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ABSTRACT 

Nature exhibits emergent growth phenomena where in neighboring features result 

in ensemble effects that direct the overall growth morphologies. Plants, such as palm trees, 

display phototropism where-in the crown grows toward the time weighted average position 

of the sun to optimize solar collection. A methodology, known as inorganic phototropic 

growth, utilizes a similar mechanism with the incident illumination during electrochemical 

deposition directing the growth of mesostructured semiconductors. This 

photoelectrochemical deposition process, generates highly anisotropic, periodic lamellar 

features resulting in the capability to fabricate nanostructured features over macroscopic 

areas. The process is lithography-free and uses no templates or directing agents of any kind 

and relies solely on the incident illumination to direct semiconductor growth. In this thesis, 

the nanophotonic phenomena and emergent synergistic absorption that drives the inorganic 

phototropic growth process was investigated using unconstrained and confined susbtrates. 

Additionally, the impact of inclined, off-normal incident illumination on the evolution of 

structure morphology was investigated for patterned and isotropic substrates revealing the 

mechanism behind the non-monotonic relationship between incident angle and observed 

out-of-plane orientation for unconstrained substrates.  
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Chapter 1 

INTRODUCTION AND BACKGROUND 

1.1 Background  

Many organisms in nature have evolved to exhibit complex mesostructured 

interfaces or growth properties with advantageous properties.1–4 Lotus leaves demonstrate 

self-cleaning and water-wicking properties as a result of hierarchical microstructure 

mounds with additional nanoscale features.2 Gecko feet present a multiscale structures that 

creates a superhydrophobic surface and improved adhesive force towards water.3 In 

particular, manipulation of light to direct optical responses is a common feature of natural 

mesostructured systems.5–7 Mesostructured features on the wings of butterflies, birds, and 

beetles result in vibrant, brilliant coloring through the nanostructures diffracting and 

reflecting light.5,8,9 Beyond manipulation of light and optical properties through utilizing 

mesostructures, many organisms and species in nature use illumination to guide overall 

growth and morphology response.10 Sunflowers adjust leaf orientation over the course of 

the day in a phenomenon known as heliotropism.11 Many photosynthetic plants, e.g. cotton 

and bean, exhibit this type of movement as well as several other organisms including flies 

and small crustaceans.12–16 Phototropism, a similar but distinct phenomenon from 

heliotropism, is defined as the growth in response to incident illumination. In some species 

of finger coral (Acropora pulchra), the growth and formation of new corrallites is directed 

towards light with the magnitude of the directing response increasing at shorter 

wavelengths.17,18 Palm trees, such as those displayed in Figure 1.1a, tilt as a consequence 
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of the time-weighted average position of the solar azimuth in this case tilting south 

towards the equator as the trees are located in the northern hemisphere.19 This process can 

be used the direct the growth of plant species such as the example present in Figure 1.1b, 

where-in the plant growth and thus orientation is off-normal towards the lamp illumination 

source.  

 

Figure 1.1. (a) Image of palm trees taken in Pasadena, California tilt towards the south due to phototropism. 

(b) Phototropism exhibited in planted seedlings that grow out from the soil towards the lamp illumination 

source.  

Mimicking these advantageous structural features and phenomena is a highly active 

area of research for example, developing materials with structural color for 

anticounterfeiting applications inspired by the brilliant, iridescent colors present in 

butterflies and beetles, and generating water-wicking materials for solar evaporation 

systems based on lotus leaf architectures.1,20 Substantial effort has been directed towards the 

generation of biomimetic photoactuators that exhibit a heliotropic response, for uses that 

include solar tracking for energy applications, remote triggering of chemical reactions, and 

construction of soft robots.21–24A recently discovered methodology, inorganic phototropic 

growth, investigated if the natural phenomena of phototropism could be extended to 
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inorganic materials to generate complex, nanoscale features without lithographic 

processes.25–32 

1.2 Inorganic Phototropic Growth  

In inorganic phototropic growth, electrochemical deposition is used in tandem with 

incident illumination to grow thin, nanostructured films of Se-Te as outlined in Figure 

1.2.25–28 The deposition process is lithography-free and utilizes no templates or directing 

agents but instead relies solely on the incident illumination to direct the morphology of the 

resulting mesoscale features. The reductive electrodeposition process takes place at room 

temperature in an aqueous solution consisting of 0.020 M SeO2, 0.010 M TeO2, and 2.0 M 

H2SO4.33–35  If this process is done without illumination, no distinct features or anisotropy 

is observed as indicated in the scanning electron micrograph (SEM) presented in Figure 

1.2b. In contrast, under illumination with a light-emitting diode (LED), an anisotropic, 

periodic lamellar pattern is formed (Figure 1.2c). This technique allows for the generation 

of nanoscale features conformally over cm2 areas. 



 

 

4 

 
Figure 1.2. (a) Schematic illustrating inorganic phototropic growth via cathodic electrochemical deposition 

of Se-Te. (b) and (c) Representative SEM of Se-Te films deposited in the dark and using vertically polarized 

λavg = 727 nm illumination.  

The resulting growth is hypothesized to originate from a difference in the growth 

rate in the dark versus under illumination. Figure 1.3 presents current density plotted as a 

function of time.28  In the chopped light chronoamperomogram shown in Figure 1.3a, when 

the light is chopped, or turned off, the current is substantially less than when the substrate 

is illuminated. Optical modeling using point dipole radiation sources can be used to 

simulate the electric field intensity at the growth interface. Figure 1.3b displays two dipole 

emitter sources, in a medium with the same refractive index as the deposition solution, 

oriented in the same propagation axis as vertically linearly polarized illumination spaced 

two wavelengths apart.27 The electric field observed is an oscillatory pattern with regions 

of high and low intensity. In the chopped light choronoamperogram data (Figure 1.3a), 

areas with greater illumination will exhibit higher growth rates, and therefore this 

oscillatory intensity profile results in oscillatory mass addition across the substrate.  
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Figure 1.3. (a) Chopped light choronoamperomogram during the deposition of Se-Te thin films. (b) Optical 

modeling of the electric field with two dipole radiation sources emitting λavg = 630 nm, oriented vertically in 

a medium of n = 1.33.  

