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ABSTRACT 

Biological systems have evolved complex methods to interact with and adapt to a given 

environment to optimize fitness, and replication of these natural mechanisms in artificial 

systems has been a long-standing area of research interest with significant potential utility. 

Phototropic growth is a natural phenomenon wherein an organism spatially orients biomass 

addition to optimize light collection. An artificial analog, inorganic phototropic growth, has 

been demonstrated and relies on a similar process: semiconductor mass is selectively added 

near regions of high light absorption, thus optimizing light collection and instructing further 

localized material addition. Inorganic phototropic growth effected via light-mediated 

electrodeposition has been used to generate anisotropic Se-Te mesostructures with optically-

defined morphologies by capitalizing on inherent asymmetries in light absorption at 

structured, semiconducting interfaces to direct anisotropic growth. This thesis broadens the 

previous understanding of inorganic phototropic growth via a series of investigations that 

expand both the material library and complex morphologies accessible and includes detailed 

analyses of associated structural evolutions and the underlying optical phenomena. First, 

inorganic phototropic growth of highly ordered and periodic PbSe and CdSe mesostructures 

with optically-defined morphologies is demonstrated. Second, deposition using temporally 

varying illumination inputs to generate Se-Te mesostructures with tunable morphological 

complexity in both the in-plane and out-of-plane directions is examined. Third, the use of 

single, static, short wavelength (green to ultraviolet) inputs to simultaneously define two 

orthogonal sets of periodic features in Se-Te deposits is explored. A suite of optically-based 

simulations is used throughout to model the growth processes and elucidate the fundamental 

light-matter interactions which defined the empirically observed morphologies.  



 
x 

PUBLISHED CONTENT AND CONTRIBUTIONS 

Portions of this thesis have been drawn from the following publications:  

Carim, A. I.*; Hamann, K. R.*; Batara, N. A.; Thompson, J. R.; Atwater, H. A.; Lewis, N. 
S. Template-Free Synthesis of Periodic Three-Dimensional PbSe Nanostructures via 
Photoelectrodeposition. J. Am. Chem. Soc. 2018, 140, 6536–6539. DOI: 
10.1021/jacs.8b02931. 

K.R.H. performed the experiments, analyzed the data, and helped prepare the 
manuscript. (*equal author contributions) 

 
Hamann, K. R.*; Carim, A. I.*; Meier, M. C.; Thompson, J. R.; Batara, N. A.; Yermolenko, 
I. S.; Atwater, H. A.; Lewis, N. S. Optically Tunable Mesoscale CdSe Morphologies via 
Inorganic Phototropic Growth. J. Mater. Chem. C 2020, 8, 12412–12417. DOI: 
10.1039/D0TC02126A. 

K.R.H. performed the experiments, analyzed the data, and helped prepare the 
manuscript. (*equal author contributions) 

 
Hamann, K. R.; Carim, A. I.; Meier, M. C.; Lewis, N. S. Path-Dependent Morphological 
Evolution of Se–Te Mesostructures Prepared by Inorganic Phototropic Growth. J. Am. 
Chem. Soc. 2020, 142, 19840–19843. DOI: 10.1021/jacs.0c09798. 

K.R.H. designed and performed the experiments, analyzed the data, and prepared the 
manuscript. 

 
Hamann, K. R.; Meier, M. C.; Lewis, N. S.; Carim, A. I. Plastic Morphological Response 
to Spectral Shifts during Inorganic Phototropic Growth. JACS Au 2022, 2, 865–874. DOI: 
10.1021/jacsau.1c00588.  

K.R.H. designed and performed the experiments, designed and performed the 
simulations, analyzed the data, and prepared the manuscript. 
 

Hamann, K. R.; Carim, A. I.; Meier, M. C.; Lewis, N. S. Emergent Generation of 
Mesostructures with Dual, Orthogonal Interfacial Periodicities via Inorganic Phototropic 
Growth. In Preparation.  

K.R.H. designed and performed the experiments, analyzed the data, and prepared the 
manuscript. 



 

 

xi 

TABLE OF CONTENTS 

Acknowledgments ....................................................................................... iii 
Abstract ....................................................................................................... ix 

Published Content and Contributions ............................................................. x 
Table of Contents ......................................................................................... xi 

List of Figures ............................................................................................ xiii 
Chapter 1: Introduction and Background ........................................................ 1 

1.1 Background ....................................................................................... 1 
1.2 Fundamentals of Photoelectrodeposition ............................................. 3 
1.3 Scope of This Thesis .......................................................................... 9 

Chapter 2: Template-Free Synthesis of Periodic Three-Dimensional PbSe 
Nanostructures via Photoelectrodeposition  ............................................ 11 
2.1 Introduction ..................................................................................... 11 
2.2 Results and Discussion ..................................................................... 12 
2.3 Conclusions ..................................................................................... 22 

Chapter 3: Optically Tunable Mesoscale CdSe Morphologies via Inorganic 
Phototropic Growth  .............................................................................. 24 
3.1 Introduction ..................................................................................... 24 
3.2 Results and Discussion ..................................................................... 25 
3.3 Conclusions ..................................................................................... 35 

Chapter 4: Plastic Morphological Response to Spectral Shifts During  Inorganic 
Phototropic Growth  .............................................................................. 37 
4.1 Introduction ..................................................................................... 37 
4.2 Results and Discussion ..................................................................... 38 
4.3 Conclusions ..................................................................................... 56 

Chapter 5: Path-Dependent Morphological Evolution of Se-Te Mesostructures 
Prepared by Inorganic Phototropic Growth  ............................................ 59 
5.1 Introduction ..................................................................................... 59 
5.2 Results and Discussion ..................................................................... 60 
5.3 Conclusions ..................................................................................... 66 

Chapter 6: Emergent Generation of Mesostructures with Dual, Orthogonal 
Interfacial Periodicities via Inorganic Phototropic Growth ...................... 68 
6.1 Introduction ..................................................................................... 68 
6.2 Results and Discussion ..................................................................... 69 



 

 

xii 

6.3 Conclusions ..................................................................................... 78 

Chapter 7: Methods ..................................................................................... 80 
7.1 Materials and Chemicals .................................................................. 80 
7.2 Substrate Preparation ....................................................................... 80 
7.3 Electrode Preparation ....................................................................... 81 
7.4 Electrode Illumination ...................................................................... 82 
7.5 Photoelectrochemical Deposition ..................................................... 84 
7.6 Deposit Post-Processing ................................................................... 85 
7.7 Film Analysis .................................................................................. 86 
7.8 Simulation of Film Growth .............................................................. 87 
7.9 Simulation of Field Amplitude for Dipole Emitters ........................... 90 
7.10 Simulation of Field Amplitude for Idealized Structures ................... 90 

Bibliography ............................................................................................... 91 



 

 

xiii 

LIST OF FIGURES 

Number Page 
1.1  Schematic and energy diagram of cathodic electrodeposition at a metal 

electrode ...................................................................................................... 5 
1.2  Schematic and energy diagram of cathodic photoelectrodeposition at a 

semiconductor electrode under illumination. .................................................. 7 
2.1  SEMs, chronoamperometry data, and FTs for Se-Pb deposits generated in the 

dark and using unpolarized λavg = 626 nm illumination ................................. 12 
2.2  SEMs and FT data for Se-Pb photoelectrodeposits generated with vertically 

polarized λavg = 626 nm illumination ............................................................ 14 
2.3  SEMs of Se-Pb photoelectrodeposits generated using vertically polarized 

illumination with a series of λavg values ........................................................ 16 
2.4  Schematic of optically-based growth simulation used to model inorganic 

phototropic growth ..................................................................................... 17 
2.5  Simulated Se-Pb photoelectrodeposit morphologies ..................................... 18 
2.6  Simulated cross-sectional light absorption profiles for Se-Pb 

photoelectrodeposition ................................................................................ 18 
2.7  Simulations of horizontally spaced dipoles emitting radiation at a series of λ 

values......................................................................................................... 19 
2.8  Physical characterization of Se-Pb photoelectrodeposits after cathodic 

polarization  ............................................................................................... 21 
3.1  Micrographs of Se-Cd films generated in the dark and using λavg = 528 nm 

illumination with various polarization conditions ......................................... 25 
3.2   Low-magnification SEM of a Se-Cd film and associated high-magnification 

SEMs taken from various areas across the sample ........................................ 27 
3.3  FT data derived from SEMs of Se-Cd films generated in the dark and using 

vertically polarized λavg = 528 nm illumination ............................................. 28 
3.4  SEMs and associated FTs of Se-Cd films generated using vertically polarized 

illumination with a series of λavg values ........................................................ 30 
3.5  Simulated morphologies of Se-Cd films generated by inorganic phototropic 

growth........................................................................................................ 32 
3.6  Simulations of dipoles emitting λ = 528 nm radiation separated along the 

horizontal and vertical................................................................................. 33 
3.7  Physical characterization of Se-Cd films after chemical processing with 

CS2(l). ......................................................................................................... 34 



 

 

xiv 

4.1  SEMs of Se-Te deposits generated using a series of λavg illumination inputs 
for t = 2.00 min........................................................................................... 38 

4.2  SEMs of deposits generated using λavg = 955 nm for extended growth 
durations .................................................................................................... 39 

4.3  SEMs of deposits generated initially using λ0 = 528 nm for t0 = 2.00 min, and 
then extended using λ1 = 955 nm for up to t1 = 2.00 min ............................... 40 

4.4  SEMs of deposits generated initially using λ0 = 727 nm for t0 = 2.00 min, and 
then extended using λ1 = 955 nm for up to t1 = 2.00 min ............................... 41 

4.5  SEMs of deposits generated initially using λ0 = 727 nm for t0 = 2.00 min, and 
then extended using λ1 = 955 nm for t1 = 3.50 min ....................................... 43 

4.6  SEMs of deposits generated initially using λ0 = 955 nm for t0 = 2.00 min, and 
then extended using λ1 = 528 nm for up to t1 = 2.00 min ............................... 44 

4.7  SEMs of deposits generated initially using λ0 = 955 nm for t0 = 2.00 min, and 
then extended using λ1 = 528 nm for t1 = 3.00 min ....................................... 45 

4.8  SEMs of deposits generated initially using λ0 = 955 nm for t0 = 2.00 min, and 
then extended using λ1 = 727 nm for up to t1 = 2.00 min ............................... 46 

4.9  Simulated deposit morphologies generated using a series of sequential λ0 and 
λ1 illumination pairs .................................................................................... 47 

4.10  Simulated spatial profiles of the time-averaged E-field magnitude resulting 
from l = 955 nm illumination of simplified structures .................................. 49 

4.11  Simulated spatial profiles of the time-averaged E-field magnitude resulting 
from l = 528 nm and l = 727 nm illumination of simplified structures. ........ 51 

5.1  Cross-sectional SEMs of deposits generated using λavg = 885 nm and λavg = 
955 nm illumination alone and in sequence .................................................. 60 

5.2  Simulated deposit morphologies generated using λavg = 885 nm and λavg = 
955 nm illumination alone and in sequence .................................................. 62 

5.3  Simulated profiles of absorption of λavg = 885 nm and λavg = 955 nm 
illumination in deposit morphologies generated by growth modeling with the 
same λavg values .......................................................................................... 63 

5.4  Successive iterations of simulated profiles of absorption for deposits 
generated using λ0 = 885 nm and λ1 = 955, and λ0 = 955 nm and λ1 = 885 ..... 64 

6.1  SEM and FT of film generated using vertically polarized illumination with 
λavg = 727 nm .............................................................................................. 69 

6.2  SEMs and FTs of films generated using vertically polarized illumination with 
short λavg values .......................................................................................... 70 

6.3  Simulated morphologies of films generated using vertically polarized 
illumination with short λavg values. .............................................................. 72 

6.4  SEMs of films generated using vertically polarized illumination with λavg = 
454 nm for up to t = 1.50 min ...................................................................... 73 



 

 

xv 

6.5  SEMs of films generated using vertically polarized illumination with λavg = 
454 nm for t = 2.50 min. ............................................................................. 75 

6.6  Simulated profiles of absorption of λavg = 454 nm illumination in simulated 
morphologies generated by growth modeling with the same illumination 
condition .................................................................................................... 76 

 

 



 

 

1 

 

INTRODUCTION AND BACKGROUND  

 Background 

In nature, living organisms exist not in isolation, but rather as a part of a larger 

ecosystem and within a surrounding environment. Organisms are thus affected by external 

forces and stimuli and have evolved to optimize interactions with the surrounding 

environment to maximize biological fitness. For example, nature spontaneously generates 

ordered, mesostructured interfaces which exhibit unique and beneficial optical, physical, and 

mechanical properties.1–8 Many species of insects have corneas composed of densely packed 

nanostructures which reduce scattering losses and enhance light sensitivity.3,9 The vibrant 

wing coloration of many butterfly and beetle species is a consequence of interfacial 

nanoarchitectures which act as diffraction gratings and produce strong iridescence.10–17 Shark 

skin, lotus leaves, and cacti all have unique mesostructured interfaces which allow for 

reduced drag, superhydrophobicity, and directional water collection, respectively—each a 

beneficial trait for the respective surrounding environment in which the organism exists.18–23  

Biological systems demonstrate phenotypic plasticity whereby an organism expresses 

different phenotypes in response to changes in the local environment.24 Plasticity provides 

for the adaptive exhibition of a diversity of morphologies to maximize fitness in variable 

environments. Plants exhibit a high degree of phenotypic plasticity to compensate at least 

partially for their intrinsic inability to avoid unfavorable locations by movement, due to the 
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absence of motility in organisms in this biological kingdom.25 Moreover, resources that are 

essential for plant growth are usually distributed heterogeneously within the habitat.26 Plants 

thus modulate the construction of resource gathering organs, such as root tips and leaves, and 

are capable of selective placement of  these structures to maximize the potential for resource 

acquisition.27 Flood-resistant plant species can form aerated root tissue within days of 

flooding, enabling gas diffusion and preventing root death; members of the genus Rumex 

increase shoot elongation rates within hours of flooding to reestablish air contact.28 Plants 

are predominantly photosynthetic organisms that depend on solar insolation for energy, and 

thus demonstrate marked phenotypic plasticity to manage this resource.29 Plants can display 

a photomorphogenic response to changes in the spectral distribution of the available 

illumination.30,31 The process of phototropic growth, in which the addition of biomass is 

guided in a feedback loop to optimize harvesting of sunlight, allows plants to exhibit spatially 

directed growth in response to illumination.32–35 Cucumber plants, which are shade-

intolerant, can colonize horizontally patchy environments by preferentially projecting leaf 

area into light gaps.36 Numerous trees, including palms and certain species of pines, and 

flowering plants exhibit inclined growth toward the equator, wherein photosynthetic mass 

addition occurs in the direction in which the time-averaged solar intensity is maximal, to 

optimize light collection.26,29,30  

A significant  amount of work has been directed toward the synthesis of biomimetic 

systems that resemble organisms or structures in nature in form, function, or behavior.37–47 

Recently, an artificial inorganic phototropic growth process was described wherein Se-Te 

films were generated via a light-mediated electrodeposition technique.48,49 The synthesis 

resulted in highly ordered, periodic, and anisotropic mesostructured interfaces which were 
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principally defined by the illumination conditions used during growth.50–52 Optically-based 

simulations of the growth process successfully reproduced the experimentally observed 

morphologies using limited empirical inputs and suggested that the growth process was 

directed by fundamental interactions between the light and the semiconducting film.48,53 

Inorganic phototropism is thus analogous to natural phototropism in that the addition of 

absorber mass is localized to areas of high light absorption and the film morphology evolves 

to optimize light collection. The Se-Te films exhibited a morphological plasticity wherein 

the exact pattern generated was uniquely defined by the illumination inputs provided. The 

inorganic phototropic growth process was effected using a scalable and facile solution-based, 

benchtop technique that did not require elevated temperatures, reduced or elevated pressure, 

substrate pre-patterning, nor the generation of structured light fields.48,54,55 Illumination was 

provided by conformal, incoherent, and low-power light-emitting diode (LED) sources, and 

ordered mesostructures with nanoscale features were generated over macroscopic, square-

centimeter areas in minutes.  

