes explored above, it is imperative
to understand electrochemical processes and electron transfer processes at semiconductor/liquid
junctions. In the last part of the thesis, theoretical and experimental studies on semiconductor-
liquid interfaces using individual ultra-micro electrodes are presented, which test the accuracy of
Marcus theory at these interfaces. The intent is to develop methodologies that test the extent that
classical Marcus theory describes charge transfer at semiconductor/liquid interfaces, and to afford
more reproducible and precise measurements of heterogeneous electron transfer rates than are

currently available in the literature.
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Chapter 1

Introduction

1.1 Background

In the last fifty years, society has become increasingly dependent on semiconductor devices.
Research and development on transistors, optoelectronics, memory devices, sensing applications,
etc. has been driven by the constant need to improve semiconductor devices. In addition to this,
new technologies that have emerged in the areas of photonics and semiconductor electronics (e.g.
flexible electronics on plastic substrates) that put stringent limitations on the device fabrication
and semiconductor growth methods employed. Traditionally, monolithic semiconductor devices
are fabricated using single crystalline semiconductor wafers using a top-down approach
(subtractive steps). However, in contrast to the top-down approach, the bottom-up approach
(additive steps) enables the growth and fabrication of nanostructures and other complex

architectures with low material and processing costs.

Traditionally, crystalline semiconductor growth has been driven by two strategies: (1)
employing high temperatures during crystal growth, and (2) employing a fluid medium that can
solvate the adatoms of the crystal at the solid/fluid interface, thereby enabling a reversible pathway

between these two phases. The first strategy imparts a high surface mobility to the adatoms on the



growth surface (Figure 1.1). This results in efficient rearrangement of adatoms on the crystal
growth front and promotes a defect free crystal lattice. This concept is the basis for the various
vapor phase epitaxy (VPE) techniques, which have been around since the 1960s, that include

molecular beam epitaxy (MBE)* and metal organic vapor phase epitaxy (MOVPE)? techniques.

T~ 700 -1000 °C @ Adatom

Figure 1.1 Schematic depicting crystalline semiconductor growth at high temperatures to promote

fast adatom surface mobilities. (Courtesy of Dr. J. DeMuth, University of Michigan)

The second strategy is the basis for several growth techniques such as liquid phase epitaxy
(LPE),® 4 vapor-liquid-solid growth (VLS),®> solution-liquid-solid growth (SLS),® 7 etc. These
methods employ metals capable of dissolving covalent semiconductors. Relatively high
temperatures are used to ensure the metals are in the liquid state and capable of dissolving the
covalent semiconductors. The solid/fluid interface formed between the nucleating surface and the
liquid metal forms a reversible pathway wherein semiconductor atoms can either deposit at the

crystal growth front or dissolve back into the liquid metal (Figure 1.2). This reversible pathway



allows for the correction of defects at the crystal growth front and ultimately results in high quality

crystal growth.
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Figure 1.2 Schematic representation of crystalline semiconductor growth method employing a
fluid medium that can solvate the adatoms of the crystal at the solid/fluid interface.

Although these strategies produce high-quality defect-free semiconductor thin-films and
micro/nanowires, they all suffer from three main drawbacks. First, the high growth temperatures
employed makes these processes incompatible with thermally sensitive substrates and substrates
comprised of pre-existing device architectures. Second, the highly-processed, toxic, and corrosive
precursor gases used in these processes add significant costs when considering large-scale
processing. Third, the VPE and LPE techniques require strictly controlled ultra-high vacuum
environments. As a result, the complex ancillary equipment employed render these processes very

energy and cost intensive.



In contrast to the crystal growth methods mentioned above, electrochemical liquid-liquid-
solid growth (ec-LLS) is an aqueous process conducted at lab ambient conditions.®*? This process
has several advantages over its traditional counterparts. First, ec-LLS is a bench-top process and
the instrumentation required for this process is comparatively simple. This is in sharp contrast to
previously mentioned growth techniques, most of which use excessive ancillary equipment.
Second, this process uses benign precursors that are formed using non-energy intensive processes.
Third, the use of an electrochemical gradient rather than a thermal gradient to drive crystal growth
allows the use of much milder growth conditions compared to the methods mentioned above.
Section 1.3 provides an overview of the ec-LLS crystal growth process. Cumulatively, the first
part of this thesis identifies and studies the critical factors that affect crystal growth in ec-LLS in
detail, and also highlights efforts made to improve the purity of crystals grown using ec-LLS.
Further, electrical and optical characterization of the as-grown ec-LLS micro/nano structures is

demonstrated.

Ec-LLS offers a low-cost, benchtop alternative to conventional semiconductor crystal
growth methods, while also possessing milder growth conditions. On the same grounds, different
solution-based electrochemical approaches and electrodepositions can be further applied to other
electrical and photonic devices to address cost, performance and scaling-up issues. This thesis
identifies structural colors as one such application that can benefit from the various advantages

offered by electrochemistry.

For the case of color generation, many schemes based on plasmonic or guide-mode
resonances have been proposed and demonstrated.***” However, these structures typically involve
sub-wavelength patterns that require complex and time-intensive fabrication techniques such as e-

beam lithography and focused ion beam milling, significantly limiting their ability to be fabricated



in high volume. Multilayered structural colors fabricated using additive deposition techniques
provide one possible solution for mass-production.*®?* Roll-to-roll vacuum deposition methods
have been developed for obtaining pigment flakes exhibiting unique metallic appearance with high
purity for decorative paints and colored solar cells,?? however these methods carry a high cost
associated with having to rely on vacuum deposition systems. Thus, approaches that produce high
quality thin-films at ambient conditions are highly desirable. In this regard, this thesis introduces

anovel, low-cost electrodeposition approach to fabricate structural colors, with a potential to scale-
up.

The electrochemical approaches mentioned above involve semiconductor/liquid junctions
and complete measurements of charge transfer at these interfaces are desired in order to drive
electrochemical processes at the most efficient conditions. The topic of semiconductor
electrochemistry has been critical to advancing fundamental electrochemical concepts, including
the nature of charged solid/liquid interfaces, heterogeneous reaction kinetics, photochemical
processes, and corrosion/passivation.?? Semiconductor electrochemistry also is at the heart of
many long-standing applied technologies such as semiconductor wet etching,?*?® ion-sensitive
field effect transistor sensors,?” 2 and photoelectrochemical energy conversion strategies.?®-3
Paradoxically, though, the ability to interpret readily, quantitatively, and unambiguously even the
most basic voltammetric responses for charge transfer between a semiconductor electrode and a
dissolved redox species is still a challenge.323® Taking this into account, this thesis introduces
semiconductor ultramicroelectrodes (SUMES) a new tool for accurate measurement of charge-

transfer processes at semiconductor/liquid interfaces.



1.2 Aqueous Electrodeposition of Crystalline Covalent Semiconductors

Ec-LLS is a hybrid synthetic method developed to prepare crystalline inorganic materials
at ambient conditions. Combining elements of electrodeposition and melt crystal growths, the ec-
LLS process uses electrochemistry to drive solutes of interest into liquid metals where nucleation
and crystal growth can occur. The main premise in ec-LLS is that a liquid metal cathode acts both
to reductively activate a precursor(s) and as a solvating phase for semiconductor species. In this
way, an applied electrochemical gradient, rather than a thermal gradient, is exploited to nucleate

and to sustain crystal growth.
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Figure 1.3 Schematic illustration of electrochemical liquid-liquid-solid process. (Fahrenkrug, E;
et al. Chem. Mater., 2015, 27 (9), pp 3389-3396)



The ec-LLS process can be broken down into four elementary steps. To synthesize
semiconductor crystals using ec-LLS, the oxidized form of the semiconductor is dissolved in
solution and is brought in contact with the liquid metal that is deposited on a conductive substrate.
First, to initiate the ec-LLS process, a potential must be applied to the liquid metal electrode, which
provides the driving force for the reduction of the dissolved oxidized precursor to the zero valent
state. In this thesis, germanium oxide (GeOz) was used as the precursor for the ec-LLS growth of
Ge crystals. On application of a reductive potential, zero valent Ge is formed through the following

reaction:

HGeOzs™ (aq) + 4e + 2H20 - Ge (s) + 50H (aq) (1.1)

Second, the semiconductor adatoms dissolve into the liquid metal owing to their non-zero
solubility at the growth temperature. The minimum growth temperature allowed for ec-LLS is
dictated by the melting point of the liquid metal used. For example, while using eutectic Ga-In as
the liquid metal, ambient condition semiconductor crystal growth can be achieved at T = 60 °C.
Third, if the oxidized precursor is reduced further, a concentration gradient of zero valent Ge is
formed between the surface and interior of the liquid metal which drives the dissolution Ge (s) into
the bulk of the liquid metal droplet. Lastly, the concentration of Ge (s) in the liquid metal droplet
eventually exceeds its equilibrium solubility, which induces nucleation and growth of
semiconductor crystals. These four steps are illustrated in Figure 1.3.%° The size of the liquid metal
droplet utilized determines the nucleation sites of the semiconductor crystals. Macroscopic liquid

metal droplets result in homogenous nucleation, whereas heterogenous nucleation on the



underlying solid substrate is achieved when using nano- and micro-sized liquid metal droplets or

thin-films (Figure 1.4).
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Figure 1.4 Schematic illustration of (a) heterogenous nucleation (b) homogenous nucleation

during the ec-LLS growth process. (Courtesy of Dr. L. Ma, University of Michigan)

1.4 Thesis Outline

The work in this thesis can be split into two separate objectives. The first part involves
work on deposition techniques that do not rely on vacuum-based systems and other ancillary
equipment. The aim of this part is to improve new methodologies for ambient condition, benchtop
growth of semiconductor crystals and to utilize these new or existing methods to develop novel,
low-cost, scalable processes for the fabrication of electrical or optical devices. The second
objective of this thesis is to develop and verify a new platform (Semiconductor
Ultramicroelectrodes, SUMEs) to precisely measure charge transfer processes at
semiconductor/liquid junctions. In this thesis, experimental measurements of charge transfer using

SUMEs are demonstrated for Si in an aqueous electrolyte.



In chapter 2, alloys of gallium and indium (GaixInk) are used as liquid metal
nano/microdroplet electrodes in ec-LLS to determine whether the resultant conductivity of as-grown
Ge could be strongly modulated by adjusting the fraction of Ga. Current-potential measurements on
individual microwires were performed as a function of alloy composition. All alloys of Ga and In
yielded Ge microwires with low resistivity and showed evidence of metal incorporation beyond the
solubility limit (i.e. hyperdoping). This chapter also presents electrical characterization data on Ge

nanowires grown using Ga-free liquid metal nanodroplets.

Chapter 3 identifies factors that affect crystalline growth of germanium (Ge) micro- and
nanowires by the ec-LLS method in an aqueous solution. The observed Ge crystal growth rates were
insensitive to the alloy composition. In contrast, lowering the concentration of GeO; dissolved in
solution and/or increasing the density of droplets noticeably slowed down the microwire growth rate.
Complex potential-time waveforms for ec-LLS consisting of a sequence of potential steps were
separately employed for the first time and strongly affected the morphology of the nanowires, the
occurrence of kinking, and their resultant growth directions. Cumulatively, the data presented here help
define what parameters should be useful in refining the ec-LLS method to produce materials with

specific targeted properties.

Chapter 4 demonstrates a simple, inexpensive, and non-toxic bench-top electrodeposition
process for the fabrication of structural color filters at ambient conditions. This process avoids the
need for expensive vacuum-based equipment and is compatible with highly non-planar substrates
of arbitrary shape, size and roughness. Asymmetric metal-dielectric-metal multilayered structures
are prepared by sequential electrodeposition of smooth gold, thin cuprous oxide, and finally thin
Au on conductive substrates, forming an effective optical cavity. Different colors of high

brightness were achieved by simply tuning the thickness of the electrodeposited middle cavity



layer. Due to the high refractive index of the cuprous oxide dielectric layer, the vividness of the
generated colors was invariant to viewing angle. This chapter also highlights the clear advantages

of this approach over traditional deposition or assembly methods for preparing colored films.

Chapter 5 demonstrates a simple design approach to generate multiple reconfigurable
optical colored states using a single structural color device or pixel. Tunability between the
different colored states were achieved by utilizing an electrochromic thin-film as the dielectric
anti-reflection layer in the structural color device, wherein the effect of change in optical constants
of the electrochromic thin-film is analogous to the change in the thickness of the dielectric thin-
film. Studies related to the design principles, stability and cycling performance are also discussed

in this chapter.

Chapter 6 details the theoretical similarities and differences between inlaid and recessed
ultramicroelectrodes (UMEs). The geometrical conditions are described for which analytical
equations derived for an inlaid UME can be safely applied to a recessed UME without any
significant errors while extracting the charge transfer parameters. In this chapter, theoretical
studies are performed for metal/liquid junctions, however this analysis of inlaid vs. recessed UME

responses can be extended to SUMES too and it lays the foundation for the next chapter.

Chapter 7 describes the preparation, characterization, and utility of semiconductor
ultramicroelectrodes for the study of heterogeneous charge transfer reactions at

semiconductor/electrolyte interfaces.

Chapter 8 summarizes future directions related to the work presented in this thesis.

10



Chapter 2

Effect of Liquid Metal Composition on the Growth of

Hyperdoped Germanium Microwires by ec-LLS

Acharya, S.; Ma, L.; Maldonado, S. ACS Applied Nano Materials 2018 1 (10), 5553-5561 *

2.1 Introduction

The main premise in electrochemical liquid-liquid-solid (ec-LLS) is that a liquid metal acts
both as a cathode to electrochemically reduce an oxidized precursor(s) into a zero valent
semiconductor and as a medium to nucleate and grow semiconductor crystals (Figure 2.1, inset).
As detailed in the previous chapter, a consequence and primary advantage of this unorthodox
approach is that ec-LLS does not necessarily involve high temperatures since an electrochemical
stimulus rather than a thermal input is employed to drive material formation. This aspect makes
ec-LLS potentially attractive for preparing optoelectronic devices based on crystalline inorganic

semiconductors directly on soft, thermally-sensitive, and flexible substrates. Preliminary work on

" All experiments, data analysis, and figure construction for this chapter were performed by Saurabh
Acharya. APT data was acquired by Luyao Ma. Stephen Maldonado was the principal investigator for the
project.
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this front has been demonstrated,** but there are still several elementary questions regarding

optimization of ec-LLS conditions in order to produce the highest quality semiconductor materials.

One principal variable in ec-LLS is the choice of liquid metal. Gallium (Ga) is an attractive
metal solvent for low temperature ec-LLS due to its low melting point (29.7 °C)* and its capacity
to solvate many Group IV and IlI-V semiconductors. However, pure Ga is limited as a
semiconductor growth solvent in one primary aspect. Various reports of Ga as a liquid metal
solvent in semiconductor growth by melt crystal growth,*® liquid phase epitaxy,* and vapor-
liquid-solid processes® indicate that Ga tends to incorporate into the resultant semiconductor
crystal (as a p-type dopant) at high levels, rendering the as-grown materials highly conductive.
Even when crystals are grown under (slow) equilibrium conditions,** 46 a Ga atom at the crystal
growth front is readily ‘trapped’ in Ge and Si crystals in part because its comparable size provides
no basis for exclusion. A recent report demonstrated ‘hyperdoped’ Ge nanowires grown with Ga
nanodroplets even with an extremely slow growth rate (~ 0.2 nm/s).*® To be clear, controllable
hyperdoping of Ge can be beneficial. For example, hyperdoping Ge with Sn*’ is one strategy to
impart a direct bandgap, assuming aspects like strain and crystal structure are also properly

controlled.

Since the solid solubility of indium (In) in Ge is approximately two orders of magnitude
lower than Ga in Ge*® and since it was previously noted that there is qualitative evidence of lower
metal incorporation in nanowires/microwires grown with eutectic gallium indium alloy (e-Galn)
as compared to pure Ga,*® one critical question in ec-LLS is whether the specific composition of
Ga-based alloys mitigates the tendency of Ga to incorporate into the resultant crystals. Alloys of
Ga and In are notable since they remain molten at low temperature over a wide compositional

range (Figure 2.1).
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Figure 2.1 Binary phase diagram for Ga-In alloys. The dashed line represents the ec-LLS
temperature used in this work and each x represents a specific composition used for ec-LLS in this

work.

Accordingly, in this chapter, the effect of the tuning the liquid metal composition on ec-
LLS crystal growth is investigated. The resistivity of Ge microwires grown by ec-LLS involving
the reduction of GeO- dissolved in water®® and a range of liquid gallium alloys (Gai-xIny) is gauged
to determine whether a larger alloying metal can provide the size exclusion necessary to inhibit

Ga doping in the resultant crystal (Figure 2.1).>! This resistivity measurements are complemented
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by Atom Probe Tomography to get a better understanding of the presence of the dopants and

impurities present in the as-grown Ge microwires.

2.2 Experimental Methods — Growth of Ge Microwires and Fabrication of

Devices

2.2.1 Preparation of Liquid Metal Microdroplet Arrays

Acetone (ACS grade, Fisher Scientific), indium (99.99% Gallium Source), gallium
(99.999%, Alfa Aesar), germanium dioxide (99.998% Sigma-Aldrich), sodium borate (>99.5%
Sigma-Aldrich), buffered hydrofluoric acid (Transene Inc.), wet etching solution GE-8111
(Transene Inc.), hydrochloric acid (37%, Sigma-Aldrich), methanol (ACS grade, Fisher Scientific),
2-propanol (ACS grade, Fisher Scientific), SU-8-2010 (MicroChem Corp), SU-8 developer
(MicroChem Corp), MEGAPOSIT SPR 220 3.0 (Dow Chemical Company), AZ 726 MIF
Developer (MicroChem Corp), and oxygen gas (Metro Welding, Detroit, MI) were used as
received. Degenerately doped n-type Si(111) wafers (0.625 £ 0.020 mm, p <0.007 Q-cm, Addison
Engineering, Inc.) and p-type Si(111) wafers (0.525 mm, p < 0.004 Q-cm SunEdison) were diced

and used as substrates. Water with a resistivity >18.2 MQ-cm was used throughout.

Photoresist films patterned with arrays of regularly spaced cylindrical holes (r = 5 pm) on
Si wafer substrates were prepared using standard photolithographic procedures. All substrates
were first plasma cleaned (300 W, 100 sccm O2(g), 12 sccm Ar(g), Glen 1000P Plasma Cleaner)
for 2 minutes. The wafer substrates were further degreased by sequentially sonicating for 5 minutes
each in acetone, methanol and water, then dried under a N2(g) stream. 10 um thick SU-8 2010 film

was then spin-coated onto each Si wafer and was allowed to air dry for 2 minutes at room
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temperature prior to soft baking on a hotplate at T = 95 °C for 3 minutes. Edge bead removal was
performed on the wafers only when required. Following, the substrates were exposed (hard-contact
mode) at 15-20 mW/cm? at the 405 nm wavelength (Karl Suss MA 45S) using a custom photomask
that was patterned with multiple 15 x 15 mm? dies (uPG 501, Heidelberg Instruments). Substrates
were subject to a post-exposure bake at T = 95 °C for 3.5 minutes on a hotplate and allowed to
cool down to room temperature prior to developing. Development for 2.5 minutes under agitation
with SU-8 developer (MicroChem) removed the unexposed regions of the photoresist. Following,
the substrates were immediately rinsed with 2-propanol, dried under N2 (g) and then hard baked in
air at T = 150 °C for 20 minutes. Finally, the wafer was diced into individual 15 x 15 mm? pieces.
To ensure the bottom of each patterned was free from any residual organic, the patterned substrates
were subjected to another plasma etching step (400 W, 15 sccm O2(g), PE-50, Plasma Etch Inc.)

for 1.5 minutes.

GaxIny alloys of varying compositions, x = 3.1, 6.3, 9.7, 13.2, 16.8, 24.6, and 47.6 at. %
(i.e.x=5, 10, 15, 20, 25, 35 and 60 wt. %), were prepared by mechanically mixing stoichiometric
amounts of metallic In and Ga at T = 100 °C. Immediately prior to use, the alloys were stirred
again. Any native oxide at exposed Si substrate surface was removed by etching in buffered HF
for 1 minute, rinsing vigorously with water and drying under N2(g), immediately prior to use. To
fill the patterned holes with the desired liquid metal, the patterned substrates were mounted on a
vacuum chuck while approximately 1 mL of the liquid metal was dispensed. The liquid metal was
repeatedly spread over the entire area and mechanically tapped into patterned holes. Excess liquid
metal was removed by wiping with a methanol-soaked lint-free cloth (Kimtech W4, Fisher). For

the alloys with higher melting points, the sample was heated to T = 65 °C during this step.
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2.2.2 ec-LLS Ge Growth

Computer controlled potentiostats (CHI420A and CHI760C, CH Instruments) were used
throughout. All ec-LLS experiments were performed in a three-electrode cell and heated to a
specified temperature with an aluminum heating block. A thermocouple mounted on the underside
of the Si wafer section was used to measure the temperature of the electrode. Custom-built,
compression Teflon cells featuring a Viton O-ring defined the area of the working electrodes
(either 0.041 or 0.919 cm?). Ohmic contact to all Si substrates was made by applying e-Galn to the
back of the wafer. A platinum mesh and a silver wire coated with silver chloride immersed in 3 M
KCI and sealed behind a glass frit were employed as the counter and reference electrodes,
respectively. All potentials are referenced to E(Ag/AgCI). Unless otherwise mentioned, ec-LLS
growths were performed at E = -1.6 V and T = 80 °C using a 0.05 M GeO2(aq) and 0.01M
Na2B4O7(aq) solution and were restricted to 10 minutes in order to control the Ge microwire height

between 20 to 30 um.

2.2.3 Device Fabrication for Resistivity Measurements

Following the ec-LLS growth of Ge microwires, the liquid metal cap was etched by
immersion in 1M HCI(aq) while held at a bias of E = -0.097 V. The fabrication of the vertical
devices started with spincoating an insulator (SU-8 2010) on the sample followed by flood
exposure and T = 95 °C hard bake, to isolate the Ge microwires from each other and to provide
mechanical strength to the Ge microwires. The insulator was selectively etched back down using
a plasma etch to expose the tip of the Ge microwires. The sample was then briefly dipped in
buffered HF and immediately loaded into an e-beam evaporator, where 200 nm of Au was
deposited from a 45° angle with a dome rotation of 15 rpm for contacting the Ge microwires from

the top and the sidewall. Finally, a positive tone photoresist (MEGAPOSIT SPR 220 3.0) was spin-
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coated onto the sample and photolithographically patterned to make individual 40 x 40 um? top
contact pads to each Ge microwire. The Au between the contact pads was wet etched using GE-
8111 and the patterned photoresist was dissolved in acetone followed by a dehydration bake.
Current-potential measurements was performed using a Keithley 4200 semiconductor parameter

analyzer and an Alessi probe station.

Ge microwire

Figure 2.2 Device schematic for individual Ge microwire resistivity measurements.

2.2.4 Atom Probe Tomography Sample Preparation

Atom probe tomography (APT) was performed to determine the metal content in the as-
prepared Ge microwires. Germanium microwires grown on p* Si substrates using GaixInx (x =
16.8 at. %) were sonicated in methanol and were cast onto a flat substrate. The APT samples were
then prepared using a method already detailed elsewhere.>> %3 Figure 2.3 provides a schematic

illustration of the sample preparation process. All samples for APT analysis were prepared using
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a FEI Helios 650 NanoLab focused ion-beam scanning electron microscope. The measured ratios
of gallium-69 and gallium-71 before and after the sample preparation were the same, thus
indicating no introduction of Ga contaminants into the sample during focused ion beam (FIB)

processing.

j 20~30 um FIB

FIB
— = iy ~ e
Ge microwire

FIB

- | -

Figure 2.3 Schematic illustration of the APT sample preparation process.