Figure 1.4 presents and summarizes a simplified schematic of inorganic phototropic 

growth. The process starts with a conductive, planar substrate (Figure 1.4a) with initial 

randomly deposited Se-Te nucleation features (Figure 1.4b). As the incident illumination 

present throughout the growth process scatters off these features, areas of higher and lower 

intensity result due to constructive and destructive interference, respectively (Figure 1.4c) 

leading to preferential mass addition where local light absorption is highest (Figure 1.4d) 

creating a positive feedback loop that ultimately results in nanostructured feature formation 

(Figure 1.4e).   

 
 
Figure 1.4. Schematic illustrating the inorganic phototropic growth process from the initial planar substrate 

through the final structure formation.  
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The inorganic phototropically grown thin films encode the optical illumination 

inputs utilized during the deposition process, and thus the morphology of the 

photoelectrochemical deposits generated via this methodology can be directed through 

changes in the incident illumination parameters including polarization and wavelength.   

Figure 1.5 displays the change in morphology induced from changes in the polarization of 

incident illumination. Unpolarized incident illumination results in a periodic mesh-like 

pattern forming across the substrate as displayed in the SEM in Figure 1.5a.  Linearly 

polarized illumination generates  highly anisotropic, periodic  lamellar patterns (Figure 

1.5b-d) with the long axis of the lamella features oriented parallel to the direction of 

polarization, consistent with the oscillatory pattern predicted from the dipole optical 

modeling in Figure 1.3b.27 In addition to anisotropy from the top-down perspective, further 

investigation of the nanoscale feature morphology can be conducted through cross-

sectional SEM analysis. Figure 1.5e,f present cross-sectional SEMs parallel and 

perpendicular to the incident polarization highlighting the out-of-plane anisotropy. In 

particular, the perpendicular cross section (Figure 1.5f) illustrates the high aspect ratio and 

growth of the features out from the substrate along the normal towards the incident 

illumination source.  
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Figure 1.5. Representative top-down SEMs of photoelectrochemical deposits using λavg = 727 nm for (a) 
unpolarized, (b) horizontally polarized, (c) diagonally polarized, and (d) vertically polarized illumination. 

Cross-sectional SEMs of the structures displayed in (d) parallel (e) and perpendicular (f) to the polarization 

axis.  

Altering the wavelength used during the deposition process affects the periodicity 

or pitch of the lamellar features.25,28 Figure 1.6 presents a series of representative SEMs at 

varying wavelengths from the top-down and perpendicular cross-sectional perspectives 

illustrating that as the wavelength increases from green to infrared, the period pitch or 

spacing increases. The pitch of the photoelctrochemically deposited features can be 

quantified with two-dimensional Fourier transform analysis.  
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Figure 1.6. Representative top-down and perpendicular cross-sectional SEMs of photoelectrochemical 

deposits using the indicated wavelengths.  

The reasoning behind these trends can be explored through an optically based 

growth model illustrated in Figure 1.7. This two-step iterative growth model contains few 

empirical inputs, only estimates of the electrolyte index and deposit complex refractive 

index.28,36 In the first step, full-wave electromagnetic simulations are performed using a 

finite-difference time-domain (FDTD) method to calculate the local light absorption in the 

system. Then mass is added via a Monte Carlo method wherein mass is added 

probabilistically based on the local light absorption.  
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Figure 1.7. Schematic of the two-step optically based growth model where the first step calculates local light 

absorption that then informs a probabilistic mass addition step. This process iterates to mimic the inorganic 

phototropic growth process.  

A series of iterations using this optically based growth model and the final resulting 

simulated morphology produced using this simulation method is presented in Figure 1.8. 

The start of the simulated growth process consists of a planar substrate with no templating 

or lithographically patterned features of any kind (Figure 1.8a). Mass is then added 

iteratively with initial random deposits (Figure 1.8b) evolving via a positive feedback loop 

to generate light-directed preferential mass addition (Figure 1.8c,d) that ultimately 

converges to the anisotropic lamellar morphology observed experimentally (Figure 1.8e). 

The agreement between the growth model simulated structures and those produced 

experimentally reinforces the hypothesis that inorganic phototropic growth is an optical 

directed phenomena as the growth model contains only optically-based empirical inputs.  
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Figure 1.8. Increasing iterations of simulated structures generated via the two-step, opticall- based growth 

model at λavg = 934 nm.  

Additional growth modeling of other material systems indicated that inorganic 

phototropic growth is not limited to solely Se-Te thin films.  Specifically, Se-Pb (Figure 

1.9) and Se-Cd (Figure 1.10) were investigated and found to generate similar lamellar 

morphologies both computationally and experimentally.37,38 The fabrication of complex 

structures of multiple materials through modeling and laboratory methods indicates that 

the inorganic phototropic growth methodology can be generalizable to all semiconducting 

systems with sufficient photoactivity and capability of being deposited via electrochemical 

methods. Further material discovery is an ongoing research area within inorganic 

phototropic growth research.  

 

Figure 1.9. Simulated morphologies of Se-Pb films generated by inorganic phototropic growth using 

vertically polarized illumination with the indicated λavg.  
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Figure 1.10. Simulated morphologies of Se-Cb films generated by inorganic phototropic growth using 

vertically polarized illumination with the indicated λavg. 
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1.3 Scope of Thesis 

The subsequent thesis chapters build upon previous investigations into 

inorganic phototropic growth. Chapter 2 studies the intrinsic phototropism in Se-Te 

material systems with no optical communication or ensemble phenomena between 

deposition sites using normal and inclined incident illumination. Chapter 3 examines 

the emergent, nanophotonic properties that drive the inorganic phototropic growth 

process and the length scale of these interactions. Chapter 4 explores the impact of 

inclined illumination for films in communication, the emergent optical properties that 

generate the tilted photoelectrodeposited features, and the similarities between 

inorganic and biological systems. Chapter 5 investigates the improved fidelity of 

photoelectrodeposited features generated with inclined illumination in the same plane 

as incident polarization.  
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Chapter 2 

INORGANIC PHOTOTROPISM IN ELECTRODEPOSITION OF SE–TE 

 
Meier, M. C.; Cheng, W.-H.; Atwater, H. A.; Lewis, N. S.; Carim, A. I. Inorganic 

Phototropism in Electrodeposition of Se–Te. J. Am. Chem. Soc. 2019, 141 (47), 18658–

18661. https://doi.org/10.1021/jacs.9b10579.  
 

