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ABSTRACT 

Palm trees exhibit phototropic growth wherein physical extension of the plant guides the crown 

towards the time-averaged position of the sun to maximize solar harvesting. In analogous 

fashion, the directed growth and resultant nanoscale morphology of an evolving inorganic 

semiconductor deposit can be precisely defined in three-dimensional space using incoherent, 

uncorrelated light with spatially-invariant intensity. Maskless, photo-driven electrochemical 

deposition of semiconductor films generates highly ordered, periodic mesostructures with 

anisotropic, nanoscale features conformally over macroscale areas. This inorganic phototropic 

growth process does not utilize any physical nor chemical templating agents. Rather, as with 

natural phototropism, wherein the morphological phenotype expressed by an organism is a 

function of the light available in the habitat during growth, the precise mesostructures are set by 

the deposition illumination. Structural complexity and anisotropy result as consequences of 

inherent asymmetry in the light-material interactions during growth. Here, the morphological 

outcomes defined by specific illumination inputs are explored and the microscopic optical 

phenomena underpinning this physical recording of light information is interrogated via both 

experimental and computational methodologies.    
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C h a p t e r  1  

INTRODUCTION 

1.1 Background 

Photochemical transformations present utility in synthetic chemistry as such 

mechanisms are highly specific and thus can provide control over the generated products.1 

Photons are extremely versatile synthetic reagents. Defining the photon wavelength 

determines what reactions will be promoted and defining the intensity determines the rate, 

and over time, the extent, of  those reactions. Spatial confinement of  photo-driven chemical 

reactions using structured illumination is the basis for several mesoscale pattern design and 

structure growth techniques. Photolithography, a technique used extensively to generate 

patterned materials and specifically in the semiconductor industry and in the production of  

integrated circuits,  typically utilizes an optical mask to effect an illumination field with 

spatially-varying intensity to selectively polymerize or decompose a layer of  organic 

photoresist applied to heterogenous substrate defined patterns.2-5 A secondary step, e.g. via 

physical vapor deposition or dry etching, is then typically utilized to realize the pattern defined 

by the mask in the target material. Direct-write techniques can combine patterning and 

material addition or subtraction into a single processing step.6-9 Such direct-writing may be 

accomplished by utilizing scanning laser illumination to locally drive decomposition of  

precursor gas promoting deposition or effect material ablation. In the same manner, pattern 

generation may be achieved via light-directed electrochemical processing of  semiconductor 

substrates. The absorption of  supra-bandgap photons in photoactive semiconductor 

substrates immersed in a metal-ion solution can provide the driving force for deposition of  
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the metal. This effect has been used to generate arbitrarily patterned deposits on the surface 

by utilization of  a photomask or scanning laser illumination.10-14 In such processes, localized 

illumination results in the spatially confined generation of  mobile charge carriers which are 

transported toward the solid/solution interface and drive localized electrochemical deposition. 

In general, photomask methods, as well as direct-write methods based on scanning laser 

illumination, rely on localizing light incidence and thus material addition/subtraction by 

manipulating the incidence of the light rather than capitalizing on inherent light-interaction 

anisotropies in the evolving structures during growth.6-9 Approaches based on the latter 

phenomenon may better realize the potential power of photo-mediated synthesis by capitalizing 

on additional characteristics of the input light field beyond the spatial intensity profile, e.g. the 

wavelength, polarization, and phase. Such methods may simultaneously provide for superior 

accommodation of the generation of subwavelength scale features, exceeding the conventional 

diffraction limit, and relax the requirement for spatially structured illumination.15,16 Linearly 

polarized light can effect photopolymerization and/or photoalignment in liquid crystal systems, 

generating highly anisotropic structures oriented along or perpendicular to the electric field 

vector.17-20 Photoelectrochemical metal deposition on Si micro- and nanowire arrays can effect a 

wavelength-dependent spatial decoration profile.21,22 The photoinduced mass transport of 

photoisomerizable polymers in the immediate vicinity of Au or Ag nanoparticles can generate 

patterns in the subwavelength regime with anisotropy dictated by the light polarization.23-26 A 

well-studied example of light-mediated synthesis that capitalizes on asymmetrical light-matter 

interactions is the plasmon-mediated generation of Ag nanoparticles wherein illumination in the 

presence of Ag seeds and a reducing agent promotes growth of structures with surface plasmon 

resonance wavelengths similar to the illumination wavelength.27,28 This method can generate 
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prisms, plates, rods, and cubes as well as other structures with high monodispersity, and provide 

size tuneability via control of the illumination wavelength.15 Plasmon-mediated growth of 

surface-affixed, triangular Ag nanoparticles during illumination with linearly polarized light 

results in spontaneous anisotropic orientation as well as a consistent size.29 This synthetic process 

is governed by the anisotropies in the light-material interactions resulting from sensitivity to both 

the wavelength and polarization of the illumination, and thus provides for the maskless 

generation of uniform, oriented nanostructures.15  

 

 
 

Figure 1.1. Phototropic growth of palm trees. In the northern 
hemisphere, growth towards the time-averaged solar azimuth 
results in a southern tilt. 

Sunflowers display diurnal motion wherein leaf orientation follows the solar azimuth to 

optimize insolation interception.30 Such motion in response to illumination is known as 

heliotropism and is exhibited by many photosynthetic plants, including cotton and bean, and 

also in the movement of several other organisms including flies and small crustaceans.31-35 

Significant effort has been directed towards the generation of biomimetic photoactuators that 

exhibit heliotropic response for a variety of purposes, including solar tracking for energy 

applications, remote triggering of chemical reactions, and construction of soft robots.36-39 
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Photoresponsive behavior is also demonstrated by palm trees which exhibit growth towards 

the time-averaged position of the sun to maximize solar-harvesting, resulting in a southern tilt 

in the northern hemisphere as the tree morphology responds adaptively to the incident 

illumination; Figure 1.1 presents an image of this growth behavior for palm trees in Pasadena, 

California.40 Growth involving physical extension and material addition in a directional fashion 

in response to illumination is termed phototropism, and this phenomenon guides the growth of 

many photosynthetic species as well as other organisms such as coral.41-43 The morphological 

phenotypes displayed by such organisms thus reflect the light available in the habitat during 

growth.44,45 Herein, a biomimetic process based on responsive phototropic growth of materials 

termed “inorganic phototropic growth” is explored. Inorganic phototropic growth enables 

directed morphology generation via anisotropic material addition towards optical field intensity 

with mesostructural intricacy resulting as a consequence of the asymmetries of the light-material 

interactions intrinsic to the process.  
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1.2 Inorganic Phototropic Growth 

 
 

Figure 1.2. Directional inorganic phototropic growth. Cross-
sectional SEMs representative of photoelectrodeposits 
generated with λavg = 528 nm illumination incident at the 

indicated angle ϟ from the substrate normal. 

Spatially directed, inorganic phototropic growth of  isolated Se-Te deposits can be 

generated in response to manipulation of  the direction of  a spatially conformal, incoherent, 

and unpolarized beam of  light.46 Se-Te has been electrochemically grown via cathodic 

electrodeposition from an aqueous solution of  0.020 M SeO2, 0.010 M TeO2 and 2.00 M 

H2SO4 under illumination on circular Au islands that were lithographically patterned onto an 

n+-Si substrate. The feature size and pitch of  the Au islands were designed to minimize optical 

and electrochemical communication between adjacent regions of  growth. Such isolation 

enabled investigation of  the intrinsic material growth behavior independent of  emergent 

phenomena, including array effects, which may dominate the growth characteristics of  an 

unconstrained, extended film. Figure 1(a) and (b) present representative cross-sectional 

scanning-electron micrographs (SEMs) of  isolated Se-Te deposits generated using a 

narrowband light-emitting diode (LED) source with an intensity-weighted average wavelength, 

λavg, of  528 nm, with the illumination incident at the indicated angle, α, from the surface 

normal. With α = 0° (normal incidence, Figure 1.2(a)), a symmetrical, hemispherical cross-
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section was observed. For α = 60° (Figure 1.2(b)), the deposit cross-section was somewhat 

hemispherical but exhibited marked asymmetry in that greater mass was observed on the side 

of  the incident illumination relative to the opposite side.  

 

 
 

Figure 1.3. Simulated light absorption profiles in a model 
photoelectrodeposit morphology. Modeled using λavg = 528 
illumination incident at the indicated angle α from the substrate 
normal.  

To provide insight into the relation between the material absorption and the observed 

phototropic response, light absorption simulations were performed using full-wave 

electromagnetic simulations. Figure 1.3(a) and (b) presents graphical representations of  the 

light absorption profiles calculated for the model structure using λavg = 528 nm for α = 0 and 

60°. For α = 0° (Figure 3a), the absorption profile was symmetrical and most of  the absorption 

was strongly localized near the growth (solution) interface. With α = 30° (Figure 3b) the 

absorption was also tightly confined near the solution interface but was asymmetrically 

distributed spatially, with greater absorption on the side of  the incident illumination. The 

extent of  asymmetry in the absorption profiles correlated with the morphological anisotropies 

observed experimentally (Figure 1.2). 



 

 

7 

 
 

Figure 1.4. Chronoamperometry data for light-mediated 
cathodic Se-Te electrodeposition. Data acquired using a 
polarization of E = -0.400 V vs. Ag/AgCl (3M) in a solution 
of 0.020 M SeO2, 0.010 M TeO2, 2.00 M H2SO4 with λavg = 
528 nm illumination with a power of P = 14.5 mW cm-2 
shuttered at 0.1 Hz.  

Figure 1.4 presents chronoamperometry data for light-mediated Se-Te 

electrodeposition with shuttered illumination. The deposition current density is observed to 

be significantly higher under illumination than in the dark. This data, along with the light 

absorption simulations (Figure 1.3) indicate that the observed inorganic phototropic growth 

response (Figure 1.2) arises from spatially anisotropic absorption in the growing deposits, 

which in turn promotes locally elevated rates of  electrochemical growth where absorption is 

high, resulting in directional growth.  
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Figure 1.5. Inorganic phototropic growth with an unpatterned 
substrate and unstructured illumination. (a) Top-down SEM 
representative of a Se-Te photoelectrodeposit generated with 
vertically polarized λavg = 955 nm illumination. (b) Same as (a) 
but cleaved along the horizontal axis and acquired in cross-
section.  

Inorganic phototropic growth on unpatterned substrates using incoherent, 

uncorrelated illumination with spatially-invariant intensity can spontaneously generate films 

highly ordered, anisotropic mesostructures with nanoscale features over macroscale areas 

(cm2).47,48  Such structures are formed without the use of  a photomask or any physical or 

chemical templating agents.10,11,49-52 Figure 1.5 presents a representative top-down SEM of  a 

photoelectrodeposit generated via inorganic phototropic growth using vertically polarized  λavg 

= 955 nm illumination from an incoherent LED source. The SEM reveals a highly anisotropic 

lamellar morphology wherein the long axes of  the lamellae are oriented parallel to the 

polarization axis. Figure 1.5(b) presents an analogous SEM to that in Figure 1.5(a) that was 

acquired in cross-sectional view from a sample that had been cleaved along the horizontal axis 

(perpendicular to the direction of  polarization), providing a view down the lamellar axis and 

highlighting the high aspect ratio of  the lamellar features and thus the substantial out-of-plane 

anisotropy of  the photoelectrodeposit. Such template-free mesostructure growth 

demonstrates the capacity of  inorganic phototropic growth to spontaneously generate defined 

nanoarchitectures.  
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Figure 1.6. Schematic summarizing the optically-based 
iterative growth model used to computationally assess 
inorganic phototropic growth. First, full-wave electromagnetic 
simulations using a finite-difference time-domain (FDTD) 
technique are performed to calculate the spatially-dependent 
light absorption profile. This is used to weight the probability 
of mass addition in a Monte Carlo routine. The process is then 
iterated to simulate continued growth.   