2.3 Voltammetric Responses and ec-LLS Growth Rate as a Function of Liquid

Metal Composition

Voltammetric responses for arrays of microdroplets with r =5 pm were recorded at T =
80 °C (353 K) + 2 °C for six different Gai-xInx alloy compositions, x = 3.1, 6.3, 9.7, 13.2, 24.6, and
47.7 at. % in 0.01 M Na2B4O7 (aq) (Figure 2.4). At this temperature, all alloys were molten. In the
blank electrolyte, the voltammograms were similar, save for a small cathodic wave peaked at -1.1
V from some alloys that was consistent with oxide removal.>* More notably, the profiles and

magnitudes of the H* reduction current at more negative potentials for all alloys were similar
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(Figure 2.4a). The current at E = -1.6 V shown for each alloy in the inset of Figure 2.4a showed
no obvious trend with In content. Based on these data, experiments in this electrolyte where the
potential is held constant at E = -1.6 V for t = 1800 s would only pass approximately 0.015 C for
H* reduction. However, upon addition of dissolved GeO- to the electrolyte, such experiments
showed consistently higher currents above 10* A, implying a high Faradaic efficiency for the
reduction of GeOa. The current-time responses for the reduction of GeO; at E =-1.6 V (not shown)
contained varying degrees of random current spikes presumably from H; bubbles. Therefore, the
integrated charge vs time responses are presented instead (Figure 2.4b). The total charge passed
with each alloy was consistently larger than the 0.015 C for just H* reduction for all alloys and

corresponded to expected nominal Ge microwire lengths of 40 to 50 pm.
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Figure 2.4 a) VVoltammetric responses for microdroplet arrays with different compositions of Gax-
xInx liquid metal in a blank electrolyte containing 0.01 M NazBsO- (ag) at T =80 °C and scan rate
=0.025V st Inset: Current at E = -1.6 V as a function of Gas.xInx composition. b) Charge vs time
plot for Ge microwire ec-LLS experiments performed in an electrolyte containing 0.05 M GeO:
and 0.01 M NazB:O7 (ag) at T = 80 °C and E = -1.6 V using different compositions of Gai.xInx
liquid metal.
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Adding In to liquid Ga did not substantially alter all interfacial properties relevant to ec-
LLS. There was no strong dependence of the activity for H™ reduction at E = -1.6 V in the
voltammetric responses recorded in the blank electrolyte for the different Gai-xInx compositions,
in slight contrast to prior reports on GaixInx alloys which were collected only at room
temperature.> ¢ Since the data do not indicate a substantial difference in the faradaic efficiency
for reduction of dissolved GeO> over H* reduction in this electrolyte, the addition of In does not

appear to accelerate the rate of GeO- reduction drastically at the potentials of interest.

Figure 2.5a-f presents cross-sectional scanning electron micrographs of Ge microwire
arrays electrodeposited by ec-LLS at E =-1.6 V and t = 1800 s for an array pitch of 30 um (same
as Figure 2.4b) as a function of GaixIny alloy composition. All of the Ge microwire films exhibited
microwires that were oriented generally normal to the surface plane. However, a large plurality
showed extensive kinking and changes in the growth direction that argued against both epitaxial
growth and single-crystallinity. Figure 2.5g-h depicts the change in wetting of the Ge microwires
by the liquid metal droplets. The contact angles between the surface plane of the microwire and
the tangent of the surface of the liquid metal droplet at the interface were 160.47° and 144.66° for
x = 3.1 at. % and 47.7 at. %, respectively. This implies a change in the interfacial character of the
liquid metals. The wetting contact angles between the liquid metal alloys and the as-deposited
solid Ge crystals became more pronounced with higher In concentrations. One strong inference
from the change in wetting is that In atoms must also be present at the solid Ge/liquid metal
interface. This general observation is in accord with the fact that these alloys, despite being still

mostly composed of Ga, have some In character at the interface.®’
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Figure 2.5 Cross-section scanning electron micrographs of Ge microwire ec-LLS experiments
performed in an electrolyte containing 0.05 M GeO and 0.01 M Na2B40O7 (aq) at T=80 °C and E
= -1.6 V using different compositions of GaixInx liquid metal, where microdroplet array pitch =
30 pmand t =1800s. x = a) 3.1 at. %, b) 6.3 at. %, ¢) 9.7 at. %, d) 13.2 at. %, e) 24.6 at. %, and
f) 47.6 at. %. Scale bars: 20 um. Additional higher magnification scanning electron micrographs
depicting the wetting of the top of the Ge microwire by the corresponding liquid metal droplet are
shown for x = e) 3.1 and h) 47.6 at. %, respectively, with wetting angles of 160.47° and 144.66°,

respectively. Scale bars: 2 um.
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Figure 2.6 Ge microwire height as a function of Gai.xInx composition for a) microdroplet pitch =
30 pum and growth time = 1800 sec (b) microdroplet pitch = 110 um and growth time = 600 sec.
The red data point in b) corresponds to a sample with microdroplet pitch = 30 um and growth time
= 600 sec. All ec-LLS growths were performed in aqueous 0.05 M GeO and 0.01 M NaxB4O~ at
T=80°CandE=-1.6 V.

Figure 2.6a plots the average heights of Ge microwires produced under the conditions
described in Figure 2.5 as observed from cross-sectional scanning electron micrographs. An
electrodeposition time of t = 1800 s yielded Ge microwires with lengths between 40 and 55 pm,
in accord with the expectation from the electrochemical data with the assumption that the majority
of charge passed results in the reduction of GeO, rather than H'. The observed average microwire
height showed no strong dependence with x in GaixInx composition, although changes in the pitch
did strongly affect the microwire lengths (Figure 2.6b). The same nominal microwire length as in
Figure 2.6a was attained in one third of the total time when the pitch was increased. Still, even
with this change, there was no significant dependence on the microwire length and growth rate as

a function of x in GaxIny.
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2.4 Electrical Characterization of ec-LLS Grown Ge Microwires

The electrical properties of the Ge microwires grown by ec-LLS were ascertained by
measuring the current-potential characteristics of individual vertical Ge microwires of different
lengths (I ~ 20, 30, 40 um). Figure 2.7a depicts representative current-potential responses of four
distinct Ge microwires with | ~ 30 um on p+ Si (111) substrates, wherein GaixIny (x = 16.8 at. %)
was used as the liquid metal solvent during Ge ec-LLS microwire growth. In these measurements,
the potential was applied to the top Au contact while the back contact to the degenerately doped
Si substrate was grounded. The small variations in the current-potential characteristics of the
different microwires is due to the dispersity in the diameter of the microwires. The total resistance
for each microwire was measured by analyzing the linear region of the current-potential plot (E =
-0.5 to -0.1 V). The combined contribution of the Si substrate, contact resistance, and the Si/Ge
interface to the total resistance measured was extracted from the y-axis intercept of Figure 2.7b.

Over 30 individual microwires were measured for every GaixInx alloy composition.

The electrical resistivity of individual microwires was then calculated using eq 2.1,%®
' Ps
Ry = R + 251 (2.1)

where Rt is the total resistance extracted from the current-potential profiles between 0 and -0.5 V,
R’is the combined contribution of the Si substrate, contact resistance and the Si/Ge interface to Rr,
r is the radius of the microwire and ps is the resistivity of the semiconductor. Contributions of
metal clusters to the Ge conductivity were assumed negligible and were not considered in this

analysis, as described previously.>
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Figure 2.7 a) Representative current-potential characteristics of individual Ge microwires with |
= 30 um on p*-Si(111) substrates b) Total resistance measured from the current-potential
characteristics of Ge microwires grown using GaixInx (x = 16.8 at. %) microdroplets vs Ge

microwire length.
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Figure 2.8 Energy band diagrams of p*Si/p*Ge heterojunctions at equilibrium and

positive/negative biases.
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In this analysis, Rt was explicitly extracted from the linear region of the current-potential
responses from 0 to -0.5 V. This potential region was purposely used to simplify interpretation.
Figure 2.8 shows band diagrams of p*Si/p*Ge heterojunctions at equilibrium and different applied
biases. At progressively more negative biases, the activation barrier for electron flow from Ge into
Si is minimized, minimizing the impact of the valence band offset between Si and Ge on the
current-potential profile.

The resistivity of the crystalline Ge microwires determined using eq 2.1 is shown in Figure
2.9a. For every GaixIny alloy composition, over 30 individual microwires were measured. For all
electrodeposited Ge microwires, the measured resistivity values were low, suggestive of two points.
First, the changes in the alloy composition did not impart substantial changes in material resistivity.
Second, the Ge microwire electrical properties were consistent with degenerate doping. Separately,
Figure 2.9b plots the temperature dependent resistivity data performed using the same device
structure while keeping the liquid metal composition fixed at GaixInx (x = 16.8 at. %). The
insensitivity of the microwire resistivity to temperature further suggests a degenerate doping
condition and points towards the presence of a continuous dopant band in the band structure of
Ge.>® The observation of statistically similar resistivities of the as-deposited Ge microwires across
all GaixInx alloy compositions strongly suggests that In does not inhibit Ga from incorporating
into the growing Ge crystallites. That is, if the presence of In lowered the activity of Ga at the
crystal growth front, the expectation would be less Ga gets incorporated and the measured
resistivities should increase with larger fractions of In. Since the data do not show such a trend,
any notion that In similarly accumulates at the crystal growth interface and inhibits Ga from being

trapped in the growing crystal front is not supported, as we have previously speculated.
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Figure 2.9 a) Resistivity of Ge microwires grown by ec-LLS as a function of Gai.xInx composition.
All ec-LLS growths were performed in aqueous 0.05 M GeO, and 0.01 M NazB4O7 for t = 600 sec
at T=80°C and E =-1.6 V using a microdroplet pitch =110 um (N = 50 for each data point). The
inset shows corresponding device schematic for individual microwire resistivity measurements. b)
Variation of resistivity of Ge microwires grown with GaixInx (x = 16.8 at. %) as a function of
measurement temperature. Conditions for ec-LLS growth were the same as in (a).
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Figure 2.10 Atom probe tomography data showing a) the spatial distribution of Ga and In atoms
in a Ge microwire grown by ec-LLS with a GaxInx microdroplet and b) the average elemental

concentrations (atom %) of Ge, Ga and In as a function depth into the interior of the Ge microwire.

Figure 2.10 summarizes results from an atom probe tomography analysis of a Ge microwire
grown with a GaixInx (x = 16.8 at. %) alloy. Figure 2.10a shows the elemental maps for Ga and In
in the Ge microwire. In these maps, the top corresponds to the outer surface of the Ge microwire
and the bottom corresponds to a region 350 nm inward into the bulk of the microwire along the
radial direction. Ga and In are detected throughout the interrogated volume, showing no discernible
difference at the surface vs in the bulk of the microwire. Although it would be desirable to use
these elemental maps to identify metal impurities occupying substitutional vs interstitial sites,
these tomography data do not have sufficient spatial resolution for accurate distinction between
these two types. Figure 2.10b presents the average elemental abundances (atom %) of Ge, Ga and
In in the sample as a function of depth into the interior of the Ge microwire. Ga and In were both
detectable in the as-prepared samples. However, the ratio of Ga and In in the original liquid metal

microdroplet was not maintained within the Ge microwire. The In abundance was < 10 atom %
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while the Ga abundance exceeded 10 atom %. This concentration of Ga far exceeds the equilibrium
solubility of Ga in solid Ge at room temperature.®® In fact, the total Ga incorporation is so high
that only a small fraction (~0.03-0.3 %) would need to be electrically active in order to impart the
hyperdoped characteristics to the Ge micro/nanowires. These findings are consistent with earlier
results with In-Cu-Ga liquid metal alloys, where Ga was again selectively enriched in the Ge

crystals.>?

Although the presented results do not yield direct insight on the crystal growth process at
the atomic level, the data strongly imply that Group IV crystals grown in liquid metal solvents
where Ga is a primary component will likely always show a high level of (p-type) doping. This
point is in agreement with a recent demonstration of Ge nanowires grown by the vapor-liquid-
solid process with Ga nanodroplets at a slow growth rate (~ 0.2 nm/s), where the analysis suggested
these nanowires were still highly doped with Ga.*® In consideration of the total available evidence,
we posit that Ge crystals grown in metal solvents that have a high solid solubility in the
semiconductor of interest (e.g. Ga, Sn and Al)*® will always show a high level of metal
incorporation. Since the lattice spacings of ec-LLS grown Ge were consistent with that of
crystalline Ge, the crystals were treated as pure Ge rather than a Ge-Ga alloy.™ 3 Assuming
the resistivity—dopant concentration correlations for bulk crystalline Ge holds for the Ge
microwires studied here,5! the average resistivity value measured in this work translates to an
approximate active dopant concentration of 1072 atom % (~4-6 x 10'® cm™3). This value likely is
an underestimate since the carrier mobilities in these polycrystalline microwires are likely lower
than in large Ge single crystals. Nevertheless, the point is clear that only a small fraction of the
total incorporated Ga is electrically active. The low doping ‘efficiency' of the metal impurities

likely results from the strongly non-equilibrium growth conditions employed here. The high metal
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incorporation in ec-LLS grown crystals suggests ec-LLS operates under the solute trapping
mode.®? 8 In this case, if the mobility of the solvent atoms at the crystal growth front is not fast

enough compared to the crystal growth rate, metal solvent atoms can get trapped in the crystal.

Extensive incorporation of metal solvents into semiconductor crystals is not necessarily
detrimental. For example, we recently showed that high metal loadings of Ga in Ge microwires
imparts a beneficial stability enhancement when the material is used as a Li* battery anode.>> More
generally, alloying Ge with metals is one route actively being explored to produce a direct bandgap
material with high charge-carrier mobilities.*% Accordingly, the overall utility of Ga as (the
major component in) the growth solvent in ec-LLS depends largely on the desired material
properties and targeted applications. Nevertheless, the prospect of synthesizing ultra-pure,
electronic-grade Group 1V semiconductor crystals using Ga-based liquid metal electrodes appears
limited. More, non-Ga containing liquid metal compositions ought to be explored for this purpose.
In this context there are numerous low melting point liquid metal alloy solders that could prove

useful in this regard.5®-"*

2.5 Electrical Characterization of Ge Microwires Grown using Non-Ga

Containing Liquid Metals

The previous section specifically details the electrical characterization of ec-LLS grown
crystalline materials using Ga-In liquid metal systems. It is seen that Ga tends to incorporate
strongly in group 1V semiconductor crystals, while the resultant crystals have low levels of In
incorporation. Eutectic bismuth indium (21.3 at % Bi and 78.7 at. % In, e-Biln) is a potentially

interesting alternative liquid metal for ec-LLS growth. This alloy has a low melting point of T =
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72 °C at ambient pressure and is a commonly used allow for soldering. Figure 2.11 shows the
calculated pseudo-binary phase diagram for mixtures of Ge and e-Biln at standard pressure.’? Both
Bi and In have the tendency to solvate Ge, and have been used individually in their molten state
as solvents for liquid phase epitaxial (LPE) growth of group IV semiconductor films at elevated
temperatures. Further, the larger crystal radii of Bi (0.117 nm) and In (0.094 nm), relative to Ge
(0.053 nm) could impede their unwanted substitution into Ge lattice sites, limiting their potential
as unintended dopants. Accordingly, this section presents the electrical characterization on

resultant materials produced through ec-LLS using liquid e-Biln.
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Figure 2.11 Pseudo-binary phase diagram of mixtures of Ge and e-Biln at standard pressure. The

relative fractions of Bi and In are constant as the amount of Ge is varied.
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The electrical resistivities of the Ge nanowires were accessed through individual 1-V
measurements on the wires (Figure 2.12a). After the growth of the Ge nanowires using liquid e-
Biln during the ec-LLS process, the wires were etched in HCI to selectively remove the Bi-In
liquid metal cap. The nanowires were mechanically transferred from the growth substrate to a
degenerately doped silicon substrate, which was covered with 2 um of SiO and patterned with
metal contact pads (10 nm Ni-Cr and 190 nm Au). lon beam assisted chemical vapor deposition
(FEI Helios Nanolab Dualbeam Focused lon Beam Workstation) was used to deposit Pt and to
establish contact between the ends of the wire and the Au contact pads. Measurements were
performed on wires of varying lengths (I = 1.3, 3.1, 5, 7.5 um) in order to extract the contact
resistance and accurately determine the resistivity of the wires. All wires used in this study were
from the same growth substrate and identical steps were followed to establish the end contacts, so
it is reasonable to assume that the resistivity and contact resistances for all wires are identical. The
total resistance for each wire, obtained from the I-V response, is plotted in Figure 2.12b as a
function of contact spacing in order to determine the contact resistance Rc and the transfer length
L. The resistivity of Ge was obtained from the slope of Figure 2.12b and the contact resistance to
the nanowires was extracted from the y-axis intercept. For the resistivity calculation, it is assumed
that the current is carried by the full cross-sectional area of the wire. Since the nanowires are
heavily doped, this allows us to meet the above requirement. The electrical resistivity of each
individual nanowire was calculated though eq 2.2. Further, the specific contact resistivity of the

contacts was obtained through egs 2.3 and 2.4,"

Ps
RT = ZRC + Fl (2.2)
R, = 2 coth(L/Ly) (2.3)
¢ T2 T '
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Ly = |2 (2.4)
Ps

where Rt is the total resistance between a pair of contacts separated by a segment of nanowire of
length |, Rc is the contact resistance, r is the radius of the nanowire, Lt is transfer length, L is the
length of the contact (L = 1.2 um), ps is the resistivity of the semiconductor and pc is the specific
contact resistance. For the device under test, the measured data indicated a pc value of 8.7 x 10
ohm-cm?. After accounting for the contact resistance, the resistivity of the ec-LLS crystalline Ge
nanowires grown using e-Biln was between 3 — 6 x 10 Q-cm, which corresponds to a active

dopant concentration of 2 — 6 108 atoms cm.
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Figure 2.12 a) Current-potential responses for three separate Ge nanowires measured by two
contacts. Inset: Scanning electron micrograph of Ge nanowire resistivity measurement. Scale

bar: 2.5 um b) Measured resistance vs contact spacing for the data in (a).
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Interestingly, atom probe tomography data acquired on Ge nanowires grown using e-Biln
indicated a measurably high amount of metal incorporation (~ 10 at. %), wherein the ratio of Bi:In
in the Ge crystal was approximately equal to that in the e-Biln alloy used as the liquid metal.>® In
comparison to this, very low levels of In was detected in Ge crystals grown using a Ga-In liquid
metal. This indicates the metal incorporation during ec-LLS crystal growth is nuanced and is

strongly dependent on the liquid metal solvent system as a whole.

2.6 Conclusion

The data presented here collectively support the following points. Variation in the composition
of GaixInx alloys, when all other electrodeposition factors are held constant, results in no perceptible
differences in the conductivity and inferred Ga doping of the resultant Ge microwires. Correspondingly,
the negative aspects of Ga as a liquid metal solvent are not necessarily ameliorated when alloyed with
another metal. Further, changing the Ga fraction by dilution with In does not affect crystal growth rates
or crystal faceting in ec-LLS when all other parameters are held constant. These findings encourage
identification of more Ga-free liquid metals when crystalline materials from ec-LLS are needed with

higher purity.
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Chapter 3

Identifying Critical Factors in the Growth of

Germanium Micro/Nanowires by ec-LLS

Acharya, S.; Ma, L.; Maldonado, S. ACS Applied Nano Materials 2018 1 (10), 5553-5561

3.1 Introduction

The previous chapter explored the option of tuning the liquid metal composition to affect
changes in ec-LLS crystal growth. Another important factor in ec-LLS is the crystal growth rate.*°

In ec-LLS, the electrochemical current, i, measured during the process defines the rate that zero-

" All experiments, data analysis, and figure construction for this chapter were performed by Saurabh
Acharya. Stephen Maldonado was the principal investigator for the project.
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valent solute is introduced into the liquid metal. When the current is limited solely by the rate of

electron transfer to a species dissolved in solution, eq 3.1 is operative,
i=qgnk(E)AC (3.1)

where q is the unsigned charge of an electron, n is the number of electrons, A is the electrode area,
C is the electroactive concentration of dissolved precursor in solution, and k(E) is the potential-
dependent reaction rate constant. In conventional electrodeposition, i is most often adjusted by
changing E to affect a change in k(E).”* However, varying E is somewhat more nuanced in ec-LLS
for two reasons. First, a change in the potential of a metal electrode by definition alters the surface
charge and correspondingly the interfacial energy at the electrode/electrolyte junction.” Since
liquid metals are deformable, the change in surface energetics alters the liquid metal shape.” This
property of liquid metal electrodes is known as electrocapillarity,”® 7" and could impact crystal
growth. Second, low-melting point metals are generally non-noble and can have narrow
electrochemical potential 'windows'. For example, metals like In and Ga are easily oxidized at
positive potentials while other metals like Bi can be reduced to hydride gas.”® Although the use of
a consistent E value to attain a consistent i across different liquid metals in ec-LLS may not always

be possible, changes in either C or A should be.
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Figure 3.1 a) Three schematic depictions of the flux at widely spaced liquid metal
droplet/electrolyte interfaces at (top) low and (middle) high concentrations of dissolved GeO: as
well as (bottom) for closely spaced liquid metal droplets. b) A graphical comparison of constant

potential-time and pulsed potential-time waveforms used for ec-LLS in this work.

Accordingly, in this chapter, the efficacy of two factors that affect ec-LLS is explored. First,
the concentration of dissolved GeO and separately the total area over which current is being
passed are adjusted to determine if microwire growth rates in Ge ec-LLS can be easily tuned.>*
The latter variable was controlled by adjusting the density/spacing of liquid metal droplets in a
regular array (Figure 3.1a).** Second, we show that periodic changes in E alters how the liquid
metal wets the crystalline semiconductors, strongly influencing the crystal growth direction.
Specifically, through the use of sequential potential steps (Figure 3.1b), evidence is presented that

illustrates the crystal growth is not the same as with a single applied potential step.
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3.2 Experimental Methods — Preparation of Liquid Metal Platforms for ec-LLS

Liquid metal microdroplet fabrication and Ge microwire growth was achieved by following
steps similar to those mentioned in sections 2.2.1 and 2.2.2. However, in this study, the pitch of
each array (defined as the spacing between the centers of two holes) was varied from 20 to 110
um during the photolithography step. In addition to the array of liquid metal microdroplets, Ga
and GaxInyxnanodroplets were prepared for studies described later in this chapter using the methods

described below.
3.2.1 Liquid Metal Nanodroplet Preparation

Liquid metal nanodroplets were prepared in two ways. Gallium (Ga) nanodroplets were
prepared on n*-Si(111) wafers by molecular beam epitaxy. Prior to growth, the substrate was
cleaned by etching in buffered HF for 45 s to remove native SiO2 and was immediately transferred
into the load-lock of the GEN Il MBE chamber. The load-lock was then baked at T = 150 °C for
8 hours prior to substrate transfer into the growth chamber. Once in the MBE growth chamber, the
substrate temperature was slowly ramped up to T = 880 °C to calibrate the substrate-heating coil
offset. Substrates were then heated at T = 900 °C for 10 minutes in the growth chamber to desorb
the SiOz, at which point a streaky RHEED pattern was observed revealing a smooth Si surface free
of SiO,. Ga droplet deposition was initiated once the substrate temperature was reduced to T =
550 °C and was performed using a constant Ga beam equivalent pressure of 3.7 x 107 torr for 10

s, corresponding to 7.5 monolayers of Ga.

GaixInxnanodroplets on n*-Si (111) wafers were prepared by thermally evaporating e-Galn
using a custom-built thermal evaporator system. In this case too, the native SiO2 was etched

immediately prior to introducing the substrate into the evaporator chamber. The chamber pressure
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was kept below 2x10°® torr and Gai-xInk nanodroplets with diameters d = 60, 100, 300 nm were
deposited by controlling the deposition time while maintaining a deposition rate of 2-5 nm/s.”
Energy Dispersive X-Ray Spectroscopy performed on these nanodroplets determined the
composition to be GaixInx (x =57.8 + 8.6 at. %), which could be attributed to the different vapor
pressures of In and Ga.8% 8 Nevertheless, for our purposes, the melting point of these nanodroplets

(T ~70 °C) is lower than the ec-LLS growth temperature employed.