2.1 Introduction 

Photoelectrochemical deposition of Se–Te on isolated Au islands using an 

unstructured, incoherent beam of light produces growth of Se–Te alloy toward the direction 

of the incident light beam. Full-wave electromagnetic simulations of light absorption 

indicated that the induced spatial growth anisotropy was a function of asymmetric 

absorption in the evolving deposit. Inorganic phototropic growth is analogous to biological 

systems such as palm trees that exhibit phototropic growth wherein physical extension of 

the plant guides the crown toward the time-averaged position of the sun, to maximize solar 

harvesting. 
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2.2 Results and Discussion   

 

Se–Te was electrochemically grown 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.28 Figure 2.1a-c 

presents 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 

2.1a), a symmetrical, hemispherical cross-section was observed. For α = 30° (Figure 2.1b) 

the deposit cross-section was mostly hemispherical, but exhibited some asymmetry in that 

greater mass was observed on the side of the incident illumination relative to the opposite 

side. For α = 60° (Figure 2.1c), a larger growth anisotropy was observed than for α = 30° 

(Figure 2.1b). Figure 2.1d-f present top-down SEMs analogous to the cross sections 

presented in Figure 2.1a-c. With α = 0° (Figure 2.1d), the deposit morphology was 

symmetrical, with an apparent circular projection. For both α = 30° and α = 60° (Figure 

2.1e,f) less mass addition, and increased apparent roughness, was observed on the far side 

of the deposits, away from the direction of incident illumination. Hence the growth of Se–

Te deposits can be directed to mimic the natural phototropism observed in biological 
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systems, wherein mass addition is directed asymmetrically to extend the structure along 

the path of the incident illumination. 

 

Figure 2.1. (a–c) Cross-sectional and (d–f) top-down SEMs representative of photoelectrodeposits generated 

with λavg = 528 nm illumination incident at the indicated angle α from the substrate normal.  

In many plant systems that exhibit phototropic growth, including the model 

organism Arabidopsis, the magnitude of the natural phototropic response is a function of 

the illumination wavelength, with phototropic growth primarily observed in response to 

photosynthesis stimulated by short-wavelength visible light.10,39 The mechanism of natural 

phototropic growth has been explained by the molecular absorption necessary to drive the 

photochemical reactions that underpin the biological growth response, in conjunction with 

an auxin-related response that causes cells to elongate at locations farthest from the light. 

40–42 Herein, electrochemical growth using illumination sources with several λavg values 

was investigated to explore the wavelength sensitivity of Se–Te inorganic phototropic 

growth. Figure 2.2a–c presents cross-sectional SEMs of deposits generated using a LED 
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with λavg = 727 nm with varying values of α. With α = 0° (Figure 2.2a) a symmetrical, 

hemispherical cross-section was observed, similar to the case of normally incident λavg = 

528 nm illumination (Figure 2.1a). For α = 30° (Figure 2.2b), some azimuthal asymmetry 

was observed in the deposits, with increased mass addition on the side of the incident 

illumination, but with less azimuthal asymmetry than growth using λavg = 528 nm at α = 

30° (Figure 2.1b). The deposit generated with α = 60° (Figure 2.2c) exhibited the same 

type of asymmetry as for α = 30° (Figure 2.2b) but with substantially greater azimuthal 

asymmetry, similar to the case of λavg = 528 nm incident at α = 60° (Figure 2.1c). Figure 

2.2d–f presents data analogous to that presented in Figure 2.2a–c, but for deposits 

generated using a LED with λavg = 843 nm. In all three cases (α = 0, 30, and 60°) a 

symmetrical, hemispherical cross-section was observed. Similar to the behavior observed 

in natural systems, the magnitude of the inorganic phototropic response varied with 

wavelength, and asymmetry was not observable for growth stimulated by illumination 

having a sufficiently long wavelength (near-infrared). 
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Figure 2.2. Cross-sectional SEMs representative of photoelectrodeposits generated with the indicated λavg 

illumination incident at the indicated angle α from the substrate normal. 

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

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

electromagnetic simulations.43 Model Se–Te structures about metallic islands in an 

electrolyte solution were used as representations of the morphologies that developed during 

photoelectrochemical growth. Analysis by energy-dispersive X-ray (EDX) spectroscopy 

and Raman spectroscopy (Figure 2.3) indicated that the composition of the 

photoelectrodeposited material was independent of the illumination inputs for the 

investigated parameter space.  
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Figure 2.3. Representative Raman spectra of photoelectrodeposits generated with (a) λavg = 528 nm 
illumination incident at the labeled angle α from the substrate normal and (b) with the labeled λavg 

illumination incident at α = 0° from the substrate normal.  

The simulation set up is depicted in Figure 2.4 and the materials properties used in 

the modeling were in accord with the composition of the material measured experimentally 

by EDX and Raman spectroscopies. The optical extinction coefficient of Se–Te alloys 

decreases with increasing wavelength from the visible regime to the near-infrared regime.44 

Figure 2.5a–c presents graphical representations of the light absorption profiles calculated 

for the model structure using λavg = 528 nm for α = 0, 30, and 60°. For α = 0° (Figure 2.5a), 

the absorption profile was symmetrical and most of the absorption was strongly localized 

near the growth (solution) interface. With α = 30° (Figure 2.5b), 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. A similar profile, but with 

a greater degree of angular asymmetry, was observed for α = 60° (Figure 2.5c). The extent 

of asymmetry in the absorption profiles correlated with the morphological anisotropies 

observed for deposits generated with the λavg = 528 nm source (Figure 2.1). The greater 

surface roughness observed for deposits generated with the λavg = 528 nm source and α = 

30 and 60° (Figure 2.1e,f) on the far side, away from the direction of illumination 
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incidence, relative to the illuminated side, is similar to the roughness observed for a 

deposit generated in the dark (Figure 2.6). This observation suggests that the absorption of 

light by the deposit is sufficient to attenuate light-directed growth on the far side and 

relatively favor dark growth wherein mass addition may be dictated by electrochemical 

kinetics. 
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Figure 2.4. Schematic of the geometry utilized for light absorption modeling with idealized 

photoelectrodeposit structures.  