Inorganic phototropism has been explored computationally using an optically-based, 

two-step iterative growth model that is graphically summarized in Figure 1.6. First, full-wave 

electromagnetic simulations are performed using a finite-difference time-domain method 

(FDTD) to determine the spatially dependent profile of  light absorption at the growth 

interface. A Monte Carlo method is then used to add mass with a spatial probability weighted 

by the absorption calculated in the initial step. Empirical inputs were minimal and included 

estimates of  the deposit complex refractive index and the electrolyte index.  

 

 
 

Figure 1.7. Simulated morphologies for inorganic phototropic 
growth with an unpatterned substrate and unstructured 
illumination. Se-Te growth modeled using vertically polarized 
λavg = 955 nm illumination in (a) three dimensions and (b) two 
dimensions.  
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Figure 1.7 presents simulated morphologies analogous to the experimental data 

presented in Figure 1.5. Close agreement between the experimental and computational data 

indicates that the empirical structures are principally determined by optical processes as 

opposed to any (electro)chemical or crystallographic bias of  the Se-Te material during 

growth.53-55 Additionally, similar inorganic phototropic growth has been utilized to generate 

structures of  crystalline PbSe and CdSe, and the same optically-based model used to simulate 

Se-Te growth successfully reproduced the morphologies of  these materials with only the same 

set of  limited empirical inputs.56,57 These data demonstrate the generality of  the process and 

suggest that it may be applied to direct the growth of  a wide range of  semiconductor materials. 

With such impetuses we began and now continue to explore the precise manner by which 

specific optical inputs result in precise mesoscale morphologies.58-62  
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1.3 Overview 

 
The following chapters explore the physical translation of  defined optical excitation 

inputs into mesostructured morphological outcomes via inorganic phototropic growth and 

the underlying physical mechanisms. Chapter 2 provides the experimental and computational 

methods utilized in this investigation. Chapter 3 explores the response to the input wavelength 

and spectral distribution. Chapter 4 investigates control using linearly polarized inputs and 

Chapter 5 the expression of  the relative phase and coherence of  such inputs.  
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C h a p t e r  2  

METHODS 

This chapter details the experimental and computational methods utilized to 

generate the data presented and discussed in the following chapters.  

2.1 Materials and Chemicals  

(CH3)2CO (ACS Grade, BDH), CH3OH (ACS Grade, EMD), H2SO4 (ACS 

Reagent, J. T. Baker), HF (49 %, Semiconductor Grade, Puritan Products), In (99.999 

%, Alfa Aesar), Ga (99.999 %, Alfa Aesar), SeO2 (99.4 %, Alfa Aesar), and TeO2 (99+ 

% Sigma-Aldrich) were used as received. H2O with a resistivity ≥ 18.2 MΩ cm 

(Barnstead Nanopure System) was used throughout. n+-Si(111) (0.004 – 0.006 Ω cm, 

As-doped, 400 ± 15 µm, single-side polished, Addison Engineering) was used as a 

substrate for deposition. Flash-Dry Silver Paint (SPI Supplies), Double/Bubble Epoxy 

(Hardman) and nitrocellulose-based nail polish were used to assemble the Si working 

electrodes. 
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2.2 Electrode Preparation  

 
One end of  a Sn-coated Cu wire (22 AWG) was bent to form a small, flat coil 

and the wire was then 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. Square Si wafer sections (ca. 5 mm by 5 mm) were cut and a eutectic 

mixture of  Ga and In was scratched into the unpolished surfaces with a carbide scribe. 

The wire coil was then contacted to the unpolished surface and affixed with Ag paint. 

Nail polish was applied to insulate the unpolished face, as well as the wire-coil contact 

and the exposed wire between the coil and epoxy seal. Immediately before deposition, 

the Si surface of  each electrode was cleaned with either (CH3)2CO alone or sequentially 

with (CH3)2CO, CH3OH, and H2O, and then the Si section of  the electrode was 

immersed in a 49 wt. % solution of  HF(aq) for ~ 10 s, to remove any SiOx present at 

the surface from the Si. The electrode was then rinsed with H2O, and then dried under 

a stream of  N2(g). 
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2.3 Electrode Illumination  

 
Illumination for the majority of  the photoelectrochemical depositions was 

provided by narrowband diode (LED) sources (Thorlabs) with respective intensity-

weighted λavg values and spectral bandwidths (FWHM) of  461 nm and 29 nm 

(M470L2), 630 nm and 18 nm (M625L2 or M625L3), 775 nm and 31 nm (M780L2), 

and 843 nm and 30 nm (M850L3). Additionally, a HeNe laser (Aerotech LSR5P) 

emitting at 632.8 nm in a TEM00 mode with linear polarization, a broadband diode 

(LED, Thorlabs MBB1L3) with a relatively flat intensity profile between 500 and 750 

nm (λavg = 646 nm) and a spectral bandwidth (FWHM) of  280 nm, and an ELH-type 

tungsten-halogen lamp (Phillips 13096) with a λavg value of  640 nm and a spectral 

bandwidth (FWHM) of  420 nm, were also used as light sources. 

The output of  each diode source was collected and collimated with an aspheric 

condenser lens (Ø30 mm, f  = 26.5 mm). The HeNe laser was fitted with a 10x beam 

expander (Melles-Griot) to create a spot that overfilled the working electrode. A 

dichroic film polarizer (Thorlabs LPVISE2X2 or LPNIRE200-B) was used to polarize 

the illumination from all the narrowband diode sources. Illumination from the 

broadband diode and from the tungsten-halogen lamp was polarized using an ultra-

broadband wire-grid polarizer (Thorlabs WP25M-UB). For experiments involving 

simultaneous illumination with two sources with different λavg values, a dichroic filter 

(Edmund Optics #69-900 or #69-219) was utilized to combine the bream outputs. 

Both sources were incident upon a filter surface at an angle of  45 degrees from the 

surface normal, generating coaxial output. Similarly, for experiments involving 

simultaneous illumination with two λavg = 630 nm sources, a polka dot beamsplitter 
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(Thor Labs BPD508-G) was utilized in the same geometry to combine the outputs. 

For experiments involving simultaneous illumination with a λavg = 630 nm source along 

with either a λavg = 461 nm or λavg = 843 nm source, a single polarizer was placed after 

the dichroic filter to ensure that all the light that reached the electrode shared a single 

polarization vector. For experiments involving simultaneous illumination with a λavg = 

630 nm source along with either another λavg = 630 nm source or a λavg = 775 nm 

sources, a polarizer was placed between each source and the appropriate combining 

optic, to enable independent control of  the polarization of  each source. No polarizer 

was used in conjunction with the HeNe laser. For experiments using a series of  

elliptical polarization states, the output from the HeNe laser was directed at normal 

incidence through a zero-order λ/4 plate (Thorlabs WPQ10E-633). The λ/4 plate was 

rotated about the optical axis such that the fast axis of  the plate was oriented at angles 

between 0 and 45° clockwise from the polarization axis of  the laser. The presence of  

the λ/4 plate generated a ϕ = 90° phase angle between the orthogonal components 

of  the laser illumination and provided for the generation of  defined elliptical 

polarization. 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) in the place of  an electrode assembly in 

a photoelectrochemical cell with electrolyte, and measuring the steady-state current 

response of  that Si photodiode. Depositions that utilized a single diode with λavg = 461 

nm or λavg = 646 nm as the illumination source were performed with a light intensity 
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of  25.0 mW cm-2 at the electrode. Depositions with the HeNe laser were performed 

with a light intensity of  10.0 mW cm-2 for the experiment described in Chapter 2 and 

13.7 mW cm-2 for experiments described in Chapter 4. Depositions with the tungsten-

halogen lamp were performed with a light intensity of  50.0 mW cm-2. Depositions 

using a single λavg = 630 nm source were performed with a light intensity of  25.0 mW 

cm-2 for the experiments described in Chapter 2 and 13.7 mW cm-2 for the experiments 

described in Chapters 3 and 4. Depositions utilizing a λavg = 630 nm source in 

conjunction with a λavg = 461 source, another λavg = 630 nm source, a λavg = 775 nm 

source, or a λavg = 843 source, simultaneously were performed with total light 

intensities of  25.0, 13.7, 30.0, and 50.0 mW cm-2, respectively.  
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2.4 Photoelectrochemical Deposition  

 
Photoelectrochemical deposition was performed using a Bio-Logic SP-200 

potentiostat. Deposition was performed in a single-compartment glass cell with either 

a pyrex or quartz window. A three-electrode configuration was utilized with a graphite-

rod counter electrode (99.999 %, Sigma-Aldrich) and a Ag/AgCl reference electrode 

(3 M KCl, Bioanalytical Systems). Films were deposited from an aqueous solution of  

0.0200 M SeO2, 0.0100 M TeO2 and 2.00 M H2SO4. Deposition was effected by biasing 

the illuminated n+-Si electrode potentiostatically at -0.40 V vs. Ag/AgCl for 5.00 min 

at room temperature. After deposition, the electrode was immediately removed from 

the cell, rinsed with H2O, and then dried under a stream of  N2(g). The Si substrate 

with a top-facing Se-Te film was mechanically separated from the rest of  the electrode 

assembly. The nitrocellulose-based insulation, as well as the majority of  the Ag paint 

and In-Ga eutectic, were then removed mechanically. 
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2.5 Scanning-Electron Microscopy  

 
Scanning-electron micrographs (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 ca. 120 µm2 areas. 

Micrographs utilized to produce display figures were acquired with a resolution of  344 

pixels µm-1 over ca. 8 µm2 areas. 
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2.6 Iterative Growth Modeling  

 
The growths of  the photoelectrochemically deposited films were simulated 

with an iterative growth model wherein 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 Si substrate. In the 

first step, the light-absorption profile under a linearly polarized, plane-wave illumination 

source was calculated using full-wave finite-difference time-domain (FDTD) simulations 

(“FDTD Solutions” software package, Lumerical) with perfectly matched layer 

boundary conditions imposed in the direction normal to the substrate and periodic 

boundary conditions imposed in the orthogonal direction(s). In the second step, a Monte 

Carlo simulation was performed in which an amount of mass, equaling that of a 10 nm 

(for simulations presented in Chapters 2 and 4) or 15 nm (for the simulations presented 

in Chapter 3) planar layer that covered the simulation area, was added to the upper 

surface of the structure with a probability F:  


=
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i   (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 
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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. This process of absorbance calculation and mass addition was 

repeated for a total of 30 iterations for the simulations described in Chapters 2 and 3 

and for 20 iterations for the simulation described in Chapter 4.  

A value of n = 1.33 was used for the refractive index of the electrolyte regardless 

of wavelength.63 Previously measured values of the complex index of refraction for Se-

Te were utilized.47 Illumination intensities identical to those used experimentally (see 

above) were used in the simulations. The electric field vector of the illumination was 

oriented parallel to the substrate. 
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2.7 Simulation of Field Amplitude Resulting from Dipole Emitters  

 
The time-averaged field amplitude resulting from two coherent dipole sources 

was calculated using two-dimensional FDTD simulations (“FDTD Solutions” software 

package, Lumerical). For simulations representing two illumination sources with 

different polarizations, the field amplitude profile was rotated about the simulation 

center and summed with the original field amplitude. A two-dimensional square 

simulation mesh with a lattice constant of 14 nm was used. 
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2.8 Simulation of Absorption in Idealized Structures 

 
Three-dimensional FDTD simulations (“FDTD Solutions” software package, 

Lumerical) were used to calculate the normalized absorption profile of  two 

intersecting idealized lamellar structures. A three-dimensional cubic simulation mesh 

with a lattice constant of  2 nm was used. The idealized structure, from bottom to top, 

consisted of  a semi-infinite Si substrate, a 100 nm conformal Se-Te layer, and two Se-

Te lamellae with hemispherical upper boundaries. The lamellae were either 200 nm or 

400 nm tall as indicated in Chapter 4, as measured from the upper boundary of  the 

conformal layer. 
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C h a p t e r  3  

SELF-OPTIMIZING PHOTOELECTROCHEMICAL GROWTH OF 
NANOPATTERNED SE-TE FILMS IN RESPONSE TO THE 

SPECTRAL DISTRIBUTION OF INCIDENT ILLUMINATION 

Carim, A. I.; Batara, N. A.; Premkumar, A.; Atwater, H. A.; Lewis, N. S. Nano Letters, 
2015, 15, 7071-7076. DOI: 10.1021/acs.nanolett.5b03137 

 
3.1 Introduction 

 
In this chapter, we describe the relationship between the morphologies of  

photoelectrodeposited Se-Te films and the spectral profiles of  the illumination utilized 

during the growth of  the films. Deposition was performed in the presence of  an array 

of  narrowband, broadband, and multi-modal illumination profiles, respectively, to 

determine the morphology produced by changes in the properties of  the optical 

excitation. Fourier analysis was utilized to provide a quantitative description of  the 

patterns, and the patterns were accurately reproduced by computational modeling and 

simulation of  the light-material interactions during growth of  the films.  
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3.2 Results and Discussion 

 

 
 

Figure 3.1. Effect of the spectral bandwidth of 
vertically polarized illumination sources on the 
morphology of photoelectrodeposited Se-Te films. 
(a)-(d) Spectral profiles for indicated sources. (e)-(h) 
Corresponding scanning electron micrographs 
representative of the resulting photoelectrodeposited 
films.  