3.3 Effect of Flux Changes on ec-LLS Crystal Growth

3.3.1 Variation of Concentration of Dissolved GeO-

The flux of dissolved GeO- to each liquid metal microdroplet during ec-LLS growth was
modulated by adjusting the concentration of the GeOz precursor species in solution. A series of Ge
ec-LLS microwire growths were performed where the concentration of dissolved GeO» was varied
from 0.5 mM to 5 mM to 50 mM. The electrolyte also contained 0.01 M Na2B4O- as well as an
inert salt (0.1 M KNOg) that was necessary to maintain a constant ionic strength and to minimize
the resistance drop across the solution for each experiment. The Ge ec-LLS microwire array
growths were performed at T = 80 °C and E = -1.6 V using GaixInx (x = 16.8 at. %) as the liquid
metal solvent and a pitch of 110 um. This pitch was chosen to avoid any interference from
neighboring microwires on the diffusion and flux of GeO. to each liquid metal microdroplet. The
corresponding chronoamperometric data is shown in Figure 3.2. Spikes in the current-time traces
correspond to mechanical removal of Hz(g) bubbles from the edges of the film. The currents at t =
720 s are plotted as function of the formal concentration of dissolved GeO> (Figure 3.3a). A strong

relation between the current and dissolved GeO- concentration was observed but the data could
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not be well-fit with a linear regression model. Figure 3.3b-d provides tilted-view scanning electron
micrographs of as-prepared Ge microwires grown with the three different concentrations of

dissolved GeO». The variation in the Ge microwire heights with concentration follows Figure 3.3a.
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Figure 3.2 Current vs time plots for Ge microwires grown using different concentrations of the
GeO2 precursor in an electrolyte containing 10 mM Na2B4O7 and 100 mM KNO:s.
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Figure 3.3 a) Current at t = 720 s during ec-LLS experiments performed in an electrolyte
containing 0.01 M NazB4O7 and 0.1 M KNOs with different concentrations of dissolved GeO: at
T=80°CandE =-1.6 V using GaixInx (x = 16.8 at. %) as a function of formal concentration of
GeO>. b-d) Tilted cross-sectional scanning electron micrographs of Ge microwires grown by ec-
LLS experiments using b) 0.5 mM GeO2 ¢) 5 mM GeO, and d) 50 mM GeO- dissolved. Scale bar:
10 pm.

To compare and to assess the viability of other liquid metals as electrodes in ec-LLS, well-
defined and standardized reaction conditions are necessary. As in the case of vapor-liquid-solid
processes, nucleation and crystal growth in ec-LLS depends strongly on the rate of Ge introduction

into the liquid metal.82%* Clearly, large increases in concentration of dissolved GeO: affect
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correspondingly large differences in current and microwire growth rate. However, the non-linear
correlation, coupled with an earlier observations on the complex dependence of the voltammetric
response for dissolved GeO- reduction with scan rate,®® strongly imply that the rate-limiting step
for this complex redox process is not necessarily a heterogeneous electron transfer between the
electrode and a freely dissolved precursor species. For example, pre-adsorption of GeO. on
electrodes prior to electroreduction has been noted previously.®® The data here do not specifically
implicate an adsorptive mechanism for electroreduction of GeO, but do suggest the electron-

transfer is more complex than implied by eq 3.1.
3.3.2 Variation of Microdroplet Spacing

Experiments were performed to assess how the pitch density affected ec-LLS growths
using a constant applied potential. For an isolated liquid metal droplet (i.e. an array with a large
pitch), mass transport should follow spherical diffusion. In this case, the maximum flux to an
individual droplet can be large.®” In contrast, the mass transport to a liquid metal droplet with
several neighboring droplets (i.e. an array with a small pitch) tends towards planar diffusion since
the diffusional fields of each droplet overlap quickly (Figure 3.1a).88 Electrodepositions were
performed with E=-1.6 V fort =900 s at T =80 °C in 0.05 M GeO>(aq) and 0.01 M Na-B4O7(aq)
with arrays that had the same microdroplet radius (5 um) but differed in pitch. Figure 3.4a shows
both the steady state current values and the total number of microwells for each array type enclosed
in the 0.065 cm? region exposed to electrolyte. The overall steady state current was a strong
function of the microwell density but did not scale identically as the microwell density. Figure
3.4a shows that the scaling down factor for the steady state current is nearly 5 times smaller than
that for the number of microwells in the growth region. As the spacing between the microwells

was increased, the flux of dissolved GeO. to each liquid metal microdroplet significantly increased.
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As a corollary, the length of Ge microwires increased. In Figure 3.4b, the steady state current from
Figure 3.4a is normalized to the total number of microwires in the growth region for each array
pitch and is plotted as the current per individual microwire as a function of the microwire array
pitch. As the charge passed and the current per microwire is a direct measure of the ec-LLS growth

rate, Figure 3.4b directly indicates increased ec-LLS growth rates as the microwell array pitch was

made larger.
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Figure 3.4 a) Steady state current and Ge microwire density as a function of microdroplet pitch.
All ec-LLS growths were performed in aqueous 0.05 M GeO> and 0.01 M NazB4Oy7 for t = 900 sec
at T =80 °C and E = -1.6 V using GaixInx (x = 16.8 at. %). b) The average current passed per
microwire as a function of microdroplet pitch.

As an alternative to regulating dissolved GeO concentration to control the flux of GeO> to
each liquid metal, regulating the current flux by altering the pitch of arrays of discrete liquid metal
droplets operating as electrodes in parallel has more appeal. Somewhat paradoxically, the shift
from radial to linear diffusion when the pitch decreases results both in an increase in the absolute

current passed across the array (since the total number of droplets per unit area increases) but a
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decrease in the current flux at each individual droplet. Hence, using the pitch of an array to
modulate the growth rate of individual microwires without changing any other parameter is
effective. The work in this report shows that changing the pitch by roughly a factor of 5 (from 20
to 110 um) effected a similar change in the current for each individual droplet (11 to 55 nA). For
uniform microwires, these currents correspond to microwire growth rates of 15 and 70 nm/s as
inferred from the collected electron micrographs. Lower current fluxes are possible with smaller
pitches. Arrays of closely spaced, smaller liquid metal nanodroplets may be useful in this regard

but are difficult to fabricate by conventional photolithography.

3.4 Potential Step Waveforms for ec-LLS

Although complex, time-dependent waveforms are routinely employed in conventional
metal electrodeposition processes,®®-9 they have not been employed in ec-LLS to date. One appeal
for ec-LLS with a sequence of short time potential steps is the possibility of 'titrating' discrete and
precise amounts of Ge® into the liquid metal droplets. If properly regulated, it may be possible to
promote nucleation and crystal growth in ec-LLS under defined levels of supersaturation.
Knowledge of the precise rates of dissolution, diffusion, nucleation, and crystal growth are needed
to design a potential pulse duty cycle with the optimal pulse width and delay time. Presently, such
information is lacking. Nevertheless, even with the employed sequence of short potential steps,

the data are clear that changes in the potential during growth can strongly impact crystal growth.

Two electrodeposition waveforms were contrasted for Ge ec-LLS: a constant applied
potential and a sequence of applied potential pulses. The former case introduces a constant flux of

Ge into the liquid metal droplet while the latter titrates discrete amounts of Ge into the liquid metal
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droplet. For ec-LLS with a constant applied potential, an applied bias of E=-1.6 V at T =80 °C
was used with a solution containing 0.05 M GeO- and 0.01 M NazB4O7. For ec-LLS with potential
pulses, sequential pulses between open circuit and E = -1.6 V with a pulse width of t =0.8 sand a
pulse separation of t = 0.1 s at T =80 °C were used in the same electrolyte. The cumulative growth
time for the pulsed ec-LLS experiments were determined by accounting for the charging time
during each pulse in this electrolyte (measured by performing analogous potential steps in the

blank electrolyte).

Figure 3.5 Cross-sectional scanning electron micrograph of Ge nanowires grown using a) constant
potential and b) pulsed potential Ge nanowire ec-LLS experiments performed in an electrolyte
containing 0.05 M GeO; and 0.01 M NazB4Oy for a cumulative growth time of t =720 secat T =
80 °C using thermally evaporated Galn nanodroplets on n*-Si (111) substrates. Scale: 500 nm.
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When the two electrodeposition waveforms were applied for the synthesis of Ge
microwires using liquid metal (GaixInx) microdroplets, there were no discernable differences
between the prepared Ge microwires. Interestingly, applying the same electrodeposition
waveforms to liquid metal (Ga and Gai-xInx) nanodroplets clearly yielded nanowires with different
morphologies. Figure 3.5 shows cross-sectional scanning electron micrographs of Ge nanowires
prepared by these two ec-LLS waveforms. For these potential step parameters, nanowires were
noticeably much less straight. Since these nanodroplet alloys were prepared by thermal
evaporation, there was no control over pitch or average separation. Further, slight variation in
nanodroplet alloy composition (due to inequivalent rates of evaporation for Ga and In from the
source) was noted. As a result, additional potential step experiments were pursued with pure Ga

nanodroplets.
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Figure 3.6 a) Distribution of ratio of Ge nanowire height at first kink to diameter for ec-LLS
growth with a constant applied potential and a sequence of potential steps. b) Representative tilted
cross-sectional scanning electron micrograph of a constant potential Ge nanowire ec-LLS
experiment performed in an electrolyte containing 0.05 M GeO; and 0.01 M Na.B4O7 for t = 60
secat T =80 °C and E =-1.6 V using Ga nanodroplets on n*-Si (111) substrates. c) Representative
tilted cross-sectional scanning electron micrograph of Ge nanowires grown with ec-LLS using a
sequence of potential steps but otherwise the same conditions as in (b). The potential was stepped
fromE =0V to-1.6 V for 800 ms and then held at E =0 V for 100 ms for 100 cycles. d) Higher
magnification tilted cross-sectional scanning electron micrograph of nanowires in (c) depicting

secondary nanowire growth at nanowire kinks. Scale bar: 500 nm.

Figures 3.6b-d show tilted cross-sectional scanning electron micrograph of Ge nanowires
prepared by constant potential and pulsed potential ec-LLS methods, wherein MBE-prepared Ga
nanodroplets on n*-Si (111) was used as the growth substrate and the cumulative growth time was
restricted to t = 60 s. As reported previously,'! Ge ec-LLS performed with Ga nanodroplets can
yield single-crystalline, epitaxial Ge nanowires that kink during growth but still grow along the

[111] direction (i.e. along the surface normal for epitaxy on a Si (111) substrate). Figures 3.6b-d
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demonstrate the same phenomenon for both ec-LLS waveforms. However, the relative height at
which the first kink was observed was affected by the employed waveform. Figure 3.6a presents
summary histograms (N = 150) of the ratios between the height the first kink occurred and the
nanowire base diameter. The data indicate that the pulsed waveform consistently yielded
nanowires with kinks that occurred at shorter relative nanowire heights. In addition, a propensity
for smaller, secondary nanowire growth at some nanowire kinks (Figure 3.6d) was noted. No such

observation was seen in multiple samples grown using the constant potential ec-LLS method.

In general, there is significant interest in being able to form nanowires with arbitrary
kinks/bends/changes in directions.®® % In vapor-liquid-solid nanowire growths, changes in
nanowire growth directions are caused by the introduction of adsorbates/diluents to the reaction
chamber.®>°" We believe the phenomenon observed here is distinct. Specifically, the observed
effects on kinking have nothing to do with changes in the composition of either the electrolyte or
liquid metal. Instead, we posit that the electrocapillarity of the liquid metal is the determining
factor. That is, since changes in E necessarily alters the shape of the liquid metal, the wetting of
the nascent crystal must also be affected. Without direct visualization, it is difficult to know exactly
the specific extent of deformation of the liquid metals during pulsing. Still, the general concept
that liquid metal microdroplets significantly flatten/bow as the potential is varied is well-
established, even being exploited as a pumping action in microfluidics.%®1% We reason that
deformation of the liquid metal during changes in E may cause the liquid metal to change which
crystalline plane is being wetted. This concept of ‘capillary instability’ of liquid metal drops during
nanowire growth as a mechanism to induce changes in growth directions has been previously
modeled and described.®* However, the response time for shape change is also a function of liquid

metal size.!%? This facet may explain why the specific duty cycle affected ec-LLS with
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nanodroplets greatly (i.e. their shape change could occur within the pulse time) while ec-LLS with
larger microdroplets was nominally unchanged (i.e. the pulse time was too short to effect a

substantial shape change).
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Figure 3.7 a) Distribution of Ge nanowire orientations after the first kink for Ge nanowire ec-LLS
with a constant applied potential. b) Representative plan-view scanning electron micrographs of
Ge nanowires shown in Figure 3.6b. Scale bar: 400 nm. c) Distribution of Ge nanowire orientations
after the first kink for Ge nanowire ec-LLS with a sequence of discrete potential steps. d)
Representative plan-view scanning electron micrographs of Ge nanowires shown in Figure 3.6c.

Scale bar: 1 pm.
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A further observation regarding the effect of the ec-LLS waveform on kinking was noted.
For longer ec-LLS nanowire depositions, the orientation and growth directions of the Ge
nanowires after kinking was examined. Figures 3.7b and 3.7d show top-down view scanning
electron micrographs of Ge nanowires grown with a constant potential and a sequence of applied
potentials respectively. As evident in Figures 3.7b and 3.7d, the Ge nanowires were predominantly
oriented at a small number of angles after kinking. Figures 3.7a and 3.7c show corresponding
histograms where the frequency of observations is plotted as a function of nanowire growth angle.
While the principal <111> direction is normal to the image plane, the other three <111> directions
are separated by 120° from this viewing perspective. Accordingly, nanowire kinking that causes
the growth direction to shift to one of these other [111] directions would be expected to occur
equally at just these three angles. Figure 3.7c shows this scenario occurs only when ec-LLS is
performed with potential pulses. When the potential was constant, nanowire growth predominantly
occurred at 6 discrete angles separated by 60°, implying an inversion of symmetry and growth

along [1 1 1] directions.

Presently, it is not clear why pulsed ec-LLS apparently prevented the occurrence of
twinning defects that would cause an inversion of the [111] growth directions, but such results are
strongly encouraging that potential steps can affect more than just the growth direction of nascent
crystallites. More work is necessary to determine the extent that this effect is specifically operative

and the degree to which it can be deliberately employed.
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3.5 Highly Efficient Solution Processed Optical Absorbers across the Visible-

to-Infrared Spectrum

The various ec-LLS approaches presented in this thesis all yield hyperdoped-Ge crystalline
materials. Although it is premature to conclude that high metal incorporation is inevitable in ec-
LLS, it is nevertheless a persistent theme with the liquid metals and non-equilibrium growth
conditions employed so far. However, residual metal content in crystalline semiconductors is
acceptable for certain passive photonic applications. Various applications in optics and
optoelectronics require efficient, low-cost, and compact optical absorbers and Ge is a suitable
candidate for absorbers that spread across the visible-to-infrared spectrum. Previous reports of Ge
nanowire based optical absorbers make use of the top-down fabrication approach or other energy
and cost intensive approaches.1% 104 Ec-LLS Ge nanowires in its current state is an interesting
process for passive optical absorbers. Here, we present solution processed vertical Ge nanowire

films that exhibit excellent light absorbing properties.

Ge nanowires were prepared by the ec-LLS process in an aqueous solution at T < 95 C
with Ga-In liquid metal droplets. In order to increase the density of Ga-In droplets and the resultant
Ge nanowire film, evaporation of Ga-In droplets was developed in a custom home-built thermal
evaporator (Figure 3.8). Eutectic Ga-In (75-25 wt. %) was used as the source material, while a
variety of substrates including n*-Si, FTO, Cr, and PEDOT-PSS were used for this study. In order
to tune the Ga-In droplet diameter and spacing during the thermal evaporation, the deposition time
and working distance (distance between the source and substrate) were used as control parameters.
Figure 3.9 illustrates scanning electron micrographs of Ga-In droplets with diameters of 1 um, 300

nm, and 100 nm, illustrating fine control over the deposition parameters.
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Figure 3.8 Schematic of the custom home-built thermal evaporator for Ga-In deposition (Martin-

Palma, R. J.; et al. Engineered Biomimicry, 2013, pp 383-398).

Figure 3.9 a-c) Top-view scanning electron micrographs of Ga-In droplets thermally evaporated

on Si substrates for different deposition times. Scale bar: 1 um.

Due to the difference in vapor pressures of Ga and In,8 & the composition of the

evaporated GaixInx droplets was measurably different (x = 57.8 + 8.6 at. %) compared to the
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eutectic composition. Nevertheless, the melting point of the Ga-In droplets was low enough to
perform ec-LLS growth at temperatures less than 80 °C. Ec-LLS growth was performed using a
potential of E = -2 V vs. E(Ag/AgCI) for t = 1 minute, while all other parameters were the same

as described in Section 2.2.2.

The voltammetric responses in Figure 2.4 clearly depict that in addition to Ge** reduction,
there is an enhanced propensity for H* reduction at more negative potentials. A potential of E = -
2 V vs. E(Ag/AgQCI) was purposely selected in order to increase the H2 (g) evolution during ec-
LLS growth, which creates a degree of disorder in the Ge nanowire array being grown. This can
be seen in the tilted scanning electron micrograph of Figure 3.10, where the density of the nanowire
array decreases gradually from the bottom to the top. This translates to a cumulative effect of a
graded refractive index profile for the Ge nanowire film, potentially leading to reduced reflection

or enhanced light trapping in this structure.

Figure 3.10 Tilted-view scanning electron micrograph of Ge nanowires grown using Figure 3.9¢c

as the growth substrate. Scale bar: 500 nm.
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Preliminary results indicated the Ge nanowire films have an absorption > 90% in the 300-
1900 nm wavelength range. The broadband absorption performance of the Ge nanowire films was
further optimized by varying the diameter of the In-Ga droplets as well as the spacing between
these droplets (Figure 3.11). The diffused and specular reflectance of the Ge nanowire film was
measured using UV-Vis spectrometer coupled with an integrating sphere (Cary 5000, Varian). The
signal noise in the reflectance plot in the near-infrared (NIR) region corresponds to detector error.
The optimized Ge nanowire structures demonstrated a maximum absorption of 93% from the
visible to the NIR range. The light absorption efficiency can be further enhanced easily by

depositing an anti-reflection layer, which is a standard practice for reflection-based photonic

devices.
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Figure 3.11 a) Total reflection spectra of ec-LLS grown Ge nanowire films on FTO substrates for
a variety of Ga-In nanodroplet diameter and spacing conditions. b) Photograph of FTO substrate
on a white paper before and after being coated with a Ge nanowire film with Ga-In droplet diameter,

d =60 nm and Ga-In droplet spacing, x = 10 nm. Sample size is 2 cm x 3 cm.
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Highly-absorbing Ge nanowire films were deposited on a variety of substrates for two
reasons: (1) to demonstrate compatibility of this approach with semiconductor, metal, ceramic,
polymer substrates (2) to examine the influence of the substrate on the optical performance of the
Ge nanowire-based absorbers. From the reflection spectra of the samples prepared on Si and FTO
substrates (Figure 3.12), it is evident the excellent light absorption properties does not arise from

the absorptive nature of the Si substrate but is rather inherent to the Ge nanowire film deposited.
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Figure 3.12 Total reflection (diffused + specular) spectra of ec-LLS grown Ge nanowire films on

a variety of substrates.

The strategy presented in this section offers a lithography-free approach to coat any
substrate black at ambient conditions, without using any energy or cost intensive processes. The

results presented here are the highest ever reported value for purely Ge-based absorber films, while
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the thickness of the Ge nanowire films is also approximately ten times thinner than previous
reports.1% 19 | ow-cost, light-weight broadband absorbers presented here are an exciting option

for solar-steam generation and desalination devices,'%-1% textiles for radiation control,04 109

110 103

cloaking,** and potentially also for imaging applications.

3.6 Conclusion

Changes in either the concentration of the precursor species in solution or the current flux
to the liquid metals in ec-LLS strongly alter the growth rate, even when the applied potential is
held constant. Specifically for microwire and nanowire growth, the packing density of liquid metal
droplets is a simple and direct determinant of the crystal growth rate. Also, the use of complex
waveforms in ec-LLS can strongly perturb crystal growth, particularly at the nanoscale. Switching
the Ge ec-LLS process from a steady-state to a pulsed growth mode affected the crystallinity and
morphology of the resultant Ge nanowires. The data suggest pronounced effects on the wetting of
crystal faces by the liquid metal when its volume is small. Accordingly, complex potential-time
(or current-time) waveforms represent another possible handle in controlling material properties
synthesized by ec-LLS. The collective results here motivate future work in expanding the fidelity

of ec-LLS for tailored microwire and nanowire growth.
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Chapter 4

Electrodeposition of Large Area, Angular-Insensitive

Multilayered Structural Colors

Acharya, S.*; Ji, C.*; Yamada, K.; Maldonado, S.; Guo, L. J. ACS Appl. Mater. Interfaces 2019,

11, 32, 29065-29071

4.1 Introduction

Color filters that selectively transmit or reflect visible light are highly desired in a wide
variety of applications, including optical displays,*'® 2 colored printings,*> 13 114 aesthetic
decorations,'® 15 and energy harvesting.t*6-2! In recent years, structural colors based on optical
interference effects of nanostructures have received increasing interest due to their various
advantages over traditional colorant-based pigmentations, such as, high brightness, ultra-

compactness, easy manufacturability, and long-term stability.'?2

" All experiments, data analysis, and figure construction for this chapter were performed by Saurabh
Acharya. Chengang Ji performed the refractive index measurement, angle-dependent reflectance
measurement, and all simulations for this chapter. Kaito Yamada acquired the AFM images. L. Jay Guo
and Stephen Maldonado were the principal investigators for the project.
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In this chapter, a simple, inexpensive, and non-toxic bench-top electrodeposition process
for the fabrication of structural color filters at ambient conditions is reported. This process avoids
the need for expensive vacuum-based equipment and is compatible with highly non-planar
substrates of arbitrary shape, size and roughness. Asymmetric metal-dielectric-metal (MDM)
Fabry-Peérot (F-P) cavities have been achieved by sequential electrodeposition of smooth gold, thin
cuprous oxide, and finally thin Au on conductive substrates, forming an effective optical cavity.
Different colors of high brightness are achieved by simply tuning the thickness of the
electrodeposited middle cavity layer, while constraining the thickness of the top and bottom Au
films. This work is the first demonstration of solution-processed, electrodeposited metal-dielectric-
metal film stacks and highlights the clear advantages of this approach over traditional deposition

or assembly methods for preparing colored films.

4.2 Overview of New Methods for Structural Color Generation

Chapter 1 listed the traditional schemes and methods being used to produce structural
colors and it also made it evident that new schemes need to be developed to expand and open-up
new avenues for the use of structural colors. Three-dimensional (3D) photonic crystals employing
self-assembled nanoparticles to generate colors have been explored.'?3128 However, substrates of
high flatness and smoothness are demanded for self-assembled processes to obtain continuous and
uniform coating, which puts a limitation on the use of these methods for many applications.?% 1%
In addition, the use of this approach to generate pigment flakes for decorative paints is hindered
by the fact that the ordered nanoparticle films could get disordered or disassembled while being

ground into flakes, which would result in the change or even the disappearance of the color.
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In comparison, electrochemical methods can be simultaneously performed under mild
conditions and with the unique advantage of being applicable to objects of arbitrary shape and size.
Electrodeposition specifically affords conformal film coatings on substrates with both micro- and
macro- roughness***2 since film nucleation®** 3% and growth rate are readily controllable in real-

time by regulation of the applied potential/current.