 Fundamentals of Photoelectrodeposition 

Inorganic phototropic growth has been used to generate mesostructured 

semiconducting Se-Te films via light-driven electrochemical deposition. A brief background 

on electrodeposition, photoelectrodeposition and semiconductor materials is provided here; 

additional resources should be consulted for a more thorough background on the 

fundamentals of electrochemical processes and semiconductor physics.56–58   

In electrochemical reactions, chemical, and in some cases physical, change is effected 

via the transfer of electrons across a heterogenous interface and charge transport through a 
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conductive circuit. Electrochemical processes can be described as either cathodic, wherein 

an electrode donates an electron to a species that becomes reduced, or anodic, wherein 

electrons flow into an electrode from a species that becomes oxidized. A complete 

electrochemical reaction is composed of two paired half-reactions, one anodic and one 

cathodic, either of which can occur at two spatially separated electrodes, a working electrode 

and a counter electrode, that are separated by a conductive electrolyte phase. In many cases, 

only one half-reaction is of interest and discussed, as is the case in the remainder of this 

section and throughout this thesis. The half-reaction of interest takes place at the working 

electrode. At all times, a charge-balancing half-reaction must occur simultaneously at the 

counter electrode at the same rate (current) as the reaction of interest is proceeding at the 

working electrode. For cathodic processes at a working electrode in aqueous solution, water 

oxidization is often effected at the counter electrode.57  
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Figure 1.1 (a) Schematic of cathodic electrodeposition. A 
solution phase species, A+, accepts an electron at the working 
electrode interface, is reduced to A, and deposits as a solid 
phase, on the surface. (b) Energy diagram of the 
electrodeposition process shown in (a). The reduction 
potential of species A+ in solution is intrinsically set. The 
potential of electrons in a metal electrode can be arbitrarily 
defined by applying a potential, Eapp. Raising the potential of 
the metal electrode above the A+/A redox potential enables 
electron transfer across the interface and concomitant 
material deposition.  

Figure 1.1a presents a schematic that illustrates cathodic electrodeposition at a metal 

electrode surface. An external reductive bias is applied to a working electrode and electrons 

are transferred across the solid/liquid interface to oxidized species A+ in solution, which 

become reduced and form a solid phase A on the electrode surface. Figure 1.1b presents a 

simple energy diagram for the electrodeposition process shown in Figure 1.1a. The redox 

potential of the A+/A couple in solution has an intrinsically defined value. To effect 

electrodeposition, the potential of electrons at the working electrode must be more negative 

than the A+/A reduction potential. The energy of the electrons in the metal can be raised or 

lowered by applying a potential (Eapp) with an external energy source, typically accomplished 

using a potentiostat in the laboratory. Electrodeposition has been widely demonstrated for 
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the synthesis of thin films of metals, oxides, alloys, semiconductors, polymers, and two-

dimensional materials.59–73 Furthermore, the technique is solution-based and is thus scalable, 

tunable, has high throughput and atomic efficiency, and is low cost relative to commonly 

used vapor deposition techniques.74–76 

Electrodeposition on a conformal metal electrode is a spatially homogenous process: 

the entire surface is at equipotential and charge carriers are available for electrochemical 

reactions at all spatial locations across the electrode. Lithography can be utilized to pre-

pattern electrodes, and the use of such substrates during electrodeposition can effect spatially 

nonconformal material addition by physical constricting deposition to lithographically 

defined conductive regions.77–80 To enable spatially defined electrodeposition without a 

physical template, a semiconductor electrode can be utilized wherein the application of light 

may activate the deposition and can be modulated to add material in a spatially selective 

fashion. Semiconductors have conductivities between that of metals and insulators and are 

characterized by the presence of a band gap energy (Eg), an energy range in which there is 

no density of electronic states, and a Fermi level energy (EF), the energy wherein the 

probability of finding an electron in a metal is 50%, which falls within Eg. The band gap is 

bookended by the valence and conduction bands which, at absolute zero, are fully occupied 

with electrons and fully unoccupied, respectively. The band gap is thus the difference in 

energy between the valence band maxima (EVB) and the conduction band minima (ECB). The 

band gap energy of most semiconductors is generally characteristic of photons from the near 

infrared, through the visible, and into the ultraviolet part of the electromagnetic spectrum. 

Semiconductors are frequently doped with extrinsic impurities to increase carrier 

concentrations; dopants can either be donors or acceptors of electrons and the resulting 
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materials are referred to a n-type or p-type, respectively. Illumination of a p-type 

semiconductor with photon energies exceeding Eg moves electrons from the valence band to 

the conduction band and effects a large number of photogenerated minority carriers. These 

mobile charge carriers are generated only upon absorption of a photon and have an increased 

energy relative to electrons in the valence band, and thus can be used to access 

thermodynamically uphill electrochemical transformations.  

 

 

Figure 1.2 (a) Simplified energy diagram for a p-type 
semiconductor under illumination in contact with 
electrolyte. Absorption of a photon with energy exceeding 
Eg generates a mobile charge carrier in the conduction band. 
The increased energy of this photogenerated electron, 
relative to EVB, can be used to effect reduction of solution 
species, A+. (b) Schematic of cathodic 
photoelectrodeposition at a semiconductor electrode. Under 
illumination, photogenerated electrons are available and 
have sufficient energy to effect material deposition (top) 
whereas in the dark, mobile charge carriers are not available, 
and material deposition does not occur (bottom). 

Figure 1.2a presents a simplified energy band diagram of a p-type semiconductor under 

illumination with supra-bandgap energy in contact with an electrolyte and redox active 

species. Upon absorption of a photon, a pair of photogenerated charge carriers (an electron 
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and a hole) is generated as an electron is excited from the valence band to the conduction 

band. The energy of the mobile minority carrier is raised above standard reduction potential 

of species A+ in solution and thus can be transferred across the solid/liquid interface to effect 

reductive deposition of species A. Figure 1.2b presents a schematic of a cathodic 

photoelectrodeposition process at a p-type semiconductor. Light absorption generates mobile 

minority carriers which have sufficient energy to drive material deposition. In the dark, 

sufficiently energetic mobile charge carriers are not available and thus deposition does not 

occur. Thus, photoelectrodeposition can be used to generate spatially-defined material 

patterning. Spatially inhomogeneous material pattering using structured or rastered 

illumination has been demonstrated via photoelectrodeposition onto photoactive 

substrates.81–87 Additionally, photoelectrodeposition onto structured semiconductors with 

anisotropic and localized absorption behavior has demonstrated generation of spatially 

localized deposition profiles which were determined by the optical absorption profiles within 

the semiconductor.88,89  

Electrodeposition is inherently complex because the interface where electron transfer 

occurs constantly evolves as material is added. Intrinsic and extrinsic factors, including but 

not limited to material microstructure, electrical conductivity, mechanical stresses, surface 

area, and interfacial roughness, continuously change as deposition proceeds and modulate 

subsequent electron transfer and associated material addition.90–95 In the case of light-

mediated electrodeposition on a semiconducting substrate, light must reach the substrate to 

effect the generation of mobile charge carriers, which must then travel to the solid/liquid 

interface to effect material deposition. As material is added, light absorption at the substrate 

is blocked by the deposit, and the necessary charge transfer distance between the 
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semiconductor and the interface becomes large, and thus material deposition becomes self-

limiting. However, in the case of light-driven electrodeposition of a semiconducting material, 

absorber material is consistently present at the growth interface and thus light absorption and 

charge carrier generation can occur far from the substrate. Photoelectrodeposition of 

semiconductors is therefore not self-limiting and can be used to continuously add material in 

3D. Furthermore, illumination of semiconductors during deposition effects increased rates 

of material deposition relative to those observed in the dark.96–99 Additionally, the evolving 

film can impact interfacial light absorption which may influence subsequent material 

addition, as has been demonstrated in inorganic phototropic growth of Se-Te films.48–55,100 

The specific optical phenomena that lead to structure formation during inorganic phototropic 

growth will be discussed in detail throughout this thesis.  

 Scope of This Thesis   

The work discussed in this thesis expands upon previous studies on inorganic 

phototropic growth, which had previously only been demonstrated in the generation of Se-

Te films. Chapter 2 and Chapter 3 examine the use of inorganic phototropic growth to 

generate mesostructured PbSe and CdSe films, respectively.101,102 These chapters 

demonstrate that inorganic phototropic growth is a generalizable process that can be effected 

with a wide range of semiconductor materials and is not a phenomenon unique to Se-Te. The 

next chapters explore the generation and evolution of unique and complex mesostructured 

morphologies via inorganic phototropic growth using Se-Te as a model system. Chapter 4 

examines the morphological evolution of mesostructures in response to spectral shifts in 

illumination conditions during growth.103 Chapter 5 expands upon Chapter 4 and describes a 
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unique, asymmetric growth response to changes in illumination conditions wherein 

morphological evolution occurred in one direction of spectral shift but not the other.104 

Chapter 6 demonstrates the generation of Se-Te mesostructures which exhibit periodic order 

in two orthogonal directions despite use of a single illumination input, and examines the 

interfacial optical phenomena that effect such structures. Finally, Chapter 7 provides a 

detailed description of the experimental methods used in the preceding chapters. 
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TEMPLATE-FREE SYNTHESIS OF PERIODIC THREE-
DIMENSIONAL PBSE NANOSTRUCTURES VIA 

PHOTOELECTRODEPOSITION 

Adapted with permission from: Carim, A. I.*; Hamann, K. R.*; Batara, N. A.; Thompson, J. 
R.; Atwater, H. A.; Lewis, N. S. Template-Free Synthesis of Periodic Three-Dimensional 
PbSe Nanostructures via Photoelectrodeposition. J. Am. Chem. Soc. 2018, 140, 6536–6539. 
DOI: 10.1021/jacs.8b02931. Copyright 2018 American Chemical Society. (*equal author 
contributions) 
 

 Introduction 

In this chapter, the synthesis of PbSe nanostructures via inorganic phototropism, 

analogous to that previously developed for generation of mesostructured Se-Te films, is 

described. In bulk and nanocrystalline forms, PbSe exhibits multiple-exciton generation 

upon single-photon absorption.105,106 This phenomenon, coupled with a small electronic band 

gap, has enabled the generation of high-efficiency photovoltaics and high-sensitivity 

photodetectors with a high responsivity to mid-infrared as well as ultraviolet photons.107–110 

Additionally, PbSe is an effective thermoelectric material.111 In this chapter, the 

photoelectrodeposition of Se-Pb films using input illumination sources with varied 

polarizations and wavelengths is described to evaluate the relation between the optical 

excitation and the resultant morphology and associated order and anisotropies. 

Computational modeling of the growth, involving simulations of the light-material 

interactions during deposition, confirmed the physics of the observed pattern development. 
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The structured Se-Pb deposits were subsequently electrochemically processed to produce 

anisotropic, patterned, crystalline PbSe structures. 

 Results and Discussion  

 

 

Figure 2.1 (a) and (b) SEMs representative of Se-Pb deposits 
generated (a) in the dark and (b) using unpolarized λavg = 626 
nm illumination. (c) Chronoamperometric response under 
chopped λavg = 626 nm illumination for an electrode 
supporting a photoelectrodeposited Se-Pb film. (d) and (e) 
2D FTs generated from SEMs of the deposits depicted in (a) 
and (b), respectively. 

Se-Pb films were electrochemically deposited at room temperature from an aqueous 

solution of 0.0100 M SeO2, 0.0050 M Pb(ClO4)2, and 0.100 M HClO4 onto a Au-coated n+-

Si substrate biased for 10.00 min potentiostatically at 0.00 V versus a Ag/AgCl (3.00 M KCl) 

reference electrode (additional experimental details provided in Chapter 7). Figure 2.1a 

presents a representative scanning electron micrograph (SEM) of a deposit generated in the 

dark, and Figure 2.1b presents a representative SEM of a deposit generated using incoherent, 
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unpolarized illumination from a narrow-band LED source with an intensity-weighted 

average wavelength (λavg) of 626 nm. The dark deposit did not exhibit substantial patterning, 

whereas the photoelectrodeposit displayed a mesh-type morphology that consisted of an 

isotropic array of nanopores distributed conformally over the entire electrode area (0.50 cm 

x 0.50 cm). Figure 2.1c presents a chronoamperogram with chopped λavg = 626 nm 

illumination for an electrode with a Se-Pb film photoelectrodeposited with the 

electrochemical conditions detailed above. The sharp decreases in current density correlated 

with deposition when the illumination source was shuttered; the current densities observed 

were thus much higher, and indicated enhanced rates of mass addition, under the presence of 

illumination relative to those in the dark. Figure 2.1d and Figure 2.1e present two-

dimensional Fourier transforms (2D FTs) derived from SEM data for the dark deposit and 

the photoelectrodeposit, respectively. Bright regions in the 2D FT represent a periodic 

component in the SEM from which the 2D FT was derived. Hence, the distance of a bright 

area from the center of the 2D FT indicates the frequency of the component, whereas the 

relative location indicates the direction of the periodicity. Both 2D FTs exhibited annular 

patterns, indicating a lack of morphological anisotropy. However, the 2D FT of the dark 

deposit exhibited a large annular radius with a diffuse pattern, whereas the 2D FT pattern of 

the photoelectrodeposit was contained within a smaller radius and was brighter and more 

sharply defined. This behavior is consistent with the increased morphological homogeneity 

and long-range order observed in the photoelectrodeposit relative to the dark deposit (Figure 

2.1a,b).  
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Figure 2.2 (a) Top-down SEM representative of Se-Pb 
photoelectrodeposits generated with vertically polarized λavg 
= 626 nm illumination. (b) and (c) Same as (a) but acquired 
in cross-section, cleaved along the horizontal, and vertical, 
axes, respectively. (d) 2D FT generated from a top-down 
SEM of the deposit depicted in (a). (e) Fourier spectrum 
derived from the 2D FT in (d). 

Figure 2.2a presents a representative top-down SEM of a photoelectrodeposit generated 

using vertically polarized λavg = 626 nm illumination. The SEM revealed highly anisotropic 

lamellar morphologies wherein the long axes of the lamellae were oriented parallel to the 

polarization axis. This pattern was conformal over the entire electrode area. Figure 2.2b and 

Figure 2.2c present SEMs of deposits analogous to that presented in Figure 2.2a but which 

were acquired in cross-sectional view from samples that had been cleaved along the 

horizontal and vertical axes, respectively. The cross-sectional SEM acquired by cleaving the 

sample perpendicular to the polarization axis (Figure 2.2b) provides a perspective looking 

down the lamellar axis and highlights the high aspect ratio of the lamellar features and thus 

the substantial out-of-plane anisotropy of the photoelectrodeposit. A comparison between 
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this cross-section and that acquired by cleaving the sample parallel to the polarization axis 

(Figure 2.2c) demonstrates the in-plane morphological anisotropy. Figure 2.2d presents a 2D 

FT generated from a top-down SEM of the deposit depicted in Figure 2.2a. The 2D FT had 

a row of spots oriented perpendicular to the polarization axis of the illumination source, 

confirming that the anisotropic nature of the periodicity correlated with the polarization 

vector. This anisotropy in the 2D FT is in contrast with the annular pattern observed for the 

2D FT derived from SEM data acquired from the photoelectrodeposit generated using 

unpolarized illumination (Figure 2.1e). 

Figure 2.2e presents a Fourier spectrum obtained by integrating the grayscale intensity 

in the 2D FT in Figure 2.2d along a narrow band through the center and along the horizontal. 

In the spectrum, the inverse of the lowest-frequency local maximum is equivalent to the 

lamellar period (the distance between two identical points on two neighboring lamellae). 

Quantitatively, the lamellar period was 259 ± 8 nm for deposits generated using linearly 

polarized λavg = 626 nm illumination. The maxima at higher frequencies were integral 

multiples of the lowest maximum, and thus are overtones of a single fundamental. This 

observation is consistent with the contrast in the SEMs (Figure 2.2a,b), suggesting that the 

topological profile is not perfectly described by a sinusoidal function.  
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Figure 2.3 (a) and (b) SEMs representative of Se-Pb 
photoelectrodeposits generated using vertically polarized 
illumination with the indicated λavg. 