Se-Te photoelectrodeposits produced by illumination with polarized, 

narrowband coherent or incoherent light between 450 <  < 950 nm form lamellae 

that are aligned along the optical polarization direction, with a periodicity proportional 

to the incident optical wavelength. Figure 3.1(a)-(d) presents spectral profiles of  four 

light sources that had very similar intensity-weighted average wavelengths (λavg) but had 

very different spectral bandwidths: a HeNe laser with λavg = 633 nm and a bandwidth 

(full-width at half-max, FWHM) << 1 nm; a narrowband light-emitting diode (LED) 

with λavg = 630 nm and FWHM = 18 nm; a broadband LED with λavg = 646 nm and 

FWHM = 283 nm; and a tungsten-halogen lamp with λavg = 640 and FWHM = 420 
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nm. Figure 3.1(e)-(h) presents representative scanning-electron micrographs (SEMs) 

of  photoelectrodeposits generated by the potentiostatic electrochemical reduction of  

SeO2 and TeO2 under illumination with each separate, vertically polarized light source. 

The Se-Te films exhibited mutually similar morphologies regardless of  which 

illumination source was utilized (Figure 3.1). These morphologies are similar to ripple 

patterns that are generated using laser surface processing, known as laser-induced 

periodic surface structures (LIPSS).64-66 However, formation of  LIPSS requires 

coherent, highly monochromatic, and extremely intense (typically at kW cm-2 or MW 

cm-2 scales) laser excitation, whereas none of  the illumination sources utilized in this 

investigation had all of  these qualities.67,68 Moreover, the broadband LED and halogen 

lamps produced light that was incoherent and highly polychromatic, with intensities 

on the order of  mW cm-2. Thus, it is apparent that a distinct mechanism must control 

the pattern formation in the system considered herein.  
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Figure 3.2. Fourier analysis of film morphologies 
generated with narrowband and broadband spectral 
distributions yielding a similar intensity-averaged 
wavelength. (a) and (b) Representative 2D Fourier 
transforms generated from SEMs of the films 
photoelectrodeposited using the indicated sources. 
(c) Fourier spectra generated by integrating the 
grayscale intensity along a narrow band starting at the 
center and extending out along the horizontal axis of 
the Fourier images presented in (a) and (b).  

Figure 3.2(a) and (b) present two-dimensional Fourier transforms (2D FTs) of  

the SEM data of  the photoelectrodeposited films using the HeNe laser and the 

tungsten-halogen lamp, respectively. A bright spot in a 2D FT corresponds to a 

periodic component in the SEM from which the 2D FT was derived. Moreover, in a 

2D FT, the distance of  any spot from the center indicates the frequency of  the 

component, and the relative location indicates the direction of  the periodicity. Thus 

the spots along the horizontal axes in Figure 3.2(a) and (b) are indicative of  horizontal 

periodicity in the SEMs of  the deposit morphologies. The similarity between the 2D 

FTs suggests that similar periodicities of  the lamellar morphologies were generated 

with both the laser and the lamp. By integrating the grayscale intensity along a narrow 

band starting at the center and extending out along the horizontal axis of  the 2D FT, 

a Fourier spectrum was generated to enable quantitative analysis of  the data. Figure 

3.2(c) presents Fourier spectra corresponding to the 2D FTs in Figure 3.2(a) and (b). 
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The extremely close agreement between the Fourier spectra describing the 

morphologies generated with the laser and lamp indicates a very similar periodic nature 

of  these two morphologies despite a difference of  several orders of  magnitude 

between the bandwidths of  the two sources.  

The inverse of  the lowest frequency maximum in each Fourier spectrum was 

equal to the lamellar periodicity (i.e. distance between identical points on two 

neighboring lamellae). The higher frequency maxima were integral multiples of  the 

lowest maximum, and thus simply represent overtones of  a fundamental frequency. 

The presence of  overtones at higher frequencies is expected because the shapes of  

the lamellae are not perfectly described by a single sinusoidal function. The lack of  any 

other components beyond a singular set of  harmonics suggests that each morphology 

can be well-described by a single period. Thus despite the broadband source providing 

photons with widely differing excitation wavelengths, only a singular morphological 

periodicity was produced, exactly as is observed when a single periodicity results from 

a laser source that instead provides photons having only an extremely narrow 

distribution of  wavelengths. Quantitatively, the real-space lamellar periodicity 

determined from the Fourier spectra was 245 ± 4 nm for deposits generated with the 

laser and 250 ± 3 nm for the lamp based on at least 5 independent measurements of  

each type of  sample. Similar analysis of  the deposits generated with LED sources 

resulted in a value of  244 ± 4 nm for the narrowband LED and 252 ± 8 nm for the 

broadband LED, again based on at least 5 independent measurements of  each type of  

sample. 
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Figure 3.3. Effect of simultaneous illumination with 
two discrete narrowband sources on the morphology 
of the photoelectrodeposited Se-Te films. (a) Spectral 
profile of the illumination resulting from the 
combination of two narrowband LED sources with 
λavg values of 461 nm and 630 nm (at an arbitrary 
intensity ratio). (b)-(d) SEMs representative of the 
photoelectrodeposits resulting from illumination 
with a similar spectral profile as in (a) with the 
indicated intensity ratio between the two sources. (e)-
(h) Same as (a)-(d), but with a source with a λavg value 
of 843 nm rather than 461 nm.  

Collectively, the results obtained with the sources of  varying bandwidths 

indicate that the lamellar periodicity is determined by an effective average source 

wavelength. This concept was investigated further by performing the 

photoelectrodeposition with spectral profiles that produced an intensity-weighted 

average spectral wavelength at a value at which the source had no actual intensity. Such 

profiles were obtained by simultaneously illuminating the sample with two narrowband 

LED sources. Figure 3.3(a) presents the spectral profile that resulted from illumination 
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with a narrowband LED with λavg = 630 nm in conjunction with illumination from 

another narrowband LED having λavg = 461 nm. Figure 3.3(b) presents a SEM of  a 

deposit generated with only 461 nm illumination and Figure 3.3(c) and (d) presents 

SEMs of  deposits generated with simultaneous illumination at 461 nm and 630 nm, 

as a function of  the fraction of  the total delivered intensity that was provided by each 

narrowband light source. The SEMs observed from a deposit generated using 461 nm 

illumination displayed a smaller lamellar periodicity than was observed for the 

corresponding deposit grown using 630 nm illumination. Deposits generated using 

illumination with both wavelengths appeared to display intermediate periodicities. 

Figure 3.3(e)-(f) presents analogous data, but with an LED having λavg = 843 nm rather 

than 461 nm. As noted in the experiment using 461 nm and 630 nm sources, the 

deposition under illumination with the longer wavelength source alone generated what 

appeared to be the largest periodicity, while deposits formed under illumination by 

both sources simultaneously resulted in lamellar periods intermediate between those 

observed for deposition with either source alone.  
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Figure 3.4. Fourier analysis of film morphologies 
generated with single and multimodal spectral 
distributions. Representative 2D Fourier transforms 
of SEMs of photoelectrodeposits generated using (a) 
a single narrowband source with a λavg value of 461 
nm, (b) two narrowband sources with λavg values of 
461 nm and 630 nm, and (c) a single narrowband 
source with a λavg value of 630 nm. (c) Fourier spectra 
generated by integrating the grayscale intensity along 
a narrow band starting at the center and extending 
out along the horizontal axis of the Fourier images 
presented in (a)-(c).  

Fourier analysis was also used to analyze the periodicity of  the patterns in the 

photoelectrodeposits grown using simultaneous illumination from two narrowband 

sources. Figure 3.4(a)-(c) presents 2D FTs of  SEMs of  deposits generated with 

illumination provided by the 461 nm source alone, the 461 and 630 nm sources 

together, and the 630 nm source alone. Each 2D FT displayed discrete bright spots 

along the horizontal axis, and the spacing of  these spots was the greatest in the 2D FT 

of  the 461 nm sample and smallest in the 2D FT of  the 630 nm sample. The spacing 

in the 2D FT of  the dual-wavelength sample was intermediate between the spacings 

for the 461 nm and 630 nm samples. In all three cases, the corresponding Fourier 

spectra generated from integration of  these three 2D FTs revealed that the only 

observable components were a fundamental mode and corresponding overtones. 
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Figure 3.4(d) presents the corresponding Fourier spectra in the region of  the 

fundamental. The fundamental peak in each spectrum was centered at a different value 

along the abscissa, and the center of  the dual-wavelength peak was intermediate 

between the centers of  both related single-wavelength peaks. Thus, under the 

conditions investigated, photoelectrochemical growth with two discrete narrowband 

sources resulted in a deposit that had only a single characteristic morphological period, 

and had no detectable beat frequencies in contrast to expectations based on simple 

interference.  
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Figure 3.5. Photoelectrodeposit lamellar period as a 
function of the fraction of the total, two-source 
intensity provided by a 630 nm source utilized during 
growth.  

Figure 3.5(a) presents a plot of  the lamellar period derived from the 2D FTs 

of  SEMs of  photoelectrodeposits generated with simultaneous illumination at 461 nm 

and 630 nm as a function of  the source composition. Figure 3.5(b) presents analogous 

data characteristic of  photoelectrodeposits generated with 630 nm and 843 nm 

illumination. In both cases, the lamellar periods observed for photoelectrodeposits 

generated using simultaneous illumination with two different wavelengths were 

intermediate between those observed for photoelectrodeposits generated with either 
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one of  the two constituent wavelengths alone. Also, in both cases, the lamellar period 

scaled monotonically between these limits as a function of  source composition, in an 

inverse logistic-like curve. Such behavior has several implications. First, by utilization 

of  two sources with differing wavelengths, a structure with any period between the 

limits defined by the periods observed for growth with either source alone can be 

generated simply by varying the relative intensity of  the two sources. Second, under 

such conditions, the growth is sensitive to the characteristics of  both sources, because 

the lamellar period reflected the engineered spectral profile of  the illumination under 

every condition investigated. In fact, near the extremes of  the source composition, 

wherein one source supplied the majority of  the intensity, the lamellar period was 

generally the most sensitive to a change in source composition.  
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Figure 3.6. Computational growth modeling data 
representative of photoelectrodeposited Se-Te film 
morphologies generated using simultaneous 
illumination with two discrete narrowband sources. 
(a)-(e)  2D simulations of photoelectrodeposits 
generated with indicated illumination source(s). (f) 
and (g) Plots of lamellar period of the experimental 
and simulated photoelectrodeposit morphologies as 
a function of the fraction of the total, two-source 
intensity provided by a 630 nm source utilized during 
growth/modeling. 