In this work, we present data describing a simple and inexpensive procedure for the
fabrication of structural color filters at ambient conditions and T < 50 °C using electrodeposition
of metal and dielectric thin films**® 137 Unlike simple structural color films based upon uncapped
oxide films, 3140 the MDM structures demonstrated here show several fundamental and practical
advantages. First, due to the high refractive index of CuO (Figure 4.6a), the color of the resultant
electrodeposited MDM films is angle-insensitive at viewing angles up to =+ 60°. Second, the
electrodeposition method shown here produces MDM structural colors across the CMY color
space with superior brightness. Third, the electrodeposition process is comparatively rapid,
performed without expensive ancillary process equipment, and compatible with irregular, curved
substrates. Specifically, we use a fully aqueous, non-toxic electrolyte is utilized that is free of any

harmful pollutants. Fourth, the films are strongly adherent on stainless steel substrates.

4.3 Electrodeposition of Au and Cu.O Thin-Films

4.3.1 Chemicals, Materials and Substrate preparation

Acetone (ACS grade, Fisher Scientific), methanol (ACS grade, Fisher Scientific), 2-
propanol (ACS grade, Fisher Scientific), buffered hydrofluoric acid (BHF, Transene Inc.), 49%

hydrofluoric acid (HF, Transene Inc.), gold (l1l) chloride trihydrate (HAuCls-3H20, >99.9%
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Sigma-Aldrich), potassium sulfate (K.SO4, ACS grade, Fisher Scientific), potassium chloride
(KCI, ACS grade, Fisher Scientific), sulfuric acid (H2SO4, 0.1 M eluent concentrate for IC, Sigma-
Aldrich), copper (I1) sulfate pentahydrate (CuSO4-5H20, ACS grade, Avantor), citric acid (>99.5%
ACS grade, Sigma-Aldrich), sodium hydroxide (NaOH, >98% ACS grade, Sigma-Aldrich),
indium (99.99%, Gallium Source), and gallium (99.999%, Alfa Aesar) were used as received.
Degenerately doped n*-Si(111) wafers with a £ 0.5 °© miscut (0.525 + 0.020 mm, p < 0.007 Q-cm,
Addison Engineering, Inc.) were diced and used as substrates. Deionized (DI) water with a

resistivity >18.2 MQ-cm was used throughout.

Both n*-Si(111) substrates and stainless-steel spoons were degreased by sequentially
sonicating for 5 minutes each in acetone, methanol, isopropyl alcohol, and water, and then dried
under a nitrogen (N2) gas stream. H-terminated Si(111) surfaces were prepared by immersion of
the Si substrates in 5% HF for 30 seconds, soaking in DI water at T = 95 °C for 20 minutes, and
then etching sequentially in 5% HF and BHF for 30 seconds each. Etched Si substrates were then
rinsed with water, dried under a N2(g) stream, and were immediately used for the
electrodepositions. The stainless-steel spoons were used as working electrodes directly after the

initial degreasing steps without any HF etch steps.

4.3.2 Electrodeposition of Bottom Au Layer

All electrochemical depositions were performed in a three-electrode cell in lab ambient and
T < 50 °C. Computer controlled potentiostats (CHI760C, CH Instruments and Solartron
Analytical 1287A, AMETEK Scientific Instruments) were used throughout. A platinum mesh
counter electrode was used for all electrodepositions whereas multiple reference electrodes were

employed as dictated by the pH of the electrodeposition solution.
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Since all three layers are electrodeposited for the structural colors presented in this work, the
surface roughness is expected to gradually increase as we sequentially electrodeposit each layer.
However, high smoothness and uniformity are required to obtain highly reflective structural colors.
Thus, appropriate care was taken to ensure low surface of these electrodeposited films and epitaxial
growth of ultra-smooth Au on Si (111) was specifically used to reduce the roughness of the
subsequent dielectric and metal layers. Epitaxial growth of Au on H-terminated Si was first

demonstrated by Allongue and co-workers 4!

and an interface model using coincident site lattices
has been used to explain the epitaxial growth of Au on Si even though this system has a -24.9%
mismatch of lattice parameters. As expected, it was shown that Au films deposited on Si (111)
were smoother than those deposited on Si (100) and Si (110).%42143 |n addition to the H-terminated

surface and Si (111) orientation, Si substrates with a 0.5° miscut angle were utilized wherein the

staircase structure due to the miscut results in additional nucleation sites for Au growth, 4% 144

An aqueous stock solution of 0.1 mM HAuUCI4-3H20, 1 mM KCI, and 100 mM K2SO4 was
prepared for Au electrodeposition. For Au electrodeposition on n*-Si (111) and stainless-steel, a
portion of this stock solution was separated and 1 mM H2>SO4 was added to it to adjust the pH to
~3.141.143 An aqueous Ag/AgCI (sat. KCI) electrode was employed as the reference electrode for
these solutions. Ohmic contact to the Si substrate was made by applying eutectic gallium-indium
to the tip of the wafer and clipping the working electrode of the potentiostat to this region. For the
case of stainless-steel spoons, the working electrode of the potentiostat was directly clipped on to
the end of the spoon. The current-potential characteristics for both an n* Si (111) substrate and a
stainless-steel spoon immersed in an aqueous solution of 0.1 mM HAUCI43H20, 1mM H2SOq4, 1
mM KCI, and 100 mM K>SOg are shown in Figure 4.1. These measurements were performed at T

= 35 °C. The hump at E = -0.8 V vs. Ag/AgCI is associated to O2 reduction. Based on these
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voltammetric responses, Au electrodeposition on n* Si (111) substrates and stainless-steel spoons
were determined based on these voltammetric responses. The Si substrate was prepolarized by
applying a potential of E = -1.9 V vs. E(Ag/AgCI) and was then immersed into solution. This
prepolarization step was necessary to avoid electroless plating of Au and the formation of a native
oxide layer on Si that could prevent further epitaxial Au growth. A potential of E = -1.45 V vs.
E(Ag/AgCI) was selected for Au electrodeposition on the stainless-steel spoons in order to avoid

excessive hydrogen evolution at more negative potentials.
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Figure 4.1 Cyclic Voltammetry response of an n* Si (111) electrode and a stainless-steel spoon

electrode in 0.1 mM HAuUCI4-3H20, ImM H2S04, 1 mM KCI, and 100 mM K>SOg4. Scan rate = 50
mV st
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For all samples, electrodepositions performed for 40 minutes at T = 35 °C with a stirred
solution yielded uniform ~ 40 nm thick Au films. Au film growth rates of ~1 nm/min were
determined from the as-deposited films using spectroscopic ellipsometry and cross-sectional
scanning electron microscopy (SEM). Faster growth rates at this potential were possible by
increasing the concentration of HAuCls-3H20 if the pH was separately maintained. Figure 4.4a
shows atomic force microscopy (AFM) measurements of a representative electrodeposited Au
thin-film (40 nm thick) on n*-Si(111). The root-mean-square roughness (Rrms) was ~1.4 nm, with

an arithmetic average roughness (Ra) of ~1.1 nm.
4.3.3 Electrodeposition of Cu20 Layer

The electrodeposition of Cu20 on these Au films was performed galvanostatically in an
alkaline solution where Cu(ll) hydroxypropane-1,2,3-tricarboxylate (i.e. copper citrate) was
generated by addition of 0.4 M CuSOa-5H,0 and 1.6 M citric acid (H3CsHsOsOH).1*®> NaOH was
slowly added to this solution to raise the pH to ~10.9. A mercury sulfate (sat. KoSOs4) electrode
was employed as the reference electrode in the three-electrode cell, but all stated potentials are
reported with respect to E(Ag/AgCI). Kapton tape was used to define the total active area of the
working electrodes in contact with the solution. The applied cathodic current density, j, dictated

whether Cu20 (j = 0.1 mA/cm?) or Cu (j > 1 mA/cm?) was produced,4®

[CU2(CsHaO7)2]* + 26" + Ho0 = Cu20 + 2CsH4060H* (4.1)

[Cuz(CsHsO7)]* + 4e" + 2Ho0 > 2Cu + 2CeHs060H* + 20H" (4.2)
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Care was taken to avoid producing any Cu® in the CuO films by tuning the cathodic current
density between 0.05 to 0.1 mA/cm? to ensure the potential measured during electrodeposition did
not exceed E = -0.41 V vs. E(Ag/AgCI). Electrodepositions performed at T = 50 °C and under
convection resulted in uniform Cu2O electrodeposition (~ 0.05 — 0.1 nm/s) and a measured
potential of E =-0.16 V to -0.41 V vs. E(Ag/AgCI). Representative chronopotentiometry plots for
three different thicknesses (20, 40, 60 nm) of electrodeposited Cu2O are presented in the Figure
4.2. The consistent shape and form of these plots highlights both the repeatability and consistency
of the Cu20 electrodepositions and the ability to readily use time as the sole variable to determine

thickness.

AFM measurements of a 45 nm thick Cu2O film (used for the magenta device)
electrodeposited on the same Au film in Figure 4.4a are shown in Figure 4.4b. The Rrvs and Ra
values were slightly larger (4.2 nm and 3.3 nm, respectively) but nonetheless more than low

enough to maintain a mirror-like appearance.
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Figure 4.2 Chronopotentiometry plots of different thicknesses of Cu.O thin-films electrodeposited
on Au/n* Si (111) electrodes in an electrolyte containing 0.4 M CuSQ4-5H20 and 1.6 M citric acid

at T =50 °C and using a current density of j = 0.1 mA/cm?,

4.3.4 Electrodeposition of Top Au Layer

The electrodeposition of a thin metal layer of good optical quality on top of a dielectric is
very challenging. For example, the intent to use the same bath as the Cu.O electrodeposition and
just grow a capping Cu® layer!> 47150 on top by increasing the current density to produce
Au/Cu20/Cu MDM stacks or even Cu/ Cu20/Cu MDM stacks failed to produce smooth Cu with
good optical property. There is precedent for this approach in previous reports of electrodeposition
of epitaxial metal-metal oxide layers by pulsed currents. > 147150 However, while Cu® layers were

readily formed, all samples yielded Cu® films that were of poor optical and electrical quality,
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showing significant lossy character and approximately 100x lower conductivity than thermally
evaporated Cu films of similar thickness. Even though energy dispersive (EDS) and X-ray
diffraction (XRD) spectra showed no detectable impurities and pure Cu character, the optical and
electrical properties could not be improved for a film with a thickness below 20 nm. Annealing
these Cu films in Ar (g) at T = 200 °C increased the surface roughness of these films (Figure 4.3),
possibly due to the diffusion of entrapped air/solvent in nanoscale voids in the Cu film.

Accordingly, electrodeposited Cu thin films were not pursued further using this electrolyte.

Figure 4.3 Scanning electron micrographs of a) as-deposited Cu film on a Si substrate b) Cu film
annealed in Ar (g) at T = 200 °C for t = 120 s. Scale bar = 2 um.

Electrodeposition of the top metal layer must not compromise the integrity of the
underlying Cu20 film. Specifically, either chemical etching of Cu.O or partial reduction of Cu
sites that perturbs film stoichiometry during top metal electrodeposition would compromise the
optical quality of the MDM structures. As an alternative, Au films were again electrodeposited

using the same stock solution that was prepared for the bottom Au electrodeposition, however a
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radically different methodology than that used for the underlying Au film was necessary. Cu.0O is
more chemically stable in alkaline solutions and will not reduce to Cu® so long as the potential is
not made more negative than approximately -0.5 V vs. E(Ag/AgCI) (for pH ~ 11).%! For these
reasons, a portion of the Au stock solution prepared above was separated and its pH was adjusted
to ~ 10-11 by addition of NaOH. A mercury sulfate (sat. K2SQOj4) reference electrode was employed,
but the potentials are reported with respect to E(Ag/AgCI) for consistency. In this alkaline solution
at T = 50 °C, Au electrodeposition was possible over a wide potential range (-2.06 < E <-0.52 V
vs. E(Ag/AQCI)). Still, electrodepositions performed at E < -1.05 V vs. E(Ag/AgCl) on the
Au/Cu,0 MD stack resulted in peeling off due to H> bubbles from concurrent proton reduction
process. Accordingly, the top Au layer with a thickness of approximately 15 nm was specifically
electrodeposited at E = -0.52 V vs. E(Ag/AgCI) and T =50 °C with constant solution convection
for t = 30 minutes. These factors ensured the underlying Cu20 films were not compromised. AFM
measurement of the final MDM structure is provided in Figure 4.4c. The surface morphology of
each layer was investigated by tapping mode atomic force microscopy (TESPA-V2 tip and
Dimension Icon AFM, Bruker Corporation). At a thickness of 15 nm, the top Au film did not
significantly increase the overall roughness of the tri-layer stack (Rrms = 5.3 nm, Ra = 3.5 nm).
Although some larger Au aggregates (100 nm wide, 30 nm thick) suggestive of sporadic 3D film
growth were observed, the overall macroscopic uniformity and regularity of these films yielded

reflectance spectra very similar to responses predicted for the ideal flat slab film stacks.

The cross-section SEM image of a tri-layer Au/Cu20/Au stack is shown in Figure 4.4d.
Cross-sectional SEM was performed with a SU8000 FE-SEM (Hitachi High-Technologies
Corporation) with a Schottky field emitter operated at 5 keV beam voltage. For this particular

MDM stack, the thickness of the bottom Au, Cu20 and top Au layers were designed to be 40 nm,

67



45 nm and 15 nm respectively, to obtain a magenta color. The variation between the average
measured thickness of each layer in Figure 4.4d and the designed thickness values of the
corresponding layers for the magenta color is minimal and this verifies a good control over film
thickness during our electrodeposition process. However, the small degree of thickness variation
between measured and designed thicknesses of each layer and the surface roughness of the
electrodeposited films can lead to slight discrepancy between the measured and the ideal simulated

spectra, as can be seen in Figure 4.5c.

30.0 nm

¢+ 16.2 nm
] 46.7 nm

(8) e (D)

141.3 nm

Figure 4.4 AFM measurements of a) bottom Au, b) Cu,O/Au, and c) final Au/Cu.O/Au structure
on a n*-Si(111) substrate. d) A representative cross-sectional scanning electron micrograph of the
magenta colored devices, verifying the thickness of each electrodeposited layer. Scale bar = 100
nm.
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4.4 Design Principle and Optical Characterization of Electrodeposited

Structural Colors

Figure 4.5a illustrates the design of electrodeposition process for structural color films
comprised of Au/Cu20O/Au tri-layer MDM stacks on a crystalline n*-silicon (Si) substrate. As will
be discussed later, the method demonstrated in this work is not limited to n*- Si substrates and can
be extended to a variety of conductive surfaces regardless of their smoothness and shape. A three-
electrode electrochemical cell design was employed for the electrodeposition (Figure 4.5b). Here
the conductive n*-Si substrates were used directly as the working electrode, while a platinum mesh
counter electrode and suitable reference electrodes were used as part of the three-electrode

electrochemical cell.

The thicknesses of the bottom and top Au layers were fixed at 40 and 15 nm, respectively.
The thickness of the middle Cu,O layer was varied intentionally to obtain the desired colors by
exciting absorption resonances at different wavelength positions. For example, pure cyan, magenta,
and yellow (CMY) film colors were realized with electrodeposited Cu20 thicknesses of 70, 45,
and 20 nm, respectively. The measured reflection spectra in Figure 4.5¢ (dashed curves) of the
CMY colored devices agreed very well with predictions from optical simulations of the respective
MDM structures (solid curves). The measured reflection spectra at normal incidence was obtained
using a thin-film measurement instrument (F20, Filmetrics) integrated with a spectrometer and a
white light source, while the simulated reflection spectra was calculated based on the transfer
matrix method.*>? These simulations used measured refractive indices of the electrodeposited Au
and Cu.0 thin-films from a spectroscopic ellipsometer (M-2000, J. A. Woollam Co.) as inputs.
The insets in Figure 4.5c¢ illustrate the colors of the fabricated devices as viewed from 0° with

respect to the surface normal.
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Figure 4.5 a) Design schematic of the solution processed structural colors comprised of tri-layer
MDM stacks on a Si substrate. b) A schematic representation of the three-electrode
electrochemical cell used for the electrodeposition of MDM structures. ¢) Measured and calculated
reflection spectra of CMY colored devices. Insets are photographs of fabricated CMY samples.

The size of each sample is 1.5 cm x 1.0 cm.

Figure 4.6a shows the refractive indices n and k (the real and imaginary parts of the
refractive index, respectively) of the electrodeposited Au and Cu,O films. Both data sets are
generally in agreement with data recorded for Au and Cu.O films prepared by vacuum-based
deposition methods. The refractive index of the reference Au was characterized using Au films
grown in our own lab by e-beam evaporation and the reference data for reactively-sputtered Cu.0O
was extracted from Ref. [*%]]. Accordingly, these measurements illustrate the high-quality optical
properties of these films despite being prepared entirely from aqueous solution. Even the
measurably smaller n for electrodeposited Cu>O as compared to that for Cu.O bulk standards
resulted in the need for only slightly thicker Cu.O layers to generate a reflection dip at a given
wavelength and to realize functional cavity layers for a given color. Figure 4.6b provides the net

phase shift calculated using the transfer matrix method'>? and the measured refractive indices,

which includes two reflection phases at both the top and bottom interfaces and the accumulated
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propagation phase within the Cu.O layer for the three CMY MDM films. These data clearly
indicate the absorption resonances (A=458 nm for yellow, A=531 nm for magenta, and A=618 nm
for cyan, where the net phase shift is equal to a multiple of 2x) that selectively absorb light in the
visible range for the reflective color generation, and are in agreement with the reflection dips seen

in Figure 4.5c.

Figures 4.7a-c present the measured angle-resolved reflection spectra for electrodeposited
Au/Cu20/Au MDM stacks under unpolarized light, which are in agreement with the model
predictions for the angle-resolved reflectance of ideal Au/Cu2O/Au MDM stacks shown in Figures
4.7d-f. Angle-resolved reflection spectra of as-prepared MDM stacks was performed with a
spectroscopic ellipsometer (M-2000, J. A. Woollam Co.). The smallest incident angle measurable
with this instrument was 45°. Thus, the measured spectra in Figure 4.7a-c have an angular range
of 45° to 60°. However, reflectance spectra simulations for 0° to 60° viewing angles are reported
to illustrate the wide range of angle insensitivity for our structural colors. The reflection valleys
are almost invariant with respect to the incident angle up to = 60°, due to the high refractive index
of the Cu,0 cavity material which elicits a very small refracted angle into the structure. 1> 118 154
Figure 4.7g presents a set of electrodeposited CMY structural color films viewed at various angles
under ambient white light. In these images, the color purity of the films is unchanged at the
different viewing angles, which addresses one of the key challenges facing many structural color

deSignS 16, 155-157
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Figure 4.6 a) Refractive indices of Au and Cu2O deposited by different methods. b) Net phase
shift analysis of CMY colored MDM films. Absorption resonances that generate color defined by

the reflection valleys occur when the net phase shift is equal to 2z.
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Figure 4.7 a-c) Simulated angle-resolved reflection spectra of CMY colored devices under
unpolarized light illumination. d-f) Corresponding measured angle-resolved reflection of
fabricated devices. g) Photographs of fabricated CMY samples taken at various observation
angles demonstrating the angle-invariant performance of these devices. Each sample measured

1.5cm x 1.0 cm.

4.5 Structural Colors on Curved Surfaces

A final test of the unique merits of electrodeposition as methodology for MDM color films
was carried out on an irregularly shaped substrate. When performed carefully, electrodeposition
can yield films that follow closely the contours of any electrode shape. To demonstrate the control
afforded by the cumulative process developed here, Au/Cu>O/Au MDM stacks were deposited on

a working electrode consisting of stainless-steel spoons. Figure 4.8 shows the resultant glossy and
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uniform color appearance of CMY colors on the curved and rough surfaces of these spoons. In
these images, the curved profile of the spoon in effect illustrates reflectance over a wide range of
viewing angles. The homogeneity and consistency of the colors, in addition to the lustrous
appearance, directly validate the electrodeposited MDM approach. It must be noted that CMY
colors are also obtained by directly electrodepositing Cu.O followed by a thin Au layer on the
stainless-steel spoon. In this case, the spoon surface takes the role of the bottom metal reflector in
the MDM F-P resonator. In addition, a further advantage of these electrodeposited MDM films on
the stainless-steel spoons was noted in an adhesion test. A standard peel test using adhesive tape'*®
was applied on the as-prepared MDM coatings. These MDM films remained strongly adhered to

stainless steel without obvious mechanical damage.
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Figure 4.8 Photographs of stainless-steel spoons (top-left) without and with electrodeposited
MDM structural colors on the curved and rough surfaces. The coated areas were approximately 6

cm2.
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4.6 Flexible Structural Color Films

Electrodeposition of MDM films can further be extended to achieve flexible structural
colors for aesthetic applications. In this section, we demonstrate electrodeposition of inverted
MDM structures on a flexible and transparent polyethylene terephthalate (PET) films. Figure 4.9
illustrates the design schematic for the solution processed flexible structural colors. In this
structure, unlike the structural color devices presented in the previous sections, the color is
observed from the transparent substrate (i.e. PET) side. Figure 4.9 illustrates the design schematic
of the electrodeposited structural color films comprised of multilayer Au/Cu.O/Cu/Ag MDM
stacks on a flexible PET film. Here, a thin Au film sputtered onto the PET film serves two purposes:
(1) it acts as the top ultra-thin metal layer of the asymmetric metal-dielectric-metal Fabry-Perot
cavity, and (2) it serves as a conducting film on PET, thereby enabling the PET film to serve as
the working electrode for subsequent electrodeposition processes. It must be noted that, Au can be

replaced with other metals that are compatible with subsequent Cu20 electrodeposition process.

X A
‘ 15 nm Au

; g Cu,0O

. -15nmCu

Ag (peacock silvering)

Figure 4.9 Design schematic of the solution processed flexible structural colors comprised of

inverted MDM stacks on a transparent PET film.
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PET films were degreased by sequentially sonicating for 5 minutes each in isopropyl
alcohol and water, and then dried under a nitrogen (N2) gas stream. For this demonstration,
Ti(3nm)/Au(15nm) was deposited on the PET films using a DC magnetron sputtering (LAB 18,
Kurt J. Lesker Company). All electrochemical depositions were performed in a three-electrode cell
in lab ambient and T < 50 °C, similar to the process described in section 4.3. Using the conducting
PET film as the working electrode, Cu20 thin-films were electrodeposited from alkaline Cu(ll)-
citrate solutions. The Cu.O electrodeposition process is already described in detail in section 4.3.3.
Kapton tape was used to define the total active area of these working electrodes in contact with
the solution. The cathodic current density during the deposition was set to 0.05 to 0.075 mA/cm?
and Cu20 films of different thickness was obtained by performing growths for different durations.
Electrodepositions performed at T = 50 °C and under convection resulted in uniform Cu.O

electrodeposition (~ 0.05 — 0.1 nm/s).

Ag was deposited as the thick metal reflector by the peacock silvering process.'®® This
process involves the use of four solutions: Silver solution (contains the silver diammine complex
precursor), Activator solution (contains NaOH and ammonium hydroxide (NHsOH) to control the
pH of the plating solution), Reducer Solution (contains an invert sugar compound to reduce the
precursor in solution) and a Sensitizer Solution (contains a stannous chloride (SnCl2) reducing
agent to improve uniformity of the Ag plating). Prior to the Ag deposition step, the sample needs
to be immersed in the sensitizer solution to adsorb the reducing agent (SnClz) on the surface of the
sample. However, the sensitizer solution is composed of HCI that etches the Cu2O layer. For this
reason, a protective Cu film was electrodeposited between the Cu.O and the Ag layer using
equation 4.2. 15 nm Cu was electrodeposited on Cu20 using a cathodic current density of j = 1

mA/cm? for t = 20 s, while all other parameters were similar to those used for the Cu.O
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electrodepositions. Next, the silvering process was initiated by soaking the sample in the sensitizer
solution for 1 minute and then rinsed with DI water. This was immediately followed by dipping
the sample in a bath containing equal parts of the Silver, Activator and Reducer solutions for 1

minute. Finally, the samples were rinsed with DI water and dried under a N2 gas stream.

Figure 4.10 Photographs of MDM layers deposited on flexible PET. The thickness of the

dielectric cavity layer is varied to achieve a wide range of colors.