Figure 2.5d–f present data analogous to that shown in Figure 2.5a–c but for 

calculations using λavg = 727 nm. For α = 0° (Figure 2.5d), the profile was symmetric but 

exhibited less concentration of absorption along the solution interface than for λavg = 528 

nm (Figure 2.5a). For α = 30° (Figure 2.5e) the profile showed some absorption 

concentration on the side of the incident illumination but was more azimuthally isotropic 

than the profile for λavg = 528 nm with α = 30° (Figure 2.5b). With α = 60° (Figure 2.5f), 

the absorption was asymmetrically concentrated on the same side of the normal as the 

incident illumination but was not confined as strongly along the interface as for any angle 

of incidence with λavg = 528 nm (Figure 2.5a–c). The decreased optical concentration near 

the growth interface observed in the profiles for λavg = 727 nm relative to those for λavg = 

528 nm is consistent with the decrease in extinction coefficient of the Se–Te material as 

the wavelength increases. As for λavg = 528 nm, the azimuthal symmetry observed in the 
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absorption profiles for λavg = 727 nm (Figure 2.5d–f) is consistent with the 

morphological anisotropy in the deposits generated with the same λavg (Figure 2.2a–c). 

Figure 2.5g–i presents representations of absorption profiles similar to those 

presented in parts a–c and d–f of Figure 2.5, but for calculations using λavg = 843 nm. For 

α = 0° (Figure 2.5g) the profile is symmetric, but a similar magnitude of absorption is 

observed in both the apex of the structure near the solution interface and at the bottom of 

the structure near the substrate interface, in contrast to the profile observed for λavg = 528 

nm with α = 0° (Figure 2.5a). For α = 30° and 60° (Figure 2.5h,i), some azimuthal 

asymmetry in the absorption profiles was observed, with the absorption biased toward the 

side of the incident illumination. However, the overall localization of the absorption was 

lower than observed in the analogous cases with λavg = 727 nm (Figure 2.5e,f). The low 

degree of optical concentration observed in the profiles for λavg = 843 nm (Figure 2.5g–i) 

is consistent with the lower material optical absorption at this wavelength than at λavg = 

528 nm or λavg = 727 nm, and is moreover consistent with the lack of morphological 

anisotropy observed experimentally for deposits generated with the λavg = 843 nm source. 

The computational data, in conjunction with experimental results, thus indicates that the 

phototropic response 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.27,43 A phototropic response was not observed when 

the optical absorption was predominantly spatially isotropic, such as for λavg = 843 nm 

(Figure 2.5g–i). Due to low optical absorption and thus high optical penetration under these 
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conditions, the isotropic absorption resulted in spatially isotropic rates of mass addition 

along the growth interface, effecting symmetric deposits.  

 

Figure 2.5. Simulated light absorption profiles in a model photoelectrodeposit morphology for illumination 

with the indicated λavg incident at the indicated angle α from the substrate normal. 

 

Figure 2.6. Top-down SEM representative of a deposit generated in the dark.  
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2.3 Conclusions  

The cumulative data presented herein demonstrate that inorganic phototropic 

growth, wherein material addition is directed toward an unstructured light beam in free 

space in analogy to the manner that many plants grow toward the sun, can be achieved via 

light-guided electrochemical growth of Se–Te. The directionality of the inorganic 

phototropic response is a function of direction of the illumination incidence whereas the 

magnitude of the response is dependent on both the incidence vector and the wavelength. 

Simulations of light absorption in model Se–Te deposits, combined with the experimental 

data, indicate that the phototropic response is a consequence of spatially anisotropic 

absorption in the evolving material. Techniques to capitalize on inorganic phototropic 

response to construct complex three-dimensional morphologies that may be difficult or 

impossible to generate via conventional lithographic means are now being investigated.  
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Chapter 3 

ASSESSING EFFECTS OF NEAR-FIELD SYNERGISTIC LIGHT 

ABSORPTION ON ORDERED INORGANIC PHOTOTROPIC GROWTH 

Meier, M. C.*; Carim, A. I.*; Kennedy, K. M.; Richter, M. H.; Hamann, K. R.; Lewis, N. 

S. Assessing Effects of Near-Field Synergistic Light Absorption on Ordered Inorganic 

Phototropic Growth. J. Am. Chem. Soc. 2021, 143 (10), 3693–3696. 

https://doi.org/10.1021/jacs.0c13085.  

3.1 Introduction 

We report herein that synergistic light absorption in the optical near-field enables 

nanoscale self-organization during inorganic phototropic growth. Se–Te was grown 

electrochemically under illumination from an incoherent, unstructured light source in 

geometrically constrained, wavelength scale areas. Despite the limited dimensions, with as 

few as two discrete features produced in a single sub-micron dimension, the deposit 

morphology exhibited defined order and anisotropy. Computer modeling analysis of light 

absorption in simulated structures revealed a synergy wherein light capture in a nanoscale 

feature was enhanced by the presence of additional adjacent features, with the synergistic 

effect originating predominantly from nearest-neighbor contributions. Modeling moreover 

indicated that synergistic absorption is produced by scattering of the incident illumination 

by individual nanoscale features, leading to a local increase in the near-field intensity and 

consequently increasing the absorption in neighboring features. The interplay between 

these optical processes establishes the basis for spontaneous order generation via inorganic 

phototropic growth.  
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3.2 Results and Discussion 

 

 

Figure 3.1. Representative SEMs of experimentally generated Se–Te deposits, grown from a solution of 

0.0200 M SeO2, 0.0100 M TeO2, and 2.00 M H2SO4 using vertically polarized λavg = 934 nm illumination, 
without spatial constraint (a) and with areal constraint to the indicated circular diameter (b–f). Computer 

simulations of deposit morphologies generated via modeling of the growth (g–l) analogous to the empirical 

data in the above row. Light absorption profiles (m–r) corresponding to the simulated morphologies in the 

above row. 