Modeling of  the photoelectrochemical growth process was performed to 

determine if  the morphologies observed for films generated using simultaneous 

illumination with narrowband sources evolved as a result of  the fundamental light-

matter interactions that occurred during the deposition. The two-step, iterative model 
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described in Chapter 1 was utilized wherein electromagnetic simulations were first used 

to calculate the local photocarrier-generation rates at the electrode/solution interface 

and then electrochemical addition of  mass was simulated via a Monte Carlo method 

that utilized the local photocarrier-generation rate to weight the local probabilities of  

mass. Figure 3.6(a), (b), and (c), respectively, present 2D simulations (cross-sectional 

view) of  the morphologies of  photoelectrodeposits generated using illumination at 

630 nm, 461 nm, and 843 nm alone. The morphological periodicity in each presented 

simulation was in good agreement with that observed experimentally (Figure 3.1(f), 

Figure 3.3(b) and (f)). Figure 3.6(d) and (e) present 2D simulations of  the 

morphologies of  photoelectrodeposits generated with illumination at 630 nm 

simultaneously with illumination at either 461 nm or 843 nm, respectively. In both 

cases, the simulated morphologies displayed periodicities that were intermediate 

between those observed in the simulations of  morphologies generated under 

illumination with either of  two sources alone. Moreover, the simulated morphologies 

were in good agreement with those observed experimentally (Figure 3.3(d) and (h)). 

Thus, the modeling and simulation agreed qualitatively with the experimental data.  

The lamellar period in the simulated structures was derived from FT analysis, 

in an analogous fashion to analysis of  the structures that were observed experimentally 

(Figure 3.2). Figure 3.6(f) presents the lamellar period of  the morphologies of  the 

simulated photoelectrodeposits, as well as the corresponding experimental 

morphologies, for growth under simultaneous illumination with 461 nm and 630 nm 

sources as a function of  source composition. Figure 3.6(g) presents analogous data 

characteristic of  simulations and photoelectrodeposits that were obtained by 
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simultaneous use of  630 nm and 843 nm illumination. The experimental and simulated 

values of  the lamellar period matched quantitatively in both cases. Such quantitative 

agreement between the model and experiment indicates that any arbitrary illumination 

profile during growth encodes for a singular lamellar period. Additionally, the specific 

period appears spontaneously in the photoelectrodeposit due only to the interactions 

between the illumination and the evolving deposit during growth. 

The generation of  the highly anisotropic, periodic lamellar pattern is directly 

the result of  highly differing rates of  mass addition along the film surface. Specifically, 

to perpetuate the morphological asymmetry, the local growth rate must be greatest at 

the tip of  the lamellar surface. Light absorption provides the driving force in the 

modeling for photoelectrochemical deposition, hence the success of  the iterative 

growth model in reproducing the observations indicates that generation of  the 

periodic lamellar pattern requires the absorption of  light to be greatest in the tips of  

the lamellar structure and less than maximal in areas other than the tips of  the 

structure. The experimental results and growth model also collectively indicated that a 

lamellar pattern having a single periodicity is always formed under the conditions 

investigated, regardless of  the spectral profile of  the illumination. Collectively, the 

experiments and simulations suggest that for a given illumination profile, the 

photoelectrodeposition process spontaneously self-selects the lamellar period that will 

maximize light absorption at the tips of  the lamellar structures. A set of  light-

absorption simulations were performed considering an idealized lamellar structure to 

verify that the experimentally observed periods were those that maximized the 

anisotropy of  the light absorption.  
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Figure 3.7. Computational analysis of light 
absorption anisotropy in idealized lamellar structures 
under simultaneous illumination with two discrete 
narrowband sources. (a) Diagram of the simulation 
area containing an idealized lamellar structure utilized 
for calculations of the spatial concentration of light 
absorption. The lamella was divided into top and 
bottom segments at the height at which the surface 

normal of the tip (n̂) was at an angle θ = 45 degrees 
from the horizontal. Plane-wave illumination was 
incident from the top of the structure, with a 
propagation oriented normal to the substrate. (b) 
Plots of figure of merit, Ξ, or light absorption in the 
top surface of the idealized structure normalized by 
that in the bottom, as a function of lamellar period 
for simultaneous illumination at 461 nm and 630 nm 
with the indicated source composition. (c) Plot of the 
experimentally observed lamellar period and the 
lamellar period which maximized Ξ as a function of 
the fraction of the total intensity provided by the 630 
nm source utilized during growth/modeling. (d) and 
(e) Same as (c) but based on simulations utilizing a 
finer discretization of the lamellar structure. 
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Figure 3.7(a) provides a schematic for the simulation area that contained the 

idealized structure, consisting of a 400 nm tall lamella that had a hemispherical upper 

bound atop a 100 nm conformal layer of the electrodeposit. The width of structures in 

the simulations was set as the product of the lamellar period and the empirically derived 

filling fraction for the illumination condition under analysis (quantified by contrast-

thresholding the same SEMs utilized for Fourier analysis). The illumination was 

simulated to be incident with a propagation vector parallel to the lamellar tip. Periodic 

boundary conditions were used to simulate an array of lamellae. The structure was 

considered as two segments, “top” and “bottom”, with the boundary between the two 

segments located at the height at which the surface normal of the tip was 45 degrees 

from horizontal. A figure of merit, Ξ, was defined as the ratio of absorbed photons in 

the interfacial region of the top versus that of the bottom. A figure of merit, Ξ, was 

defined as the ratio of number of absorbed photons at the top solid/solution interface 

to the number of absorbed photons at the bottom solid/solution interface. The value 

of Ξ was thus proportional to the degree of light concentration in the top of the lamellar 

structure. Calculation of Ξ was limited to photons that were absorbed within 10 nm of 

the interface. 

For a given illumination profile, Ξ was calculated over a series of lamellar periods 

ranging from 100 to 400 nm. Figure 3.7(b) illustrates the dependence of Ξ on the 

lamellar period for simultaneous illumination at 461 nm and 630 nm with several 

experimentally investigated source compositions. Each Ξ-curve had a single maximum, 

which shifted to a larger value of the lamellar period for illumination profiles as the 630 

nm content of the illumination increased. Figure 3.7(c) presents a plot of the lamellar 
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period at Ξmax for simulations involving simultaneous illumination at 461 nm and 630 

nm, as a function of the source composition. The experimentally observed values are 

also presented in Figure 3.7(c). The stair-step shape of the Ξ-derived curve is an artifact 

that arose because the simulations considered the structure as many finite, but 

insufficiently small, units. Identical simulations that instead involved smaller units 

exceeded the available computational resources. Nevertheless, the values of the lamellar 

period that maximized Ξ matched semi-quantitatively with the analogous experimental 

values. To accommodate computational limitations while improving the accuracy of the 

model, Ξ was recalculated with simulations that utilized a finer discretization of the 

structure, but only was performed in a narrow range of lamellar periods near the 

previously observed maxima (using the coarser discretization), for every experimentally 

investigated source composition. Figure 3.7(d) presents the derived plot of the lamellar 

period at the new values of Ξmax, along with the related experimental data. Figure 3.7(e) 

presents an analogous plot for simultaneous illumination with 630 nm and 843 nm. The 

lamellar periods that maximized Ξ followed the same trend with respect to source 

composition as the experimentally measured periods, and the two sets of values matched 

essentially quantitatively. The agreement between the experimental data and the 

simulations indicates that the observed photoelectrochemical growth spontaneously 

optimized the lamellar period in a way that maximized the anisotropy of the light 

absorption.  
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3.3 Conclusions 

 
In summary, under the conditions investigated, photoelectrochemical 

deposition utilizing linearly polarized illumination has been shown to result 

spontaneously in an ordered nanoscale lamellar morphology, regardless of  the 

wavelength distribution of  the illumination source. Fourier analysis demonstrated that 

this morphology was consistently described by only a single periodicity. Utilization of  

several illumination profiles with different bandwidths but having a common intensity-

weighted average wavelength resulted in structures that had a mutually common, 

singular periodicity. Similarly, illumination profiles that consisted of  two narrowband 

sources generated structures that had singular periodicities which were a function of  

the relative contribution of  each source to the total illumination intensity. Simulation 

of  the growth process with such illumination spectral profiles showed that this 

phenomenon could be described by considering only the fundamental light-matter 

interactions that govern the photoelectrochemical growth process. Further simulations 

of  light absorption under the same illumination profiles indicated that the 

photoelectrodeposition process is consistent with a self-optimization process that 

maximizes the anisotropy of  light absorption in the structure along the growth front.  
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C h a p t e r  4  

POLARIZATION CONTROL OF MORPHOLOGICAL PATTERN 
ORIENTATION DURING LIGHT-MEDIATED SYNTHESIS OF 

NANOSTRUCTURED SE-TE FILMS 

Carim, A. I.; Batara, N. A.; Premkumar A.; Atwater, H. A.; Lewis, N. S. ACS Nano, 2016, 
10, 102-111. DOI: 10.1021/acsnano.5b05119 

 
4.1 Introduction 

 
In this chapter, we investigate the patterns generated in photoelectrochemically 

grown Se-Te films utilizing two light sources with unique linear polarizations to 

understand the material growth response to the tailored excitation, as well as to identify 

strategies for obtaining morphology control and for generating three-dimensional 

morphological complexity. Films were generated using two same-wavelength sources 

with an array of  polarization vector pairs as well as intensity ratios, and with two 

orthogonally polarized different-wavelength sources that had a series of  intensity 

ratios. Computational modeling of  the light-material interactions during 

photoelectrochemical growth successfully reproduced experimentally observed 

morphologies. Additional modeling of  light scattering at the active film-solution 

interface, as well as simulations of  light absorption idealized lamellar arrays, were also 

performed to understand the emergence of  the morphologies generated using two 

discrete linear polarizations of  light to drive film growth.
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4.2 Results and Discussion 

 
 

Figure 4.1. Effect of illumination source polarization 
on orientation of photoelectrodeposit morphology. 
SEMs representative of photoelectrodeposits 
generated with λavg = 630 nm illumination polarized 
(a) vertically and (b) horizontally. 

 Figure 4.1 presents representative SEMs of  Se-Te photoelectrodeposits 

generated using illumination with a narrowband LED with λavg = 630 nm polarized 

vertically (a) and horizontally (b). In both cases, a highly anisotropic, lamellar-type 

morphology was observed. The long axis of  the lamellar structures was oriented 

parallel to the polarization of  the illumination; hence, vertical polarization resulted in 

vertically oriented lamellae whereas horizontal polarization yielded horizontally 

oriented lamellae.  
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Figure 4.2. Orientation of photoelectrodeposit 
morphologies generated using two same-wavelength 
sources with differing linear polarizations. (a)-(c) 
SEMs representative of photoelectrodeposits 
generated using two λavg = 630 nm sources with equal 
intensity, the first source polarized vertically (θ0 = 0 
°) and the second at the indicated rotation (θ1) 
clockwise from the vertical. (d) Plot of the rotation of 
the orientation of the long axis of the pattern (θobs) 
measured clockwise from the vertical as a function of 
θ1. (e)-(g) SEMs representative of 
photoelectrodeposits generated using two λavg = 630 
nm sources, each with a fixed linear polarization (the 
first polarized vertically, the second offset θ1 = 50 ° 
clockwise from the vertical) with the indicated 
fraction of the total intensity supplied by the second 
source [I1 / (I0 + I1)]. (h) Plot of θobs as a function of 
the fraction of the total intensity supplied by the 
second source.  