For this demonstration, the thickness of the Au, Cu and Ag layers were fixed at 15 nm, 15
nm and ~ 200 nm, respectively, while the thickness of the dielectric cavity layer (Cu.0O) was

intentionally varied to obtain the desired colors. Figure 4.10 presents the photographs of the
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fabricated structural colors as seen through the transparent PET film. The color is stable after
several bending tests, but more complete and informative tests are ongoing. Also, the colors of the
electrodeposited MDM films are clearly insensitive to the viewing angles, as the appearance of
samples are uniform even after bending. It must be noted that the Ag peacock silvering step can
be replaced with a Cu electroplating process, provided the electroplating condition doesn’t reduce

or etch away the underlying layer. Efforts are ongoing in this regard with positive results.

The results presented here demonstrate a novel, low-cost approach to color any given
transparent plastic film. The structural colors presented here have the added advantage of
possessing a protection on both sides, i.e., PET film on the top side and a thick metal film on the

back side.

A final note should be made regarding the specific components employed here. In principle,
electrodeposition of MDM layers can be performed with a wide variety of different metal and
dielectric layers. The Cu20 dielectric layer represents a significant improvement in terms of safety
over prior demonstrations of electrodeposited structural colors. Specifically, electrodeposited
chromium oxide films have been used as interference color coatings on metal surfaces!3® 140 160,
161 pecause film thicknesses up to 500 nm can be readily obtained.%? 13 However, the toxicity of
chromium electrolytes is substantial and such solutions are considered extremely potent
pollutants.’®* In contrast, the copper citrate solution used here is comparatively benign, closely
mirroring the composition of a common colorimetric solution used to test for sugars in water.'®®
Still, it is conceivable that other dielectrics that can be readily electrodeposited including
amorphous silicon,® titanium oxide,'®” and zinc oxide!®® could be used to form cavity layers in

MDM structures. Doing so may facilitate the electrodeposition of other coinage metals such as Ag,

Cu, and Al that would lead to similar reflectance and brightness properties.
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4.7 Conclusion

In summary, a novel and facile method for MDM structural color films that can be
performed entirely under ambient conditions with a simple bench-top set up has been demonstrated.
The designs of these structural colors are based on asymmetric MDM F-P resonators. The
thickness of the sandwiched Cu.O dielectric layer can be readily tuned by electrodeposition
parameters so as to generate any arbitrary CMY color. The high refractive index of
electrodeposited Cu»O results in stable, angle-insensitive color up to = 60°. This electrodeposition
tactic has been applied both to flat, curved, and flexible substrates and is readily scalable since
expensive ancillary equipment is not required. These aspects cumulatively open up new avenues

for development and implementation MDM structural color films.
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Chapter 5

Dynamically Tunable Multi-State Structural Color

Filters using Electrochromic Thin-Films'

5.1 Introduction

As highlighted in the previous chapter, color is one of the basic elements of life; without it
the world around us would be dull and unappealing. Each day tons of organic dyes and colored
elements have been consumed. But most pigments cannot withstand high temperature or severe
chemical conditions; some have environmental concerns; the color of dyes can fade over time,
accelerated by strong light. In recent years, structural colors based on optical interference effects
of layered structures and resonance of nanostructures have received tremendous amount of interest
due to their various advantages over traditional colorant-based pigmentations. The specific optical
response of a structural color device is predetermined by the structure and design of the device.
Tunability in the optical response of these devices is highly desired and has recently gathered

significant interest.*®® Tunable colors are highly desired for a variety of applications including,

" All experiments, data analysis, and figure construction for this chapter were performed by Saurabh
Acharya. Zhengmei Yang performed the E-field distribution simulation. L. Jay Guo was the principal
investigator for the project.

81



passive displays, e-papers, decorative coatings, chemical and biological sensors, and encryption.
Many schemes based on phase change or morphology change have been proposed. Metal hydrides
are a class of materials examined for tunable applications.'”® " These materials undergo
crystalline phase transitions, altering their electronic structures which in turn induces dynamic
optical properties. It is an excellent approach to tackle the holy grain of encryption, which is to
hide and reveal sensitive information on demand. The color tunability in reversible Ag-
electrodeposition based multicolor devices are driven by the reversible deposition and dissolution
process of a metal on a transparent substrate, and the optical state is dictated by the dynamic change
in morphology of the deposited Ag nanoparticles.*’>17* Tunable properties of structural colors by
dynamic alteration of the structure geometry have also been proposed by emulating the
phenomenon observed in certain aquatic vertebrates.!” But all these works suffer from one or
many of the following issues: slow switching, poor cycling lifetime and reliability, limited
tunability, angle-sensitive appearance, low brightness, etc. On the other hand, dynamic color-
tuning where the structural color device responds to the nature of incident polarization has also
been proposed in polarization-sensitive spectral filters,}’® 77 but this requires additional
components to control and tune the incident light which is not practical for some of the applications

listed above.

Approaches that produce a wide range of tunable colors at low-power and fast speed is
highly desired. Phase change materials integrated into an optical cavity has been recently explored
for this purpose.l’® However, severe localized heat required for stable switching operation and
complicated structures (consisting of a stack of seven or more layers) required to realize tunability
between four colored states limits the congruence of this approach for a variety of applications.

Similarly, embedding an electro-optical (EO) active material in the structural color design allows
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one to electrically tune the optical structure for applications where the large voltage bias required
to modulate the EO material is not an issue.!'8 In both these cases, a large external perturbation
is required to induce a change in refractive index of a thin-film, which in turn produces tunability

in the optical response of the color filter.

In comparison, electrochromic materials are a very well-studied class of materials who’s
the refractive index can be constantly changed by application of a small electrochemical
perturbation.’®21% Researchers have been able to complete the color palette using purely
electrochromic materials.?®1% However, the electrochromic community’s focus has been on
generating films that can be tuned from a transparent or neutral state to a colored state, %% 193-197
Multi-color tunability using a single electrochromic layer has not been demonstrated and different
electrochromic materials are required to complete the color palette. Electrochromic films also
suffer from low brightness; however they do offer the advantages of fast to moderate switching

speed, long-term switching stability, and low-power requirement.*%3 197

In this chapter, data describing a simple approach to generate tunable color filters by
incorporating an electrochromic layer into a subwavelength layered optical cavity is presented. As
a demonstration, a four-layer asymmetric dielectric-absorber-dielectric-metal (DADM) Fabry-
Pérot (F-P) cavity is shown, producing multi-state bright reflective colors from a single device.
The absorption wavelength of this F-P cavity can be controlled by tailoring the thickness of the
nanocavity or the top anti-reflection coating. Here, the refractive index of the electrochromic layer
was continuously varied by application of a small range of electrochemical bias (-1 V to 0.5 V),
and the effect is analogous to tuning the thickness of the electrochromic layer acting as the anti-
reflection coating. Tunable structural colors with low energy consumption, short response time,

and high repeatability are demonstrated for multiple devices.
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5.2 Tunable Optical Constants of Electrochromic Films

5.2.1 Sample preparation and Experimental Setup

Figure 5.1a depicts a schematic view of the proposed structural color filter based on a
DADM multi-layered configuration to achieve dynamically tunable and polarization-independent
highly reflective colors. This is a simple asymmetric Fabry-Perot (F-P) cavity structure, consisting
of a tungsten (VI) oxide (WO3) anti-reflection (AR) overlayer, an ultra-thin absorptive layer of
tungsten (W), a titanium oxide (TiO) spacer layer, and a thick aluminum (Al) mirror on a silica
substrate. Strong interference effects excited in the top and middle dielectric layers result in high
reflection of only a narrow band of wavelengths, while the absorber layer induces strong optical
absorption at other wavelengths of the incident light, producing highly saturated reflective colors.
By exploiting the electrochromic property of the top WOs film, the optical response of the designed
structure can easily and quickly be modulated by changing the applied potential, achieving
dynamically tunable reflective colors. Thus, the WO3 dielectric film has the dual purpose of
serving as the antireflection coating as well as an electrochromic film which imparts the tunable
optical properties to the F-P cavity-based device. WO3 was selected in this study owing to its high
coloration efficiency (or optical contrast and density) and stable switching performance, but any
other organic and inorganic electrochromic material can be applied to the tunable structural color
scheme presented in this work. The bottom metal comprising of 5 nm/100 nm Cr/ Al was used as
an optical mirror providing high reflection across the visible spectrum and was deposited on a
silica substrate using DC sputtering (LAB 18, Kurt J. Lesker Company) with argon (Ar) gas
pressure of 4.5 mTorr, power of 400 watts, and a deposition rate of 0.3 nm/sec. This was followed
by TiO> thin-film deposition using an e-beam evaporator (EvoVac, Angstrom Engineering) with a

chamber pressure of 2x107® torr and deposition rate of 0.3 nm/sec. An absorber layer of ultra-thin
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W was deposited using DC sputtering with Ar gas pressure of 5 mTorr, power of 400 watts, and a
deposition rate of 0.22 nm/sec. Lastly, the top electrochromic WOz AR layer was prepared by DC
reactive sputtering using a metallic W target. During sputtering, the power was set to 300 watts,
oxygen (Oz) gas flow was maintained at a 40% of Ar gas flow rate, while the Ar gas pressure was
set to 6 mTorr. Detailed analysis of the function of each of these layers will be discussed in the
following paragraphs. Once the asymmetric DADM structure is fabricated, tunable structural
colors were realized by using a standard three-electrode electrochemical cell and immersing the
sample in an acetonitrile solution containing 100 mM lithium perchlorate (LiClO4) at ambient
conditions. The working electrode was connected to the W absorber layer, while a saturated
calomel electrode (SCE) and platinum (Pt) mesh electrode were used as the reference and counter
electrodes respectively. A computer controlled potentiostat (Solartron Analytical 1287A,
AMETEK Scientific Instruments) was used throughout to apply the potential and measure current

between the electrodes.
5.2.2 Spectroscopic Ellipsometry of Electrochromic WO3 Films

Figure 5.1b shows the continuous variation of the refractive index (including the real part
n and the imaginary part k) of the electrochromic WO3 film with an applied potential, representing
varying degrees of electrochromism. A 50 nm thick WO3 film was grown using the reactive
sputtering process described above on a degenerately doped n*-Si substrate. The electrochromic
change was again performed in the three-electrode electrochemical setup mentioned above. Here
the conductive n*-Si substrate was used as the working electrode. The refractive index of the WO3
film was characterized using a spectroscopic ellipsometer (M-2000, J. A. Woollam Co.). As the

Li* ions are driven into the WOs film by application of a negative potential to the working electrode,
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the oxidation state of the W®* ion in the WO; lattice is reduced as per the following lithiation

reaction:
WO3 + xLi* + xe > LixWOs3 (5.1)

altering their electronic structure and subsequently inducing a change in their optical properties.
The magnitude of applied potential dictates the depth to which the Li* ions are driven into the WO3
film and this varying degree of electrochromic change along the depth of the film gives rise to the
continuous range of optical states for the WOz film. The refractive index for E = -1.2 V' vs. SCE
(blue plot) corresponds to the completely colored state (semi-transparent blue) of WO3, while that
for E = 0.5V vs. SCE (orange plot) corresponds to the bleached state (transparent). The ultra-thin
WOs film utilized in this study allows us to completely lithiate and delithiate the WO3 film by
applying only a small potential. The huge difference in the optical constants in Figure 5.1b
illustrates several clear advantages of using electrochromic films for tunable color purposes: (1)
tunability between a large number (> 6) of colors owing to continuous optical states of the
electrochromic film (2) very small potential (and power) required to tune between optical states
(3) easily reconfigurable high-quality optical properties. Accordingly, these measurements
illustrate the motivation to incorporate electrochromic films into the F-P cavity based DADM
structure and the ability to generate multi-state color tuning from a single pixel or device is

discussed below.
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Figure 5.1 a) Design schematic of the proposed tunable structural color device comprised of multi-
layer DADM stacks. b) Refractive indices of the WOs film for varying degrees of electrochromic

change.

5.3 Design Principle and Optical Characterization of Tunable Structural

Colors

For a proof-of-concept demonstration of tunable color change, the thickness of the bottom
Al reflector was 100 nm, whereas the TiO- spacer layer, W absorber layer, and WOz AR layer was
set to 142 nm, 15 nm, and 48 nm, respectively. Transitions between different colored states of the
device was realized by dynamically varying the refractive index of the WO3 AR layer, while the
thickness of the individual layers were unaltered. Although transitions between multiple (> 4)
colored states are possible due to the large variation in the refraction index of electrochromic

materials (Figure 5.1b), we restrict this study to transitions between 3 colored states for simplicity
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of discussion. The measured reflectance spectra of the DADM structure discussed above is
presented in Figure 5.2a. Reflectance spectra were measured at normal incidence using a thin-film
measurement instrument (F20, Filmetrics) integrated with a spectrometer and a white light source.
The magenta plot corresponds to the optical state of the structural color device after being exposed
to E = -0.25 V vs. SCE. An electrochemical change on application of E = -0.9 V vs. SCE in the
electrochemical cell results in a reversible transition in the reflectance to the brown plot, while
further application of E = -1.2 V vs. SCE results in a reversible transition to the blue plot. Figure
5.2b show the optical images of three reconfigurable colored states of the same DADM structure,
demonstrating large-area uniform tunable color change. The corresponding color coordinates
evaluated from the measured reflection spectra are shown on the CIE 1931 chromaticity diagram
in Figure 5.2c. It can be seen that the color coordinates for the magenta (0.51, 0.24), brown, and
blue (0.22, 0.16) covers a wide area of the CIE chromaticity diagram. In principle, the proposed
approach for achieving tunable structural color filters can be used to obtain a wide range of color
tunability from a single device or pixel, while maintaining high brightness and color purity in the

visible wavelength region.
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Figure 5.2 a) Measured reflection spectra of three different colored states of the DADM device.
b) Photographs of corresponding reconfigurable colored states of the DADM device. The size of
each sample is 1.5 cm x 2.0 cm. ¢) The calculated chromaticity coordinates corresponding to the

reflection spectra shown in (a) in the CIE 1931 chromaticity diagram.

To explain the physical reason for color change in our structural color device, we take the
example of the structure provided in Figure 5.1a and consider the case of magenta (E = -0.25 V
vs. SCE)) to blue (E =-1.2 V vs. SCE) color transition. For ease of understanding, the refractive
index of the WOz thin-film is replotted in Figure 5.3b for the two potential conditions that result
in magenta and blue colors for the DADM thin-film structure. From Figure 5.2a, for magenta color,
the peak reflection wavelength is centered at A.= 670 nm, while the off-peak wavelength at A,=
415 nm, corresponding to the blue spectrum, is suppressed. In the simple DADM thin-film
structure, the purpose of the 100 nm thick Al film is to act as an optical mirror to provide high
reflection and prevent any light transmission. The thickness of the spacer TiO2 layer was set to
142 nm), corresponding to the half-wave optical thickness of 1.= 670 nm (high reflection for red

wavelengths). The thickness of the top WO3 dielectric layer acting as the AR layer is fixed at 48
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nm, which corresponds to the quarter-wave optical thickness of 1,=415 nm (for suppressing blue).
Lastly, a 15 nm thick W film is used as the absorber layer to achieve high absorption at the off-
peak wavelengths. For the case of magenta color corresponding to E =-0.25 V vs. SCE, the electric
field distribution in Figure 5.3c illustrates a strong optical resonance in the anti-reflection layer
centered at A = 425 nm and A = 630 nm. It can be seen that this enhanced electric field leaks into
the W absorber layer in the wavelength range of A = 425 to 600 nm, resulting in high absorption
in the W layer in this range and giving rise to the perceived color of the device. The electric field
distribution inside the DADM structure exhibits a strong first order F-P cavity resonance mode
resulting in high reflection in the red spectrum, but it also exhibits second order resonance modes
resulting in a finite reflection in the blue spectrum. However, the reflection in the blue spectrum
is relatively small, and so the device shows a magenta appearance. Another way to explain the
color appearance is by looking at the net phase shift experienced by the incident light through the
DADM structure. Figure 5.3e provides the net phase shift calculated using the measured refractive
indices for both the potential conditions, which includes reflection phases at each interface and the
accumulated propagation phase within the top WO3 AR layer. The net phase shift within the
structure for (E =-0.25 V vs. SCE) is close to zero for the wavelength range of 4 = 425 to 600 nm,

thus resulting in high absorption in the W layer in this wavelength range.
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Figure 5.3 a) Design schematic of the tunable structural color device under study. b) Refractive
indices of the WOs corresponding to E = -0.25 V vs. SCE and E = -1.2 V vs. SCE. c-d) The
wavelength-dependent electric field distributions inside the structure shown in (a) for its magenta
and blue colored optical states. e) Calculated total phase shift in the WOz AR layer as a function

of wavelength.

Now when the n and k values of the WOz thin-film are altered on application of a potential
E =-1.2 V vs. SCE, the anti-reflection resonance condition becomes unsatisfied for most of the
short wavelengths, thereby increasing the device reflection at these wavelengths (Figure 5.2a). As
can be seen in the electric field distribution in Figure 5.3d, two anti-reflection resonance modes at
A =425 nm and A2 = 620 nm are excited within the WOs3 layer. However, the resonance mode at
A =425 nm is relatively weak, and the resultant electric field leaking into the W absorber layer is
very small. Thus, the device exhibits a single absorption peak at A = 590 nm (Figure 5.2a)

corresponding to the anti-reflection resonance mode at A = 620 nm. Therefore, after instituting the
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color change, the reflection in the blue color spectrum was increased while the reflection in the red

color spectrum was not altered significantly, and the device color was tuned from magenta to blue.

5.4 Stability and Cycling Performance of Tunable Structural Color

Long term switching stability of inorganic electrochromic materials has been demonstrated
previously and is a very attractive feature for tunable photonic devices. The switching stability of
the proposed tunable structural color devices was also examined in this study. Figure 5.4b shows
the charge/discharge amount as a function of time for the DADM structure when exposed to 100
switching cycles of periodic potential wave (Figure 5.4a). The charge cycle was settot =20 s at
E = -1.5 V vs. SCE, while the discharge cycle was set to t = 30s at E = 0.5 V vs. SCE. These
measurements were performed using a three-electrode electrochemical setup as discussed above.
This plot represents the Li* ions driving in (charge) and out (discharge) of the WQO3 layer, so the
current cycling measured here translates to the color cycling performance of the structural color
device. The fully discharged and charged states corresponds to the magenta and blue colored
appearance of the device, respectively. There is a small variation in the peak current magnitude in
the charging (reduction) and discharging (oxidation) periods during the 100 switching cycles
presented in Figure 5.4b, however the total charge passed (area under the curve) during each cycle
is consistent among all cycles. Additionally, Figures 5.4c and 5.4d, provide the zoomed in version
of the first and last few cycles of the 100 switching cycles, demonstrating no degradation in the
cycling performance. These data clearly illustrate the excellent cycling performance of the tunable
DADM device. From the reduction peaks in Figure 5.4c, which show the charge amount required

to tune the device from a magenta to blue appearance after switching the applied potential from
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0.5V to -1.5 V vs E(SCE), the value of Q = 2.23 mC/cm? can be obtained. Similarly, the amount
of charge needed to return the appearance back to its initial magenta appearance can be calculated
from the oxidation peak as Q = 2.06 mC/cm?. The very small amount of charge required to actuate
a color change in the proposed structure stems from the ultra-thin nature of the electrochromic
thin-film used in the structure. Thus, the proposed tunable color devices exhibit the important
property of being highly efficient in terms of power consumption and also show impressive
coloration efficiency, which is defined as the extent of change in optical density caused by a finite

charge amount during the redox reaction in an electrochromic material.
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Figure 5.4 a) Potential waveform applied to the DADM structure for the cycling test. b) Measured
current as a function of time on application of the potential waveform depicting 100 charge and
discharge cycles. c) Zoomed-in version of the charge and discharge current corresponding to the

first cycle. d) Charge and discharge current corresponding to the 20" to 25" cycles.
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Even though we selected a charging and discharging time of t = 20 s and t = 30 s,
respectively, this is in no means representative of the minimum time required to induce color
change. A conservative charging/discharging time was selected for the cycling test presented
above, but it can be seen from the reduction and oxidation plots that majority of the charge is
passed within the initial few seconds of each cycle. Figure 5.5 shows the cycling performance is
not altered even as we reduce the charge/discharge time by up to an order of magnitude lower. The
exact switching time can be calculated from the plots in Figure 5.4c and 5.4d (and Figure 5.5). The
proposed device switches from the magenta to the blue state in 3 seconds, and it takes 1 second to
return to its original magenta-red colored appearance. Again, the fast switching time between the
multiple optical states of the tunable DADM structure is a direct consequence of the ultra-thin
thickness of the WO3 layer utilized in this structure. We expect the switching time for tunable
structural color devices incorporating an electrochromic layer to further reduce to the millisecond
range by optimizing the conductivity of the electrolyte utilized.!®® As a final demonstration of the
stability of our proposed tunable structural color device, appearance of the perceived color before
and after the cycling test was also examined. As shown in Figure 5.6, the spectra as well as the
photograph of the DADM structure from Figure 5.2b in its blue color state shows no measurable

difference even after 1000 switching cycles.
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Figure 5.5 a) Potential waveform with varying time periods applied to the DADM structure. b)
Corresponding current response to the potential waveform in (a) demonstrating no change in the

cycling performance of the device.

The electrochromic community have developed highly efficient solid electrolytes with
ionic conductivities comparable to or higher than those of conventional liquid electrolytes, opening
a path towards all-solid-state electrochromic devices.!%-2%2 The results demonstrated in this work
highlight the effectiveness of embedding electrochromic materials in structural color devices to
generate low-power and multi-state tunable colors. Using the concept of solid electrolytes, this
work can further be extended to generate entirely solid-state tunable color devices. The only
requirement for the solid electrolyte in this case would be that it needs to be thin (< 100 nm), in
order to not excite additional resonance modes in the structural color device that can impede the

color appearance of the device.
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Figure 5.6 Measured reflectance of the DADM device in its blue colored optical state after the 1%
and 1000 cycle. Insets are photographs the corresponding device. The size of each sample is 1.5

cm x 2.0 cm.

5.5 Conclusion

In summary, we have demonstrated a simple design technique for generating
reconfigurable tunable structural colors with multiple optical colored states using a facile
electrochemical approach. The tunable structural colors are designed based on multilayer DADM
F-P resonators, where an electrochromic thin-film is used as the top dielectric layer. The refractive
index of the electrochromic thin-film is readily modulated on application of a small potential bias
in the presence of metal ions so as to induce a reconfigurable color change. The electrochromic
tactic applied here has the important advantage of low-power consumption while demonstrating

multiple colored states covering a wide area of the CIE chromaticity diagram. The proposed
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devices exhibit excellent stability and switching performance, where high brightness and color
purity of the tunable colors was maintained even after 1000 cycles. Further investigations are
needed to incorporate solid-electrolyte thin-films into the structure presented here in order to
realize all-solid-state low-power consumption multi-state tunable structural colors based on similar

design principles.
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Chapter 6

Accuracy of Kinetic Measurements at Individual

Recessed Ultramicroelectrodes (UMEs)*

6.1 Introduction

With the development of micro- and nanoelectrochemical platforms, the scope of studying
charge transfer processes has drastically increased.?®® 204 At inlaid disk-shaped
ultramicroelectrodes (UMEs) and nanoelectrodes, radial diffusion and fast mass transport
conditions at the smallest of electrodes have enabled accurate and precise measurements of fast
electron transfer kinetics and mechanisms.?%>2%% This is simplified through the knowledge of an
analytical expression for the full steady state response of an inlaid disk UME which can be used
to fit experimental results for the heterogeneous electron transfer rate constant, k°, and the transfer
coefficient, a.?> 212 For example, the facile fabrication of inlaid disk electrodes through laser-

206 electrochemical etching,?*® or a combination of the two,%® have resulted in electrodes

pulling,
on the scale of several nanometers. Figure 6.1 illustrates a schematic of an iridium (Ir) UME.