Figure 2.3a and Figure 2.3b present representative SEMs of photoelectrodeposits generated 

using vertically polarized narrow-band LED sources with λavg = 528 nm and 859 nm, 

respectively. Both photoelectrodeposits exhibited an ordered lamellar morphology in which 

the long axes of the lamellae were oriented vertically. However, the use of λavg = 528 nm 

illumination produced smaller lamellar features, with a smaller apparent period, than was 

observed in photoelectrodeposits formed using λavg = 626 nm (Figure 2.2a). Similarly, use of 

λavg = 859 nm illumination resulted in the generation of larger features with a larger apparent 

period. Fourier analysis indicated periods of 212 ± 6 nm and 335 ± 16 nm for 

photoelectrodeposits generated with λavg = 528 nm and 859 nm illumination, respectively. 

The control of the Se-Pb photoelectrodeposit morphology observed herein by setting λavg and 

the polarization thus definitively confirms that the light-directed deposition technique is not 

limited to Se-Te alloys, but is a more general property of the interactions between light and 

matter.  
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Figure 2.4 Schematic of optically-based growth simulation 
used to model inorganic phototropic growth. First, light 
absorption was calculated using full-wave finite-difference 
time-domain electromagnetic simulations. A Monte Carlo 
method was then used to add mass probabilistically based on 
absorption data calculated in the previous step. The process 
was iterated to simulate growth.  

Computer simulations of the growth were performed to evaluate the physics underlying 

the formation of the observed photoelectrodeposit nanopatterns. A two-step iterative model 

was utilized and is presented schematically in Figure 2.4. Full-wave finite-difference time-

domain (FDTD) electromagnetic simulations were first used to calculate the local 

photocarrier-generation rates at the growth interface (full modeling and simulation details 

are described in Chapter 7).48,52 Electrochemical mass addition was then simulated via a 

Monte Carlo method that used these generation rates to weight the local mass-addition 

probability. No empirical data were used in the model other than estimates of the complex 

index of refraction, charge-carrier concentrations, and excited-state lifetimes of the Se-Pb 

material. The computational results are therefore fully a consequence of the fundamental 

light-material interactions during growth.  
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Figure 2.5 (a) – (c) Simulated Se-Pb photoelectrodeposit 
morphologies generated using vertically polarized 
illumination with the indicated λavg. 

Figure 2.5 presents simulated morphologies for photoelectrodeposition using vertically 

polarized sources with λavg = 528 nm (Figure 2.5a), 626 nm (Figure 2.5b), and 859 nm (Figure 

2.5c). Inspection of these simulated structures indicates excellent agreement with the 

observed SEM data (Figure 2.3a, Figure 2.2a and Figure 2.3b). The simulations had lamellar 

periods of 225 ± 10 nm, 253 ± 10 nm and 321 ± 12 nm for deposition with λavg = 528 nm, 

626 nm, and 859 nm, illumination, respectively. These periods are quantitatively in accord 

with the actual SEM data, confirming that the nanopatterning is directed by the light-matter 

interactions during deposition and is principally defined by the specific illumination utilized.  

 

 

Figure 2.6 (a) – (d) Simulated cross-sectional light 
absorption profiles for successive stages of Se-Pb 
photoelectrodeposition using polarized λavg = 626 nm 
illumination. 
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Figure 2.6 presents simulated cross-sectional light absorption profiles, generated using 

the iterative growth model, for successive stages of photoelectrodeposition using polarized 

λavg = 626 nm illumination. Initially, the absorption magnitude was spatially conformal 

across the surface as the incident illumination was unstructured (Figure 2.6a). However, 

roughness developed, due to the random nucleation of the electrodeposited material, and 

effected scattering of the incident illumination and non-uniform absorption (Figure 2.6b). 

Locally elevated light absorption drives locally accelerated rates of material deposition. The 

evolving surface continued to scatter incident illumination, and interference of the scattered 

light resulted in a spatially oscillating absorbance (Figure 2.6c). A periodic lamellar structure 

emerged wherein absorption was concentrated in the structure tips, resulting in sustained 

anisotropic growth (Figure 2.6d).  

 

 

Figure 2.7 (a) – (c) Simulations of normalized time-average 
E-field magnitudes from two dipoles emitting radiation with 
indicated free-space wavelengths in a medium of index n = 
1.33 and separated by a distance of two wavelengths 
perpendicular to the oscillation axis.  

Point dipole sources were used to model the amplitude of the electric field (E-field) 

modulation at the nascent growth interface caused by scattering of the incident illumination 

by the roughness effected by random nucleation of electrodeposited material. Figure 2.7 

presents FDTD simulations of normalized time-averaged E-field magnitudes from two 
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dipoles emitting radiation with free-space wavelengths of λ = 528 nm (Figure 2.7a), 626 nm 

(Figure 2.7b), and 859 nm (Figure 2.7c), in a medium of index n = 1.33 and separated by a 

distance of two wavelengths perpendicular to the oscillation axis. In each case, interference 

fringes are observed. The spacing and width of the fringes were proportional to the 

wavelength. These data are consistent with the observation of increasing lamellar periods 

and features sizes with increasing values of λavg.  

The modeling of the initial light scattering at the growth interface using dipole sources 

(Figure 2.7), along with the simulated light absorption profiles for successive stages of the 

photoelectrodeposition process generated using the iterative growth model (Figure 2.6), 

together indicate that the fundamental light-matter interactions that optically direct the 

growth process are principally constrained to the interplay between the deposited material 

and the incident illumination and are independent of the underlying substrate. The light 

scattering simulations suggest that a spatially oscillating light intensity pattern can be 

generated from scattering off of electrodeposit nuclei, and the light absorption profiles 

indicate that the incident illumination is strongly absorbed and attenuated by the tips of the 

deposited structure.  
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Figure 2.8 (a) EDX spectra acquired from a Se-Pb 
photoelectrodeposit generated with vertically polarized λavg 
= 626 nm illumination as-prepared and after processing by 
cathodic polarization in 0.500 M H2SO4(aq). Representative 
(b) SEM and (c) GIXRD pattern of a Se-Pb 
photoelectrodeposit generated with vertically polarized λavg 
= 626 nm illumination after processing by cathodic 
polarization in 0.500 M H2SO4(aq). 

Figure 2.8a presents energy-dispersive X-ray (EDX) spectra acquired from a 

photoelectrodeposit generated with vertically polarized λavg = 626 nm illumination. The solid 

trace corresponds to the as-deposited sample and contains Se Lα and Pb Lα signals that 

originated from the photoelectrodeposit, in addition to a Au Lα signal from the substrate. 

Quantification of the EDX data indicated that the as-deposited Se-Pb films had a 3 : 1 Se : 

Pb atomic ratio. To produce stoichiometric PbSe, after growth the photoelectrodeposits were 

transferred to 0.500 M H2SO4(aq) and were biased cathodically, thereby effecting reductive 

elimination of excess Se.112,113 The dashed trace in Figure 2.8a presents an EDX spectrum of 

a photoelectrodeposit after cathodic polarization. A decrease in the intensity of Se Lα signal 

was observed relative to the spectrum of the as-prepared deposit, and quantification revealed 

a 1 : 1 Se : Pb atomic ratio. Figure 2.8b presents a representative SEM of a 
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photoelectrodeposit generated with vertically polarized λavg = 626 nm illumination after 

cathodic polarization. After removal of excess Se, an anisotropic, periodic lamellar-type 

pattern was observed with a nearly-identical period (255 ± 6 nm), diminished feature size, 

and increased surface texture, relative to the as-prepared material. Figure 2.8c presents a 

grazing-incidence X-ray diffraction (GIXRD) pattern acquired from a processed 

photoelectrodeposit similar to that depicted in Figure 2.8b and shows reflections consistent 

with polycrystalline PbSe. Photoelectrodeposition coupled with an electrochemical post-

processing step can thus enable the template-free generation of highly anisotropic and 

ordered three-dimensional PbSe nanostructures. 

 Conclusions  

In summary, photoelectrochemical growth yielded spontaneous, template-free pattern 

formation of highly ordered, periodic Se-Pb nanostructures, with the specific deposit 

morphologies determined by the nature of the illumination during growth. The use of 

unpolarized illumination resulted in the generation of an isotropic mesh-type pattern, 

whereas linearly polarized illumination generated a highly anisotropic, lamellar-type pattern 

wherein the long axes of the lamellae were oriented parallel to the polarization axis. The 

lamellar feature size and period scaled proportionately with λavg. Computer modeling of the 

growth process based on simulations of the fundamental optical phenomena at the growth 

interface accurately reproduced the experimentally observed morphologies, and 

quantitatively matched the empirical lamellar period, confirming that the observed patterns 

are a consequence of the fundamental light-material interactions during growth. SEM, EDX, 

and GIXRD analysis collectively indicated that cathodic polarization of the Se-Pb structures 
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in H2SO4(aq) provided a facile, general method to produce patterned nanostructures of 

stoichiometric, polycrystalline PbSe. 
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OPTICALLY TUNEABLE CDSE MORPHOLOGIES VIA INORGANIC 
PHOTOTROPIC GROWTH 

Hamann, K. R.*; Carim, A. I.*; Meier, M. C.; Thompson, J. R.; Batara, N. A.; Yermolenko, 
I. S.; Atwater, H. A.; Lewis, N. S. Optically Tunable Mesoscale CdSe Morphologies via 
Inorganic Phototropic Growth. J. Mater. Chem. C 2020, 8, 12412–12417. DOI: 
10.1039/D0TC02126A. 
 

 Introduction  

In this chapter, the generation and control of mesostructured morphologies of an 

important semiconductor material, CdSe, via inorganic phototropic growth is described. 

CdSe is a direct bandgap semiconductor with an absorption edge in the visible region of the 

electromagnetic spectrum. Substantial effort has been directed towards controlling the crystal 

habit and morphology of colloidally synthesized CdSe nanocrystals via the use of chemical 

directing agents.114–116 Mesostructured CdSe films have been fabricated by numerous 

methods on solid substrates using solution-grown nanoparticles, including the use of ligand-

directed assembly, infilling of solid supports, and polymer encapsulation.117–119 Structured 

CdSe films have also been generated via electrochemical deposition into physical 

templates.120,121 CdSe films generated via both colloidal and electrochemical routes are being 

studied extensively for many applications including use as photodetectors, solar light 

absorbers, and light-emitters.122–127 Herein, inorganic phototropic growth was used to 

generate mesostructured Se-Cd films. Growth was performed using spatially conformal 

illumination with varying input wavelengths and polarizations, and the morphological 
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outcomes were assessed as functions of the characteristics of the optical inputs. The growth 

process was modeled using simulations of the optical processes at the growth interface, 

confirming the interactions that directed the mesoscale morphological evolution. The Se-Cd 

films were then processed via immersion in CS2(l), to produce stoichiometric, polycrystalline 

CdSe mesostructures over macroscopic areas (i.e. an entire electrode substrate). 

 Results and Discussion  

 

 

Figure 3.1 SEMs representative of Se-Cd films generated (a) 
in the dark and using (b) vertically polarized, and (c) 
horizontally polarized, λavg = 528 nm illumination. (d) 
Perspective-view AFM representative of a Se-Cd film 
generated by inorganic phototropic growth in a single step 
using two orthogonally polarized λavg = 528 nm illumination 
inputs (a 0.7 fraction of the total intensity was provided in 
one polarization and the balance in the orthogonal 
polarization).  

Se-Cd films were electrochemically grown on Au-coated n+-Si substrates from an 

aqueous solution of 0.00500 M SeO2, 0.200 M CdSO4, and 0.100 M H2SO4 (additional 

experimental details provided in Chapter 7). Figure 3.1a presents a representative SEM of a 

film grown in the dark, showing a lack of ordered surface texture. In contrast, Figure 3.1b 

presents a representative SEM of a film grown under incoherent illumination from a LED 
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source with λavg = 528 nm and polarized linearly with the E-field vector aligned along the 

vertical. No far-field spatial manipulation of the light field was utilized, and the same 

intensity, wavelength, and linear polarization was delivered to each point of substrate, yet 

the film displayed a sharply defined, highly anisotropic, periodic ridge and trench 

nanotexture, with features oriented vertically and generated conformally over the entire 

surface of the macroscopic substrate (0.50 cm x 0.50 cm). Figure 3.1c presents a 

representative SEM of a film grown in a similar manner to that presented in Figure 3.1b but 

with the illumination polarized such that the E-field vector aligned horizontally, revealing a 

similar nanotexture but with horizontally oriented features. Figure 3.1d presents a 

representative atomic force micrograph (AFM) of a film grown using simultaneous 

illumination from two orthogonally polarized λavg = 528 nm LED sources with non-equal 

intensities. The micrograph depicts the full three-dimensional topography, as well as cross-

sectional profile, of the film produced under these illumination conditions. This intricate 

three-dimensional morphology exhibited an anisotropic, periodic ridge and trench 

nanotexture similar to that observed with a single polarized illumination input (Figure 

3.1b,c), but with an additional shorter intersecting ridge and trench motif having features that 

were periodic in the direction orthogonal to the periodicity of the taller motif. The 

observation of two morphological components with orthogonal periodicities correlates with 

the use of two orthogonally polarized optical inputs during the single growth process step. 
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Figure 3.2 (a) Low-magnification SEM of a Se-Cd film 
generated using vertically polarized λavg = 528 nm 
illumination. (b) – (d) High-magnification SEMs acquired 
from the areas indicated in the SEM presented in (a).  

Figure 3.2a presents a low-magnification SEM of a Se-Cd film generated via inorganic 

phototropic growth using λavg = 528 nm. Figure 3.2b–d presents high-magnification SEMs 

of the same sample, taken from the areas indicated in Figure 3.2a. The morphologies 

observed in Figure 3.2b, Figure 3.2c, and Figure 3.2d were consistent with one another: a 

vertically oriented ridge and trench nanotexture, with a well-defined feature width and 

periodicity, was observed in each case.   These data highlight the potential of the inorganic 

phototropic growth technique to readily generate over macroscopic areas, in a single scalable 

process step with unstructured illumination and an unstructured substrate, surfaces having 

the three-dimensional structure necessary to mimic those observed in purpose-evolved 
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biological interfaces.42,128 Scaling of the process to generate such surfaces over large 

macroscale areas may be accomplished simply by use of illumination that conformally fills 

the target region. Inorganic phototropic growth does not require use of coherent nor 

monochromatic illumination: any incandescent, LED, or laser sources, as well as sunlight, 

could provide light input at the requisite scale.50  

 

 

Figure 3.3 2D FTs derived from SEMs of Se-Cd films 
generated (a) in the dark and using (b) vertically polarized 
λavg = 528 nm illumination. (c) Fourier spectrum derived 
from the 2D FT in (b). 

Figure 3.3a and Figure 3.3b present 2D FTs derived from SEM data for each of the 

films depicted in Figure 3.1a and Figure 3.1b, respectively. Brightness in each 2D FT is 

indicative of the periodic components in the micrograph from which the 2D FT data were 

derived. The distance from the center is representative of the component frequency, and the 

direction relative to the center is the direction of periodicity. The film grown in the dark 

(Figure 3.1a) exhibited a broad and diffuse circular 2D FT profile (Figure 3.3a), consistent 

with the isotropic and unpatterned film morphology. The Se-Cd film grown using vertically 

polarized illumination (Figure 3.1b) exhibited a 2D FT profile characterized by a tight, 

narrow band of well-defined spots aligned along the horizontal (Figure 3.3b), consistent with 
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the highly anisotropic and ordered nature of the phototropically grown film. These data 

indicate that the nanotexture periodicity was generated only in the direction perpendicular to 

the E-field vector of the illumination during growth. Figure 3.3c presents a Fourier spectrum 

obtained by integrating the grayscale intensity through the horizontal centerline of the 2D FT 

for the film grown using vertical polarization (Figure 3.3b). The Fourier spectrum revealed 

a single family of related components consisting of a fundamental frequency along with 

several higher frequency overtones. The inverse of the fundamental frequency is equivalent 

to the period of the ridge and trench nanotexture (e.g. distance between identical points on 

two neighboring ridges). The morphological period was 214 ± 3 nm for films grown using 

linearly polarized λavg = 528 nm illumination. The presence of the overtones in the Fourier 

spectrum indicates that the topological profile of the surface texture in the films does not 

conform precisely to a sinusoidal profile. The substantial overtone intensity is consistent with 

the sharp in-plane morphological contrast of the surface texture, indicating that inorganic 

phototropic growth can effect substantial in-plane anisotropy in the absence of anisotropic or 

structured illumination inputs.  
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Figure 3.4 (a) and (b) SEMs representative of Se-Cd films 
generated by inorganic phototropic growth using vertically 
polarized illumination with the indicated λavg. (c) and (d) 2D 
FTs generated from SEMs of the films depicted in (a) and 
(b), respectively. 