Figure 4.2(a)-(c) presents SEMs representative of  photoelectrodeposits 

generated using two equal intensity LED sources with λavg = 630 nm. One source was 

polarized vertically and the polarization of  the second source was offset clockwise 

from the vertical by θ1 =  20 ° (a), 40 ° (b), or 60 ° (c). In each case, a lamellar pattern 
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was observed that was similar to the pattern produced when only a single source was 

utilized. The long axis of  the lamellar structures rotated clockwise away from the 

vertical in each case, and the magnitude of  this rotation (θobs) increased with increasing 

values of  θ1. For θ1 =  20 °, 40 °, and 60 °, values of  θobs of  8 ± 1 °, 17 ± 2 °, and 28 

± 5 °, respectively, were measured. Figure 4.2(d) presents a plot of  the observed 

magnitude of  the pattern rotation from the vertical (θobs) as a function of  θ1. The trend 

was well-fit by a line of  the form θobs = 0.5 • θ1 - 1. Figure 4.2(e)-(g) presents SEMs 

representative of  photoelectrodeposits that were generated in a manner similar to 

those presented in Figure 4.2(a). Here, θ1 was fixed to a value of  50 °, and the ratio of  

the intensity of  this second source to the total intensity, [I1 / (I0 + I1)], was adjusted to 

0.20 (e), 0.50 (f), and 0.80 (g), respectively. Again, the long axes of  the lamellar 

structures were rotated clockwise away from the vertical in each case, and the 

magnitude of  this rotation (θobs) increased with increasing values of  the quantity I1 / 

(I0 + I1). For I1 / (I0 + I1) =  0.20, 0.50, and 0.80, values of  θobs of  10 ± 1 °, 23 ± 5 °, 

and 38 ± 3 °, respectively, were observed. Figure 4.2(h) presents a plot of  θobs as a 

function of  the quantity I1 / (I0 + I1). The trend was well-fit by a line of  the form θobs 

= 0.5 • I1 / (I0 + I1) - 1. 
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Figure 4.3. Photoelectrodeposit morphologies 
generated using orthogonally polarized same-
wavelength sources. (a)-(c) SEMs representative of 
photoelectrodeposits generated using two λavg = 630 
nm sources, one polarized vertically and the other 
horizontally, with the indicated intensity ratio 
between the horizontally and vertically polarized 
sources (I1/I0).  

 Figure 4.3 presents SEMs representative of  photoelectrodeposits that were 

generated using two LED sources with λavg = 630 nm, with one source polarized 

vertically with intensity I0 and the other polarized horizontally with intensity I1, wherein 

I0 ≠ I1. The intensity ratio between the horizontally polarized source and the vertically 

polarized source (I1 / I0) was 1.50 (a), 2.00 (b), and 4.00 (c). In (a), a square mesh 

morphology was observed in which a lamellar pattern was produced with the long axes 

of  the lamellae running horizontally, superimposed over another similar pattern in 

which the long axes of  the lamellae ran vertically. The contrast in the SEM suggests 

that the vertically aligned lamellae were shorter (darker) than those running 

horizontally. The pattern in (b) is similar to that in (a) but the horizontally oriented 

lamellae appeared to increase in height relative to the lamellae that ran vertically. In (c) 

only horizontally running lamellae are visible, and the contrast in the SEM does not 

suggest the formation of  any other structure. 
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Figure 4.4. Photoelectrodeposit morphologies 
generated using orthogonally polarized sources with 
differing wavelengths. (a)-(d) Representative SEMs 
acquired in plan view of photoelectrodeposits 
generated using simultaneous illumination from a 
horizontally polarized λavg = 630 nm source and a 
vertically polarized λavg = 775 nm source with the 
indicated intensity ratio between the sources 
(Iλ=630;horiz / Iλ=780;vert). (e)-(f) Same as (a)-(d) but 
cleaved along the vertical axis (perpendicular to the 
polarization of the λavg = 630 nm illumination) and 
acquired in cross-section. (i)-(l) Same as (a)-(d) but 
cleaved along the horizontal axis (perpendicular to 
the polarization of the λavg = 775 nm illumination) 
and acquired in cross-section. 

 Figure 4.4(a)-(d) presents a series of  top down SEMs that are representative 

of  photoelectrodeposits generated using simultaneous illumination with a LED source 

with λavg = 775 nm polarized vertically and a LED source with λavg = 630 nm polarized 

horizontally, with intensity ratios between the two sources (Iλ=775;vert / Iλ=630;horiz) of  1.0 



 

 

47 
(a), 2.0 (b), 6.5 (c), and 9.0 (d), respectively. In (a), a lamellar structure was observed in 

which the long axes of  the lamellae were oriented horizontally. The SEM in (b) is 

similar to that in (a) but displays a small amount of  contrast in the spaces between the 

horizontally running lamellae. In (c), a lamellar structure in which the long axes of  the 

lamellae are oriented vertically is observed. This structure exhibited a larger periodicity 

than those in (a) and (b). Also, vertically periodic contrast was observed in the space 

between the lamellae, suggesting the presence of  a second set of  intersecting lamellae 

having long axes oriented along the horizontal direction. In (d), like (c), a lamellar 

structure in which the long axes of  the lamellae were oriented vertically was observed, 

and again the periodicity of  this structure was greater than that observed in (a) or (b). 

Some contrast is visible in the spaces between the vertically running lamellae, but 

unlike in (c) this contrast did not appear to be periodic. Figure 4.4(e)-(h) and (i)-(l), 

respectively, present SEMs acquired from the same samples as in (a)-(d), but acquired 

in cross-sectional view by cleaving the substrate and film along the vertical 

(perpendicular to the polarization vector of  the λavg = 630 nm illumination during 

growth), and along the horizontal (perpendicular to the polarization vector of  the λavg 

= 775 nm illumination during growth), respectively. The cross-sections in (e) and (f) 

depict horizontally oriented lamellae similar to those seen in (a) and (b) from a 

perspective looking down the lamellar axes. In (g), a shorter, less well-defined structure 

similar to those observed in (e) and (f) and with a similar periodicity was observed 

superimposed on a mostly featureless ridge that is the side of  a vertically running 

lamella similar to those observed in the top down micrograph in (c). In (h), the 

micrograph reveals a ridge that is also the side of  a vertically running lamella, as in (g). 
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Some superimposed growth is again observed, with a varying height from left to right 

across the micrograph. In (i), the micrograph reveals a ridge that is the side of  a 

horizontally running lamella similar to those presented in the top down micrograph in 

(a). In (j), a ridge similar to that observed in (i) is displayed. Superimposed on this ridge 

is growth with periodically varying height from left to right across the micrograph. 

The cross-sections in (k) and (l) depict vertically oriented lamellae similar to those seen 

in (c) and (d), from a perspective looking down the lamellar axes.  

 

 
 

Figure 4.5. Normalized time-average of electric field 
magnitude from two dipoles emitting radiation with 
the same wavelength as a function of separation 
geometry. Dipoles are emitting radiation with a free 
space wavelength of λ = 630 nm in a medium of 
index n = 1.33 and are separated by a distance of two 
wavelengths in the direction (a) perpendicular and (b) 
parallel to the oscillation axis.  

 Point dipole radiation sources were used to model the amplitude modulation 

of  the electric field at the active film-solution interface during photoelectrochemical 

growth that was caused by the inherent surface roughness of  the deposited film. The 

time-averaged field amplitude resulting from two coherent dipole sources was 

calculated using two-dimensional FDTD simulations. Figure 4.5 presents the 

normalized time-average of  the electric-field magnitude from two dipoles emitting 
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radiation with a free-space wavelength of  λ = 630 nm in a medium of  index n = 1.33 

wherein the dipoles are separated by a distance of  two wavelengths. In (a), the dipoles 

are separated perpendicular to the oscillation axis, and from left to right three strong 

vertically running interference fringes were observed in the area between the dipoles. 

In (b), the dipoles are separated parallel to the oscillation axis, and constructive 

interference between the dipoles was not observed.  

 

 
 

Figure 4.6. Normalized time-average of electric field 
magnitude resulting from two incoherently summed 
sets of dipole pairs each aligned perpendicular to a 
direction of oscillation. Dipoles are emitting radiation 
with a free space wavelength of λ = 630 nm in a 
medium of index n = 1.33. (a) One dipole set 
separated by two wavelengths along the horizontal 
axis and the axis of separation of the other set is 
rotated θ = 20 ° clockwise from the horizontal, and 
both sets emit radiation with equal intensity. (b) One 
dipole set separated by two wavelengths along the 
horizontal axis and the axis of separation of the other 
set is rotated by θ = 50 ° clockwise from the 
horizontal, and the two sets emit radiation with 
relative intensity Irotated / (Irotated + Ihorizontal) = 0.2. 

Figure 4.6 presents simulations similar to those in Figure 4.5 but with two incoherently 

summed sets of  coherent dipole pairs aligned perpendicular to a direction of  

oscillation. In (a), one dipole set is separated along the horizontal axis while the axis 

of  separation of  the other is rotated θ = 20 ° clockwise from the horizontal, and both 
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sets emit radiation with equal intensity. Interference fringes similar to those displayed 

in Figure 4.5(a) were observed but were rotated clockwise from the vertical by θobs = 

10 °. In (b), one dipole set is separated along the horizontal axis while the axis of  

separation of  the other is rotated θ = 50 ° clockwise from the horizontal, and the two 

sets were simulated to emit radiation with a relative intensity Irotated / (Irotated + Ihorizontal) 

= 0.2. Interference fringes similar to those in (a) were observed, and the most intense 

parts of  the fringes were measured to be rotated clockwise from the vertical by θobs = 

9 °.  

Computer modeling of  the photoelectrochemical growth process was 

performed to analyze the morphologies expected for films generated as a result of  the 

fundamental light-matter interactions during the deposition, using simultaneous 

illumination with two same-wavelength sources having different linear polarizations. 

The two-step, iterative model described in Chapter 1 was utilized wherein 

electromagnetic simulations were first used to calculate the local photocarrier-

generation rates at the electrode/solution interface and then electrochemical addition 

of  mass was simulated via a Monte Carlo method that utilized the local photocarrier-

generation rate to weight the local probabilities of  mass. During the early stages of  

deposition, dipole sources could be used to represent point-like scattering features due 

to surface roughness of  the deposit and help to visualize the periodic absorption 

profile that occurs between two scattering features along the growth front. However, 

at later times, these interfacial features evolved into anisotropic structures that had an 

extended spatial structure. Utilization of  the modeling algorithm, which recalculated 

the scattering and absorption profile as the film morphology evolved, enabled the 
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growth process to be fully reproduced. The model both incorporated the absorption 

modulation resulting from surface roughness during the early stages of  growth and 

also captured the dynamic feedback between light absorption and material growth 

which resulted in 3D structures that agreed with experiment. 

 

 
 

Figure 4.7. Orientation of photoelectrodeposit 
morphologies generated using two same-wavelength 
sources with differing linear polarization derived 
computationally from growth modeling compared to 
experimental results. (a) Plot of the orientation of the 
pattern long-axis (θobs) measured clockwise from the 
vertical as a function of the polarization orientation 
of one source (θ1) for two-source illuminated 
photoelectrodepositions with same-wavelength (λavg 
= 630 nm), equal intensity sources when the other 
source was polarized vertically (θ0 = 0 °). (b) Plot of 
θobs as a function of the fraction of the total intensity 
[I1 / (I0 + I1)] delivered by a source polarized linearly 
θ1 = 50 ° clockwise from the vertical in two-source 
illuminated photoelectrodepositions with same-
wavelength sources when the other source was 
polarized vertically.  
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The experiment described in Figure 4.2(a)-(d) was simulated, wherein two 

equal intensity sources with λavg = 630 nm were utilized and one source was polarized 

vertically while the polarization of  the second source was offset clockwise from the 

vertical by θ1, and the observed rotation of  the long-axis of  the lamellar pattern 

clockwise away from the vertical (θobs) was derived. Figure 4.7(a) presents a plot of  

both the experimentally and computationally derived values of  θobs as a function of  θ1. 

The experiment described in Figure 4.2(e)-(h) was also simulated, wherein the two 

sources with λavg = 630 nm were again utilized, with one source polarized vertically 

and the other at θ1 = 50 ° from the vertical in the clockwise direction, while the fraction 

of  the total intensity delivered by the second source [I1 / (I0 + I1)] was varied. Figure 

4.7(b) presents a plot of  both the experimentally and computationally derived values 

of  θobs for this experiment as a function of  [I1 / (I0 + I1)]. For both experiments, the 

empirically and computationally derived values of  θobs were in good agreement, and 

were linear functions of  either θ1 or [I1 / (I0 + I1)].  
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Figure 4.8. Simulated photoelectrodeposit 
morphologies generated using orthogonally polarized 
same-wavelength sources. (a)-(c) Simulated 
morphologies generated using two λavg = 630 nm 
sources, the first polarized vertically and the second 
horizontally, with the indicated intensity ratio 
between the horizontally and vertically polarized 
sources (I1/I0). 