However, the fabrication methods for inlaid UMEs typically require materials that are available in

* All finite-element simulations presented in this chapter were performed by Saurabh Acharya. Data analysis
and figure construction for this chapter were performed by Saurabh Acharya and Mitchell Lancaster (equal
contributing). Stephen Maldonado was the principal investigator for this project.
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a wire format, have melting points compatible with heat sources and desired insulating
materials.?!* Metals such as platinum and gold fit these requirements well, but semiconductors in

general are incompatible with the aforementioned fabrication methods.

L

p— InsSuiated wire

Shrinkable tubing

- Spotweld

- Glass micro pipette

~Iridium wire

Etched

indiym

Mercury
Sem sphere
-~

Figure 6.1 Design schematic of an inlaid UME using an Ir wire. (Kounaves, S.P., Platinum Metals
Rev., 1990, 34 (3), 131-134)
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A surprisingly unexplored concept in semiconductor electrochemistry is to employ
recessed semiconductor ultramicroelectrodes (SUMEs). In contrast to inlaid UMEs, recessed
SUMEs can readily be fabricated with essentially any electrode material through common
photolithographic methods. Theoretical and experimental examinations of the diffusion-limited
(steady-state) current for recessed disk electrodes of different geometries have been conducted, !>
220 and the full voltammetric response has been simulated, 2% 221222 byt an encompassing analytical
expression describing the full voltammetric response has not yet been presented. This is partially
due to the difficulty in describing the transport conditions within the well and at the mouth of the
recession for the wide variety of recession/radius ratio geometries possible. Thus, there is a need
for a broader and more rigid study that would help guide the fabrication and use of SUMEs for

accurate charge-transfer measurements at semiconductor/liquid junctions.

To solve this issue, in this chapter, finite element simulations are used to explore the
possibility of using a recessed UME geometry in which the difference in diffusion conditions
between it and an inlaid UME are essentially negligible. This would allow accurate use of the
already available expression for the voltammetric response of an inlaid disk UME for specific
combinations of recessed UME recession depth and electrode radius. The accuracy of using inlaid
disk transport assumptions for recessed disk UMEs as a function of recession depth (L), electrode

radius (1), the standard heterogeneous rate constant (k), and the transfer coefficient (a) is presented.
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6.2 Simulated Voltammetric Responses of Individual Inlaid and Recessed

UMEs

6.2.1 Simulations

COMSOL Multiphysics (v4.4) was used to simulate the transport of redox species to the
electrode surface for the model geometry shown in Figure 6.2. In this work the electrode radius, r,
was either 50 um, 5 um, or 0.5 um. For each electrode size, the recession depth, L, was varied
between 0-10 um. Only diffusion-controlled transport was considered, as an unstirred solution
with a large concentration of supporting electrolyte was assumed. Relevant parameters and

constants are shown in Table 6.1.

Symmetry Axis
Electrolyte
L ; Insulator
>

Figure 6.2 Two-dimensional geometrical model for the recessed disk ultramicroelectrode
simulations. L represents the recession depth and r denotes the exposed electrode radius. The

hemispherical electrolyte boundary is not drawn to scale.
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The simulated voltammetric responses of individual inlaid and recessed UMEs in this work

involve a one-electron transfer process:
O+e =R (6.1)

The forward and reverse heterogeneous rate constants, kr and ky, are described through Butler-

Volmer kinetics by:
ke = kO exp |—a— (E - E°)] (6.2)
ky = k® exp |(1 - @)= (E — E°)| (6.3)

where k° is the standard heterogeneous rate constant, a is the transfer coefficient, F is the Faraday
constant, R is the molar gas constant, T is the temperature, E is the applied potential, and E° is the
formal/standard potential. Diffusion in this system can be described through Fick’s second law in

two-dimensional cylindrical coordinates:

(T 100, 7Y
at or?2  ror 0z2

(6.4)

where c is concentration, t is time, r is the direction radial from the electrode surface, and z is the
direction normal to the electrode surface. The boundary conditions are as follows. Initially, the
concentration of the oxidized form of the redox couple, co, is equivalent to the bulk concentration,

c*, and the reduced form of the redox couple, cr, is not present:
cop=c" (6.5)

cg =0 (6.6)
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These conditions hold throughout the model geometry. An infinite domain was used as the
electrolyte boundary where the concentration of both species approached their bulk values at all
time instants. Once a potential is applied to the electrode the flux of the oxidized and reduced

species can be described through:

Do [52| = ~Dr |52 6.7)

where Do and Dr are the diffusion coefficients of the oxidized and reduced forms of the redox

species present in solution, respectively. The flux to all insulator/electrolyte boundaries is zero and

described by:

Do %2 =0 (6.8)

A Butler-Volmer formalism can be used to describe the current, i, at all points on the electrode

surface through:

, .
D, [ﬁ = kco — kpcp = — (6.9)

with the other variables being as defined above. Because the disk shape may have non-uniform
accessibility depending on the geometry, the current is integrated over the entirety of the

electrode radius to obtain the total current across the interface:

icor = 2TF Do fy 227 dr (6.10)

To accurately resolve current near the electrode surface and insulator boundaries, a custom,
fine mesh was used near the electrode surface and insulator/electrolyte boundaries. Absolute
limiting currents of the simulated voltammograms for electrodes with no recession were within

~1% of the Cottrell prediction for all simulations in this work. Extraction of kinetic parameters
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requires a normalized current response, so all simulated voltammetric responses shown in this text

are normalized to cathodic limiting current values.

Table 6.1 Parameters used for finite element simulations.

Symbol Definition Simulation Value
L Recession Depth 0-10 pum
r Electrode Radium 0.5, 5, or 10 pm
Bulk Concentration of
*
¢ Oxidized Species 1 mM
E° Standard/Formal Potential 0 V vs. Reference
Oxidized Species Diffusion 5
Do Coefficient 1x10™ cms
Dr Reduced Species Diffusion
Coefficient 1x107° cm/s
K Heterogenous Rate Constant 1,0.01, le-5cm/s
T Temperature 298 K

6.2.2 Fitting

The voltammetric response of an inlaid disk electrode for a quasi-reversible redox system has been

described by the classical “Bond-Oldham-Zoski” equation?'!: 22

L—omt |14+ (2 N (6.11)

L Ox \4K0+312

where J is the current density and J._ is the limiting current density at large negative overpotentials,

K and 0 are parameterized terms relating kinetics and transport through

_ Dokp
0=1+ —Dka (6.12)
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4D

kg

(6.13)

where ks, ko, Do and Dr have the same meaning as described above. This expression was chosen
for this work as it has been a common means to fit the entire voltammetric response for an inlaid
disk ultramicroelectrode for direct determination of the heterogeneous rate constant and transfer
coefficient for an electron transfer process. A recent modification to Equation 6.11 has been made
to account for poised solutions,?*2 eliminating E° as an unknown variable. However, here it is

assumed the standard/formal potential is known (see Table 6.1).

6.3 Results and Discussion

Figure 6.3 shows the simulated voltammetric responses of a 50, 5 and 0.5 um radius UME
with recession depths between 0 um and 10 um for rate constants of (a) 1 cm/s, (b) 0.01 cm/s, and
(c) 1x10®° cm/s and transfer coefficients of 0.5. These values were chosen to approximate
reversible, quasi-reversible, and irreversible electrons transfer kinetics, respectively. The general
trend is that, as the rate constant decreases and/or as the L/r ratio increases, deviations from the
inlaid disk case become apparent, especially for the slowest of charge transfer processes. Two
observations are apparent — (1) There is an overall shift in the voltammetric responses to more
positive potentials as the rate constant is decreased (2) For a given rate constant, the half-wave

potentials of the voltammetric responses shift more negative as the L/r ratio is increased.

For a reversible reaction with a rate constant of 1 cm/s, the shape of the normalized responses of
50 and 5 um radius UMEs are relatively insensitive to the geometry of the recession (L/r ratio)
(Figure 6.3 a (1), b (I) and c (1)). Here, the half-wave potential for all recession depths are

essentially the same as the standard potential for the redox reaction. However, the simulated
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response for a 0.5 um UME shows dependence on the recession depth. In this case, there is a slight
shift of the curves to a less positive half wave potential for all recession depths with an increase in
slope with larger L/r. This suggests the voltammetric response of recessed UMEs shows some

sensitivity to reversible Kinetics at the largest of L/r ratios.

For both a quasi-reversible and an irreversible reaction with a rate constant of 0.01 cm/s
and 1x10° cm/s respectively, the half-wave potential is shifted more positive from the standard
potential for the redox reaction for all three radii UMEs with L = 0, however the degree of this
positive shift gets stronger as the radius of the electrode is reduced. Additionally, as the L/r ratio
increases, the deviation of the simulated responses from the inlaid disc UME becomes more
significant and the curves become increasingly less positive with steeper slopes (Figure 6.3 a (I &
I, b (I & 1), ¢ (I & I1)). This indicates a decrease in the overpotential required to drive the
simulated reaction. These shifts as a function of recession depth describe the movement of the
classical steady-state voltammetric curves for quasi-reversible and irreversible charge transfer with
an increasing charge transfer rate constant. This result indicates an increase in the apparent rate

constant relative to the inlaid disk case for increasing recession depths.
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Figure 6.3 Normalized simulated voltammetric response for (a) 50 um (b) 5 um and (c) 0.5 pm
disk UMEs with recessions depths of 0-10 um. The simulated heterogeneous rates constants were
(1) 1 cm/s (11) 0.01 cm/s and (111) 10° cm/s. For these simulations, a=0.5.

To assess the accuracy of rate constant determinations with recessed UMEs, the

voltammetric responses presented in Figures 6.3 were fit to equation 6.11, and the apparent rate

0

constant, k}’it, extracted was compared to the input rate constant for the simulations, kg;,,,, as a
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function of L/r ratio. Figure 6.4a shows the deviation of the apparent rate constant from the
simulated rate constant as a function of L/r ratio for 50 um, 5 um, and 0.5 um UME radii. For this
case, the simulated rate constant was approximately quasi-reversible, at 0.01 cm/s. At an L/r ratio
of zero (i.e. an inlaid disk electrode) the rate constant ratio was near 1, indicating no deviation in
the fitted value compared to the “true” rate constant. As the recession depth increases, the rate
constant ratio steadily begins to rise, with an exception for the 0.5 um electrodes with L/r = 0.02.
At small L/r ratios (L/r < 0.02), this increase is not quite linear, but a further increase in recession
depth provides an almost linear increase in the rate constant error. This emphasizes, for the quasi-
reversible case, the apparent rate constants obtained from the fit are almost always larger as the
electrode recession increases, but the degree of overestimation depends heavily on the electrode
size. For example, at L/r = 0.1, the rate constants for 0.5 um and 5 um UMES are overestimated
by 5% and 17%, respectively. However, at a 50 um UME with the same L/r ratio, the

overestimation is greater than 46%.

A similar plot of the fitted to simulated rate constant ratio vs. L/r ratio for an irreversible
rate constant of 1x10° cm/s is shown in Figure 6.4b. At L=0, only the 50 pm UME has a rate
constant ratio near 1, while both the 5 um and 0.5 um UMES have apparent rate constants that are
overestimated. In contrast to the linear-type profile seen in Figure 6.4a, the rate constant ratio for
this case initially decreases to a minimum value at 0.10 for all UME radii, before beginning a linear
increase. This indicates at low recession depths the rate constant is underestimated, while at very
large electrode recessions, the rate constant may be overestimated. Underestimation of the rate
constants in this case, however, is unusual. Even with a lower charge transfer rate constant, the
transport phenomena as a function of recession should still be applicable, although to a possibly

smaller extent. A more likely explanation for this observed decrease in fitted rate constant relative
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to the simulated rate constant is poor applicability of the expression for quasi-reversible electrode
kinetics to an irreversible case. The limitations of using a quasi-reversible kinetic model for
processes that approach reversible kinetics have been discussed elsewhere,® but no such

description has been made for kinetic determinations near the irreversible limit.
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Figure 6.4 Deviation of fitted rate constant values (ksit) from simulated values (a) ksim=0.01 cm/s

and (b) ksim=0.00001 cm/s for recession-radius ratios of 0-0.2.

The cumulative data show that an increase in recession depth for recessed UMES can result
in either overestimation or underestimation of the rate constant depending on the specific recession
geometry employed. For an approximately quasi-reversible rate constant of 0.01 cm/s, the fitted
rate constants are typically larger than the simulated rate constant. The phenomenon of rate
constant overestimation at recessed UMEs has been previously attributed to a “lagoon effect” in
which electroreactant becomes trapped in the recession due to a smaller cavity entrance than
electrode diameter.??* 225 The simulations considered here are performed with geometries where

the insulator walls are normal to the electrode surface, although similar overestimation can occur
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in this geometry from the ability of recessed UMEsS to reach a steady-state quicker than their inlaid
counterparts. For these systems, the diffusion-limited current decreases with increasing
recession.?> 26 When normalized versus the limiting current value, J., the voltammetric response

appears steeper, resulting in the larger apparent rate constants.

The results presented here provide some guidelines for the design and fabrication of
recessed UME platforms for kinetic measurements through microfabrication techniques. For
measurement of a quasi-reversible redox system at a 50 pm radius recessed UME, an insulating
layer thickness of less than 500 nm is needed to measure rate constants within ~10% of the true
value. Staying within that same error range at a 5 pm radius recessed UME would require
insulating layer thicknesses no larger than approximately 350 nm. Finally, at a 500 nm radius UME,
a recession depth no deeper than 75 nm would be required to avoid overestimating the rate constant
by greater than 10%. The trend described shows a much slower decrease in the insulator thickness
(compared to UME radius) necessary to maintain a certain error tolerance for smaller electrode
radii. The physical origin of this trend is unclear, but it is unusual in the fact that the 50 pm
recession curves deviate from the inlaid disk case much less than the smaller electrodes. A possible
explanation is from the complex radius dependence on the recessed steady-state current.?*®
Accordingly, the current magnitude difference between an inlaid disk electrode and recessed
electrode with a defined L will change for different electrode radii. When normalized, these

differences manifest themselves in the curves shifts shown in Figures 6.3 and 6.4.

Figure 6.5 shows how the fitted transfer coefficient, asit, is affected by increasing electrode
recession depth for a “true” a value, osim, Of (2) 0.25, (b) 0.5 and (c) 0.75 and k=0.01 cm/s. All
three cases have a similar profile. For an inlaid disk in (a), (b) and (c), the apparent o values are

within 1% of the simulated value. As the electrode becomes recessed, a sharp increase in the fitted
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a is observed in both cases, but the deviation stays below 8% for L/r < 0.2. At larger recession
depths, the apparent a begins to level out at approximately 10% deviation from the true value for

all cases shown here.

For “true” transfer coefficients of 0.25, 0.5 and 0.75, the fitted value can be found within
10% if the recession depth is no larger than the electrode radius. While the tolerance for o based
on UME geometry is much larger than for k, measurements of these parameters are typically
coupled, suggesting the more stringent requirements for UME geometry during rate constant
measurements should be followed. An interesting observation for both cases with the fitted values
for a is the leveling off at about 10% for L/r > 1. This demonstrates a limited range of a for a single
k value. The physical origin for this is unclear, but the sigmoidal shape of the voltammetric
response of a UME can only tolerate a finite shift in o for a constant rate constant. The transfer
coefficient strongly influences the shape of the curve at the foot and top of the wave. These areas
can only be affected so much before needing the steepness and position of the curve to induce

further change.
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Although the allowable L/r ratio for measuring rate constants and transfer coefficients
within a certain error range increases with decreasing electrode size, the above tolerances identify
some important limitations and concerns for kinetic measurements at the smallest of recessed and
inlaid UMEs. First, for the fabrication of recessed UMEs by common photolithographic methods,
the smallest recession depth is defined by the smallest thickness of the insulating layer in which
no tunneling occurs. For example, a high-quality SiOx layer will be completely insulating
(assuming a minimum number of defects) at a thickness of at least 10 nm. Although this work does
not explicitly approach dimensions that small, it can be estimated from the results that the
minimum radius of electrodes in which the apparent rate constant is within 10% of the true value

would be no less than ~50 nm.

A second insight this work affords with regards to kinetic measurements is the importance
of characterizing the electrode geometry, especially at electrochemically etched and laser pulled
nanoelectrodes. With the recent push to measure extremely fast rate constants through the
fabrication of < 20 nm electrodes, the characterization of the electrode/insulator interface has
become challenging. A recent application of atomic force microscopy (AFM) has been shown to
enable precise characterization of these nanoelectrodes.??® At small size scales, any recession is
bound to have a significant effect on the accuracy of rate constants measured. Although electrode
recession sometimes cannot be avoided, it is important to recognize the possible error introduced
into kinetic measurements by the chosen platform. Using characterization techniques such as AFM,
coupled with the above analysis of recession geometry effects on measurement kinetic parameters,
should allow for a better-defined error tolerance and possibly, more accurate rate constant and

transfer coefficient measurements.
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6.4 Conclusion

To summarize, the work described in this chapter explicitly describes the magnitude of
error associated with using an individual recessed disk UME for kinetic measurements. Through
finite element simulations it is shown the rate constant could be overestimated or underestimated
depending on the recession geometry. The degree of rate constant deviation from an inlaid disk
electrode depends largely on both the electrode size and recession depth. The transfer coefficient
shows lower error over small recession depths, but the error levels out as the recession depth
increases. The accuracy of kinetics parameter determination with recessed electrodes shown here
should allow for design and fabrication of UMEs that either minimize error associated with
extracted rate constants and transfer coefficients or have known error values associated with the
fitted parameters. Such a description will allow the use of recessed UMEs with appropriate
geometries for accurate kinetic measurements and will thus open the doors for use of rarely-utilized

electrode materials for charge transfer kinetics studies.
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Chapter 7

Semiconductor Ultramicroelectrodes (SUMES):
Platforms for Studying Charge-Transfer Processes at

Semiconductor/Liquid Interfaces

Acharya, S.*; Lancaster, M.*; Maldonado, S. Anal. Chem., 2018, 90 (20), 12261-12269

7.1 Introduction

Unlike in a metal, the surface concentration of charge carriers in a semiconductor electrode
is a complex function of the applied potential.>® 22’ This aspect substantially convolutes the
influences of charge-transfer kinetics and mass transport on voltammetry with semiconductor
electrodes, rendering the established methods for analyzing voltammetry data useless. Although
the rotating disk motif can impart well-defined mass transport conditions to macroscopic
semiconductor electrodes,®” 226230 such platforms are sufficiently cumbersome that repetitive

studies where bulk (e.g. doping, mobility, charge-carrier lifetimes) and surface (e.g. roughness,

" Experiments, data analysis, and figure construction for this chapter were performed by Saurabh Acharya
and Mitchell Lancaster (equal contributing). Saurabh Acharya prepared all SUME platforms. Stephen
Maldonado was the principal investigator for this project.
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chemical functionality, trap state density) properties are systematically varied are precluded.
Consequently, new electrochemical strategies are needed to advance fundamental and applied
understanding of charge transfer at semiconductor/electrolyte junctions.

The previous chapter detailed the recessed UME geometries for which the inlaid UME
transport assumptions are still valid. In this chapter, we specifically apply the findings of the
previous chapter to semiconductor ultramicroelectrodes (SUMES) to develop a platform to
accurately study charge-transfer processes at semiconductor/liquid junctions. Employing SUMESs
greatly simplifies the voltammetry analysis, as the interplay between mass transport and charge-
transfer kinetics can be well defined. We fabricate, demonstrate and validate a specific type of
SUME platform amenable for detailed study and widespread use for any semiconductor material.
Specifically, we demonstrate that a small, circular pinhole photolithographically patterned in a thin
dielectric coating on an otherwise flat, clean single-crystalline semiconductor substrate can act as
a recessed disk ultramicroelectrode (Figure 7.1). This design is advantageous because (1) it can be
used with any semiconductor material available in planar form, (2) it obviates the need to
mechanically process (polish) the semiconductor surface, and (3) it can be mass-produced for
repetitive measurements. Further, this design is amenable to precise and facile control of electrode

dimensions, a factor that can be exploited intentionally if care is taken during fabrication.

Herein, this chapter reports the quantitative and analytical utility of pinhole SUME
platforms for studying charge-transfer processes at semiconductor/electrolyte contacts. Several
aspects of SUMEs are discussed, including an explicit description of how the doping concentration,
charge-transfer kinetics, mass transport, and the extent of depletion within the semiconductor
impact voltammetric responses of n-type SUMESs.?3t Experimentally measured responses of

SUMEs prepared with single-crystalline n-Si are also provided, highlighting their sensitivity
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towards the dynamic nature of the Si/water interface. In addition, the responses of n-Si SUMEs
are analyzed to elucidate measurements of interfacial charge-transfer rate constants of Si in

aqueous electrolytes.

7.2 Experimental Methods: Fabrication of SUMEs, Electrochemical

Measurements and Reorganization Energy Calculation

7.2.1 SUME Fabrication

All substrate wafers were subject to the RCA cleaning process with a final dip in BHF for
30 seconds prior to initial use. The wafers were immediately introduced into a Spin Rinse Drier
(Verteq SRD, Class One Equipment) and transferred into a low pressure chemical vapor deposition
(LPCVD) furnace (Tempress Systems) for 150 nm silicon oxynitride (SiOxNy) deposition at a rate
of 2.2 nm/min and T =850 °C. Alternatively, for thicker insulator deposition, 600 nm silicon oxide
(SiO2) was deposited on the wafers by plasma-enhanced chemical vapor deposition (PECVD)
(Ultradep 2000, GSI Lumonics) at a deposition rate of 18.6 nm/min and T = 350 °C, followed by
rapid thermal annealing (Jetfirst RTP 150, Jipelec) in N2 (g) at T = 800 °C for 5 minutes. Back
ohmic contacts were formed by depositing Ti(10 nm)/Au(120 nm) using an e-beam evaporator
(Evovac, Angstrom Engineering). Immediately prior to this step, back side SiOxNy from the
LPCVD deposition was wet etched in BHF for 15 minutes (etch rate = 10 nm/min) while the
SiOxNy on the top surface was protected by spincoating 1.5 um of S1813 with a softbake at T =
110 °C for 4 minutes. Following back contact deposition, the top protective S1813 film was
removed by immersing the wafer in Nano-Strip. The substrates were vapor primed with

hexamethyldisilazane (HMDS) in a YES-310TA (E) oven and SPR 220 3.0 was then immediately
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spincoated to an average thickness of 2.18 um. The films were soft baked for 90 seconds at T =
115 °C. Projection photolithography (GCA Autostep 200, RZ Enterprises, Inc.) was used to
expose (A = 365 nm) the coated substrate through custom photolithography masks containing dies
with r =1.5, 5, and 10 um features at the center of individual dies. The pattern was then transferred
to the underlying SiOxNy or SiO> film by reactive ion etching (RIE) (APS Dielectric Etch Tool,
STS) with CsFg (g). The etch rate was adjusted to 177.6 nm/min for SiOxNyand to 353.4 nm/min
for SiO2. To prevent any possible plasma damage to the Si surface in the SUME region, the RIE
etch was stopped with 10-20 nm of SiOxNy or SiO- left in the features, which was then removed
by wet etching in BHF. The wafers were diced into individual dies and the SPR 220 3.0 film was
dissolved off in acetone and rinsed in 2-propanol prior to further use. This procedure produced

SUMEs as shown in Figure 7.1b.

a) Electrolyte

Dielectric

Single Crystalline Wafer

Figure 7.1 a) Cross-sectional view of an idealized SUME platform based on a defined pinhole in
a thin dielectric coating on a planar semiconductor electrode. b) Large-area optical image of an n-
Si SUME with r =5 pm. Inset: Scanning electron micrograph at higher magnification of the same
SUME.
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7.2.2 Electrochemical Measurements

All voltammetric experiments were performed using CHI420A and CHI760C (CH
Instruments) potentiostats in a custom-built, dark Faraday cage. The fabricated SUMEs were
etched in BHF immediately before being placed in an open-air Teflon cell and sealed with a Viton
o-ring (ID = 2.9 mm, McMaster-Carr). A three-electrode configuration with a Ag/AgCl (Sat’d KCl)

reference and a flame-cleaned Pt wire counter electrode was used throughout.