The impact of physically confined growth on Se-Te nanostructures was studied to 

understand the short-range, optical communication among neighboring nanoscale features. 

Figure 1a presents a representative scanning-electron micrograph (SEM) of a Se–Te 

deposit generated via inorganic phototropic growth on a planar, unpatterned, substrate. The 

deposit exhibited a highly anisotropic and ordered morphology consisting of vertically 

oriented lamellar features, in accord with prior work showing that on conductive, non-

photoactive substrates (e.g., n+-Si, Au) template-free growth of Se–Te, as well as Se–Pb 

and Se–Cd, can spontaneously generate periodic structures oriented along an arbitrarily 

selected incident optical polarization direction.26,37,38 Here, inorganic phototropic growth 
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was effected by light-mediated electrochemical synthesis of Se–Te from a solution of 

0.0200 M SeO2, 0.0100 M TeO2, and 2.00 M H2SO4 using vertically polarized illumination 

with an intensity-weighted average wavelength (λavg) of 934 nm from an incoherent, 

narrowband light-emitting diode source. No photomask was used. In-plane growth was 

then confined to dimensions that were comparable to the wavelength of the incident 

illumination by using substrates coated with a nonconductive poly(methyl methacrylate) 

(PMMA) layer in which circular well structures had been defined via electron-beam 

lithography. Growth proceeds via the light-stimulated electrochemical deposition process 

and cannot occur on regions of the substrate coated with an electrically insulating film such 

as PMMA. The well geometries did not limit mass transport between the bulk solution and 

the growth interface and did not influence the morphologies beyond the effect of lateral 

confinement. The concentration of precursor species is sufficiently large such that mass 

transport is not outpaced by the photodriven electrochemical deposition. The circular 

geometry prevented the relative alignment of the optical polarization and the PMMA 

structures from affecting the growth (as would be possible with an anisotropic confinement 

geometry). Figure 3.1b–f presents representative SEMs of deposits generated with spatial 

confinement of the indicated circular diameter, d. With d = 1.6 μm (Figure 3.1b), a lamellar 

morphology was observed and consisted of five vertically oriented features. These features 

are very similar to those observed for inorganic phototropic growth on unpatterned large 

scale (cm2 area) substrates (Figure 3.1a). The outermost feature on each side of the confined 

area exhibited curvature imposed by the circular confinement pattern. Relative to d = 1.6 

μm (Figure 3.1b), growth confined to d = 1.2 μm (Figure 3.1c) resulted in a similar 
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morphology but consisted of two instead of three central features. Only a singular central 

feature was observed when d = 0.8 μm (Figure 3.1d), whereas for d = 0.4 μm (Figure 3.1e), 

a central feature was not produced and instead a vertically oriented central depression was 

bordered by a single feature on each side. When the growth area was constrained to d = 0.2 

μm (Figure 3.1f), a single circular feature filled the growth region. These data demonstrate 

that inorganic phototropic growth, despite spatial confinement to wavelength scale 

dimensions and the consequent lack of any ensemble phenomena that may occur in an 

unconstrained case, can generate morphological order and anisotropy, even with as few as 

two discrete structural features. 

Computer simulations were performed to explore the principles that enable 

inorganic phototropic growth to direct morphological anisotropy and order at the 

wavelength scale. A two-step iterative model with an optical basis was utilized to emulate 

the bottom-up growth process. First, an electromagnetic method was used to simulate 

illumination of the growth interface and calculate the magnitude of light absorbed at each 

point along the interface. Then, Se–Te mass was selectively added to the interface in a 

probabilistic fashion using a Monte Carlo method wherein the likelihood of mass addition 

at a certain location scaled with the local light absorption magnitude as determined in the 

previous step. These steps were successively iterated, with a new evaluation of the 

absorption in the evolved interface resulting from mass addition in the immediately 

previous iteration. This process has been shown to reproduce the structural genesis and 

evolution of films generated by inorganic phototropic growth.29 Empirical inputs were 

minimal and included estimates of the deposit complex refractive index and the electrolyte 
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index. Figure 3.1g–l presents simulated morphologies analogous to the experimental 

observations depicted in Figure 3.1a–f. Each simulated morphology is the result of a 

discrete, independent set of growth computations initialized from an isotropic substrate. In 

all cases, the simulated morphology was in remarkable accord with that observed 

experimentally. Such agreement between the experimental and computational data 

indicates that the structures observed experimentally are determined by optical processes 

as opposed to a chemical or crystallographic bias of the Se–Te material or any other 

physical processes, for example, mass transport, during growth.45–47  

Light absorption in the morphologies generated by the optically based growth 

modeling was evaluated to assess the basis for structure determination. Figure 3.1m–r 

presents the spatial profiles of light absorption derived from the growth modeling that 

correspond to the simulations displayed in Figure 3.1g–l, respectively. For a spatially 

unconfined film (Figure 3.1m), the intensity in the absorption profile closely tracked the 

simulated film morphology (Figure 3.1g), with relatively high absorption along all the 

observed lamellar features and minimal absorption in the space between the features. When 

growth was confined spatially to d = 1.6 μm (Figure 3.1n), the highest absorption intensity 

was observed along the centermost feature, with some elevated absorption in the 

neighboring features near the vertical midpoints. A similar absorption profile was observed 

for growth when the spatial confinement was constrained to d = 1.2 μm (Figure 3.1o), with 

the largest intensity at the middle of the central features. For d = 0.8 and 0.4 μm (Figure 

3.1p,q), the absorption still tracked the principal growth features, but exhibited less contrast 

and was lower in magnitude than for d = 1.6 or 1.2 μm (Figure 3.1n,o). The lowest relative 
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absorption, with minimal spatial variance in the circular area, was observed for d = 0.2 

μm (Figure 3.1r). These data indicate a synergistic nanophotonic phenomenon in which the 

absorption in an individual feature is enhanced by the presence of additional adjacent 

features. Notably, an absorption profile that was very similar to that of the spatially 

unconfined growth (Figure 3.1m) was obtained with only four or five total parallel features 

(Figure 3.1o,n). These data indicate that the synergistic absorption in an individual feature 

is predominately determined by the contributions of the very nearest neighbors, suggesting 

that the self-organization observed during inorganic phototropic growth is primarily 

directed by short-range light-matter interactions within the optical near-field.  