Additionally, computer modeling of  the growth process was also performed 

to simulate the morphologies expected for films generated using simultaneous 

illumination from two orthogonally polarized, same-wavelength sources with unequal 

intensities. The experiment described in Figure 4.3(a)-(c) was modeled (Figure 4.8), 

wherein two unequal intensity sources with λavg = 630 nm were utilized with one source 

polarized vertically and the other horizontally. The intensity ratio between the 

horizontally polarized source and the vertically polarized source (I1 / I0) was 1.50 (a), 

2.00 (b), and 4.00 (c), respectively. The simulated morphologies were in close accord 

with those observed experimentally (Figure 4.3), producing a square mesh morphology 

wherein the horizontally oriented lamellae were taller than those oriented vertically for 

I1 / I0 = 1.50 and 2.00, and producing a single, horizontally oriented lamellar 

morphology for I1 / I0 = 4.00.  
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Figure 4.9. Computational analysis of light 
absorption in idealized models of structures 
generated via photoelectrodeposition using 
orthogonally polarized same-wavelength sources. (a) 
Simulated power absorption of two idealized, 
orthogonal lamellae under λ = 630 nm plane wave 
illumination polarized parallel to the taller feature 
(E0). The width of each structure is typical of lamellar 
structures generated via photoelectrodeposition with 
λavg = 630 nm illumination and the length of each 
lamella is typical of one period of such structures. (b) 
Same as (a) but with the addition of a second λ = 630 
nm source with 0.5 times the intensity of the first and 
polarized perpendicular to the taller feature (E1) 
(sources assumed to be incoherent).  

To further understand the growth of  the morphologies that were observed 

when two orthogonally polarized sources of  differing intensities and/or wavelengths 

were utilized, three sets of  simulations of  light absorption in idealized intersecting 

lamellar features were performed. First, films that had been experimentally 

photoelectrodeposited under vertically polarized λavg = 630 nm illumination alone and 

775 nm illumination alone were analyzed using SEM to derive the lamellar periods and 

widths of  the resultant structures. These values were then used as the inputs for the 

lengths and widths of  the idealized structures. Two idealized lamellae were oriented so 

as to intersect at a 90 ° angle and were assigned heights of  200 nm and 400 nm. In the 

first set of  simulations, designed to help understand the growth of  the morphologies 
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that were observed when two orthogonally polarized sources with the same 

wavelength were used (λavg = 630 nm; Figure 4.3), the two lamellae both had widths 

that corresponded to the width of  the lamellar structures observed for deposition with 

λavg = 630 nm illumination alone, and both had lengths equal to the corresponding 

lamellar period. Figure 4.9 presents the power absorption profile calculated (a) from a 

single λ = 630 nm plane wave source polarized parallel to the long axis of  the taller 

lamella and (b) from two λ = 630 nm plane wave sources wherein one source was 

polarized parallel and the other perpendicular to the long axis of  the taller lamella, 

with the source polarized perpendicular having half  the intensity of  the one polarized 

parallel. Figure 4.9(a) shows that significant absorption was observed only near the tip 

of  the taller lamella. Figure 4.9(b) indicates that absorption was observed both at the 

tip of  the taller lamella as well as at the tip of  the shorter lamella. 
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Figure 4.10. Computational analysis of light 
absorption in idealized models of structures 
generated via photoelectrodeposition using 
orthogonally polarized sources with differing 
wavelengths. (a) Simulated power absorption of two 
ideal orthogonal lamellae under λ0 = 630 nm plane 
wave illumination polarized parallel to the taller 
feature (E0). The width of the taller structure is typical 
of lamellar structures generated via 
photoelectrodeposition with λavg = 630 nm 
illumination whereas the width of the shorter 
structure is typical of the structures generated with 
λavg = 775 nm illumination. (b) Same as (a) but with 
the addition of a λ1 = 775 nm plane wave source with 
twice the intensity of the λ0 = 630 nm source and 
polarized perpendicular to the taller feature (E1) 
(sources assumed to be incoherent). (c) Simulated 
power absorption of two ideal orthogonal lamellae 
under a λ1 = 775 nm plane wave source polarized 
parallel to the taller feature (E1). The width of the 
taller structure is typical of lamellar structures 
generated via photoelectrodeposition with λavg = 775 
nm illumination whereas the width of the shorter 
structure is typical of the structures generated with 
λavg = 630 nm illumination.  (d) Same as (c) but with 
the addition of a λ0 = 630 nm plane wave source 6.5 
times less intense than the 775 nm source and 
polarized perpendicular to the taller feature (E0) 
(sources assumed to be incoherent).  
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The second and third sets of  light absorption simulations were designed to 

help understand the generation of  the morphologies observed when two orthogonally 

polarized sources with λavg = 630 nm and λavg = 775 nm were utilized simultaneously 

(Figure 4.4). In the second set of  simulations, the taller lamellar feature had a width 

corresponding to the width of  the lamellar structures observed for deposition with 

λavg = 630 nm illumination alone, and the length of  the shorter lamella was equal to 

the corresponding lamellar period. The shorter lamellar feature had a width 

corresponding to the width of  the lamellar structures observed for deposition with 

λavg = 775 nm illumination alone, and the length of  the taller lamella was equal to the 

corresponding lamellar period. Figure 4.10(a) and (b), respectively, present the power 

absorption profile calculated from a single λ = 630 nm plane-wave source polarized 

parallel to the long axis of  the taller lamella alone, and from the same source as in (a) 

as well as a secondary λ = 775 nm plane-wave source polarized perpendicular to the 

long axis of  the taller lamella that was twice as intense as the λ = 630 nm source. In 

Figure 4.10(a), significant absorption was observed only near the tip of  the taller 

lamella. In Figure 4.10(b), absorption was observed both at the tip of  the taller lamella 

as well as at the tip of  the shorter lamella. The third set of  simulations utilized lamellar 

structures having similar dimensions as the second set but with the heights of  the two 

lamellae exchanged. Figure 4.10(c) and (d), respectively, present the power absorption 

profile calculated from a single λ = 775 nm plane-wave source polarized parallel to the 

long axis of  the taller lamella alone, and from the same source as in (c) as well as a 

secondary λ = 630 nm plane wave source polarized perpendicular to the long axis of  

the taller lamella that was 6.5 times less intense than the λ = 775 nm source. As with 
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the second set of  simulations (Figure 4.10(a)-(b)) in Figure 4.10(c) significant 

absorption was observed only near the tip of  the taller lamella, whereas in Figure 

4.10(d) absorption was observed both at the tip of  the taller lamella as well as at the 

tip of  the shorter lamella. 

When two sources having the same wavelength (λavg = 630 nm) but having 

differing, linear, non-orthogonal polarizations were utilized simultaneously (Figure 

4.2(a)-(c) and (e)-(g)), a lamellar pattern identical to those observed with only a single 

source (Figure 4.1) was observed, except for an in-plane rotation. This result can be 

readily understood because any linear polarization can be equivalently expressed as the 

sum of  two orthogonal linear polarizations, e.g. vertical and horizontal. Thus, no 

difference may be observed between the morphology generated if  a single illumination 

source is utilized relative to the morphology generated if  two sources are used 

simultaneously, as long as the intensity-weighted average of  the polarization 

orientations of  the two tandem sources is the same as the polarization of  the single 

source. The experimental data quantitatively supports this hypothesis, because the 

observed orientation of  the pattern (θobs) for the two-source experiments was almost 

exactly equal to the intensity-weighted average polarization orientation: (I0 • θ0 + I1 • 

θ1) / (I0 + I1). For the experiment wherein the intensity of  the sources was equal (I0 = 

I1), the first source was polarized vertically (θ0 = 0 °) and the angle between the 

polarization vectors (θ1) was varied, θobs would be expected to have the form 0.5 • θ1. 

This expectation is very close to the experimentally observed relation of  θobs = 0.5 • 

θ1 - 1. Similarly, for the experiment in which the polarizations of  the two sources were 

fixed (θ0 = 0 ° and θ1 = 50 °) and the relative contribution of  the two sources to the 
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total intensity was varied, θobs would be expected to have the form 50 • [I1 / (I0 + I1)], 

which again is very close to the experimentally observed relation of  θobs = 50 • [I1 / (I0 

+ I1)] - 1. The difference between the expected and experimentally observed relations 

for θobs, a -1 ° offset, is likely a minor systematic error arising from a minor calibration 

error in a polarizer setting. This notion is supported by the facts that a value of  θobs = 

-1 ± 1 ° was observed when θ0 = θ1 = 0 °, and that the experimentally observed values 

of  θobs were generally marginally lower than expected.  

The quantitative agreement between the values of  θobs measured in the 

experiments using same-wavelength (λavg = 630 nm) sources with mutually different 

linear, non-orthogonal polarizations simultaneously, and in the analogous computer 

simulations (Figure 4.7), which utilized minimal empirical data, for all investigated 

conditions, suggests that the empirically observed behavior is the result of  a 

fundamental optical phenomenon. This notion is supported by the results of  the 

dipole scattering simulations (Figure 4.5 and 4.6). The interference fringes observed 

between two simulated radiation-emitting dipoles separated along the horizontal axis, 

and perpendicular to the oscillation axis, (Figure 4.5(a)) are reminiscent of  the lamellar 

morphology observed in the photoelectrodeposit generated with vertically polarized 

illumination (Figure 4.1(a)), and have been hypothesized to promote the initial growth 

of  this periodic and anisotropic structure by providing the necessary spatially varying 

distribution of  light intensity.47 When two sets of  dipoles were simulated with some 

angle, θ, between their axes of  separation, the resultant interference fringes were 

observed to rotate by an angle, θobs, that is in good agreement with relation of  θobs =  

θ • [Irotated / (Irotated + Ihorizontal)]. Thus, the dipole scattering simulations suggest that the 
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orientation of  the lamellar structures in the non-orthogonal, same-wavelength 

experiments is a manifestation of  the elementary phenomenon of  superposition of  

waves.  

 When two orthogonally polarized same-wavelength (λavg = 630 nm) sources 

that had unequal mutual intensities were utilized, the resultant structures appeared to 

consist of  two intersecting sets of  orthogonally oriented lamellae wherein the relative 

heights of  each set of  lamellae were directly proportional to the relative source 

intensities (Figure 4.3). These observations indicate that the utilization of  orthogonally 

polarized sources can enable independent control over different features of  the 

resultant film morphology, and thus comprises a potentially useful tool for generating 

application-specific structures. The reproduction of  the experimental morphologies 

by the growth model (Figure 4.8) suggests that the generation of  the intersecting 

structures when orthogonally polarized light is used is a result of  the intrinsic light-

matter interactions that occur during the deposition process. Moreover, the continued 

growth of  such intersecting structures under the aforementioned conditions is 

consistent with the simulations of  light absorption in the idealized versions of  the 

structures (Figure 4.9) wherein illumination from two orthogonally polarized sources 

is preferentially absorbed in the tips of  both structures. These areas represent the 

photoelectrochemical growth fronts: preferential light absorption in these areas 

supports continued anisotropic growth in a manner that preserves the cross sections 

of  the features. Furthermore, visualization of  the difference in the absorption profile 

with and without the contribution from the source parallel to the shorter feature 
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indicated that this source was solely responsible for absorption along the shorter 

feature. 

Intersecting lamellar structures were also observed when two orthogonally 

polarized sources with differing wavelengths (λavg = 630 nm and 775 nm) were utilized. 

Again, the relative heights of each set of lamellae were proportional to the relative source 

intensities. However, for Iλ=775;vert / Iλ=630;horiz = 1.0, SEM analysis provided little evidence 

for the presence of periodic, anisotropic structures with long axes oriented along the 

vertical, and, for Iλ=775;vert / Iλ=630;horiz = 2.0, such structures were found to be shorter than 

the simultaneously observed, horizontally-oriented structures. Also, for Iλ=775;vert / 

Iλ=630;horiz = 6.5 and 9.0, structures with horizontal periodicity were observed. These 

observations are consistent with previous physical characterization suggesting that lower 

rates of photoelectrodeposition may be observed when utilizing λ = 775 nm than when 

utilizing λ = 630 nm illumination.  