Impedance (Mott-Schottky) measurements were taken using a Solartron 1286
electrochemical interface coupled to a model 1250 impedance analyzer (Ametek). A 10 mV
sinusoidal AC potential with frequencies from 10 Hz to 52 kHz was applied over DC potentials
ranging from -0.15 V to 0.7 V. Immediately before each measurement, bare n-Si electrodes (0.19
cm?) were etched in BHF for 1 minute. The impedance data was fit with the Mott-Schottky

equation to determine the flat-band potential of the semiconductor/electrolyte contact, Es,

C. 2= ;(E — Epy — "LT) (7.1)

" qegoNgA2 q

where q is the unit coulombic charge, ¢ is the static dielectric constant of the bulk semiconductor,
&o 1S the permittivity of free space, Nq is the bulk dopant concentration, A is the area of electrode
exposed to solution, E is the applied DC bias, ks is Boltzmann’s constant, and T is temperature.
From Es, the conduction band energy was calculated using the effective density of states in the

conduction band, N¢
N
Eep, = Epp + kT In (N—d) (7.2)

where N¢ = 2.8 x 10* cm™ for Si. The reported conduction band energies were averages

from three different electrodes with the error corresponding to the standard deviations of those
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measurements. To influence the band energetics at the semiconductor/electrolyte interface, both
macroscopic and microscopic (SUME) n-Si electrodes were immersed in 5 mM KasFe(CN)e under
ambient light for 5 minutes, followed by corresponding impedance and voltammetry

measurements, respectively.
7.2.3 Reorganization Energy Calculation

The total reorganization energy for a redox couple at a semiconductor electrode, Asc, can be

considered as the sum of inner-sphere, Asc,i, and outer-sphere, Asc,o components®®?

Asc = Asc,i + Asc,o (7-3)

which represent changes in bond lengths/angles and changes in solvation around the outer-
coordination sphere, respectively. In the case of heterogenous charge-transfer reactions, the inner
sphere contribution at a Si electrode can be approximated by half the inner-sphere reorganization
energy for the corresponding homogeneous self-exchange reaction, As.i.?*? The value Ase,i, in turn,
can be calculated by subtracting the self-exchange outer-sphere reorganization energy (Ase,0) from

the self-exchange total reorganization energy (/4se), giving

ls¢-:'_)Lse,o
Ase = -5 + Asc,o (7-4)

where se for Ru(NH3)6>*, MV?*, and Co(sep)s>* are measurable quantities of 1.6,2%% 0.6,%34 and 2.6

eV, respectively. Ase,o can be separately estimated by eq 7.52%

1 1 1 1
Aseo = : (_ - _) ( 2 > (7.5)
’ 41eg \a; 2a; ny,o0 €H,0

where & is the permittivity of free space, ai is the ionic radius of the redox probe (3.4,® 3.6,2*
and 4.5 A% for Ru(NHs)s®*, MV?*, and Co(sep)s**, respectively), nuzo is the refractive index of
water (1.34%%%), and ep0 is the static dielectric constant of water (78.46).2%¢ Similarly, Asco can be

calculated by eq 7.6,%7

1 _q 1 ( 1 1 ) 1 (nSiZ—nHzoz) 1 (65i—6H20> 1 (7 6)
sc,0 — - - - o - .
8ngg |a; \nH,02  €Hy0 2a; \ \nsi®+np,02/ ny,0? €sit€H,0/ €H,0
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where nsi and esi are the refractive index (3.8)%%® and static dielectric constant (11.7)%% of Si,

respectively.

7.3 Predicted Characteristics of Non-Degenerately Doped SUME Responses

Under Depletion Conditions

This section explicitly describes how the doping concentration, charge-transfer kinetics,
mass transport, and the extent of depletion within the semiconductor impact voltammetric

responses of n-type Si SUMEs.

At sufficiently slow scan rates, the voltammetric response of an ultramicroelectrode far
from any physical obstruction attains a steady-state J-E response that follows spherical rather than
linear diffusional transport. Because the current tends to a limiting value when diffusion outpaces
kinetics, the steady-state shape necessarily describes the competition between precisely defined
mass transport and charge-transfer kinetics. One approach to interpret the voltammetric responses
of disk ultramicroelectrodes is through finite-element?'® or numerical modeling??° of the transport.
Although descriptive and quantitative, this approach does not readily afford simple prediction of
the features of a SUME electrode. A more convenient alternative method is through the analytical
expressions described by the “Bond-Oldham-Zoski” equation.?!! 212 This expression was already
introduced in the previous chapter (eqs 6.11-6.13), but is repeated below for consistency and ease
of readability. In this analysis, the normalized current (i.e. dividing the measured current by the

mass transport-limited cathodic current, J.¢) follows eq 7.7,
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J 1 (7.7)

Jie o1+ 7 2K9+37r2
Ok \ 4x0+ 37

where 6 & x are dimensionless numbers that relate to the diffusion of the redox species and the

governing rate constants at the electrode/electrolyte interface as shown in eqs 7.8 and 7.9.

D, k
0=1+ —Ak—b (7.8)
A o f
ark
TS (7.9)
A

In egs 7.8 and 7.9, Da and Da- are the diffusion coefficients of the oxidized and reduced
form of the redox couple, ks is the rate constant for the reduction of A to A", and ky is the rate
constant for the oxidation of A” to A. Typically, the potential dependence is ascribed by applying
the Butler-Volmer formalism (egs 6.2 and 6.3) to the values of ki and ky.23® However, this approach
assumes that the densities of charge carriers are constant and that the rate constants depend on
potential. In a non-degenerately doped semiconductor electrode operating under depletion
conditions, this is however not true and a different approach is needed to evaluate the rate constant

terms.23: 240
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Figure 7.2 A schematic diagram depicting charge-transport process at a semiconductor/liquid

junction.

For a non-degenerately doped n-type semiconductor electrode in the dark, the following

expressions for ks and ky are appropriate in an unpoised electrolyte containing just one type of

dissolved, reducible species, A. (Analogous expressions can be written for oxidation of A" in the

dark at a p-type semiconductor).

ke = keeng(E) (7.10)

kp = kegng por (7.11)

(5=

ns(E) = ng goer*sT (7.12)
_q_ _E0’
O v (7.13)
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In these equations, ns(E) is the surface concentration of electrons (majority carriers) at
potential E, n, zoris the surface concentration of electrons at the formal potential (E%) of the redox
species, Nep is the effective density of states at the conduction band edge, Ec is the conduction
band edge potential, ket (cm* s) is the rate constant for electron transfer from the conduction band
edge of the semiconductor, and y is the ideality factor of the semiconductor/electrolyte interface.
All other terms have their usual meanings. Two implicit assumptions in eqs 7.10-7.13 is that all
the applied potential drops within the space charge region of the semiconductor and that charge-

transfer occurs exclusively through one band (i.e. the conduction band for n-type materials).

With eqgs 7.7-7.13, the steady-state voltammetric response of an n-type SUME can be
readily understood as a function of Ecp, ket, E?, and 7 in the same manner that a single voltammetric
response of a metal ultramicroelectrode is routinely modeled for the values of the charge transfer
coefficient («), the standard rate constant (k°), and E®.2'% 239 241 |mportantly, although the term »
superficially has an analogous effect in describing current-potential responses as a does in Butler-
Volmer kinetic theory, its meaning here is physically different. That is, y is a quantitative measure
of the quality of the semiconductor/electrolyte interface?*? 243 and has a value of precisely ‘1’ when
all of the applied potential is used to drive interfacial charge-transfer by thermionic emission of
majority carriers at the band edge. Several distinct factors (e.g. potential drop at the double layer,?**

mass transport resistance,?* the presence of charge traps at the surface?®) can elicit > 1.
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Figure 7.3 Modeled steady-state voltammetric responses of non-degenerately doped n-type
SUME (Np = 1 x 10% cm™) based on equations 7.1-7.6 as a function of variation in the electron
transfer rate constant (ket), the standard potential of the redox couple (E*), the ideality factor (),
and the disk radius (r). a) Variation in E® with Ecp =-0.68 V, ket = 10 cm*s?, y=1.2,andr=5
um. b) Variation in ket with Eey =-0.68 V,y=1.2,E* =0V, and r = 5 pm. ¢) Variation in y with
Ee =-0.68V, kee =10 cm* s, E® =0V, andr=35 um. d) Variation in r with E¢p = -0.68 V, Ket
=10 cm*st y=1.2,andE¥ =0 V.
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Figure 7.3 displays the predicted trends in voltammetric responses using the Bond, Zoski,
and Oldham approach?® while using our derived expression for ki and ky for n-type Si SUMEs
with Np = 1 x 10® cm™. In these figures, the conduction band edge potential is denoted by the
vertical dashed lines. Figure 7.3a illustrates the response for an n-type Si SUME as a function of
E. The most obvious and striking feature is that in strong contrast to metal ultramicroelectrodes,
the normalized voltammetric responses are wholly independent of E® when E® is far from Eq if
all other model parameters are the same. The rationale is that in semiconductor electrodes, the
surface concentration of majority carriers (electrons) depends on the potential with respect to Ecp
rather than E*".2% 246 As a result, the position of a single voltammetric response for a SUME gives
little information on E° but can be understood more readily in relation to Ecy. This feature has been
a confounding aspect of conventional voltammetry with semiconductor macroelectrodes,3%-36: 3839
but is clear in the responses of SUMEs. In fact, for a non-degenerately doped SUME, voltammetric

responses that are near E” imply that E* is near Ecp.

Figure 7.3b shows the predicted response at an n-type SUME for various redox couples
with the same E®’ values but different ke; values. Here, the position of the normalized voltammetric
response with respect to the band edge is strongly sensitive to the value of ket. Hence, the mere
position of the current-potential response of a SUME is an indicator of the respective charge-
transfer rate constant. Figure 7.3c presents the predicted sensitivity of n-type SUMEs towards
variations in y. Two aspects are readily apparent when vy is larger than 1. First, the voltammetric
response is broadened significantly and the current onset is less steep, e.g. the potential at J/J. =
0.5 occurs further from the potential of current onset when y > 1. Accordingly, the shape of the
voltammetric response is an immediate indicator of the quality of semiconductor/electrolyte

interface. Second, the broadening incurred by y > 1 shifts the entire, normalized voltammetric
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response towards more negative potentials. This aspect means that estimation of ket from the
position of the voltammetric response cannot be performed without also assessing the value of y.
Figure 7.3d highlights how the normalized steady-state current-potential curves shift as a function
of r. Smaller values of r result in higher attainable absolute current densities and also shift the
normalized current-potential responses towards more negative potentials. Again, estimation of ket
from the position of the voltammetric response also cannot be performed without direct knowledge

of r beforehand.

7.4 Analysis of Measured Characteristics of Si SUMEs

7.4.1 n-Si SUME Response Characteristics

Figure 7.4 highlights the measured doping- and size-dependent voltammetric responses of
n-Si SUMEs with r = 1.5, 5, and 10 pum in an aqueous 0.1 M KCI electrolyte with dissolved
Ru(NH3)e®* (E® = -0.145 V vs. E(Ag/AgCl)). These curve shapes are dependent on the
heterogeneous charge transfer rate constant, ket, the conduction band energy, Ecb, and the surface
quality, y, which describes the dominant mode of recombination at the interface. Figure 7.4a shows
a comparison of sigmoidal voltammetric responses for two separate Si SUMESs with r =5 pm but
different doping levels (i.e. non-degenerate vs degenerate doping). Tunneling of charge-carriers
from the bulk through the narrow width of the depletion layer in the semiconductor is extensive in
degenerately doped semiconductors, resulting in response characteristics similar to metallic
electrodes.?*’” The positions of the steady-state responses for the non-degenerately and
degenerately doped SUMEs were significantly different. The voltammetric response of the

degenerately doped n-Si SUME was centered at E = -0.25 V, i.e. close to the formal potential of
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Ru(NHs)6** as expected for a metallic ultramicroelectrode.?*® In contrast, the response of the non-
degenerately n-Si SUME was shifted significantly to more negative potentials. Based on the trends
shown in Figure 7.3 and a value of E¢, = -0.677 V (vide infra), these data implied ke > 101" cm®

s,

A common feature in both degenerately doped and non-degenerately doped Si SUME
responses was appreciable capacitive currents, even at a scan rate of only 0.005 V s™. This residual
capacitive current arose from the large total junction area (~ 0.07 cm?) of the thin dielectric layer
with the electrolyte. Similar stray capacitances were previously observed in metal-insulator-
electrolyte nanoband electrodes when the dielectric does not fully screen the charge between the

underlying electrode and electrolyte.?4%: 250
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Figure 7.4 a) Normalized experimental voltammetric responses of 5 um n*-Si and n-Si SUMESs to
2 mM Ru(NHs)¢**. The dashed line indicates the conduction band location determined from
separate impedance measurements. Scan rate: at 5 mV s b) Size-dependent voltammetry for n-Si
SUMEs in 2 mM Ru(NHz3)s%*. The inset shows the normalized version of these plots. Scan rate: 5
mV s, ¢) Plot showing the mass transport-limited current density for the curves in b) as a function

of inverse radius.
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Figure 7.4b compares the responses of n-Si SUMEs with different values of r in the same
electrolyte, where the steady-state current magnitudes clearly tracked with r. Similarly, the
normalized current-potential responses (Figure 7.4b inset) shifted as predicted from Figure 7.3. It
must be noted that, for SUMEs with smaller r values, the dielectric thickness was similarly
adjusted to maintain ratios of d/r < 1. That is, for SUMEs with r = 10 um, a dielectric thickness of
0.6 um was used while for SUMEs with r = 1.5 um a thinner dielectric thickness of 0.150 um was
employed. Doing so resulted in the background capacitance being more pronounced in the
voltammetry for the smallest SUMES. The mass transport-limited current density tracked linearly
with (4d+mrr)? (Figure 7.4 c), in accord with predictions for recessed disk ultramicroelectrodes

described by eq 7.14,2!

Joe = mq[A] = —2—q[A] (7.14)

T ad+mr

where m is the mass transfer coefficient, [A] is the concentration of the species being reduced in
solution, D is the diffusion coefficient of the species A, r is the electrode radius, and d is the
dielectric thickness. The attainable mass transport rate at each SUME can be compared with the
corresponding rotation rate needed for a rotating disk electrode to reach the same value (assuming
a kinematic viscosity of 8.8 x 10 cm? s, Table 7.1).%5! Notably, at r = 1.5 pm, the equivalent
rotation rate (~140,000 rpm) is significantly larger than what is typically achievable with
mechanical rotators, underscoring a potent advantage of SUMEs for enabling measurements at

high current densities.
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Table 7.1 Mass transport-limited current density and equivalent RDE rotation rate for n-Si
SUMEs?

Equiv. RDE
r/pm J./ mA cm™
Rate / rpm
10 1.64 2317
5 3.83 12663
15 12.5 135450

a Assuming a kinematic viscosity of 8.8 x 10 cm? st

7.4.2 Sensitivity of SUME Response Towards Conditions at the Semiconductor/Liquid
Interface

Some aspects of the steady-state voltammetric response for the reduction of Ru(NH3)s**
changed over time. Figure 7.5a shows the normalized voltammetric responses for a non-
degenerately doped n-Si SUMEs as a function of time after first immersion of the electrode in the
aqueous electrolyte. Cyclic sweeps were performed every 40-50 minutes with the electrode held
in solution at open circuit between scans. Over the course of nearly 5 h, the shape of the current-
potential response was unchanged while the response shifted to progressively more negative
potentials, suggesting either a change in ket and/or a shift in Ec,. Using the potential where the
current was half the value of the mass transport-limited current, E1/2, as a metric, Figure 7.5b shows
the voltammetric responses shifted by just 45 mV over nearly 5 h. Corresponding measurements
with degenerately doped n*-Si SUMEs also showed time-dependent voltammetric responses.
However, the shape of the normalized current-potential response changed noticeably in addition
to shifting towards more negative potentials, reminiscent of metal ultramicroelectrodes with a

tunneling barrier at the electrode surface.?%2
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Figure 7.5 Time-dependence of normalized steady-state voltammetric responses of a) non-

degenerately doped and c¢) degenerately doped Si SUMEs in 0.1 M KCI containing 2 mM

Ru(NHs)6>* over time. Scan rate: 10 mV s%, r = 5 um. Half-wave potentials of the SUME response

for b) non-degenerately doped and d) degenerately doped Si SUMEs as a function of time.

The measured steady-state current-potential responses for the reduction of Ru(NH3)s* at

n-Si SUMEs shown here acted as a probe of the Si/water interface. The subtle, negative shift in

the voltammetry in Figure 7.5 strongly implies that the surface of n-Si in water progressively

changed over time. The most plausible cause was the growth of an appreciable surface oxide, as

the oxidation of Si in water is well known.?®® Chemical oxidation of non-degenerate Si by water
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yields a ~2 A oxide (SiOx) over 300 minutes?*®

which could act as an additional tunneling barrier
that slows heterogeneous charge transfer. Assuming that the observed 45 mV shift corresponded
to solely a diminution in ket, that shift implied a decrease in ket by a factor of ~5. Such attenuation
is consistent with tunneling through a thin SiOx layer.2%*2* The changes seen with n*-Si SUMEs
further corroborates the contention that the voltammetric changes tracked the slow growth of
surface oxide. The current flow at degenerately doped semiconductor interfaces is predominantly
by tunneling of majority carriers through the space-charge region rather than thermionic emission
at the band edge.Z*° Accordingly, such current flow should be strongly affected by introducing
another tunneling process. That is, a surface oxide imposes a second tunneling process in series,
thereby lowering the probability that a charge-carrier escapes from the semiconductor into the
solution and introducing an additional overpotential penalty for attaining the same current density.
If the slow growth of surface oxide was instead just changing Ecb, tunneling through the space-
charge layer within the semiconductor would be largely unaffected since small changes in band
edge energetics do not alter the space-charge layer thickness. Hence, the voltammetric responses

from both the non-degenerately and degenerately doped Si SUMEs are consistent with a thin

surface oxide growing over time.
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Figure 7.6 a) Mott-Schottky plots for freshly etched and oxidized 0.19 cm? n-Si electrodes in 0.1
M KCI. b) Voltammetric responses of freshly etched and treated non-degenerately doped n-Si
SUMEs in 0.1 M KCI containing 2 mM Ru(NH3)e*. Scan rate: 10 mV s, r =5 pm.

Figure 7.6 tracks the effect of intentional oxidation of n-Si SUMESs on the voltammetric
response for the reduction of Ru(NHs)s®". Following the process of Morrison,?®® a chemical surface
oxide was grown quickly by soaking freshly etched n-Si SUMEs in aqueous solutions of
KsFe(CN)e for 5 minutes. Figure 7.6a presents impedance measurements of the potential-
dependence of the squared reciprocal capacitance of macroscale n-Si electrodes before and after
treatment. A freshly etched n-Si electrode yielded linear data that indicated the conduction band
edge was positioned at E = -0.407 £ 0.023 V in 0.1 M KCl(aq). After treatment in the ferrocyanide
solution, the reciprocal capacitance measurements showed a plateau at positive potentials,
consistent with the formation of a thick surface oxide.?%® The x-axis intercept implied a significant
band edge shift to E = -0.74 V. Figure 7.6b shows the corresponding steady-state voltammetric
responses for the reduction of Ru(NHs)s* with n-Si SUMEs before and after treatment in the same

manner. After surface oxidation, the steady-state voltammetric response of the n-Si SUME in
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Figure 7.6b changed significantly and differently in comparison to Figure 7.5a. The voltammetric
response shifted by more than 400 mV. More notably, the voltammetric shape broadened

significantly.

The voltammetry data in Figure 7.6 for n-Si SUMEs illustrate the response characteristics
when a thick surface oxide is present. The short 5 minutes immersion in aqueous ferrocyanide
significantly distorted the steady-state voltammetry for the reduction of Ru(NHs)e>*. In this case,
the voltammetry shifted substantially, implying more than an order of magnitude attenuation of Ket.
The clear change in y further indicated that this oxide sufficiently impeded charge transfer. In total,
the combined data of Figures 7.5 and 7.6 argue that the electrochemical response for the reduction
of Ru(NHs)e* is strongly and tractably sensitive to the evolving chemistry of a Si/water interface.
Further, these data indicate that over short timescales (e.g. t < 5 minutes), the voltammetric
responses of freshly etched n-Si SUMEs for the reduction of outer-sphere redox probes like

Ru(NHs)6** are sufficiently stable to permit analyses of charge-transfer kinetics, even in water.
7.4.3 Potential Drop Across the Semiconductor/Liquid Interface

In depletion, a common assumption is all of the applied potential, E, is dropped entirely
across the space charge region of the semiconductor. In practice, the applied potential is actually
distributed across both the semiconductor space charge region and the solid/liquid interface. For a
semiconductor electrode, these two potential drops arise from the respective capacitances being
linked in series. The corresponding fractions of the applied potential that are distributed across
each can be determined numerically.?*> 2#4 The absolute value of the space charge capacitance for
lightly doped Si in depletion and weak accumulation conditions can be determined from the

following equation,?**
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2kgT kT

2 1/2 [ a(Esc) q4(AEsc) -1/2
Csc = (Mﬂ) (e kpT — 1> (e kpT — q(4Esc) _ 1) (715)

where AEs is the built in potential within the space charge region and all the other terms are as
defined previously. This expression simplifies to eq 7.1 for just depletion conditions. Using a
double layer capacitance of 5 uF/cm?, the fraction of the applied potential dropped across the space
charge region in Si for the systems reported here was determined and is shown Figure 7.7. These
values were then used in the fitting analyses for the second column of fitted ket and y values in

Table 7.2.
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cm immersed in water with an ionic strength of 0.1 M as a function of the applied potential.
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7.4.4 Kinetic Analyses with SUMEs

For an ideal interface between a non-degenerate semiconductor and liquid electrolyte with
a dissolved outer-sphere redox species, the rate of charge transfer should have a first order
dependence on both the acceptor concentration in solution and the surface concentration of

electrons, eq 7.16.2

J(E) = gketns(E)[A] (7.16)
10 18
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Figure 7.8 a) Concentration-dependent voltammetric response to Ru(NHsz)g>* for a 5 um n-Si
SUME. The scan rate was 10 mV s%. b) Plot of the voltammetric wave position at E = -0.28, -0.30,
-0.32, -0.34, -0.36, -0.38, and -0.40 V vs. E(Ag/AgCI) as a function of concentration.