Figure 3.4a and Figure 3.4b present representative SEMs of films generated by 

inorganic phototropic growth using vertically polarized LED sources with λavg = 458 and 550 

nm, respectively. Use of either illumination source during growth effected nanotextures that 

exhibited vertically oriented, anisotropic features similar to those observed using vertically 

polarized λavg = 528 nm illumination (Figure 3.1b). The use of λavg = 458 nm illumination 

(Figure 3.4a) resulted in the generation of a smaller feature size and smaller apparent 

morphological period than when λavg = 528 nm (Figure 3.1b) was used, whereas use of λavg 

= 550 nm illumination (Figure 3.4b) resulted in a larger feature size and a larger apparent 

morphological period, indicating that both the feature size and period are controlled by the 

λavg of the illumination during inorganic phototropic film growth. Figure 3.4c and Figure 

3.4d present 2D FTs derived from SEM data of films generated with vertically polarized λavg 

= 458 and 550 nm illumination, respectively. Both sets of data were qualitatively similar to 

the 2D FT data derived from films produced by growth using λavg = 528 nm (Figure 3.3b). 
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The spots in the 2D FTs for λavg = 458 and 550 nm (Figure 3.4c and Figure 3.4d) were spaced 

further apart, and closer together, respectively, than for λavg = 528 nm (Figure 3.3b), 

consistent with the respective smaller and larger morphological periods apparent in the SEM 

data (Figure 3.4a and Figure 3.4b) of those systems. Further analysis of the 2D FT data 

revealed only a single fundamental frequency and associated overtones in each case, 

suggesting that each value of λavg encodes for a singular period in the film morphology. 

Quantitatively, the Fourier analysis indicated periods of 184 ± 4 nm and 230 ± 3 nm for Se-

Cd films generated using λavg = 458 and 550 nm, respectively. 

The nanotextures produced by inorganic phototropic growth were hypothesized to be 

an emergent phenomenon that is a consequence of spatially varying deposition rates resulting 

from anisotropic coupling between the growing film and the incident illumination. 

Electromagnetic simulations of the growth process were therefore performed to validate this 

mechanism of nanotexture formation. A two-step iterative model, similar to that described 

in Chapter 2 and depicted schematically in Figure 2.4 was used (full modeling details 

provided in Chapter 7) in which the spatially dependent photocarrier generation rates at the 

growth interface were first calculated using full-wave electromagnetic simulations. A Monte 

Carlo method was then used to simulate light-motivated electrochemical growth, with the 

probability of local mass addition weighted by the local photocarrier generation rate. 

Empirical inputs to the model were minimal and included estimates of the real and imaginary 

parts of the complex refractive index of the electrochemically grown material. The results of 

the model are thus principally defined by the light-matter interactions at the growth interface.  
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Figure 3.5 Simulated morphologies of Se-Cd films generated 
by inorganic phototropic growth using vertically polarized 
illumination with the indicated λavg. 

Figure 3.5 presents simulated morphologies for inorganic phototropic growth using 

vertically polarized illumination with λavg = 458, 528, and 550 nm. In each case, vertically 

oriented, periodic and anisotropic ridge and trench nanotextures were produced with spatial 

characteristics in close accord with the analogous experimental SEM data for such films 

(Figure 3.4a, Figure 3.1b, and Figure 3.4b). The characteristic morphological period of the 

films as determined by FT analysis was 195 ± 8 nm, 219 ± 10 nm, and 230 ± 11 nm for 

simulations using λavg = 458, 528, and 550 nm illumination, respectively, thus quantitatively 

agreeing with the experimental observations of Se-Cd film growth. This agreement, given 

the optical basis of the model, confirms that the film morphology is a function of the optical 

characteristics of the photoelectrochemically prepared material and also indicates that 

observed mesostructure development is primarily instructed by spatially-varying 

photocarrier generation rather than photothermal and related physical phenomena. 

Additionally, the simulation data, given the limited empirical input parameters, along with 

the empirical results, suggests that inorganic phototropic growth is not uniquely 
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demonstrable in the case of a singular, discrete material but rather may be observed in broad 

range of materials with suitable intrinsic optoelectronic properties. 

 

 

Figure 3.6 Normalized time-average of the E-field 
magnitude from two dipoles emitting radiation with a free-
space wavelength of λ = 528 nm in a medium of refractive 
index n = 1.33. Dipoles separated by a distance of twice the 
wavelength (a) along the horizontal and (b) along the vertical 
with the oscillation axis perpendicular to the axis of 
separation. 

Additional simulations were performed to explore the fundamental optical interactions 

that underpin the nanotexture formation. The interfacial modulation of the E-field during 

growth, created by light scattering due to the inherent roughness of the evolving film, was 

modeled using dipole emission sources. Figure 3.6a presents the normalized time-average of 

the E-field magnitude from two dipoles emitting with a free-space wavelength of λ = 528 nm 

in a medium of index n = 1.33 (representative of the growth solution), separated by a distance 

of two wavelengths along the horizontal, and with the E-field oscillation axis along the 

vertical. A parallel set of vertically oriented interference fringes was observed between the 

dipoles, analogous to the ridge and trench nanotexture that was generated experimentally 

with inorganic phototropic growth using vertically polarized illumination (Figure 3.1b). 

Figure 3.6b presents a similar dipole simulation in which the separation and oscillation axes 
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were along the vertical and the horizontal, respectively. Analogous interference fringes were 

observed, but oriented horizontally, analogous to the orientation of the nanotexture observed 

experimentally when horizontally polarized illumination was used (Figure 3.1c). The 

interference is thus hypothesized to promote the growth of the observed ordered nanotextures 

by producing a spatially varying, periodic near-field light intensity profile. 

 

 

Figure 3.7 (a) Representative EDX spectra acquired from a 
Se-Cd film grown with vertically polarized λavg = 528 nm 
illumination as-deposited and after chemical processing with 
CS2(l). Representative (b) SEM and (c) GIXRD pattern of a 
Se-Cd film grown with vertically polarized λavg = 528 nm 
illumination after chemical processing with CS2(l). 

Figure 3.7a presents representative EDX spectra acquired from films grown using 

vertically polarized λavg = 528 nm illumination. The solid black trace corresponds to the as-

deposited material, and exhibits Se Lα and Cd Lα signals from the deposit as well as Si Kα 

and Au Mα signals from the substrate. Quantification of the EDX data indicated a Se : Cd 

atomic ratio of 6 : 1. The as-deposited sample was then chemically processed by immersion 

in CS2(l) under reflux at ~ 46° C, to dissolve excess Se and yield stoichiometric CdSe.129,130 

The dashed red trace in Figure 3.7a corresponds to an EDX spectrum of a film after 

processing with CS2(l), with quantification indicating a 1 : 1 Se : Cd atomic ratio. Figure 3.7b 
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presents a representative SEM of a chemically processed film that was initially grown using 

vertically polarized λavg = 528 nm illumination. After processing, an ordered mesoscale 

morphology consisting of a ridge and trench nanotexture was observed with a reduced feature 

size and slightly increased period (227 ± 2 nm) relative to the as-deposited film resulting 

from the removal of excess Se mass. Figure 3.7c presents a GIXRD pattern acquired from a 

processed film similar to that depicted in Figure 3.7b. The GIXRD pattern displayed 

characteristic reflections indicative of polycrystalline CdSe. Thus, inorganic phototropic 

growth coupled with a low-temperature solution processing step effected the generation of 

CdSe films with highly ordered mesoscale morphologies that can be tailored via 

manipulation of the characteristics of the illumination during growth.  

 Conclusions 

In summary, inorganic phototropic growth of Se-Cd via an optically-directed 

electrochemical method using an isotropic aqueous solution, conformal unstructured 

illumination, and no physical or chemical templating agents, resulted in the generation of 

films that exhibited highly ordered and precise three-dimensional mesoscale morphologies. 

Growth in the dark resulted in films with no observable ordered nanotexture whereas growth 

using linearly polarized illumination resulted in films exhibiting controllable, periodic, and 

anisotropic ridge and trench nanotextures over macroscopic areas. The characteristics of the 

film morphology were controlled by the illumination, with the in-plane direction of the 

nanotexture anisotropy and periodicity set by the input E-field vector and with a 

morphological period that scaled with the input λavg. Modeling of the inorganic phototropic 

growth process based on full-wave electromagnetic simulations of the interfacial optical 
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interactions closely reproduced the experimentally observed nanotextures, including 

quantitative agreement with the observed morphological periods, indicating that nanotexture 

development is a product of the light-matter interactions during growth. Additional modeling 

of the interfacial light scattering also supported the hypothesis that the film characteristics 

were determined principally by optical processes. Solution-phase processing of the as-

deposited Se-Cd films in CS2(l) was used to produce stoichiometric, polycrystalline CdSe 

films with ordered, anisotropic nanotextures and controlled three-dimensional morphologies, 

demonstrating a scalable, high-throughput technique to prepare structured CdSe films over 

macroscale areas. The cumulative data suggest that inorganic phototropic growth may be 

extendable to generate precise mesostructures in a range of semiconducting materials, 

including constituents of the II-VI family of materials. Furthermore, the feature sizes, 

anisotropies, and pattern fidelities, as well as the macroscale conformality, of the 

morphologies generated in this work by inorganic phototropic growth resemble numerous 

environmentally facing biological interfaces with evolutionarily defined physical purposes. 

For example, butterfly wings exhibit nanoscale lamellar structures that produce defined 

structural coloration which provides superior visibility relative to pigmentary coloration, as 

well as possessing characteristics such as superhydrophobicity that enable anisotropic 

dewetting.131,132 Inorganic phototropic growth may thus provide a route towards the scalable, 

bottom-up generation of biomimetic materials with unique and potentially useful physical 

properties derived from complex but controllable mesoscopic interfacial structure. 
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PLASTIC MORPHOLOGICAL RESPONSE TO SPECTRAL SHIFTS 
DURING INORGANIC PHOTOTROPIC GROWTH  

Adapted with permission from: Hamann, K. R.; Meier, M. C.; Lewis, N. S.; Carim, A. I. 
Plastic Morphological Response to Spectral Shifts during Inorganic Phototropic Growth. 
JACS Au 2022, 2, 865–874. DOI: 10.1021/jacsau.1c00588. Copyright 2022 American 
Chemical Society.  
 

 

 Introduction 

The preceding chapters focused on exploring inorganic phototropic growth in material 

systems beyond Se-Te. This chapter will explore specific morphological evolutions during 

inorganic phototropic growth with dynamic illumination inputs. Here, Se-Te will be used, as 

the growth process has been well-described, and it thus serves as an ideal model system to 

study fundamental growth behavior in response to complex illumination conditions. In this 

chapter, morphological plasticity in response to a change in the input wavelength during 

inorganic phototropic growth is explored in detail. Deposition was effected in a two-step 

process using a series of different LEDs with discrete output wavelengths (λ0 ≠ λ1), and the 

resulting morphologies were evaluated by SEM and Fourier analysis. Changes in 

illumination wavelength from λ0 to λ1 produced deposit structural evolution including feature 

branching, termination, and/or fusion along the growth direction such that the interfacial 

feature pitch eventually matched that obtained for growth using only λ1. Modeling of the 

deposition was performed by considering the light-material interactions at the growth 

interface, and further optical simulations were used to examine the mechanism of the plastic 
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response. These simulations revealed interfacial light scattering and concentration behavior 

that directed the photomorphogenesis.  

 Results and Discussion  

 

 

Figure 4.1 (a) – (c) Representative top-down and (d) – (f) 
cross-sectional SEMs of Se-Te deposits generated using the 
indicated λavg illumination for t = 2.00 min. 

Se-Te films were grown from an aqueous solution of oxidized precursors by light-

mediated electrodeposition using unstructured, vertically polarized illumination from low-

power, narrowband LED sources. Figure 4.1a–c presents representative top-down SEMs of 

films deposited for t = 2.00 min using the specified lavg. Highly anisotropic and periodic 

lamellar features were observed in which the long axes of the lamellae were oriented 

vertically, parallel to the input polarization vector. Feature width and pitch were observed to 

scale with lavg. 2D FT analysis of top-down SEM data was used to quantify the 

morphological periods and values of 203 ± 6, 263 ± 6, and 371 ± 6 nm were measured for 
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films generated by deposition for t = 2.00 min using lavg = 528, 727, and 955 nm, 

illumination, respectively (L528, L727, and L955). Figure 4.1d–f presents representative cross-

sectional SEMs, complementary to the top-down data presented in Figure 4.1a–c, that were 

obtained by cleaving films perpendicular to the direction of the input polarization vector. The 

lamellar features projected along the substrate normal axis and exhibited substantial out-of-

plane anisotropy.  

 

 

Figure 4.2 (a) – (d) Representative top-down and (e) – (h) 
cross-sectional SEMs of deposits generated using λavg = 955 
nm for the indicated t. 

Figure 4.2 presents top-down (Figure 4.2a–d) and cross-sectional (Figure 4.2e–h) 

SEMs of films deposited using a constant illumination source with lavg = 955 nm. The 

features were observed to increase in height with increasing growth time (Figure 4.2e–h) 

without a change in the in-plane, interfacial morphology (Figure 4.1a–d), indicating that 
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feature extension occurred linearly along the out-of-plane direction for constant illumination 

with a single, unchanging wavelength.   

 

 

Figure 4.3 (a) – (d) Representative top-down and (e) – (h) 
cross-sectional SEMs of deposits generated initially using λ0 
= 528 nm for t0 = 2.00 min, and then extended in a 
subsequent deposition step using λ1 = 955 nm for the 
indicated t1.  

Figure 4.3 presents representative top-down (Figure 4.3a–d) and cross-sectional (Figure 

4.3e–h) SEMs of films that were initially deposited for t0 = 2.00 min using lavg = l0 = 528 

nm illumination (L528) and were subsequently, in a second deposition step, extended using 

lavg = l1 = 955 nm illumination for the indicated time, t1. At t1 = 0.50 min, an increased 

feature width was observed (Figure 4.3a) relative to that for L528 (Figure 4.1a). Near the tips 

of the lamellae, deposition occurred in the space between adjoining lamellae, bridging some 

features (Figure 4.3e). Further deposition using l1 resulted in non-uniform feature heights 

(Figure 4.3b); cross-sectional analysis revealed an oscillatory height profile in which 

approximately every other lamella was extended along the substrate normal but the 



 

 

41 

interspersed features exhibited little growth (Figure 4.3f). At t1 = 1.50 min, the top-down 

SEM data revealed a substantial decrease in the interfacial feature density and a concomitant 

increase in the width of the remaining features (Figure 4.3c). In accord, the cross-sectional 

SEM data showed the termination of every second feature defined by the initial deposition 

with l0 (Figure 4.3g). 2D FT analysis indicated that the interfacial period of the growing 

structures increased from 262 ± 10 nm for t1 = 1.00 min to 316 ± 12 nm for t1 = 1.50 min. 

Additional deposition using l1 = 955 nm resulted in extension of the remaining features along 

the substrate normal axis (Figure 4.3d,h) and an interfacial period of 361 ± 6 nm for t1 = 2.00 

min, consistent with the interfacial period obtained for L955. 

 

 

Figure 4.4 (a) – (d) Representative top-down and (e) – (h) 
cross-sectional SEMs of deposits generated initially using λ0 
= 727 nm for t0 = 2.00 min, and then extended in a 
subsequent deposition step using λ1 = 955 nm for the 
indicated t1. 