 

Figure 3.2. Simulated  Se-Te  deposit morphologies generated  considering  λavg=  934  nm  illumination  

with  areal constraint  to  the  circular  diameter d=  0.4  μm.  Each panel  presents  the  result  of  a  fully  

independent  set  of growth computations. 

Figure 3.2 presents simulated morphologies of Se-Te deposits generated from 

independent sets of computations using the iterative, two-step growth model considering 

λavg = 934 nmillumination with areal constraint to the circular diameter d = 0.4 µm. The 

extremely close accord between these mutually independent simulations of bottom-up 

mass addition compellingly indicates that the observed structures are a direct result of light-

matter interactions between the input illumination and the evolving Se-Te deposits. 
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Additional computational modeling was performed to further explore the optical 

interactions between neighboring deposit features and interrogate the length scale that is 

relevant and determinative of the emergent film growth evident in the experiments and 

simulations presented in Figure 3.1 for inorganic phototropic growth with circular spatial 

confinement. A simplified, idealized lamellar feature was designed with shape and 

dimensions characteristic of those observed experimentally. Morphologies with a single 

such feature, as well as one with two features separated by the feature pitch observed 

experimentally, were modeled and are presented schematically in Figure 3.3 a,b. Spatial 

confinement, as was effected using a substrate patterned with circular well structures for 

the experimental as well as computational growth modeling investigations (Figure 3.1), 

was not utilized here. The structures were explicitly predefined rather than generated 

spontaneously, but the experimental and simulated growth results demonstrated that 

analogous structures are generated spontaneously during inorganic phototropic film 

growth. Stimulation was simulated with the same illumination utilized both experimentally 

and in the growth modeling, and the spatial absorption profiles were calculated and are 

presented in Figure 3.3 c,d. Enhanced absorption was observed in the simulation that 

contained two features (Figure 3.3d) relative to that with the single feature (Figure 3.3c), 

consistent with the synergistic absorption phenomenon observed in the growth modeling 

data. Figure 3.3e presents a simulation of the spatial profile of the time-averaged electric 

field magnitude corresponding to the absorption data in Figure 3.3c. An enhancement in 

the amplitude of the field was observed in the regions directly adjacent to the lamellar 

feature. Figure 3.3f presents a simulation analogous to that in Figure 3.3e, but for the case 
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of two features (Figure 3.3b), and shows a similar enhancement in the regions adjacent 

to the outer edges of the features. These data indicate that the features anisotropically 

scatter the incident illumination, effecting optical localization and concentration in the 

immediate vicinity of the feature of concern. Synergistic absorption thus occurs when a 

neighboring feature is present. Such scattering and absorption processes in the optical near-

field consequently provide the basis for spontaneously ordered inorganic phototropic 

growth. These results indicate that inorganic phototropic growth can direct the 

morphological anisotropy and order at spatial scales comparable to the incident optical 

wavelength, in the absence of any emergent ensemble phenomena that may result at longer 

extended length scales. 

 

Figure 3.3. Schematic of simplified lamellar morphologies (a, b) and corresponding simulations of the light 

absorption (c, d) and time-averages of the electric field magnitude (e, f). 
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3.3 Conclusions    

 

In summary, inorganic phototropic growth was performed over wavelength scale 

areas, and morphological anisotropy and order were observed in the deposits despite the 

limited length scale. The growth morphologies were simulated using a fully optically based 

model and were in close agreement with the experimental observations, indicating that the 

morphologies are primarily determined by optical phenomena. Light absorption in the 

simulated morphologies was analyzed, and synergy was observed in which absorption in a 

single feature was enhanced by the presence of adjacent, neighboring features. The features 

scattered the incident illumination, enhancing the relative intensity in the directly adjacent 

regions. This scattering process thus feeds the absorption synergy, establishing the 

nanophotonic basis that promotes cooperative growth and demonstrating that extended 

ensemble phenomena are not necessary to direct structure and produce spontaneous 

organization in inorganic phototropic growth. 
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Chapter 4 

EMERGRENT GROWTH OF BIOMIMETIC MESOSTRUCTURES  

VIA INORGANIC PHOTOTROPISM 

 
Meier, M.C.; Cheng, W.-H.; Richter, M. H.; Thompson, J.R.; Batara, N.T.; Yalmanchili, 

S.; Atwater, H. A.; Lewis, N. S.; Carim, A. I. Emergent Growth of Biomimetic 

Mesostructures via Inorganic Phototropism. In Preparation.  

4.1 Introduction 

We show that photoelectrodeposition of Se-Te using inclined illumination 

generates ordered nanoscale features oriented away from the substrate normal and 

consistently towards the local maximum in near-field intensity, and that this behavior is 

comparable to the light-directed habit formation of several tree species. Emergent, 

nanophotonic behavior effected apparent inorganic phototropic growth towards as well as 

skototropic growth away from, the far-field illumination vector, at different input 

inclination regimes. The collective data reveals a commonality between photoresponsive 

morphology determination in biological and inorganic systems and opens new avenues for 

the programmable fabrication of inorganic mesostructures with minimal time and material 

inputs in a scalable fashion.  
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4.2 Results and Discussion 

Photoelectrodeposition of semiconducting Se-Te from aqueous solution on a 

substrate templated with optically-isolated conductive islands results in material growth 

towards the direction of the stimulating light beam.48 Directional growth is a consequence 

of asymmetric light absorption in the deposit which effects spatially varying rates of 

photoelectrochemical mass addition. In analogy to natural phototropism, this light-directed 

deposition is termed inorganic phototropic growth. Maskless inorganic phototropic growth 

of Se-Te, as well as other semiconducting chalcogen alloys, using incoherent 

(uncorrelated) illumination inputs with spatially uniform intensity profiles on template-free 

substrates has been demonstrated to spontaneously generate highly ordered mesostructures 

over cm2 areas, including anisotropic, three-dimensional lamellar morphologies.28,37,38 