Unlike the intersecting lamellar structures generated using two orthogonally 

polarized same-wavelength sources (λavg = 630 nm), when two orthogonally polarized 

sources with differing wavelengths (λavg = 630 nm and 775 nm) were used, the 

periodicities of  two sets of  lamellae were unequal. The set with their long axes oriented 

parallel to the polarization vector of  the λavg = 775 nm source displayed a greater 

periodicity than those oriented parallel to the polarization vector of  the λavg = 630 nm 

source. This difference in periodicity is a consequence of  differing anisotropic light 

absorption profiles in the growing structures in response to the different wavelengths, 

and the lamellar period increases monotonically with λ.47 Moreover, these results 

indicate that not only is it possible to control the relative heights of  structures with 
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orthogonal periodicities, but also indicate that the magnitudes of  those periodicities 

can also be controlled, which may be of  use in the construction of  purpose-designed 

structures. Simulations in idealized versions of  these intersecting structures were again 

consistent with their growth (Figure 4.10): illumination polarized along the long axis 

of  a lamellar structure (of  the same wavelength used to generate that structure) is 

preferentially absorbed in the tip of  that structure relative to light polarized 

perpendicularly (of  a different wavelength).  

Dynamic photoelectrochemical growth may find potential in the generation of  

nanophotonic optical elements including planar lenses and mirrors,69-71 polarization-

sensitive filters and photodetectors,72 and nanostructured scaffolds.73,74 The results 

described in this chapter have several implications for the use of  this process to design 

application-targeted structures. First, controlling the pattern orientation with respect 

to the substrate does not require changing the polarization state of  a single source, for 

example, rotating a linear polarizer. Instead, two sources could be used with static 

linear polarizations and the pattern orientation could be controlled by changing the 

relative intensity of  the sources. Manipulating such a quantity continuously or in 

discrete steps over time could be used to generate morphological complexity. The 

utilization of  orthogonal sources also presents another method to generate intricate 

structures wherein control of  the feature size in three dimensions of  two patterns may 

be obtained simultaneously and independently.  
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4.3 Conclusions 

 
 Nanopatterned Se-Te films were photoelectrochemically prepared using 

simultaneous illumination from two light sources with discrete linear polarizations. 

Films grown with two non-orthogonally polarized, same-wavelength sources displayed 

lamellar morphologies wherein the long axes of  the structures were aligned along the 

intensity-weighted average polarization vector. Such behavior was consistent with 

simulations of  light scattering at the solution-film interface at the onset of  

photoelectrochemical growth. Simulations of  the growth with such illumination 

showed that the emergence of  the observed morphologies could be understood by 

considering the fundamental light-matter interactions during deposition. Structures 

consisting of  two sets of  intersecting, orthogonal lamellae were generated when two 

orthogonally polarized illumination sources were utilized wherein the periodicity and 

feature size of  each set of  lamellae was proportional to the wavelengths of  the 

illumination source polarized along their long axes. The evolution of  such 

morphologies was consistent with simulations of  light absorption in idealized 

intersecting lamellar structures, which indicated that the lamellae preferentially 

absorbed light polarized along with the electric field vector parallel to the long axes. 

The cumulative data suggest that under the conditions investigated, the morphology 

of  the photoelectrodeposit is sensitive simultaneously to the polarization of  both 

sources utilized during growth. Additionally, the use of  such tailored optical excitation 

provides control over the pattern orientation and enables the generation of  three-

dimensional structures that cannot be produced with a single polarization.  
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C h a p t e r  5  

MORPHOLOGICAL EXPRESSION OF THE COHERENCE AND 
RELATIVE PHASE OF OPTICAL INPUTS TO THE 

PHOTOELECTRODEPOSITION OF NANOPATTERNED SE-TE 
FILMS 

Carim, A. I.; Batara, N. A.; Premkumar A.; May, R.; Atwater, H. A.; Lewis, N. S. Nano 
Letters, 2016, 16¸ 2963-2968. DOI: 10.1021/acs.nanolett.5b04999 
 
5.1 Introduction 
 

In this chapter, the morphologies of  Se-Te photoelectrodeposits generated 

using two same-wavelength illumination sources were investigated with a series of  

discrete linear polarizations in tandem, either both mutually incoherent or mutually 

coherent with defined phase differences. In conjunction with the experiments, the 

morphologies of  the resulting deposits were simulated by computational modeling of  

the light-material interactions intrinsic to the photoelectrochemical growth process. 

This collective assessment examines the capacity of  the deposition process to generate 

unique morphologies in response to discrete net polarization states, and thus to display 

sensitivity toward the coherency, phase difference, and polarization orientations of  the 

optical inputs. Such further elaboration of  the relationship between the illumination 

and resultant morphology enables the use of  deliberately tailored excitation to tune 

the programmable growth of  the deposited material.  
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5.2 Results and Discussion 

 

 
 

Figure 5.1. Effect of illumination source polarization 
on anisotropy and orientation of photoelectrodeposit 
morphology. (a) Plot of the E-field vector of a LED 

source with λavg = 630 nm linearly polarized 45 ° 
clockwise from the vertical, and (b) SEM 
representative of a photoelectrodeposit generated 
with this source. (c) Plot illustrative of the many E-
field vectors characteristic of the same source as in 
(a) when unpolarized, and (d) SEM representative of 
a photoelectrodeposit generated with such source in 
the unpolarized state. 

Se-Te photoelectrodeposits were generated using illumination from a single 

LED source with λavg = 630 nm and which was linearly polarized such that the E-field 

component was oriented at an angle θ = 45° clockwise from the vertical as indicated 

in the plot presented in Figure 5.1(a). Figure 5.1(b) presents a representative SEM of  

the deposit morphology which reveals a highly anisotropic lamellar-type morphology 

wherein the long axes of  the lamellae are oriented parallel to the direction of  the E-

field during growth.47,58,59 Quantitatively, the long axes of  the lamellae were oriented at 

45 ± 3° clockwise from the vertical (θobs). Deposits were also generated in the same 
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manner as in (b), but without the use of  any polarizing optic, so that the illumination 

was unpolarized as indicated in the plot presented in Figure 5.1(c), and a representative 

SEM is presented in Figure 5.1(d). The use of  unpolarized light resulted in the 

generation of  an ordered, isotropic mesh-type morphology that consisted of  an array 

of  nanopores. Thus, both linearly polarized and unpolarized illumination effect 

material patterning, but the asymmetry inherent in the linearly polarized illumination 

creates morphological anisotropy and directs the orientation of  the lamellae in the 

photoelectrodeposit. 
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Figure 5.2. Two-source illumination polarization 
effect on photoelectrodeposit morphology for near-
orthogonal and orthogonal polarizations. (a)-(d) Plots 
of the E-field vectors, E0 and E1, of two incoherent 
LED sources with λavg = 630 nm and equal intensity, 
the first source polarized vertically (θ0 = 0 °) and the 
second at the indicated rotation (θ1) clockwise from 
the vertical, and (e)-(h) SEMs representative of 
photoelectrodeposits generated using these sources.   

Subsequent deposits were generated by simultaneously using two incoherent 

LED sources that had λavg = 630 nm and equal intensities, with the first source 

polarized vertically (θ0 = 0°) and the second source offset clockwise from the vertical 
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by θ1 =  60°, 70°, 80°,  or 90°. The E-field vectors of  each of  the two tandem sources 

are plotted for each condition in Figure 5.2(a)-(d). SEMs representative of  the resultant 

deposit morphologies are presented in Figure 5.2(e)-(h). With θ1 = 60°, a lamellar-type 

morphology, similar to that generated with a single illumination source, was observed 

(Figure 5.2(e)), with a value of  θobs = 27 ± 4°. This value agrees with the intensity-

weighted average polarization orientation, 0.5 • θ1 for the conditions here, or 

specifically 30° for the case of  θ1 = 60°, and is consistent with behavior observed 

previously for 0° < θ1 < 60°.59 Such agreement suggests that essentially identical 

morphologies should be generated using either a single linearly polarized source with 

orientation θ, or two linearly polarized sources having an average polarization 

orientation θ. However, when the difference between the polarization orientations of  

the sources increased past θ1 ≈ 60 °, the morphologies observed for the use of  two 

same-wavelength (630 nm) sources with equal intensities, but differing linear 

polarizations, were more complex than simple lamellar patterns (Figure 5.2(f)-(h)). 

Beyond this limit, oriented lamellae were still observed, and, for θ1 = 70°, 80°, and 90°, 

θobs = 32 ± 6°, 38 ± 5°, and 46 ± 8°, respectively. The behavior is thus consistent with 

expectations based on the average polarization orientation. However, as θ1 was 

increased, a mesh-type pattern at a height lower than the diagonal-running lamellae 

also became apparent (Figure 5.2(f)-(h)), and when θ1 = 90° (Figure 5.2(h)) the height 

of  this pattern approached the height of  the lamellae. The morphology observed 

when θ1 = 90° (Figure 5.2(h)) was not identical to that generated with a single source 

oriented at θ = 45° (Figure 5.1(b)), but rather exhibited significantly less-defined 
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anisotropy, resembling an average of  the morphologies observed for the single source 

oriented at θ = 45° and for the unpolarized source (Figure 5.1(d)).  
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Figure 5.1. Simulated photoelectrodeposit 
morphologies generated using two fully in-phase or 
fully out-of-phase coherent, same-wavelength 
sources with equal intensities and near-orthogonal or 
orthogonal polarizations. λ = 630 nm for both 
sources. The first source is polarized vertically (θ0 = 
0 °) and the second at the indicated rotation (θ1) 
clockwise from the vertical. Simulations are 
presented under two conditions: one with a phase 

angle between the two coherent sources of ϕ = 0 ° 

(fully in-phase) (a)-(d), and with ϕ = 90 ° (fully out-
of-phase) (e)-(h). In both (a)-(d) and (e)-(h) the E-
field vectors of the two sources are as indicated in 
Figure 2(a)-(d), respectively.  



 

 

71 
The appearance of  the mesh-like component of  the morphology, and the 

associated reduction of  the uniaxial anisotropy, is consistent with the incoherent 

nature of  the illumination sources utilized in these experiments. Computer modeling 

of  the photoelectrochemical growth process was consequently performed to simulate 

the morphologies expected for films generated using simultaneous illumination with 

two coherent sources. The two-step, iterative model described in Chapter 1 was utilized 

wherein electromagnetic simulations were first used to calculate the local photocarrier-

generation rates at the electrode/solution interface and then electrochemical addition 

of  mass was simulated via a Monte Carlo method that utilized the local photocarrier-

generation rate to weight the local probabilities of  mass. Thus, the computational 

results were principally defined by the fundamental light-matter interactions during 

deposition. Simulations similar to the experiments described in Figure 5.2 were 

performed, wherein two equal-intensity sources with λavg = 630 nm were utilized, with 

one source polarized vertically and the polarization of  the second source offset 

clockwise from the vertical by θ1. However, unlike the experiment wherein incoherent 

sources were utilized, the simulations considered coherent sources. Simulations were 

performed for phase angles (ϕ) of  either 0° or 90° between the two coherent sources. 

Figure 5.3(a)-(d) present simulations for θ1 = 60°, 70°, 80°, and 90°, respectively, for 

ϕ = 0°. The E-field vectors of  the considered sources were identical to those plotted 

in Figure 5.2(a)-(d). In each case, a lamellar pattern was observed, and the orientation 

of  the lamellar long axes displayed increasing rotations from the vertical with 

increasing values of  θ1. Specifically, values of  θobs of  33 ± 3°, 36 ± 2°, 40 ± 2°, and 45 

± 1° were measured for θ1 = 60°, 70°, 80°, and 90°, respectively. Figure 5.3(e) and (f) 
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present simulations analogous to those shown in Figure 5.3(a)-(d), but for a phase 

angle of  ϕ = 90°. The E-field vectors of  the sources were again identical to those 

presented in Figure 5.2(a)-(d). For θ1 = 60° (Figure 5.3(e)), the simulated morphology 

was lamellar and qualitatively similar to that observed with ϕ = 0° (Figure 5.3(a)), 

whereas for θ1 = 70° (Figure 5.3(f)), the simulated morphology also displayed an 

oriented, lamellar-type component but appeared to be superimposed upon a mesh-

type pattern. When θ1 = 80° (Figure 5.3(g)), the lamellar pattern was less well-defined 

and more similar in height to the mesh-type pattern, relative to the case of  θ1 = 70°. 