Figure 4.4 presents representative top-down (Figure 4.4a–d) and cross-sectional (Figure 

4.4e–h) SEMs of L727 films that were extended in a second deposition step using l1 = 955 
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nm for the indicated t1. After the input wavelength was changed, a larger interfacial feature 

width was observed (Figure 4.4a) relative to that for L727 (Figure 4.1b). Cross-sectional 

analysis revealed that some features exhibited shorter heights than others (Figure 4.4e). At t1 

= 1.00 min, a decrease in the in-plane feature density was observed (Figure 4.4b); 2D FT 

analysis indicated an interfacial period of 301 ± 6 nm. Cross-sectional analysis showed that 

some lamellae had terminated whereas others continued to grow linearly along the substrate 

normal (Figure 4.4f). Additional deposition using l1 = 955 nm further decreased the in-plane 

feature density (Figure 4.4c,d), with the period increasing from 313 ± 6 nm at t1 = 1.50 min 

to 331 ± 6 nm at t1 = 2.00 min. Additional attenuation of features was observed during this 

stage of growth, and the lamellae that were adjacent to termination sites exhibited transitory 

growth towards attenuated features in a direction away from the substrate normal, and then 

again grew along the normal (Figure 4.4g,h).  
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Figure 4.5 (a) Representative top-down and (b) cross-
sectional SEMs of deposits generated initially using λ0 = 727 
nm for t0 = 2.00 min, and then extended using λ1 = 955 nm 
for t1 = 3.50 min. 

Figure 4.5 presents top-down (Figure 4.5a) and cross-sectional (Figure 4.5b) SEMs for 

further growth using l1 = 955 nm to t1 = 3.50 min of the structures first grown using l0 = 

727 nm (Figure 4.4). Continued film evolution was observed in a similar manner to that 

described previously (Figure 4.4), and a period of 370 ± 6 nm was measured at t1 = 3.50 min, 

quantitatively matching that measured for L955. 
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Figure 4.6 (a) – (d) Representative top-down and (e) – (h) 
cross-sectional SEMs of deposits generated initially using λ0 
= 955 nm for t0 = 2.00 min, and then extended in a 
subsequent deposition step using λ1 = 528 nm for the 
indicated t1.  

Figure 4.6 presents representative top-down (Figure 4.6a–d) and cross-sectional (Figure 

4.6e–h) SEMs of L955 films that were extended in a second deposition step using l1 = 528 

nm illumination for the indicated t1. Initial growth with l1 produced sets of three parallel 

bands consisting of two bright bands with single a darker band in between each pair of bright 

bands (Figure 4.6a), suggestive of the formation of two new features on top of each 

preexisting lamella. 2D FT analysis revealed a period of 372 ± 6 nm at t0 = 0.50 min, 

corresponding to the larger features defined by  l0 (955 nm). The periodicity of the smaller 

nascent features was 189 ± 6 nm, as measured by additional 2D FT analysis of the same SEM 

data but with contrast thresholding applied. Upon additional deposition using l1 = 528 nm, 

the 189 ± 6 nm morphological period became dominant (Figure 4.6b,c). For t1 = 1.00 min, 

the interfacial morphology appeared similar to that observed for growth at L528 (Figure 4.1a), 



 

 

45 

with a single morphological period of 189 ± 6 nm. Cross-sectional SEM analysis revealed 

the initial generation of two small features that projected outward from each larger 

underlying feature (Figure 4.6e), and these features then grew along the substrate normal axis 

as additional mass was deposited (Figure 4.6f–h). The interfacial period increased from 190 

± 6 nm at t1 = 1.50 min to 197 ± 6 nm at t1 = 2.00.  

 

 

Figure 4.7 (a) Representative top-down and (b) cross-
sectional SEMs of deposits generated initially using λ0 = 955 
nm for t0 = 2.00 min, and then extended using λ1 = 528 nm 
for t1 = 3.00 min.  

Figure 4.7 presents top down (Figure 4.7a) and cross-sectional (Figure 4.7b) SEMs for 

further growth using l1 = 528 nm to t1 = 3.00 min of structures first grown using l0 = 955 

nm (Figure 4.6). The interfacial period was observed to increase to 204 ± 6 nm at t1 = 3.00 

min, consistent with that measured for L528.  
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Figure 4.8 (a) – (d) Representative top-down and (e) – (h) 
cross-sectional SEMs of deposits generated initially using λ0 
= 955 nm for t0 = 2.00 min, and then extended in a 
subsequent deposition step using λ1 = 727 nm for the 
indicated t1.  

Figure 4.8 presents representative top-down (Figure 4.8a–d) and cross-sectional (Figure 

4.8e–h) SEMs of L955 films extended in a second deposition step using l1 = 727 nm 

illumination for the indicated t1. At t1 = 0.50 min, an increase in the interfacial width of the 

features was observed relative to L955 (Figure 4.1c). A dark band was also observed along 

the lamellar centerlines with two brighter regions on either side, indicative of two nascent 

features on top of each preexisting feature (Figure 4.8a,e), similar to the behavior observed 

for extended growth of L955 films using l1 = 528 nm (Figure 4.6). Deposition using l1 = 727 

nm for t1 = 1.00 min effected further definition of the smaller nascent features, resulting in 

ordered pairs of lamellae (Figure 4.8b) with widths more similar to those observed for L727 

(Figure 4.1b) than L955 (Figure 4.1c). At this stage 2D FT analysis revealed two 

morphological periods, one at 220 ± 8 nm corresponding to the individual features at the 

interface, and another at 383 ± 8 nm corresponding to the pairs of features. Additional 



 

 

47 

deposition with l1 resulted in a loss of pairwise order and a decrease in the density of the 

individual lamellae (Figure 4.8c,d). A single morphological period of 254 ± 8 nm was 

measured for t1 = 1.50 min, and this value increased to 272 ± 14 nm at t1 = 2.00 min, in 

accord with that observed for L727 (Figure 4.1b). Cross-sectional analysis revealed that two 

new features were initially generated atop most of the preexisting lamellae, although some 

preexisting features primarily exhibited an increase in width (Figure 4.8e,f). Upon additional 

deposition, some features continued to grow linearly along the substrate normal, but others 

terminated and some exhibited transient growth away from the substrate normal and 

subsequently fused with a neighboring feature (Figure 4.8g,h).  

 

 

Figure 4.9 Simulated deposit morphologies generated first 
using the indicated λ0 illumination and then extended using 
the indicated λ1 illumination. 

The film growth by light-mediated electrodeposition was simulated using an optically-

based, two-step iterative modeling approach. Full-wave electromagnetic simulations were 

first performed to calculate the spatially resolved magnitude of the light absorption. Mass 

was then added using a Monte Carlo method in which the local probability of addition was 

weighted by the previously calculated local absorption. These steps were then successively 
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iterated. Empirical inputs to the model were limited to estimates of the complex refractive 

index of the deposited Se-Te material and the refractive index of the electrolyte. Figure 4.9 

presents simulated film morphologies generated by first modeling the initial deposition using 

the indicated l0 and then modeling extended growth with the indicated l1. The pairs of l0 

and l1 values used in the modeling were equivalent to those investigated experimentally 

(Figure 4.3 – Figure 4.8). The simulated film morphologies closely matched the analogous 

experimental data (Figure 4.3h, Figure 4.4h, Figure 4.6h, Figure 4.8h), with periodic lamellar 

features generated in each case and the feature pitch varying along the substrate normal. The 

interfacial period increased for cases in which l1 > l0 (Figure 4.9a,b) and decreased for l1 < 

l0 (Figure 4.9c,d).  
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Figure 4.10 (a) and (b) Simulated spatial profiles of the time-
averaged E-field magnitude resulting from l = 955 nm 
illumination of simplified structures representative of the 
indicated experimentally observed structures. (c) and (d) 
same as (a) and (b), respectively, but with the height of a 
single feature adjusted to model initial extension using l1. 
(e) and (f) Difference between the profiles presented in (a) 
and (c), and (b) and (d), respectively.   

A series of electromagnetic simulations using simplified morphologies was performed 

to gain insight into the optical phenomena associated with growth using sequential 

wavelength inputs. Uniform, idealized lamellar structures were designed with dimensions 

derived from the experimental data. Figure 4.10a,b presents spatial profiles of the time-

averaged E-field magnitude for illumination with l = 955 nm of simulated structures 

representative of L528, and L727, respectively. In both cases, the profile was isotropic in the 

direction of feature periodicity above the growth interface. Spatially isotropic resonances 

were observed within each feature and were equivalent amongst all observed features. An 
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additional set of simulations was performed in which the idealized structures were modified 

to include some height anisotropy, in analogy to the experimentally observed morphology 

evolution following a change in the optical input wavelength from l0 to l1, wherein l1 > l0 

(Figure 4.3 and Figure 4.4). Figure 4.10c,d presents data analogous to that in Figure 4.10a,b 

but for structures modified to include a single taller (Figure 4.10c) or shorter (Figure 4.10d) 

feature. Figure 4.10e presents the difference between the spatial profiles of E-field magnitude 

depicted in Figure 4.10a and Figure 4.10c, highlighting the effects of the feature height 

modification. The E-field magnitude increased within the taller feature and decreased within 

and above the features immediately adjacent to the taller structure. Figure 4.10f presents the 

difference in the spatial profiles of E-field magnitude depicted in Figure 4.10b and Figure 

4.10d. An arc of increased field magnitude was observed above and surrounding the shorter 

feature and intersecting the neighboring features. Beyond this arc, another arc of decreased 

field magnitude was observed, with edges that were not localized to a single feature but 

instead occurred between the first and second nearest neighbors relative to the central feature. 

The nearest neighbor features were consequently presented with an increased field 

magnitude on the side nearer to the shorter structure and a decreased field magnitude on the 

side opposite to the shorter structure. 
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Figure 4.11 (a) and (b) Simulated spatial profiles of the time-
averaged E-field magnitude resulting from illumination with 
the indicated wavelength of simplified structures 
representative of the experimentally observed L955 structure. 
(c) and (d) same as (a) and (b), respectively, but for 
simplified structures L955*, in which the period was half of 
that measured for L955. 

Figure 4.11a,b presents spatial profiles of the time-averaged E-field magnitude for 

illumination of a simplified structure representative of L955 with l = 528 nm, and l = 727 

nm, respectively. The profiles were mutually similar and exhibited well-defined, intense 

maxima between the feature tips in addition to local minima directly above each feature. 

However, for l = 727 nm (Figure 4.11b), the maxima between feature tips were less intense 

and a larger magnitude was observed at the minima above each feature than for l = 528 nm 

(Figure 4.11a). To examine the operative optical processes at a subsequent stage of structural 

evolution, in which growth with l1 approximately doubled the interfacial feature density 

(Figure 4.6f and Figure 4.8f), simulations were performed using another set of simplified 

structures. Figure 4.11c,d presents data analogous to that in Figure 4.11a,b, but for structures 

with a feature pitch that was half that observed for L955, denoted as L955*. The E-field 
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magnitude resulting from illumination of the L955* structure with l = 528 nm and l = 727 

nm was similar, and in both cases the profile was isotropic in the direction of feature 

periodicity above the growth interface. The correlation between the input wavelength and 

the morphological period observed for depositions performed using a single illumination 

input (Figure 4.1) is consistent with the notion that inorganic phototropic growth effects 

morphological plasticity, analogous to phenotypic plasticity observed in natural systems (as 

discussed in Chapter 1) in response to static wavelength inputs and spontaneously generates 

a unique interfacial structure with a discrete period for a discrete value of lavg.50 Depositions 

performed using a single unchanged illumination wavelength effected simple linear 

extension without a change to the in-plane morphology (Figure 4.2). In contrast, depositions 

performed using two distinct, sequential illumination inputs wherein l1 > l0 exhibited 

termination of some features along the growth axis after the change in input wavelength, in 

conjunction with a monotonic increase in the interfacial period (Figure 4.3 and Figure 4.4) 

which eventually matched that observed for deposition using l1 alone (Figure 4.1c,f). These 

results demonstrate a plastic response to a temporally abrupt illumination change in a manner 

analogous to shade-avoiding plants, which exhibit apical dominance and branching reduction 

upon encountering far-red illumination.30,133 Moreover, despite the minimal use of empirical 

inputs in the modeling, the simulated morphologies (Figure 4.9a,b) closely matched those 

observed experimentally for extended growth of L528 and L727 structures using l1 = 955 nm 

(Figure 4.3h and Figure 4.4h), suggesting that the structural evolution in response to an 

increase in the input wavelength is primarily directed by light-material interactions at the 

growth interface. The operative optical mechanism is illustrated by the associated set of 
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simulations using simplified structures (Figure 4.10). Illumination of simplified L528 and L727 

structures with l1 = 955 nm indicated no notable anisotropy in the spatial profile of the E-

field magnitude (Figure 4.10a,b). This result is consistent with the relatively small feature 

size and period relative to the input wavelength (l1 = 955 nm) and the lower material 

absorption coefficient at 955 nm relative to shorter wavelengths, which limits scattering and 

coupling. These results are suggestive of continued linear extension of all preexisting 

features. However, stochastic variations in the growth rate of individual features may result 

in transitory structural anisotropy at the interface. In the case of resonant illumination, 

ordered growth that maintains isotropic feature sizes is a consequence of cooperative light 

scattering amongst neighboring features promoting synergistic light absorption.53 Here, the 

mismatch between the illumination wavelength (l1 = 955 nm) and the structure (L528 and 

L727) can effect scattering that enables positive reinforcement, rather than suppression, of 

transitory anisotropy, and consequently results in structural evolution. The profiles of E-field 

magnitude for simplified L528 and L727 structures including a feature with modified height 

illuminated with l1 = 955 nm (Figure 4.10c,d) are consistent with this conceptual framework. 

When height asymmetry was present between neighboring features, the tips of taller features 

exhibited increased E-field magnitude relative to the isotropic case (Figure 4.10a,b), whereas 

the tips of shorter features exhibited decreased E-field magnitude. This observation is 

consistent with the experimental results in which taller features exhibited extended growth, 

but the growth of shorter features was terminated. In this regard, the characteristics of 

inorganic phototropic growth resemble the asymmetric competition behavior exhibited by 

plants in which larger individuals often obtain a disproportionate share of contested resources 
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and suppress the growth of smaller neighbors.134,135 Additionally, it is of note that the increase 

in interfacial magnitude at the taller features in the L727 case was asymmetric, with a larger 

increase at the side neighboring the shorter feature. This is consistent with the transient off-

normal growth of nearest neighbor features towards a terminating feature observed in the 

experimental data (Figure 4.4). These results arise because the L727 structure period is not 

close to an integral fraction of that of the L955 structure, unlike L528, and thus scattering of 

the illumination results in maximal E-field modulation between, rather than an at, preexisting 

features.  