Photoelectrodeposit morphologies are dictated by the characteristics of the illumination 

inputs utilized during growth, with the spectral distribution controlling the feature size and 

pitch, and the polarization defining the direction and associated magnitude of the 

anisotropy.25–27 Time-varying optical inputs can produce further morphological intricacy, 

e.g. aqueduct and tuning fork morphologies.29,30 Structure generation during inorganic 

phototropic growth in the absence of templating agents is a consequence of inherent 

asymmetries in the light-material interactions during deposition that shape the optical 

absorption profile at the growth interface.36  

In this work, inorganic phototropic growth was performed on an isotropic substrate 

with the illumination incidence at a series of inclinations from the substrate normal. This 

assessment seeks to evaluate, quantify, and fundamentally understand the extent to which 
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photoelectrodeposition produces directed growth of mesostructured material toward, or 

away from, illumination with spatially uniform intensity. Ensemble effects in the extended 

structure may perturb the response to the inclined input similar to how trees exhibit 

different habits in the case of isolated growth versus in a group. Computational modeling 

based on simulations of the light-matter interactions at the growth interface was performed 

and successfully reproduced the experimentally observed morphologies. Analysis of light 

absorption in the simulated structures, as well as additional modeling of light scattering at 

the growth interface, provided insight into the mechanism by which the inclination effects 

apparent phototropic and skototropic responses. Additional depositions were performed to 

validate the mechanism and used inclined illumination on substrates templated with 

conductive islands on a series of different pitches to manipulate the optical communication 

between deposited features.  

Se-Te was photoelectrodeposited using illumination directed along the surface 

normal and supplied by a linearly polarized, narrow-band light-emitting diode (LED) 

source that had an intensity-weighted average wavelength, λavg, of 727 nm. Figure 4.1a 

presents a representative scanning-electron micrograph (SEM) of the resulting deposit 

morphology and reveals a periodic, lamellar structure with high-aspect ratio, anisotropic 

features that extended out from the substrate along the normal. Figure 4.1b-h presents 

representative SEMs of deposits generated with the illumination inclined at an angle, α, 

from the surface normal and in the plane perpendicular to that of the polarization. With α 

= 10° (Figure 4.1b), the structure inclined with the features extending from the substrate 

along a vector in the same plane, but on the opposite side of the normal, as the illumination 
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incidence. Deposition using α = 20° and 30° (Figure 4.1c, d) resulted in structures similar 

to that for α = 10° (Figure 4.1b), but with increasing feature inclination away from the 

normal and from the illumination incidence. Thus, deposition with α = 10° to 30° (Figure 

4.1b-d) resulted in an apparent negative phototropic, or skototropic, growth response. With 

α = 40° (Figure 4.1e) all deposit features did not consistently extend from the substrate 

towards one side of the normal, but instead adjacent features extended both to the same 

and to the opposing sides. Deposition using α = 50° (Figure 4.1f) resulted in structures 

similar to that for α = 40° (Figure 4.1e), but with features that primarily extended towards 

the same side of the normal as the illumination incidence. With α = 60° and 70° (Figure 

4.1g,h) the features extended towards the same side of the normal as the incident 

illumination, and were more sharply inclined away from the normal than the structures 

observed with α = 50° (Figure 4.1f). Deposition with α = 60 and 70° (Figure 4.1g,h) 

therefore effected an apparent positive phototropic growth response. These data suggest 

that the mesoscale morphology is broadly sensitive to the inclination of the incident 

illumination relative to the substrate and that this input encodes for the inclination of the 

deposit features in a markedly non-monotonic fashion. Additionally, for deposits generated 

with α = 40° to 70° (Figure 4.1e-h), the feature width and pitch were increased relative to 

depositions with α < 40°. Moreover, some features with diminished heights were observed 

adjacent to larger, inclined features, suggesting that competitive light absorption, 

analogous to that observed in dense tree forest growth, may be involved in determining the 

deposit morphology under these conditions.49,50   
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Figure 4.1. (a)-(h) SEMs representative of photoelectrodeposits generated with λavg = 727 nm illumination 

incident at the indicated angle α from the substrate normal. 

Photoelectrodeposition using a series of off-normal incident illumination inputs 

over a range of values of λavg was investigated. Figure 4.2 presents representative SEMs of 

deposits generated using λavg = 521, 630, 775 and 843 nm each with α = 0, 20, 40 and 60°. 

For all investigated cases, lamellar patterns with apparent feature sizes and pitches that 

scaled monotonically with λavg were observed. With α = 0° (normal incidence, Figure 4.2a-

d) pattern features were observed to extend out from the substrate along the normal for 

each value of λavg. With α = 20° (Figure 4.2e-h) features were observed to extend from the 

substrate along a vector directed away from the normal and on the opposite side of the 

normal as the illumination incidence for each value of λavg, thus exhibiting apparent 

skototropic growth behavior similar to that observed for the case of λavg = 727 nm with α = 

10 to 30° (Figure 4.1b-d). The magnitude of the feature deviation away from the normal 

appeared to scale monotonically with λavg
 with morphologies generated using larger values 
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of λavg exhibiting greater structural inclination. With α = 40° (Figure 4.2i-l) the features 

did not consistently extend from the substrate towards one side of the normal but rather 

adjacent features were observed on both the same and opposing sides. As with the case of 

α = 20° (Figure 4.2e-h), the magnitude of the feature deviation appeared to scale 

monotonically with λavg
 with morphologies generated using larger values of λavg exhibiting 

greater feature inclination though in this case both towards and away from the same side 

of the normal as the illumination incidence. With α = 60° (Figure 4.2m-p) features were 

observed to extend along a vector directed away from the normal but on the same side as 

the illumination incidence for each value of λavg, thus exhibiting apparent positive 

phototropic growth behavior similar to that observed for the case of λavg = 727 nm with α 