The sensitivity of the voltammetric responses of n-Si SUMEs towards the reduction of
Ru(NHs)e** at different concentrations was determined. Figure 7.8 shows the steady-state
voltammetric responses collected with a n-Si SUME with r =5 um over a range of concentrations

of Ru(NHs)e>*. At every concentration, a sigmoidal shape was obtained with the limiting currents
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within 5% of the expected mass transport-limited current predicted by eq 7.14. A test of eq 7.16
requires observation of a linear correlation between current and concentration at a fixed potential.
Accordingly, Figure 7.8b shows a plot of the measured current densities as a function of the
concentration of Ru(NHs)e>* at several potentials near the onset of the voltammetric response, i.e.
far from the mass transport-limited regime. At every potential, the current-concentration slope was
linear but with a distinct magnitude due to the potential dependence of ns(E), in agreement with eq

7.16.
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Figure 7.9 Normalized voltammetric responses of n-Si SUMEs with r = 5 um in separate 0.1 M
KCI aqueous solutions containing either (red) 2 mM Ru(NHs)s**, (blue) 2 mM MV?*, or (purple)

2 mM Co(sep)s®*. The corresponding best fit line for each measurement is shown in black. The
dashed line indicates the conduction band edge determined from separate impedance
measurements. Color-coded arrows show the standard potential for each redox couple. Scan rate:
5mV st

Based on these observations, the steady-state voltammetric responses at n-Si SUMEs for

three outer-sphere redox couples were analyzed to determine their respective ket values. Table 7.2
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summarizes the relevant electrochemical properties for Ru(NH3)s®*, methylviologen dication
(MV?"), and Co(sep)s®*. The color-coded arrows and the dashed vertical line on the x-axis of
Figure 7.9 denote E” for each redox species and Eg, in this electrolyte, respectively. The
reorganization energies for heterogeneous reduction at n-Si listed in Table 7.2 were determined
from published values of the reorganization energies for self-exchange reactions and the method
described by Marcus (Section 7.2.3).2" Ru(NHs)¢** and MV?* have comparably small
reorganization energies but differ substantially in E?. Co(sep)s®* has an intermediate E® value but
a considerably larger reorganization energy. Figure 7.9 displays representative measurements of
the steady-state voltammetric responses for n-Si SUMEs with r =5 um for these redox couples,
with overlaid fits from eqs 7.7-7.13 (Section 7.3) with only ket and y as adjustable parameters
(Table 7.1). Fits for the data for Ru(NHs)s*" and MV?2* were performed both without and with
correction for the change in the fraction of the applied potential that was dropped within the
semiconductor at potentials more negative than the flat-band potential (i.e. mild accumulation).
That is, when the majority carrier density is large enough to make the space-charge capacitance
comparable to or larger than the Helmholtz capacitance (Figure 7.7),24% 24 a larger fraction of the
applied potential is dropped at the semiconductor/liquid interface instead of within the
semiconductor. For the 10'° cm doping density used here, the effect is comparatively small. When
this aspect was included, the fits yielded slightly lower ket values (Table 7.2). Nevertheless, the fits
for MV2* and Co(sep)s>* in Figure 7.9 yielded substantially smaller ke values than for Ru(NHs)e>*

(Table 7.2) regardless of the use of this correction.
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Table 7.2 Relevant Parameters for and Results of Data Fitting of Steady-State VVoltammetric
Responses for the Reduction of Outer-Sphere Redox Couples at n-Si in 0.1 M KCI (aqg)?

Redox E°" /V vs. Asc /

Couple  E(Ag/AgCI)® eVv® ket'/ cm* s Y ket / cm* 57 y°
RUNHo)™ 0145 091 (59+12)x10% 15+01 (IFHXI0 5%
MV2* 0625 064 (11:03)x102 12+01 (8*0I)xI0 1(')311'

Co(sep)s®* -0.580 1.38 (35+46)x10%2 1.8+0.1 NA NA

& Data obtained with n-Si SUMES with r =5 pm

b \/alues obtained from Reference 23

¢ Calculation of reorganization energies described in the Supporting Information

d Results from fitting raw data

¢ Results from fitting data corrected for potential drop across the semiconductor/liquid interface as
detailed in the Section 7.4.3

The utility of SUMEsS for kinetic measurements are clear in the presented data. The pinhole
SUME platform enabled reliable, rapid, and verifiable measurement of ket for dissolved redox
couples from simple steady-state voltammetry. Interpretable data was even obtained with dilute
concentrations as low as 10 M. For macroscopic electrodes, mass-transfer resistance even at 10-
3 M is often severe enough to distort the current-potential response, complicating measurements
with sparingly soluble redox couples. With SUMESs and the data fitting approach presented here,
the interplay between charge-transfer kinetics and mass transfer is sufficiently defined that

quantitative measurements are possible at any concentration.

The magnitude of the value of ke measured here (1071 cm* s) stands in contrast to the
much smaller (1022 cm* s?) rate constant value for the reduction of Ru(NH3)e* at Si electrodes in
water previously inferred from microwave photoconductivity measurements.?®” However, the
measurements here were direct, reproducible, and conformed well to expectations from the

Marcus-Gerischer framework for heterogeneous charge transfer,232 258
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—((Ecb—EO’)MSC)Z

ket = ket,max e 42kpT (7-17)

where Ket,max, IS the rate constant at optimal exoergicity. The value of Kketmax is believed to have a
value of 10 - 10" cm* s1.24% Given the reorganization energy, Asc, for Ru(NHs)s®* in water (Table
1) and the value of Eg, relative to E*, the measured rate constant for electron transfer from the
band edge of freshly etched Si to freely dissolved Ru(NHzs)s* in water is expected to be very close
to Ketmax, CONsistent with what was measured here. This point merits special attention since it
counters a long-standing conventional wisdom in semiconductor electrochemistry. Specifically,
the instability of Si in water has long been assumed to preclude the possibility of tractable and
quantitative voltammetric measurement of charge-transfer Kinetics. This measurement, in
conjunction with the aforementioned meta-stability of the Si/water interface (vide supra), clearly
establish that voltammetry with n-Si electrodes yields results in accord with the dominant

microscopic theory of charge transfer.

Measurements of ke: for MV?* and Co(sep)s®* are also generally in agreement with eq 7.17
but their interpretation is more nuanced. Both redox couples elicited voltammetric responses that
were shifted to even more negative potentials than the response for Ru(NH3)s3*. This observation
implies substantially smaller values of ket for both these redox couples, in accord with the
predictions from eq 7.17 since both the reduction of MV?* and Co(sep)s®* occur with a much
smaller driving force than their respective Asc values (Table 7.2). Still, the specific values of each
respective rate constant are convoluted because of two factors. First, both have some degree of

chemical ‘interference’. The potential window for the voltammetric response for the MVZ**
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process was limited by the onset of the current response for the MV*° reduction. Separately, the
current response for the Co(sep)s**?* redox couple was shifted sufficiently negative that
concurrent cathodic hydrogenation of Si likely occurred to some extent (i.e. H2 diffuses into Si
surfaces at extreme negative potentials in water).?>® 260 We separately saw evidence of this when
the n-Si SUMESs were biased more negative than -1.0 V. This process likely contributed to the
notable hysteresis in the voltammetric response for the Co(sep)s**>* couple. Second, some or all
of the voltammetric responses for the reduction of MV?* and Co(sep)s>* occurred at potentials
negative of the conduction band edge, i.e. the n-Si SUMES were operating under progressively
more accumulated conditions. In this regime, the potential-dependence of ns is more complex since
the Boltzmann approximation is less accurate and the Fermi-Dirac function must be used. That is,
the applied potential is distributed across both the space charge layer of the semiconductor and the
double layer in solution, imparting some potential dependence to Ec,. The presented analyses apply
rigorously to non-degenerately doped semiconductors operating under depletion and mild
accumulation conditions, but it is less clear how the specific shapes of the steady-state
voltammetric responses should appear when the electrode becomes strongly accumulated.
Accordingly, more precise estimates of the values of ke for the reduction Co(sep)s®* specifically

require further theoretical development.

7.5 Practical Attributes of Recessed SUMEs

The collective data provided in this chapter speak to three points. First, SUMEs based on

the shallow recessed disk motif show tractable steady-state voltammetric response characteristics.
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Second, such SUMEs are useful for assessing the interfacial character of semiconductor/solution

contacts. Third, quantitative kinetic measurements with these SUMEs are readily possible.

Recessed SUMEs comprised of an intentional pinhole with defined dimensions in a thin
dielectric coating on a semiconductor substrate offers several tangible advantages for study. First,
such SUMEs are naturally compatible with the use of semiconductor single-crystalline
wafers/epifilms where the relevant material properties (e.g. doping levels/profiles, charge-carrier
mobilities, crystallinity) are fully known. Accordingly, it was straightforward to compare and
understand the response characteristics of degenerately and non-degenerately doped SUMEs in
Figure 7.4. In contrast, such studies are not feasible with the more ‘traditional’ design of an
ultramicroelectrode where a thin (semiconductor) filament is encased in an insulating shroud.?**
241 This motif has been previously attempted with ZnO nanorod SUMEs with limited success.?®
The difficulty lies in knowing (and controlling) the semiconductor material properties precisely
since they strongly influence heterogeneous charge transfer.>® 230 Further, since the radius of thin
semiconductor filament can strongly affect the shape of the depletion layer within the
semiconductor in complex manners, a detailed understanding of current flow in a semiconductor

filament ultramicroelectrode is substantially complicated.?6% 263

Second, the steady-state current-potential responses of the SUME platforms described here
are readily interpretable. As detailed in Figure 7.3, the current-potential responses are dependent
on ke, I, E”, and Ecp based on the defined interplay between kinetic and mass transport-limited
current fluxes at small disk electrodes. Interpretation of current-potential data is not always as easy
or even feasible for other electrochemical strategies that probe current flow at small areas. For
example, scanning electrochemical microscopy (SECM)?%* 265 has been used to assess current flow

at semiconductor/liquid contacts.?*’ However, understanding the feedback current in SECM of
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semiconductors is made difficult by contributions from the lateral surface conductivity (i.e. along
the plane of the semiconductor/electrolyte interface). That is, unlike in a metal, the charge
conductivity of a semiconductor can be very different along the surface plane as compared to
normal to the surface plane.*® If sufficiently high, surface conductivity could cause the feedback
current in SECM to be sensitive to redox processes (e.g. corrosion)?%®:267 occurring away from the
area probed by the tip. Since lateral surface conductivity of a semiconductor is strongly sensitive
to the extent of depletion/inversion/accumulation in the semiconductor,?®® 26° deciphering the

SECM feedback response at a semiconductor is not straightforward.?™

Third, the SUME platforms shown here are compatible with use in any solvent/electrolyte
system. Although the studies here were limited to aqueous electrolytes, nothing prohibits the use
of these SUMEs in non-aqueous electrolytes, where richer tests of charge-transfer theory are
possible.®” 271272 In fact, the lower surface tension of non-aqueous solvents may facilitate better
wetting into the recessed disk cavity.?®® This same aspect complicates the use of scanning
electrochemical cell microscopy (SECCM)?"® for making small area semiconductor/electrolyte
contacts. In that method, a small junction is made by wetting a substrate with a microscopic
hanging liquid drop that has counter and reference electrodes, as first described by Koval and co-
workers?’* and more recently advanced by Unwin and co-workers.?’3 The difficulty in controlling
the stability, wetting, and spreading of non-aqueous liquids is well-documented?” and a major

impediment to its use for studying the details of semiconductor electrochemistry.

Still, certain aspects of the pinhole SUME platform merit mention. The specific
composition and design of the dielectric layer should be further developed. If other ‘low k’
dielectric films are employed, the background capacitance might be further be minimized.

Fortunately, the pinhole SUME platform is compatible with any substrate, insulator (e.g. SiNy,
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SiOxNy, SiO2, Al,O3, PDMS, etc.), and deposition method (e.g. spin-coating, chemical vapor
deposition, atomic layer deposition) provided the dielectric can be properly patterned. The
dielectric layer used here resulted in a noticeable level of background capacitance, particularly for
the smallest r value. Although not disruptive in this work, it is conceivable such a background
capacitance could obfuscate the use of SUMEs with smaller r values. The issue is that thicker
dielectric layers will decrease the background capacitance but necessarily increase the recession
depth of the SUME. Deeper recession depths complicate mass transport since inside the recession
mass transport will be linear rather than radial.?*> 2% 224 The approach followed in the previous
chapter can be used as a guide to determine the critical threshold L/r ratio when the normalized
steady-state voltammetric responses of the recessed UMEs appreciably deviate from the data
fitting approach of Bond, Oldham, and Zoski. Any over-estimation of the ket values reported here
due to the recession is likely minimal. For a solution of 2 mM Ru(NH3)s*, the recessed SUMES
with r =5 um have a current density of 3.83 mA cm, compared to the expected 3.98 mA cm for

an equivalent inlaid disk case.

Also, while using the photolithographic fabrication approach, care was needed to avoid
compromising the exposed semiconductor electrode surface. Specifically, a previous work
similarly attempted to make arrays of ultramicroelectrodes on Si through a combination of
photolithographic patterning and dry etching.2’® However, they reported behavior more consistent
with metal electrodes rather than the unique characteristics of a non-degenerate semiconductor
electrode detailed here. Issues in their fabrication, including reliance on destructive dry etches,
likely destroyed their semiconductor surface. In this work, the semiconductor surfaces were
protected during the low-selectivity reactive-ion etching (RIE) process by leaving a thin insulting

layer on top of the SUME active area and wet-etching it off before the first measurement.

144



Purposely leaving this thin layer prevented unintentional dry etching of the SUME surface and
allowed wet-etching to occur without appreciable undercutting. The tractability of the
measurements made with the SUME platforms suggests these preventative steps preserved the
integrity of the surface in two ways. First, the current for the reduction of outer-sphere redox probes
was first-order with concentration. Second, the ideality factors obtained with the aqueous contacts
are equivalent or lower than ideality factors measured with macroscopic electrodes under similar

conditions.?”’

7.6 Conclusion

This chapter describes a comprehensive overview of the operation of non-degenerately
doped SUMEs functioning under depletion conditions and a basis for evaluating their response
characteristics. Akin to metal ultramicroelectrodes, SUMESs have the familiar steady-state current-
potential profiles but their interpretation requires a kinetic framework different than the Butler-
Volmer formalism. With this proviso and unlike the current responses from macroscopic
semiconductor electrodes, the electrochemical behaviors of SUMES towards putative outer-sphere
redox couples in solution are understandable. The utility of these platforms for enabling
voltammetry to inform on the static and dynamic features of semiconductor/liquid junctions has
been demonstrated. Continued work in the following areas are necessary to further advance the
analytical utility of pinhole SUMEs for systems based on semiconductor/liquid interfaces. First,
fabrication of SUMEs with values of r smaller than the average separation distance between
surface traps/defects could increase the probability of realizing semiconductor electrodes with y

— 1. Second, global fitting of SUME steady-state voltammetric responses for multiple outer-
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sphere redox couples should be explored to determine whether semiconductor band edge
energetics can be identified without requiring separate impedance-based measurements. Third,
further refinement of the modeling for fitting data under strong accumulation and strong inversion
conditions is warranted. Doing so would further enable more comprehensive tests of Marcus
theory at semiconductor/solution interfaces. Additionally, the present work only describes the
current-potential responses of SUMEs in the dark. Under illumination, the voltammetric
characteristics of pinhole SUMES should also prove useful if their respective sensitivities towards
the method of photogeneration, the interfacial charge-transfer kinetics, and the transport of charges
can be readily distinguished. Such data would be germane to the field of photoelectrochemistry

generally and potentially the operation of discrete semiconductor photocatalysts specifically.
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Chapter 8

Summary and Future Directions

8.1 Summary of Present Work

This thesis investigates the fundamental and practical perspectives of electrochemistry, a
branch of chemistry that has been studied since the late-eighteenth century, and demonstrates that
electrochemistry can enable novel, simplistic, and cost-effective routes for realizing high-quality
photonic devices in the large scale. The first section (Chapters 2 and 3) of this thesis focusses on
ec-LLS. While traditional semiconductor growth techniques provide high-purity crystalline
materials, they are all energy-intensive. The ec-LLS technique performs crystalline semiconductor
growth in an aqueous electrolyte at ambient conditions and challenges pre-conceived notions held
on the requirements for enabling epitaxial semiconductor crystal growth. Previous studies have
demonstrated ec-LLS growth for a variety of group IV and I11-V materials. However, in order to
further develop this process, and to better understand its advantages and limitations, it is imperative
to take a step back and analyze the individual factors controlling the ec-LLS growth process. In
chapter 2, the effect of choice of liquid metal on the crystalline and electrical nature of ec-LLS
grown Ge crystals was analyzed. Further insights were obtained on the solvent-trapping growth
mode of ec-LLS using a combination of electrical characterization techniques and atom probe

tomography. Although only hyperdoped Ge crystals were obtained using the growth parameters
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employed, the results evidently indicate a correlation between the solvent system utilized and

subsequent metal incorporation during ec-LLS crystal growth.

Chapter 3 provides a systematic study on other critical factors affecting the ec-LLS process.
It was shown that controlling the flux of the precursor species to the liquid metal electrode is an
effective technique to reduce the ec-LLS growth rate and possibly drive the growth closer to
equilibrium conditions. However, the data presented here imply a complicated electron transfer
process between the electrode and freely dissolved precursor species. Reducing the concentration
of the precursor species can further complicate this process giving rise to unpredictable anomalies.
Alternatively, the concept of pulsed ec-LLS was introduced in this thesis. The motivation for
pursuing this approach is to drive the ec-LLS growth under near-equilibrium conditions by
electrochemically ‘titrating” discrete amounts of Ge? into the liquid metal droplet. Further work
and characterization are still needed to optimize this approach. Lastly, high-efficiency broad-band
optical absorbers based on ec-LLS grown Ge nanowires were realized at ambient conditions on a

variety of support substrates.

The second section (Chapters 4 and 5) of this thesis explores the prospect of using
electrochemical methods for fabricating structural color filters. Chapter 4 demonstrates
electrodeposition of multi-layered metal/dielectric structures to realize ambient-condition
processing of structural colors on substrates of arbitrary shape, size, and roughness. Reducing
manufacturing costs and increasing the ease of scalability have made the implementation of
structural colors more practical for aesthetic and optical coating applications. In chapter 5,
electrochemically tunable structural color filters exhibiting dynamic reconfigurability between
multiple colored states while operating under low-power conditions were demonstrated for

aesthetic and passive display applications.
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The last section (Chapters 6 and 7) of this thesis introduces SUMEs as new platforms for
accurately investigating charge transfer processes at semiconductor/liquid interfaces. Methods
were reported for interpreting their electrochemical response characteristics in the absence of
illumination. Radial diffusion was reconciled with the diode equation to describe the full
voltammetric response, allowing direct determination of heterogeneous charge-transfer rate
constants and surface quality. The voltammetric responses of n-type Si SUMESs were assessed and
showed prototypical UME characteristics with obtainable current densities higher than those of
conventional macroscopic electrodes. The SUME voltammetry proved highly sensitive to both
native and intentionally grown oxides, highlighting their ability to precisely track dynamic surface
conditions reliably through electrochemical measurement. Subsequently, electron transfer from
the conduction band of n-Si SUMEs to aqueous Ru(NHs)e>* was determined to occur near optimal
exoergicity. In total, this work validates the SUME platform as a new tool to study fundamental

charge-transfer properties at semiconductor/liquid junctions.

8.2 Ongoing and Future Work

Despite the progress presented in this cumulative work, there are still several avenues

available for further development which are summarized below.
8.2.1 All-Solid-State Tunable Structural Color Filters

The ability to cover the CIE chromaticity chart using an individual structural color device
is highly desired for display and sensing applications. In this thesis, an approach to generate
dynamically reconfigurable and tunable structural color devices is proposed and demonstrated by

making use of electrochromic materials. The color change was induced by exposing the device to
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a liquid electrolyte containing Li* or Zn?* ions in the presence of an applied potential or electric
field. In order to take this proof of concept demonstration closer towards real-world applications,
this work needs to be extended to achieve all-solid-state tunable structural color devices. One
obvious and plausible approach is to replace the liquid electrolyte with a high ionic conductivity
solid-electrolyte. Alternatively, this section proposes two other approaches to achieve all-solid-
state tunable colors without compromising on any of the advantages demonstrated in Chapter 5.
All these approaches are based on the same principle: electrochemically altering the optical
constants of the cavity layer in the structural color devices, which in turn modifies the absorption

peak position resulting in a different colored appearance.

In-depth hydrogen profiling has revealed a significant uptake of hydrogen in evaporated
SiO; films.20% 202 Evaporated insulator films contain pin-holes and channels that allow atoms or
molecules from the ambient environment to diffuse into or through these films. SiO; films have
already been demonstrated to be an effective solid-electrolyte in all-solid-state electrochromic
devices.'®” The first proposed approach in this section is based on a F-P cavity-based MDM
structure, wherein the cavity layer is composed of three sequential dielectric films (Figure 8.1).
Hydrogen can be introduced into the structure by exposing the evaporated SiO- to a controlled
humidity environment during the fabrication process. The two metal layers in the MDM structure
also function as the anode and cathode of this electrochromic device. Cathodic electrochromic
materials (e.g. WOz) become absorptive (partially colored) as they are reduced, while anodic
electrochromic materials (e.g. Ir(OH)2) become absorptive as they are oxidized. Thus, when a
negative bias is applied to the bottom metal layer of the proposed structure in Figure 8.1, the
cathodic electrochromic layer can get reduced by consuming H* ions that are driven out from the

oxidized anodic electrochromic layer. As a result, both electrochromic layers become more
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absorptive and can significantly alter the optical constants of the effective cavity layer, eventually

tuning the colored appearance of this device.
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Figure 8.1 Schematic representation of the proposed tunable structural color device with an

embedded SiO: solid electrolyte layer.

Figure 8.2 shows the schematic of the second tunable color approach proposed in this

section. This structure consists of a simplistic design and can potentially be achieved with just

three MDM layers. 2 nm Ti is introduced in this structure to enhance the adhesion between the Pt

and the dielectric WO3 layer. Unlike the previous approach where an external potential is applied

to drive the electrochemical change, this structure utilizes the catalytic property of Pt to drive H*
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ions into or out of the electrochromic layer.t™" 2”8 As shown in Figure 8.2, when the device is
exposed to a stream of Ha (g), an electrochromic change can be induced through the following

reactions:
H2(g) > 2H" + 2¢ (8.1)
WOs3 + xH" + xe” 2 HxWO3 (8.2)

Similarly, by flushing the device with O2 (g), the original color can be restored through the

following reaction:

LixWOs+ O2(g) > WOs + H20 (g) (8.3)
White Light Source
e W
H, > 2H* + 2¢

’ H, gas Yellow Red 0O,gas H,0 vapor \ A
"] @ Appearance Appearance 10 nm Pt
10 rm Pt e o0 +Jm
pe e L H™ o, Layer

WO Layer \ 4

Figure 8.2 Schematic of proposed all-solid-state tunable structural color device making use of the

catalytic property of Pt.
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8.2.2 Harnessing the Kinetic and Diffusion Limited Regimes during Electrodeposition for

Multi-Color Structural Color Deposition on Same Substrate

In the structural color design, different colors of high brightness can be achieved by simply
tuning the thickness of the dielectric cavity layer. Using this concept, previous reports have
demonstrated multi-colored structural color patterns on different regions of the same substrate by
making use of multiple photolithography and deposition steps. These additional steps significantly
increase the cost and complexity of this approach. This section proposes using a single step
electrodeposition process to achieve films of different thicknesses in different regions of the
substrate in a controlled and predicted manner. The cathodic current during electrodeposition,
which defines the deposition rate, is proportional to the reaction rate (k) and the flux of precursor
species to the reaction surface. It is possible to greatly vary the flux of the precursor species by
controlling their diffusion profile. In Figure 8.3, it is proposed that by patterning pixels within the
letter ‘M, the radial diffusion profiles in these regions should result in faster deposition rates
compared to the regions with a planar diffusion profile (letter ‘U’). This way, different thicknesses
of the dielectric cavity layer (e.g. 40 nm and 65 nm in this hypothetical case) resulting in different
colors can be achieved in a single step in a well-defined manner. This approach is not limited to
just two colors; it can be extended further to achieve the entire RGB spectrum on a single substrate
by just controlling the pixel diameter and pitch in the respective regions. The large dimensions
(micron scale) of the pixels in Figure 8.3 ensure they do not result in any unwanted interference

effects.
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Figure 8.3 Cartoon representation of multi-colored structural color films on the same substrate.
Here, different thicknesses of the dielectric cavity layer (Cu20) resulting in different colors can be
achieved using a single deposition step by controlling the diffusion profile (between liner and

radial profiles) of the precursor species.

Similarly, further work needs to be done to exploit reaction Kinetics during
electrodeposition as a tool to achieve films of different thicknesses in different spatial regions
during a single electrodeposition step. The SUME platforms introduced in this thesis can

potentially prove to be useful in validating and developing this approach.
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8.2.3 Ambient Condition Processing of Additive Colors

This thesis presented subtractive CMY colors using the solution-processed approach. Efforts are
ongoing towards finding materials and methods to produce additive RGB colors. One approach is
to use the standard MDM structure, but by selecting an absorptive material (e.g. Ni) as the top
metal layer. Further work is required to ensure the electrodeposition of the top absorptive layer
satisfies several constraints: uniformity over large areas while maintaining minimal thickness (i.e.
< 20 nm), low surface roughness to avoid deleterious light scattering effects, and not

compromising the physical and chemical integrity of the underlying dielectric film.
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