Depositions performed using two distinct, sequential illumination inputs wherein l1 < 

l0 (Figure 4.6 and Figure 4.8) exhibited a progressive evolution of the interfacial feature 

periodicity after the input change. Moreover, the period decreased as the growth continued 

and eventually matched that observed for structures generated by growth solely using l1 

excitation (Figure 4.1a,b,d,e). This process was characterized by a branching phenomenon 

in which individual preexisting features split along the long in-plane axis, parallel to the input 

polarization, resulting in pairs of smaller features at the interface that then were subject to 

further evolution and growth. This result provides an additional demonstration of 

morphological plasticity in response to an abrupt wavelength input change, and moreover is 

analogous to the response exhibited by shade-intolerant plants, which, upon encountering 

shorter wavelength light after exposure to far-red illumination, initiate branching and 

laterally increase the density of light-gathering organs.133,136 The simulated morphologies for 

L955 structures extended using l1 = 528 nm or 727 nm illumination (Figure 4.9c,d) closely 

resembled those generated experimentally (Figure 4.6h and Figure 4.8h), indicating optical 
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control of the growth evolution as noted previously for the case of multistep growth using l1 

> l0. The operative optical mechanism is again demonstrated by the associated set of 

simulations using simplified structures (Figure 4.11). Illumination of simplified L955 

structures with l1 = 528 nm or 727 nm revealed strong maxima in the E-field near the growth 

interface in the regions between feature tips which can direct branching growth. This is 

consistent with the empirical data wherein branching of most preexisting features to generate 

two new features each is observed (Figure 4.6a,e and Figure 4.8a,e). FT analysis indicated 

that this process initially decreased the experimentally observed interfacial feature 

periodicity rapidly to a value lower not only than that observed for L955, but also lower than 

that for structures generated with the respective l1 input alone (L528 or L727). Additional 

growth using l1 = 528 nm or 727 nm then effected a gradual increase in the period until it 

was in accord with that for L528 or L727, respectively. This later increase in the period was 

associated with the termination of individual features in a manner analogous to that observed 

for deposition using sequential inputs wherein l1 > l0. Mechanistically, the similarity 

between these processes is illustrated by the simulations using a simplified structure, L955*, 

designed with half the feature period of L955, to model pairwise splitting. For illumination 

with both l1 = 528 nm and l1 = 727 nm (Figure 4.11c,d), the E-field magnitude showed little 

spatial anisotropy, reflective of the results observed for illumination of idealized L528 and 

L727 structures with l1 = 955 nm (Figure 4.10a,b). This termination process was more 

qualitatively apparent for l1 = 727 nm relative to l1 = 528 nm, as in the latter case there was 
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a smaller dimensional mismatch between the structure generated by pairwise branching of 

the L955 structure and the L528 structure, relative to that with the L727 structure. 

For the full the series of input pairs (λ0, λ1) explored herein, the two-step deposition 

process using sequential illumination inputs with λ0 ≠ λ1 exhibited morphological plasticity 

and generated an interfacial structure in accord with that observed for growth solely using 

λ1. Thus, the interfacial structure at the end of the process was defined only by λ1: the plastic 

nature of the response did not depend critically on λ0 nor on the morphology of the previously 

defined structure. This is consistent with the E-field anisotropies demonstrated in the 

simulations using simplified model structures, and suggests that the morphologies defined 

by λ0 cannot effectively couple with and accommodate the utilized λ1 illumination. Rather, 

the observations indicate an emergent nanophotonic behavior that directs the structural 

evolution to generate a feature pitch proportional to λ1.50,53 The cumulative responsive 

morphological plasticity of structures evolving via inorganic phototropic growth (Figure 4.3 

– Figure 4.8) to changes in λ, wherein each new input is physically recorded, indicates that 

appropriate manipulation of the temporal illumination can generate mesostructures with 

tailored complexity in three-dimensions in a continuous growth process. Such structures may 

be useful in a variety of photonic, fluidic, and electrochemical applications.131,132,137  

 Conclusions 

Se-Te films generated by light-mediated electrodeposition using linearly-polarized 

illumination from a single narrowband LED source generated ordered, anisotropic 

mesostructures with nanoscale lamellar features that projected along the substrate normal 

and morphological periods that were proportional to the input wavelength. Deposits initially 
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generated using a single wavelength input, l0, and extended in a subsequent deposition step 

with a discrete input, l1, produced a spontaneous plastic response that eventually resulted in 

an interfacial morphology matching that observed for deposits generated using l1 alone. This 

structural evolution involved feature termination, branching, and fusion along the growth 

direction. Such evolution demonstrates the generation of complex morphologies in three-

dimensions using a single, continuous growth process via temporal manipulation of the input 

illumination characteristics. Simulated deposit morphologies generated using a fully 

optically-based model closely reproduced the morphologies observed experimentally for 

multistep growth with sequential wavelength inputs, indicating that the plastic response was 

directed by photonic phenomena at the growth interface. For the cases investigated, 

deposition using sequential inputs wherein l0 < l1 exhibited structural evolution primarily 

via feature termination. Optical simulations using simplified model structures suggested that 

this plastic response was directed by interfacial scattering that reinforced stochastically 

generated non-uniformity in the height of the features. In contrast, explored cases of 

deposition using sequential inputs wherein l1 > l0 initially exhibited pairwise branching of 

features, decreasing the feature period to values lower than those observed for structures 

generated using either l0 or l1 alone. Further evolution proceeded via feature termination 

and/or merging of adjacent features. Additional simulations with simplified structures 

indicated that the initial branching was directed by effective scattering of the shorter l1 

illumination which produced strong field localization between preexisting features, and then 

subsequent feature density reduction followed a process analogous to that observed for 

evolution using sequential inputs with l0 < l1. The cumulative data thus illustrate the 
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capability of inorganic phototropic growth to exhibit morphological plasticity and to adapt 

to new wavelength inputs via optical self-regulation, and demonstrates that structures with 

complexity in three-dimensions can be generated by straightforward manipulation of the 

optical input characteristics. 
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PATH-DEPENDENT MORPHOLOGICAL EVOLUTION OF SE-TE 
MESOSTRUCTURES PREPARED BY INORGANIC PHOTOTROPIC 

GROWTH  

Adapted with permission from: Hamann, K. R.; Carim, A. I.; Meier, M. C.; Lewis, N. S. 
Path-Dependent Morphological Evolution of Se–Te Mesostructures Prepared by Inorganic 
Phototropic Growth. J. Am. Chem. Soc. 2020, 142, 19840–19843. DOI: 
10.1021/jacs.0c09798. Copyright 2020 American Chemical Society.  
 

 Introduction  

This chapter expands on the investigations of morphological evolutions in response to 

changes in illumination wavelength during inorganic phototropic growth described in the 

previous chapter. A path-dependent “history” effect is described here wherein the film 

morphology generated in the second step of a two-step inorganic phototropic growth process 

depends on the preexisting structure that was first grown under different optical stimulation 

conditions. Growth using first a short wavelength of light, followed by a growth using a 

longer wavelength, resulted in the second-stage morphology exhibiting termination of 

lamellae formed during the first growth step. The lamellar pitch at the end of the second 

growth step was larger than that effected in the first step. In contrast, use of the same input 

wavelengths but in the opposite order produced no change in the feature pitch but rather only 

linear feature extension. Analysis of light absorption in the simulated structures, in tandem 

with the empirical data, indicated that the history effect and asymmetric path dependence 

resulted from emergent nanophotonic processes at the growth interface that dynamically 
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shaped the optical field and directed interfacial morphological evolution of the deposit in a 

continuous feedback loop.  

 Results and Discussion  

 

 

Figure 5.1 Representative cross-sectional SEMs of deposits 
generated with the indicated λ0 illumination (a) and (b) and 
then extended with the indicated λ1 illumination (c) and (d). 

Se-Te was photoelectrochemically grown from an acidic, aqueous solution of oxide 

precursors. Figure 5.1a,b present representative cross-sectional SEMs of deposits generated 

using linearly polarized and spatially uniform illumination from LED sources with λavg of 

885 nm or 955 nm. Both deposits exhibited periodic, nanoscale lamellar features that 

projected outward from the substrate surface along the normal axis, with a high degree of 

out-of-plane anisotropy. The feature width and pitch effected using λavg = 955 nm (Figure 

5.1b) was greater than that for λavg = 885 nm (Figure 5.1a). 2D FT analysis of complementary 

top-down SEM data indicated that the morphological periods of the deposits were 332 ± 2 
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nm and 363 ± 2 nm for growths with λavg = 885 nm and 955 nm, respectively. Figure 5.1c 

presents a representative cross-sectional SEM of a deposit initially grown using λavg = λ0 = 

885 nm illumination and then extended using λavg = λ1 = 955 nm. This deposit exhibited a 

decrease along the substrate normal of the in-plane feature density, with a portion of features 

exhibiting a termination of growth. Features adjacent to such terminated growth sites were 

not spatially aligned solely along the surface normal, and some bent towards terminated 

features. Consequently, the interfacial feature pitch increased to 358 ± 10 nm, in accord with 

that observed for deposits that were generated using only lavg = 955 nm (Figure 5.1b). This 

behavior is consistent with prior results which indicate that each growth wavelength lavg, by 

itself produces a single, characteristic lamellar growth period in the resulting film.50 In 

contrast, Figure 5.1d presents a representative SEM of a deposit grown in a similar two-step 

manner as that presented in Figure 5.1c, but with the order reversed such that λ0 = 955 nm 

and λ1 = 885 nm. The features increased in height during the second growth stage, but the 

resulting morphology was qualitatively similar to growth using only lavg = 955 nm (Figure 

5.1b). No change in the in-plane feature density along the substrate normal was observed, 

and the interfacial period of 365 ± 2 nm quantitatively matched that observed for growth 

using only lavg = 955 nm. The growth was thus clearly path-dependent and asymmetrically 

exhibited a history effect, with increases in the growth wavelength from 885 nm to 955 nm 

producing a change in feature density whereas no change was observed when the growth 

wavelength was instead decreased from 955 nm to 885 nm.  
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Figure 5.2 Simulated deposit morphologies generated with 
the indicated λ0 illumination (a) and (b) and then extended 
with the indicated λ1 illumination (c) and (d). 

To gain insight into whether the path-dependent growth is an intrinsic consequence of 

asymmetric evolution of internal optical fields in the emerging, growing deposit, or 

potentially indicates a structural or chemical metastability, optically-based computer 

simulations of the growth were performed. A two-step iterative model was utilized wherein 

electromagnetic simulations of light absorption were used to direct mass addition via a Monte 

Carlo method. Empirical inputs were limited to estimates of the complex refractive index of 

the deposits and the electrolyte refractive index. The model contained only Maxwell’s 

equations, with no chemical or structural bias towards selective morphology growth. Figure 

5.2 shows that the simulated morphologies generated using optical inputs analogous to those 

used experimentally (Figure 5.1) closely reproduced the empirical data, including the path-

dependent response to the stepped wavelength growth process. The agreement between the 
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experimental and simulation data confirms that the physical origin of the asymmetry in the 

growth process is ascribable to light-material interactions during growth.  

 

 

Figure 5.3 Simulated profiles of absorption of the indicated 
λ0 illumination in deposit morphologies generated by growth 
modeling with the same λ0. 

Figure 5.3a and Figure 5.3b present simulated profiles of light absorption in deposit 

morphologies generated via modeling using lavg = 885 nm and 955 nm, respectively, and 

illuminated with the same lavg. Both profiles exhibited concentrated absorption in the feature 

tips near the growth interface. Local enhancements in optical absorption result in local 

increases in mass deposition, so the simulated absorption concentration indicates that 

material addition should occur preferentially at the feature tips, resulting in linear feature 

extension. This modeled behavior is consistent with the morphological anisotropy and 

periodicity observed experimentally and indicates that growth can spontaneously produce a 

structure that optimizes interfacial optical concentration of the specific light input.  
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Figure 5.4 Simulated profiles of absorption of the indicated 
λ1 illumination in deposit morphologies generated by growth 
modeling. In each column, panels from top to bottom present 
profiles for successive iterations of simulated morphologies 
generated initially using the indicated λ0 illumination and 
progressively extended with the indicated λ1 illumination. 

Figure 5.4a–e presents successive simulated profiles of absorption of lavg = λ1 = 955 

nm during growth after initial structure generation using λ0 = 885 (as in Figure 5.2c). First, a 

similar magnitude and concentration of absorption was present in all lamellar tips (Figure 

5.4a), however, the centermost feature exhibited slightly decreased absorption and height 

relative to adjacent features (Figure 5.4b). The localized decrease in absorption resulted in 

local attenuation of growth, and thus the centermost feature grew less rapidly than adjacent 

features (Figure 5.4c). The decreased height resulted a self-reinforcing decrease in local 

absorption, with concomitant increased absorption in adjacent features and anisotropic 

localization of the absorption resonances in the tips of the adjacent features collectively 

stunting growth of the attenuated centermost feature. The asymmetric absorption also 
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directed adjacent features to grow at an inclination from the substrate normal, towards the 

attenuated feature (Figure 5.4d). The resulting morphological evolution further reduced the 

absorption in the centermost feature, leading to termination and an increased interfacial 

feature pitch (Figure 5.4e). At this point in the morphological evolution, the resonances in 

the nearest neighbor features were localized more symmetrically in the tips, indicating 

continued linear extension of growth but with the new morphological period. The absorption 

behavior suggests that the growth process can evolve a deposit along the out-of-plane 

dimension to optimize the interfacial optical concentration in response to a change in input 

lavg. This evolution is a consequence of positive feedback, wherein regions coupling more 

effectively with the new optical input exhibit elevated rates of growth and increased light 

harvesting, as well as of negative feedback, wherein regions not coupling effectively exhibit 

decreased rates of growth, lessening parasitic absorption.  

Figure 5.4f–j presents similar profiles of light absorption as in Figure 5.4a–e, but for 

absorption of lavg = λ1 = 885 nm after initial growth using λ0 = 955 nm (i.e. Figure 5.2d). 

Initially, all lamellar tips exhibited nearly identical magnitudes and degrees of concentration 

of optical absorption (Figure 5.4f). In each of the subsequent simulations (Figure 5.4g–j) the 

absorption intensity in certain features increased, but then regressed again in later 

simulations, and the opposite behavior was also observed. Simultaneously, in certain 

iterations the locations of specific absorption resonances deviated from the center of the 

feature tips, which led to transient growth at an inclination from the substrate normal. 

However, in later simulations the absorption concentration shifted to the opposite side of the 

same features, reversing the inclination and thereby resulting in net progressive growth 
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normal to the substrate. These temporal oscillations in the absorption, both in magnitude and 

in spatial location, indicate that dynamic linear extension of the interfacial morphology 

defined by the initial optical input (λ0) can sufficiently accommodate coupling with the new 

optical input (λ1) in a manner that suppresses a change in the interfacial feature density and 

mesoscale structural evolution. The path-dependent asymmetry in the morphological 

evolution in response to equal magnitude changes in the optical input (lavg) observed here is 

thus ascribable to the capacity of the initial structure, defined by λ0 = 955 nm, to evolve 

linearly in response to λ1 = 885 nm, with the greater feature width and pitch enabling dynamic 

accommodation of coupling to the shorter wavelength through oscillation of the absorption 

resonances. The finding that the path dependence observed experimentally also 

spontaneously emerged from the optical growth modeling, which utilized only optical 

constants and Maxwell’s equations, provides strong support for the conclusion that the path-

dependent structures do not represent chemically or kinetically metastable states nor reflect 

specific chemical or structural interactions. The observed behavior is instead a direct 

consequence of the interplay between light and matter that underpins inorganic phototropic 

growth: a dynamic, synergistic feedback loop wherein the growing material shapes the near-

field optical profile, promoting and focusing subsequent mass deposition and thus 

responsively shaping the growing material. 

 Conclusions  

In summary, a history effect was observed during inorganic phototropic growth wherein 

an initial mesostructure, defined by an initial input wavelength, influenced subsequent 

growth with a second, distinct input wavelength, to produce a different morphology in the 
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second phase of growth than was produced via single-stage growth with this second input 

wavelength as the only input. This effect exhibited an asymmetric path dependence wherein 

discrete mesoscale structural evolution could be directed by the use of two sequential, 

discrete wavelength inputs, yet the use of the same inputs, but in the opposite order, resulted 

in only linear extension of the initial growth features. The collective data showed that this 

path-dependent history effect is a result of the emergent nanophotonic phenomena directing 

light absorption dynamically during growth as opposed to a chemical or crystallographic 

disposition. Dynamic, metastable accommodation of a new optical input during growth 

suppressed mesostructural evolution.  

  



 

 

68 

 

EMERGENT GENERATION OF MESOSTRUCTURES WITH DUAL, 
ORTHOGONAL INTERFACIAL PERIODICITIES VIA INORGANIC 

PHOTOTROPIC GROWTH 

Hamann, K. R.; Carim, A. I.; Meier, M. C.; Lewis, N. S. Emergent Generation of 
Mesostructures with Dual, Orthogonal Interfacial Periodicities via Inorganic Phototropic 
Growth. In Preparation.  
 