Moreover, when θ1 = 90° (Figure 5.3(h)), the morphology lacked any apparent 

anisotropy and orientation, and was thus similar to the morphology observed 

experimentally for growth stimulated by a single, unpolarized, incoherent source 

(Figure 5.1(d)).  

The simulated morphologies displayed in Figure 5.3(a)-(d) showed that in the 

case of  coherent sources with a phase difference of  ϕ = 0°, only lamellar 

morphologies were observed. The sum of  the output of  two completely in-phase, 

coherent, linearly-polarized, same-wavelength sources cannot be differentiated from 

the output of  a single coherent, linearly-polarized source that has an equivalent net 

intensity and the same polarization orientation as the weighted average polarization 

orientation of  the tandem sources. Consequently, the photoelectrodeposit 

morphology observed for the case of  a single incoherent source polarized at θ = 45 ° 

(Figure 5.1(b)) was qualitatively matched by the simulated morphology for two equal 

intensity, in-phase (ϕ = 0°) coherent sources polarized at θ0 = 0° and θ1 = 90° (Figure 

3(d)), with both exhibiting equivalent values of  θobs. In addition, when ϕ = 0°, the 
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measured values of  θobs was equivalent to the intensity-weighted average polarization 

orientation, 0.5 • θ1. In contrast, the sum of  the output of  two coherent, linearly-

polarized, same-wavelength sources that are not completely in-phase (ϕ ≠ 0°) can be 

differentiated from the output of  a single coherent, linearly-polarized source with 

equivalent net intensity and the same polarization orientation as the weighted average 

polarization orientation of  the tandem sources. In this case, the summing of  the 

output of  the tandem sources generates elliptically rather than linearly polarized 

illumination. The difference in the morphologies predicted by the simulations for 

growths with ϕ = 0° and ϕ = 90° suggests that the photoelectrodeposition process is 

capable of  differentiating elliptically polarized from linearly polarized illumination. 

Hence, the resulting photoelectrodeposit physically encodes information concerning 

the relative phase of  the illumination inputs.  
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Figure 5.4. Effect of elliptical illumination 
polarization on photoelectrodeposit morphology. 
(a)-(d) Plots of the E-field vector traced over time at 
a fixed point for illumination provided by a HeNe 
laser λavg = 632.8 nm with defined elliptical 
polarizations. ψ indicates the orientation of the major 
axis of the ellipse measured clockwise from the 
vertical. χ represents the angle between the major axis 
and a line connecting a vertex on the major axis with 
one on the minor axis and relates the eccentricity and 
asymmetry of the ellipse. (e)-(h) SEMs representative 
of photoelectrodeposits generated with the elliptical 
illumination profiles indicated in (a)-(d), respectively.  

Figure 5.4(a)-(d) presents plots of  the polarization ellipses that result from the 

out-of-phase addition (ϕ = 90°) of  sources with E-field vectors the same as those 
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plotted in Figure 5.2(a)-(d) and thus describe the illumination utilized in the 

simulations presented in Figure 5.3(e)-(h). The orientation of  the major axis of  the 

ellipse, measured clockwise from the vertical, is denoted as ψ. The angle between the 

major axis of  the ellipse and a line connecting a vertex on the major axis with one on 

the minor axis, denoted as χ, quantifies the asymmetry, or eccentricity, of  the ellipse. 

For the conditions investigated in the simulations presented in Figure 5.3(e)-(h), ψ = χ 

= 0.5 • θ1. Using these same elliptical polarizations, deposits were generated 

experimentally (with HeNe laser illumination with λavg = 632.8 nm) to corroborate the 

conclusions from the simulations that the photoelectrochemical growth process can 

discriminate between linearly and elliptically polarized illumination, and thus responds 

to phase data contained in the incident illumination. The growth modeling indicated 

that this phenomenon manifests itself  in the degree of  nanoscale pattern anisotropy, 

and is potentially an effect of  variable anisotropy in the illumination polarization. The 

addition of  out-of-phase orthogonal polarization components results in the 

generation of  an elliptical polarization state, and increasing amounts of  such 

components decreases the asymmetry of  the relevant polarization ellipse (quantified 

by χ). The simulations predict that as this asymmetry is reduced beyond a threshold (χ 

> 30°), the observable morphological patterning begins to transition from anisotropic 

to isotropic, and, in the limiting case of  circular polarization (χ = 45º), the patterning 

becomes completely isotropic.  

Figure 5.4(e)-(h) presents SEMs of  the deposits that were generated utilizing 

the elliptical polarizations corresponding to those presented in Figure 5.4(a)-(d). 

Deposition with elliptical polarization with χ = 30° (Figure 4(e)) resulted in the 
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generation of  lamellar structures with highly uniaxial anisotropy, as in the case of  linear 

polarization (Figure 1(b); χ = 0° equivalent). For χ = 35° (Figure 4(f)), the overall 

morphological anisotropy was reduced compared to the case for χ = 30°, and an 

isotropic mesh-type pattern was observed underlying the anisotropic lamellar pattern. 

For χ = 40° (Figure 4(g)), this mesh-type morphology became more prominent, with 

a height approaching that of  the anisotropic pattern. For χ = 45º (Figure 5.4(h)), no 

anisotropic pattern was observed; rather, the morphology was highly similar to that 

produced by a single unpolarized incoherent source (Figure 5.1(d)). Thus, the 

experimental morphologies presented in Figure 5.4(e)-(h) matched those predicted by 

the growth model (Figure 5.3(e)-(h)). Such collective agreement demonstrates the 

capacity of  the deposition to produce unique morphologies in response to elliptically 

polarized illumination, and thus to store relative phase information. Specifically, 

superimposed isotropic mesh-type patterns and anisotropic lamellar-type patterns are 

generated wherein the weighting between the two types of  patterns is correlated with 

the phase difference between the orthogonal polarization components of  the optical 

field (and thus the resultant ellipticity of  the output).  
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Figure 5.5. Orientation of photoelectrodeposit 
morphologies generated using elliptically polarized 
illumination derived from experimental results and 
computationally via growth modeling (a) Plot of the 
orientation of the pattern long axis (θobs) measured 
clockwise from the vertical as a function of ψ for 
photoelectrodeposits generated with elliptically 
polarized illumination. Error bars generally smaller 
than displayed symbols. (b) Same as (a) but with 
addition of values from growth modeling.   

Auxiliary information regarding the polarization state of  the incident 

illumination is also inherent in the lamellar-type pattern, because the pattern 

anisotropy is associated with an orientation. To characterize the relation between an 

elliptical polarization and the encoded orientation, additional deposits were generated 

experimentally using polarizations having 0° ≤ ψ ≤ 25° and χ = ψ. Figure 5.5(a) 

presents values of  θobs for 0° ≤ ψ ≤ 40° (wherein χ = ψ) as a function of  ψ. The trend 

is well-fit by a line of  the form θobs = ψ – 1. Additional growth modeling was performed 

to generate simulated morphologies for all of  the experimentally investigated elliptical 

polarizations. Figure 5.5(b) plots the values of  θobs derived from these simulations as a 

function of  ψ, along with the corresponding experimental observations. Quantitative 

agreement was observed between the simulation and experiment. The near equivalence 

between θobs and ψ indicates that the directional component of  the anisotropy of  an 

elliptical polarization state is directly recorded in the deposit morphology. Moreover, 
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this anisotropy is discernible not only when the polarization is defined by a highly 

asymmetric ellipse (small values of  χ, approximating linear polarization) but also when 

the polarization is defined by a near-circular ellipse, e.g. χ = 40° (Figure 5.4(h)). This 

behavior indicates that when the illumination used in the deposition process is 

supplied by tandem sources, the lamellar component of  the morphology arises from 

the in-phase addition of  orthogonal polarization components, whereas the mesh 

component arises from out-of-phase addition. This behavior and rationale is 

consistent with the observations of  the morphologies generated using two near-

orthogonal or orthogonal equal intensity incoherent sources (Figure 5.2). As observed 

for the analogous simulations (Figure 5.3(e)-(h)) and experiments (Figure 5.4(e)-(h)) 

with coherent sources with ϕ = 90°, only a lamellar-type morphology was observed 

for θ1 = 60º (θ0 = 0º) whereas a lamellar-type morphology superimposed on a mesh-

type was observed for θ1 = 70º and 80º. In each case, the lamellar morphology was 

oriented along the intensity-weighted average polarization orientation. However, in 

contrast to deposits generated using coherent sources with ϕ = 90°, the lamellar 

morphologies were more prominent for θ1 = 70º and 80º, and for θ1 = 90º, some 

anisotropy was still observed. This behavior results from the presence of  in-phase 

addition in complement to the out-of-phase addition solely present in the coherent 

case with ϕ = 90°, as the summing of  the incoherent sources involves many additions 

with a continuous range of  phase angles (0° ≤ ϕ ≤ 90°), in contrast to the coherent 

case for which ϕ was fixed at 90°. Similarly, the absence of  a discernible mesh-type 

morphological component in the incoherent case with θ1 = 60º is consistent with an 

insufficient amount of  out-of-phase addition of  orthogonal polarization components. 
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5.3 Conclusions 
 

 
 

Figure 5.6. Flowchart detailing expected 
photoelectrodeposit morphology as a function of the 
polarization characteristics of the optical inputs. θ 
represents the angle between the polarization vectors 

of two linearly polarized inputs and φ represents the 
phase angle between two coherent inputs. 
Simultaneous inputs are assumed to be of equal 
intensity. Anisotropic morphologies orient with long 
axes parallel to the average polarization vector of the 
input(s).  

Figure 5.6 presents a flowchart that outlines the morphology of  the 

photoelectrodeposit as a function of  the polarization characteristics of  the optical 

inputs. In summary, photoelectrodeposition using a single, linearly polarized source 

resulted in the generation of  a highly anisotropic, lamellar-type morphology, whereas 

the use of  an unpolarized source resulted in the generation of  an isotropic, mesh-type 

morphology. The use of  tandem simultaneous same-wavelength, linearly polarized, 
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coherent and in-phase sources also resulted in the generation of  lamellar-type 

structures, because such illumination is equivalent to that produced by a single linearly-

polarized coherent source. Summing two linearly polarized, coherent sources that are 

not completely in-phase results in elliptically polarized illumination. The use of  such 

illumination generated a spectrum of  related morphologies that were dependent on 

the ellipticity, which correlates with the amount of  out-of-phase addition between 

orthogonally polarized components of  the optical inputs. For sufficiently low degrees 

of  ellipticity (χ ≤ 30º), lamellar morphologies that appear equivalent to those generated 

using a single linearly polarized source were observed. For greater degrees of  ellipticity, 

lamellar-type patterns were superimposed on a mesh-type pattern that was similar to 

the pattern observed when unpolarized illumination was used. Relative to the lamellar-

type pattern, the mesh-type pattern increased in height and definition as the degree of  

the polarization ellipticity increased. Only the mesh-type pattern was observed in the 

limiting case of  circular polarization (χ = 45º). The results of  deposition using two 

linearly polarized, incoherent sources were consistent with those observed for the use 

of  two coherent sources that were not completely in-phase, in that anisotropic, 

lamellar-type morphologies transitioned to isotropic, mesh-type morphologies as the 

amount of  out-of-phase addition increased between the orthogonally polarized 

components of  the light sources. When tandem sources were used and lamellar-type 

morphologies were generated, the long axis of  the lamellar pattern always aligned 

parallel to the intensity-weighted average polarization orientation. The observed 

morphologies consistently matched those simulated by computational modeling, 

indicating that the specific morphology was fully determined by each set of  defined 
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optical inputs. Thus, the collective experimental and computational modeling data 

indicate that the photoelectrochemical growth process is sensitive to the coherency, 

relative phase, and polarization orientations of  the utilized illumination inputs, and 

that the resulting morphology expresses these inputs in a distinctive pattern in each 

case. 
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