 Introduction 

Inorganic phototropic growth has been used to generate highly ordered mesostructured 

morphologies in a variety of materials. Linearly polarized illumination can effect generation 

of highly ordered, anisotropic, and periodic lamellar structures wherein the direction of 

periodicity is perpendicular to the direction of the E-field vector of the input illumination, as 

has been shown in preceding chapters. In this chapter, inorganic phototropic growth of Se-

Te was effected using linearly polarized illumination with a series of static, single, short 

(green to ultraviolet) input wavelengths. The resulting mesostructures exhibited periodic 

ordering in two orthogonal directions: both perpendicular but also, surprisingly, parallel to, 

the E-field vector of the input illumination. A growth time series was used to examine 

structural evolution in both in-plane directions. Optically-based growth modeling was 

performed to first confirm the optical basis for structural evolution, and then examine the 

nanophotonic behavior that instructed the generation of the bidirectional, orthogonally 

periodic mesostructures observed experimentally.  
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 Results and Discussion 

 

 

Figure 6.1 (a) Top-down SEM of Se-Te films generated via 
inorganic phototropic growth using vertically polarized 
illumination with λavg = 727 nm. (b) 2D FT calculated from 
SEM data similar to that presented in (a). 

Inorganic phototropic growth of Se-Te films was effected via light-mediated 

electrochemical deposition from aqueous solution using low-power LED sources polarized 

linearly with the E-field vector oriented along the vertical. Figure 6.1a presents a 

representative top-down SEM of a film generated using illumination with λavg of 727 nm for 

t = 2.00 min. The film exhibited highly anisotropic lamellar features with defined periodicity 

in the horizontal direction, perpendicular to the input E-field vector. Figure 6.1b presents a 

2D FT derived from SEM data analogous to that presented in Figure 6.1a. Intensity in a FT 

indicates periodicity in the data from which the FT was calculated: the distance from the 

center indicates the frequency, and the direction to the center indicates the direction of 

periodicity. Intensity was only observed along the horizontal axis, which indicated 

morphological periodicity in the films was isolated to that direction. The FT was quantified, 

and multiple bands of intensity, all related to a single family of harmonics, were observed, 
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which indicated the film was not perfectly described by a single sinusoidal function. Analysis 

of the first fundamental peak revealed a morphological period of 263 ± 6 nm.  

 

 

Figure 6.2 (a) – (c) Top-down SEMs of films generated with 
vertically polarized illumination with the indicated λavg 
values. (d) – (f) 2D FTs calculated from SEM data of films 
shown in (a) – (c). (g) – (l) Cross-sectional SEMs of films 
shown in (a) – (c), acquired by cleaving samples along the 
(g) – (i) horizontal and (j) – (l) vertical axes.  

Figure 6.2a–c presents top-down SEMs analogous to that presented in Figure 6.1a but 

for films generated with a series of shorter input λavg values, as indicated, and Figure 6.2d–f 

presents related 2D FT data. Growth using lavg = 501 nm (Figure 6.2a) effected lamellar 

morphologies similar to those observed for growth using lavg = 727 nm (Figure 6.1a), but 
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with a smaller feature pitch and, notably, periodic nodules along the tops of the lamellar 

interfaces. The associated 2D FT data exhibited bands of intensity in both the horizontal and 

vertical directions, and the sets of bands in both the horizontal and the vertical were observed 

to each be comprised of a family of related harmonics (Figure 6.2d). Analysis of the position 

of the first fundamental in the horizontal and vertical directions revealed morphological 

periods of 206 ± 10 nm and 409 ± 6 nm, respectively. Growth using lavg = 454 nm resulted 

in a morphology similar to that observed for growth using lavg = 501 nm (Figure 6.2a), but 

with more consistent and well-defined nodules that were smaller and more closely spaced 

(Figure 6.2b). 2D FT analysis of the film presented in Figure 6.2b revealed periods of 190 ± 

6 nm and 353 ± 6 nm along the horizontal and vertical directions, respectively (Figure 6.2e). 

Growth using lavg = 366 nm effected a mesostructured interface which had a densely packed 

two-dimensional square array of nodules which appeared to be aligned and periodic in both 

the vertical and horizontal dimensions, and some underlying lamellar structure was observed 

in the spaces between vertically neighboring nodules (Figure 6.2c). 2D FT analysis of the 

film presented in Figure 6.2c indicated periods of 158 ± 6 nm and 278 ± 6 nm in the horizontal 

and vertical directions, respectively (Figure 6.2f). The films presented in Figure 6.2a–c were 

also analyzed via cross-sectional SEM. Figure 6.2g–i and Figure 6.2j–l present cross-

sectional SEMs of films generated with the indicated lavg illumination conditions, acquired 

by cleaving samples along the horizontal and vertical axes, respectively. The horizontal 

cross-section SEMs revealed lamellae with significant out-of-plane anisotropy which 

projected normal from substrate (Figure 6.2g–i). These data indicate that nodule generation 

atop the lamellae did not reduce the out-of-plane anisotropy in the direction perpendicular to 
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the polarization axis. The vertical cross-section SEMs presented in Figure 6.2j–l reveal the 

sidewall morphology of single lamella. These features exhibited a periodic interfacial 

structure consistent with the observation of nodules in the top down data (Figure 6.2a–c), 

and an isotropic layer of material near the growth substrate. The interfacial nodules appeared 

larger in width, had less out-of-plane anisotropy, and were more confined to the interface 

than the lamellae observed in Figure 6.2g–i.  

 

 

Figure 6.3 Simulated morphologies of films generated via 
inorganic phototropic growth using vertically polarized 
illumination with the indicated λavg values. 

An optically-based, two-step iterative growth model was used to simulate inorganic 

phototropic growth of Se-Te films at short wavelengths. Briefly, absorption was first 

simulated using full-wave electromagnetic simulations, and then a finite amount of mass was 

added using a Monte Carlo method, wherein the location of mass addition was 

probabilistically weighted based on the absorption data calculated in the preceding step; the 

steps were then iterated to simulate growth. Empirical inputs were limited to the complex 

refractive index of the Se-Te material and the electrolyte index. Figure 6.3 presents simulated 

films generated using the indicated simulated illumination conditions. Ordered 
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mesostructured morphologies with periodic components in two orthogonal directions were 

observed in simulation (Figure 6.3) which closely matched those observed experimentally 

(Figure 6.2a–c). This agreement between experimental and modeling results, despite limited 

empirical inputs to the growth simulation, indicates the emperically observed morphologies 

are principally optically-directed.  

 

 

Figure 6.4 (a) – (c) Top-down and (d) – (f) cross-sectional 
SEMs of films generated using vertically polarized 
illumination with λavg = 454 nm for the indicated t. Cross-
sections were acquired by cleaving samples along the 
vertical axes. 
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To examine the structural evolution during growth, a series of experiments at varied 

time points was performed. Figure 6.4a–c presents representative top-down SEMs of films 

generated via inorganic phototropic growth using vertically polarized illumination with λavg 

= 454 nm (same as in Figure 6.2b,h,k) for the indicated time. Figure 6.4d–f presents cross-

sectional SEMs of films equivalent to those shown in Figure 6.4a–c, acquired by cleaving 

the samples along the vertical axes, and Figure 6.4g–i presents 2D FT data generated from 

top-down SEMs similar to those shown in Figure 6.4a–c. At early growth times, anisotropic 

lamellar structures were observed which appeared periodic in the horizontal direction (Figure 

6.4a). The features appeared to have smooth top interfaces and no additional periodic 

components were observed. Cross-sectional SEM and FT analysis corroborated this 

observation: the feature height was uniform (Figure 6.4d) and no intensity was observed 

along the vertical direction of the FT (Figure 6.4g). Upon additional growth, periodic nodules 

were observed atop some lamellae (Figure 6.4b). The nodules appeared smaller and at a 

lower density than those observed for an extended growth duration (Figure 6.2b). Cross-

sectional analysis (Figure 6.4e) revealed nodule heights which were smaller than those 

observed for longer growth times (Figure 6.2k) and 2D FT analysis confirmed the presence 

of an ordered, periodic component in the vertical direction (Figure 6.4h). The nodules 

appeared to increase in size, density, and height, and became more well-defined, with 

additional deposition (Figure 6.4c,f). The observed vertical bands in the associated 2D FT 
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were more well-defined and more numerous than the horizontal bands, which indicated 

increased order in the vertical direction (Figure 6.4i).  

 

 

Figure 6.5 (a) Top-down and (b) cross-sectional SEM of 
films generated using vertically polarized illumination with 
λavg = 454 nm for t = 2.50 min. 

Figure 6.5 presents top-down (Figure 6.5a) and cross-sectional (Figure 6.5b) SEMs of 

films generated using λavg = 454 nm extended to t = 2.50 min. The extended growth duration 

did not produce further changes to the in-plane size or density of the nodules (Figure 6.5a). 

The lamellae appeared to continue extension along the out-of-plane direction, but no 

significant increases in nodule height were observed (Figure 6.5b) relative to those observed 

at t = 2.00 min (Figure 6.2k). Measurements taken from cross-sectional data revealed average 

nodule heights of 103 ± 10 nm, 119 ± 12 nm, and 116 ± 12 nm for growths performed for t 

= 1.50 min (Figure 6.4f), 2.00 min (Figure 6.2k), and 2.50 min (Figure 6.5b), respectively. 

This suggests that the nodules achieve a steady-state height and do not continue to increase 

in out-of-plane anisotropy with further mass addition. These data imply that the two 

orthogonal periodic components arise and evolve separately, and the mismatch in out-of-

plane anisotropy between the two sets of orthogonally periodic features suggests the 

fundamental interfacial light-matter interactions which direct such evolution may be distinct.   
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Figure 6.6 Simulated profiles of absorption of λavg = 454 nm 
illumination in morphologies generated by growth modeling 
with the same illumination wavelength. 2D growth 
simulations were performed with the polarization axis 
aligned (a) – (d) perpendicular and (e) – (h) parallel to the 
simulation plane. In each row, each successive frame 
represents sequential iterations of simulated growth. 

Additional growth simulations were performed to model the development of the 

orthogonal periodic components. Figure 6.6a–d presents successive profiles of light 

absorption of λavg = 454 nm illumination within structures generated via 2D growth modeling 

using illumination of the same wavelength. The polarization vector was aligned 

perpendicular to the simulation plane and thus the simulations represent a cross-sectional 

view of features similar to that shown in Figure 6.2g–i. In early stages of growth, an 

oscillatory absorption profile was observed at the interface (Figure 6.6a). Spatially 

anisotropic absorption effected anisotropic mass addition, and the resulting absorption for all 

subsequent growth stages was highly concentrated within the tip of each lamellar feature 

(Figure 6.6b–d). The feedback between spatially concentrated absorption and selective mass 

addition effected linear, anisotropic feature extension along the out-of-plane direction. Figure 
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6.6e–h presents similar successive profiles of light absorption as those shown in Figure 6.6a–

d, but for simulated growth using λavg = 454 nm wherein the polarization vector was aligned 

parallel to the simulation plane; these simulations thus present a cross-sectional view of 

sidewalls of single lamellae, similar to that shown in Figure 6.2j–l and Figure 6.4d–f. At 

early stages of growth, light absorption was isotropically confined to the interface (Figure 

6.6e). Upon mass addition, some spatial variation in absorption magnitude was observed at 

the interface (Figure 6.6f). Additional simulated growth preferentially added mass in the 

regions of highest light absorption and thus effected structured, periodic nodules at the 

interface (Figure 6.6g). Light absorption magnitude was higher in these nodules, although 

some absorption magnitude was also observed in the valleys between nodules. Additional 

simulated growth sustained the structured interfacial nodules but did not increase the out-of-

plane anisotropy of these features (Figure 6.6h). The absorption at the nodule tips was 

observed to fluctuate in magnitude between simulated growth steps, and some absorption 

magnitude was consistently observed at the valleys between nodules (Figure 6.6g,h). This is 

distinct from the absorption concentration behavior observed in the orthogonal direction 

(Figure 6.6a–d) and indicates that optical absorption is not consistently nor sufficiently 

concentrated within nodule tips to drive anisotropic out-of-plane evolution of the features. 

This result is consistent with experimental results wherein the nodules do not possess 

significant out-of-plane anisotropy and, after reaching a certain height, do not continue to 

increase in height with subsequent mass addition (Figure 6.2j–l, Figure 6.4d–f, Figure 6.5b). 

These collective light absorption data demonstrate that differences in interfacial optical 

absorption in each set of orthogonally ordered structures effect distinct out-of-plane growth 

behavior. For the lamellar features, absorption was highly concentrated within feature tips 
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which instructed localized mass addition at each lamellae tip and thus effected linear and 

anisotropic feature growth. In contrast, absorption was not highly concentrated within the 

nodule tips, and some magnitude was consistently observed in the valleys between nodules. 

Additionally, the absorption magnitude within each nodule was not constant but oscillated 

in magnitude with mass addition. As a result, the nodules did not increase in out-of-plane 

anisotropy with further growth, but instead maintained a consistent height at the interface.  

 Conclusions  

In summary, inorganic phototropic growth of Se-Te films using linearly polarized 

illumination sources with sufficiently short λavg values effected the generation of 

mesostructured morphologies with unique in-plane and out-of-plane anisotropies and distinct 

periodic ordering in two mutually orthogonal directions, aligned parallel and perpendicular 

to the polarization source. Optically-based growth modeling successfully reproduced the 

morphologies observed experimentally. Simulated light absorption data indicated distinct 

optical concentration within each of the sets of orthogonally ordered features effected the 

unique anisotropies observed. In one direction, highly concentrated light absorption effected 

highly anisotropic lamellar features, which continued to increase in out-of-plane height with 

additional growth. In the other, orthogonal direction, insufficiently concentrated absorption 

within the tips of the nodules, as well as the presence of absorption magnitude in the area 

between neighboring nodules, prevented increases in the out-of-plane height of these features 

and instead isolated them to the interfacial region atop lamellae. These results demonstrate 

the capability to generate mesostructured films with unique in-plane and out-of-plane 
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anisotropies and periodic ordering in two orthogonal directions in a single growth step using 

a single, static illumination input.  
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METHODS 

This chapter details the experimental and computational methods used to generate the 

data presented in the preceding chapters.   

 Materials and Chemicals  

H2SO4 (ACS Reagent, J. T. Baker), buffered HF improved etchant (Transene), In 

(99.999 %, Alfa Aesar), Ga (99.999 %, Alfa Aesar), CdSO4 (99+ %, Sigma-Aldrich), 

Pb(ClO4)2 · 3H2O (99%, Acros Organics), TeO2 (99+ %, Sigma-Aldrich), and CS2 (99.9+ 

%, Alfa Aesar) were used as-received. Chapter 2 and Chapter 3 used SeO2 (99.999 %, Acros 

Organics) as-received. Chapter 4, Chapter 5, and Chapter 6 used SeO2 (99.4 %, Alfa Aesar) 

as-received. H2O with a resistivity ≥ 18.2 MΩ cm (Barnstead Nanopure System) was used 

throughout. Au-coated n+-Si(100) (< 0.005  Ω cm, As-doped, 525 ± 25 µm, single-side 

polished, Addison Engineering) was used as a substrate for deposition. Flash-Dry Ag Paint 

(SPI Supplies), EP21ARHTND Epoxy (MasterBond), and nitrocellulose-based nail polish 

were used to assemble the working electrodes. 

 Substrate Preparation 

n+-Si wafers were etched with buffered HF for 30 s, rinsed with H2O, dried under a 

stream of N2(g), and then immediately transferred to an electron-beam metal evaporator with 

a base pressure < 10-5 torr. Using an accelerating voltage of 10 kV, a 10-nm Ti adhesion layer 

was deposited on the polished side of the wafer using a 50-mA deposition current. For the 
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substrates used in Chapter 2, Chapter 3, and Chapter 6, a 50-nm Pt capping layer was then 

deposited atop the Ti layer using a 150-mA deposition current. For the substrates used in 

Chapter 2 and Chapter 3, the wafers were then transferred to a RF sputterer in which a 100-

nm Au layer was deposited atop the Pt layer using a RF power of 80 W. For the substrates 

used in Chapter 4 and Chapter 5, a 50-nm Au layer was deposited atop the Ti layer using a 

150-mA deposition current, and then a 20-nm Ti layer was deposited on the unpolished side 

of the wafer to serve as a back-contact. All metal-topped Si sections were cut into square 

0.50 by 0.50 cm sections for use as deposition substrates. 

 Electrode Preparation 

For the experiments described in Chapter 2 and Chapter 3, electrode bodies were 

constructed with glass tubing and a wire contact. One end of a Sn-coated Cu wire (22 AWG) 

was bent to form a small, flat coil and the wire was threaded through glass tubing (6 mm O. 

D.) such that the coil was just outside the tubing. Epoxy was applied to seal the end of the 

tube from which the coil protruded. A eutectic mixture of Ga and In was scratched with a 

carbide-tipped scribe into the unpolished back surfaces of the Au-topped Si sections. The 

wire coil was then contacted to the unpolished surface and affixed with Ag paint. Nail polish 

was applied to insulate the unpolished face, the wire-coil contact, and the exposed wire 

between the coil and epoxy seal. Immediately before deposition, the surface of each electrode 

was briefly cleaned using a stream of N2(g).  

For the experiments described in Chapter 4, Chapter 5, and Chapter 6, electrode bodies 

were constructed with aluminum half-rounds. Electrode assemblies were prepared by 

applying epoxy to the flat sides of each of two Al half-round bars (0.25 in diameter). The 
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two bars were then joined together, with a ~ 10 mm offset in the axial dimension to form a 

cylinder with two half-round ends. Polytetrafluoroethylene heat-shrink tubing was used to 

insulate the cylindrical section and epoxy was used to insulate the rounded side of one of the 

half-round ends. For the substrates used in Chapter 4 and Chapter 5, Ag paint was applied to 

the Ti-coated back surfaces of the Au-topped Si sections and the sections were affixed to the 

flat surface of the epoxied half-round end. For the substrates used in Chapter 6, a eutectic 

mixture of Ga and In was scratched with a carbide-tipped scribe into the unpolished back 

surfaces of the Pt-topped Si sections, and Ag paint was used to affix the sections to the flat 

surface of the epoxied half-round ends. Nail polish was used to insulate the remaining 

uncovered area on the flat surface that surrounded the metal-topped Si sections. Immediately 

before deposition, the surface of each electrode was briefly cleaned using a stream of N2(g). 

 Electrode Illumination  

Illumination for most of the photoelectrochemical depositions was provided by 

narrowband diode (LED) sources (Thorlabs) with respective intensity-weighted average 

wavelength, λavg, values and spectral bandwidths (FWHM) of 366 nm and 7.5 nm (M365L2), 

454 nm and 20 nm (M455L2), 458 nm and 20 nm (SOLIS-460A), 501 nm and 37 nm 

(M505L4), 528 nm and 32 nm (SOLIS-525B or SOLIS-525C), 626 nm and 17 nm (SOLIS-

623C), 727 nm and 37 nm (M730L4), 727 nm and 40 nm (M730L5), 859 nm and 39 nm 

(SOLIS-850C), and 955 nm and 60 nm (M970L4). The LED with λavg = 859 nm (SOLIS-

850C) was used in conjunction with a long pass filter with an 875-nm cut-on wavelength 

(Edmund Optics, 64-684) to provide illumination with a λavg value of 885 nm with a FWHM 

of 11 nm. Additionally, a broadband LED source (SOLIS-3C) was used in conjunction with 
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a 550-nm bandpass filter (Edmund Optics 33-330) to produce illumination with a λavg value 

of 550 nm and a FWHM of 93 nm. 

Illumination from the λavg = 366, 454, 501, 727, and 955 nm sources was collected, 

condensed, and collimated using a single aspheric lens (Ø50.8 mm, f = 32 mm). For all other 

LEDs, three lenses in series were utilized: first, an aspheric lens (Ø25.4 mm, f = 16 mm), 

and second, a bi-convex lens (Ø50.8 mm, f = 60 mm). For the experiments described in 

Chapter 2, an aspheric lens (Ø30 mm, f = 26 mm) was used as the third element. For the 

experiments described in Chapter 3, an aspheric lens (Ø50.8 mm, f = 32 mm) was used as 

the third element. For the experiments described in Chapter 4 and Chapter 5, a bi-convex 

lens (Ø50.8 mm, f = 100 mm) was used as the third element. For experiments using polarized 

illumination, a dichroic film polarizer (Thorlabs LPVISE200-A, LPNIRE200-B, or WP25M-

UB) was inserted along the beam path. For experiments involving simultaneous illumination 

with two sources, a polka dot beamsplitter (Thorlabs BPD508-G) was utilized to combine 

the outputs; both sources were incident upon the beamsplitter at an angle of 45° from the 

surface normal and thus generated coaxial output. For all experiments, a 1500-grit ground-

glass (N-BK7) diffuser was placed immediately in front of the photoelectrochemical cell to 

ensure spatial homogeneity of the illumination. 

The light intensity incident on the electrode was measured by placing a calibrated Si 

photodiode (Thorlabs FDS100) instead of an electrode assembly in the photoelectrochemical 

cell with electrolyte, and the steady-state current response of that Si photodiode was 

measured. Depositions utilizing the diodes with λavg = 366, 454, 458, 501, 550, 626, 859, and 

885 nm were performed with light intensities of 0.025, 0.030, 0.250, 0.030, 0.250, 0.500, 

1.500, and 0.110 W cm-2, respectively. Depositions utilizing a single illumination source 
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wherein λavg = 727 nm were performed with light intensities of 0.056 and 0.050 W cm-2 for 

the experiments described in Chapter 4 and Chapter 6, respectively. Depositions utilizing a 

single illumination source wherein λavg = 528 nm were performed with light intensities of 

0.500, 0.250, and 0.038 W cm-2 for the experiments described in Chapter 2, Chapter 3, and 

Chapter 4, respectively. Depositions utilizing a single illumination source wherein λavg = 955 

nm were performed with light intensities of 0.130 and 0.123 W cm-2, for the experiments 

described in Chapter 4 and Chapter 5, respectively. For depositions performed using 

simultaneous illumination from two orthogonally polarized sources, a total light intensity of 

I0 = 0.250 W cm-2 was used, wherein an intensity of 0.7 · I0 was provided by one source and 

an intensity of 0.3 · I0 was provided by the orthogonally polarized source. 

 Photoelectrochemical Deposition 

All photoelectrochemical depositions were performed using a Bio-Logic SP-200 

potentiostat and a single-compartment glass cell with a quartz window. A three-electrode 

configuration was utilized with a Ag/AgCl reference electrode (3.00 M KCl, Bioanalytical 

Systems). For the experiments described in Chapter 2 and Chapter 3, a graphite-rod counter 

electrode (99.999 %, Sigma-Aldrich) was used. For the experiments described in Chapter 4, 

Chapter 5, and Chapter 6, an Ir wire counter electrode (99.999 %, Sigma-Aldrich) isolated 

behind a porous glass frit was used. The metal-coated electrode was illuminated as detailed 

above in Section 7.4. For the experiments described in Chapter 2, Se-Pb films were deposited 

from an aqueous solution of 0.0100 M SeO2, 0.0050 M Pb(ClO4)2, and 0.100 M HClO4 by 

biasing the illuminated Au-coated electrode potentiostatically at 0.00 V vs. Ag/AgCl for 

10.00 min at room temperature. For the experiments described in Chapter 3, Se-Cd films 
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were deposited from an aqueous solution of 0.00500 M SeO2, 0.200 M CdSO4, and 0.100 M 

H2SO4 by supplying a current density of j = -0.50 mA cm-2 to the illuminated Au-coated 

electrode at room temperature until a charge of Q = -1.0 C cm-2 had passed. For the 

experiments described in Chapter 4 and Chapter 5, Se-Te films were deposited from an 

aqueous solution of 0.0200 M SeO2, 0.0100 M TeO2, and 2.00 M H2SO4 by supplying a 

current density of j = -8.00 mA cm-2 to the illuminated Au-coated electrode for t0 = 2.00 min 

(charge density of Q0 = 0.96 mC cm-2). For depositions using two sequential, discrete 

illumination inputs, the electrode was transiently floated to open circuit following initial 

deposition as the illumination input was changed, and then deposition was continued with 

the new illumination input by supplying -8.00 mA cm-2 for an additional t1 = 0.50 – 2.00 min 

(additional charge density of Q1 0.24 – 0.96 mC cm-2), unless otherwise noted. For the 

experiments described in Chapter 6, Se-Te films were deposited from an aqueous solution of 

0.0200 M SeO2, 0.0100 M TeO2, and 2.00 M H2SO4 by supplying a biasing the Pt-coated 

electrode potentiostatially at -0.150 V vs. Ag/AgCl for 2.00 min, unless otherwise noted. 

After growth, the electrode was immediately removed from the cell, rinsed with H2O, 

and then dried under a stream of N2(g). The metal-coated substrate with top-facing 

photoelectrodeposit was mechanically separated from the rest of the electrode assembly. The 

nitrocellulose-based insulation and the majority of the Ag paint, and any In-Ga eutectic, were 

then removed mechanically.  

 Deposit Post-Processing 

Electrodes supporting a photoelectrodeposited Se-Pb film were removed from the cell, 

rinsed with H2O, and then dried under a stream of N2(g). Electrodes were then transferred to 
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a single-compartment glass cell and immersed in 0.500 M H2SO4. A three-electrode 

configuration was utilized with a graphite-rod counter electrode and a saturated calomel 

reference electrode (SCE, CH Instruments). The electrode was biased potentiostatically at      

-0.35 V vs. SCE for 5.00 min at room temperature to effect the reductive elimination of Se 

from the films and thereby produce stoichiometric PbSe.  

Electrodes supporting a photoelectrodeposited Se-Cd film were removed from the cell, 

rinsed with H2O, and then dried under a stream of N2(g). Electrodes were transferred to a 

round-bottom glass flask and immersed in CS2(l). The CS2(l) was maintained at the boiling 

point (46° C) under reflux for 15 h to effect the elimination of excess Se from the films and 

thereby produce stoichiometric CdSe.  

Following electro-/chemical treatment, the electrode was removed from solution and 

subsequently rinsed with H2O and dried under a stream of N2(g). The Au-coated substrate 

with top-facing photoelectrodeposit was mechanically separated from the rest of the 

electrode assembly. The nitrocellulose-based insulation and the majority of the Ag paint and 

In-Ga eutectic were then removed mechanically.  

 Film Analysis  

SEMs were obtained with a FEI Nova NanoSEM 450 at an accelerating voltage of 5.00 

kV with a working distance of 5 mm and an in-lens secondary electron detector. Micrographs 

obtained for quantitative analysis were acquired with a resolution of 172 pixels µm-1 over ~ 
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120 µm2 areas. Micrographs that were used to produce display figures were acquired with a 

resolution of 344 pixels µm-1 over ~ 2 µm2 areas. 

AFMs were collected with a Dimension Icon Atomic Force Microscope (Bruker Nano 

Surfaces) using ScanAsyst-Air probes (Bruker AFM Probes). Micrographs were collected 

with a resolution of 342 pixels µm-1 over ~ 1 µm2 areas. 

EDX spectroscopy was performed in the SEM using an accelerating voltage of 15.00 

kV with a working distance of 5 mm. An Oxford Instruments X-Max Si drift detector was 

utilized. Spectra were collected in the range of 0 to 10 keV and quantitative film 

compositions were derived from these spectra using the “INCA” software package (Oxford 

Instruments). 

GIXRD was performed using a Bruker D8 Discover diffractometer with a Cu Kα source 

and a two-dimensional Vantec detector. The X-rays were directed at a grazing angle ω = 0.3° 

above the plane of the sample surface and the detector was swept throughout the entire 2θ 

range. 

 Simulation of Film Growth  

The growths of the photoelectrochemically deposited films were simulated with an 

iterative growth model in which electromagnetic simulations were first used to calculate the 

local photocarrier-generation rates at the film surface. Then, mass addition was simulated via 

a Monte Carlo method wherein the local photocarrier-generation rate weighted the local rate 

of mass addition along the film surface. 

Growth simulations began with a bare, semi-infinite planar substrate. In the first step, 

the light-absorption profile under a linearly polarized, plane-wave illumination source was 



 

 

88 

calculated using full-wave finite-difference time-domain (FDTD) simulations (“FDTD 

Solutions” software package, Lumerical) with periodic boundary conditions along the 

substrate interface. In the second step, a Monte Carlo simulation was performed in which an 

amount of mass, equaling that of a 15 nm (for the simulations presented in Chapter 2, Chapter 

3, and Chapter 6) or 5 nm (for the simulations presented in Chapter 4 and Chapter 5) planar 

layer covering the simulation area, was added to the upper surface of the structure with a 

probability F:  

  (Equation 1), 

where G is the spatially dependent photocarrier-generation rate at the deposit/solution 

interface, xi is the fraction of ith nearest neighbors occupied in the cubic lattice, and ri is the 

distance to the ith nearest neighbor. The multiplicative sum in the definition of this probability 

(Equation 1) serves to reduce the surface roughness of the film so as to mimic the 

experimentally observed surface roughness. After the initial Monte Carlo simulation, the 

absorbance of the new, structured film was then calculated in the same manner as for the 

initial planar film, and an additional Monte Carlo simulation of mass addition was performed. 

For the simulations presented in Chapter 2 and Chapter 3, this process was repeated for a 

total of 18 iterations. For the simulations presented in Chapter 4 and Chapter 5, this process 

was repeated until the simulated morphologies achieved heights equivalent to those exhibited 

by the experimentally generated deposits. For the three-dimensional simulations presented 

in Chapter 6, this process was repeated for a total of 30 iterations. For the two-dimensional 

simulations presented in Chapter 6, this process was repeated until the simulated 
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morphologies achieved height equivalent to those exhibited by the experimentally generated 

deposits. To model growth using two sequential, discrete illumination inputs, the 

computational process was also first iterated using the initial illumination input until the 

simulated morphology heights were equivalent to those exhibited by the experimentally 

generated deposits using that initial input. Then, the simulated illumination was updated to 

represent the new optical input, and the computational process was further iterated until the 

simulated morphologies achieved heights equivalent to those exhibited by the experimentally 

generated deposits for growth with sequential, discrete illumination inputs.  

A value of n = 1.33 was used as the refractive index of the electrolyte, regardless of 

wavelength.138 Previously measured values of the wavelength-dependent complex refractive 

index of Se-Te were utilized.48 Simulations were performed using illumination inputs with 

λavg values and intensities matching those used experimentally (see Section 7.4). The E-field 

vector of the illumination was oriented parallel to the substrate. A cubic mesh with a lattice 

constant of 10 nm and 7 nm was used for discretization for the simulations presented in 

Chapter 2 and Chapter 3, respectively. A square mesh with a lattice constant of 5 nm was 

used for the simulations presented in Chapter 4 and Chapter 5 and for the two-dimensional 

simulations presented in Chapter 6.  For the three-dimensional simulations presented in 

Chapter 6, a cubic mesh with a lattice constant of 7 nm was used for simulations with λavg = 

366 nm and λavg = 454 nm; a cubic mesh with a lattice constant of 10 nm was used for 

simulation with λavg = 501 nm.   
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 Simulation of Field Amplitude for Dipole Emitters 

The time-averaged E-field amplitude resulting from two coherent dipole sources was 

calculated using two-dimensional FDTD simulations (“FDTD Solutions” software package, 

Lumerical). A square simulation plane was utilized. Dipoles were arranged with a separation 

of twice the emission wavelength and the oscillation axis was set perpendicular to the 

separation axis.  

 Simulation of Field Amplitude for Idealized Structures 

Two-dimensional FDTD simulations (“FDTD Solutions” software package, 

Lumerical) were used to calculate the time-averaged E-field magnitude for illumination of 

idealized photoelectrodeposited structures. Structures were designed with dimensions 

derived from experimental data. The E-field vector of the illumination was oriented parallel 

to the substrate. A square simulation mesh was used with a lattice constant of 2 nm. Perfectly 

matched layer boundary conditions were imposed in the direction parallel to the propagation 

direction whereas periodic boundary conditions were imposed in the perpendicular direction. 
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