= 60˚ and 70° (Figure 4.1g,h). This data shows that manipulation of the optical inputs to 

the photoelectrodeposition can generate patterned structures displaying a range of feature 

sizes, pitches and inclinations and indicates that the sensitivity of the growth to the 

orientation of the illumination incidence relative to the substrate is a monotonic function 

of λavg. Also, in the morphologies observed for deposits generated with α = 40 and 60° 

(Figure 4.2i-p), some lamellar features with diminished heights were observed adjacent to 

larger, inclined features as observed for the case of λavg = 727 nm with α = 40 to 70° (Figure 

4.1e-h), again suggesting that competitive light absorption may be involved in the 

morphology determination. The magnitude of the feature deviation away from the normal 

increased monotonically with λavg, with morphologies generated using larger values of λavg 

exhibiting greater structural inclination. This behavior is in contrast to that observed 

previously for photoelectrodeposition on substrates templated with isolated conductive 
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islands to prevent optical communication between neighboring growth, in which the 

phototropic response was diminished with increasing wavelengths.48 In the templated case, 

the phototropic response was determined to be a result of spatially asymmetric absorption 

that was in turn the result of attenuation of the inclined illumination input by the deposited 

material. This suggests, additional, ensemble optical effects are critically important in the 

case of unconstrainted growth on an isotropic substrate. 
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Figure 4.2. (a)-(p) SEMs representative of photoelectrodeposits generated with the indicated λavg 

illumination incident at the indicated angle α from the substrate normal. 
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Computer modeling of the growth process was performed using a two-step, 

iterative model in which electromagnetic simulations were first utilized to calculate the 

spatial profile of light absorption magnitude at the growth interface. Then, light-directed 

electrodeposition was simulated using a Monte Carlo method that used the local absorption 

to weight the local probabilities of deposition. No empirical data were used in the modeling 

other than estimates of the refractive index of the solution and the complex index of the 

Se-Te material. The computational data thus results solely from the fundamental light-

matter interactions during deposition. Figure 4.3a-h presents simulated morphologies, 

overlaid with the light absorption profile for the associated illumination condition, for λavg 

= 727 nm and α = 0 to 70° in 10° increments. In each case, the simulations accurately 

reproduced the experimentally observed morphologies (Figure 4.1). Specifically, with α = 

0° (Figure 4.3a), lamellar features were observed to extend out from the substrate along the 

normal, and the light absorption was localized symmetrically within features tips, 

consistent with normally oriented growth. With α = 30° (Figure 4.3d) apparent skototropic 

growth was observed in which the features extended along a vector on the opposite side of 

the normal as the illumination incidence, in agreement with the orientation observed 

experimentally under such conditions (Figure 4.1d). Notably, the light absorption was 

asymmetrically localized in the feature tips with greater intensity on the side away from 

the illumination incidence. For α = 60° (Figure 4.3g) apparent phototropic growth was 

observed, with most features extending along a vector on the same side of the normal as 

the illumination incidence, and absorption was highly localized in the tips of the lamellar 

features, consistent with the phototropic growth and feature orientation observed 
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experimentally (Figure 4.1g). The close agreement between the experimental and 

simulated morphologies suggests that the structures are fully determined by the 

characteristics of the incident illumination in conjunction with the light-matter interactions 

during the photoelectrodeposition. The inclined morphologies are a consequence of 

structural evolution to maintain effective light harvesting, as growth follows the light 

absorption. The simulated absorption data suggests that illumination inclination results in 

modulation of the near-field light intensity distribution at the growth interface in a manner 

that is a non-monotonic function of α. Additionally, with α = 60° (Figure 4.3g), some 

features were observed with diminished heights adjacent to larger inclined features in 

accord with the experimental data (Figure 4.1g), and substantial absorption localization 

was not observed in the shorter features, whereas the adjacent larger features exhibited 

intense localization, suggesting competitive light absorption effects also inpact the 

morphology produced under such illumination conditions. This behavior is consistent with 

competition in forest canopies in which trees exhibit suppressed growth and are relegated 

to the understory after overtopping by another tree as the environmental light availability 

is diminished .51  
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Figure 4.3. (a)-(h) Simulated photoelectrodeposit morphologies generated via growth modeling with λavg = 727 
nm illumination incident at the indicated angle α from the substrate normal and overlaid with simulated 

absorption profiles generated with the same illumination condition. 

Spontaneous order generation via inorganic phototropic growth using linearly 

polarized light directed at normal incidence has been shown to be a result of an emergent 

nanophotonic phenomenon in which lamellar features asymmetrically scatter the incident 

illumination towards the nearest-neighbor features, concentrating and localizing the 

intensity at these neighbors, and thus promoting synergistic absorption.36 Here, additional 

optical simulations were performed to understand the physical mechanism by which 

inclination of the illumination affects the intensity distribution at the growth interface. 

Point dipole radiation sources were utilized to model the amplitude modulation of the 

electric field at the growth interface resulting from scattering of the incident illumination 

by the evolving lamellar features. Figure 4.4a presents a simulation of the normalized time-

average electric field magnitude from two dipoles emitting radiation with a free-space 

wavelength of λ = 727 nm in a medium of index n = 1.33 (representative of the deposition 
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solution) separated by one wavelength in the direction perpendicular to the oscillation 

axis. This simulation is instructive for growth using illumination directed at normal 

incidence. Figure 4.4b presents the profile of the electric field magnitude across the 

horizontal centerline of the simulation presented in Figure 4.4a. An interference fringe was 

observed midway between the dipole sources and represents a light-intensity profile 

consistent with the periodic and anisotropic lamellar features produced experimentally as 

well as the cooperative scattering between neighboring features. Similar dipole source 

simulations were performed with the introduction of appropriate phase offsets between the 

emission of the two dipoles to account for the optical path length difference between 

adjacent scattering sites to effect for the case of illumination inclined at an angle α. Figure 

4.4c presents intensity profiles similar to that presented in Figure 4.4b for simulations 

modeling the use of illumination with α = 0, 30, and 60° with the data truncated to focus 

on the interference between the dipoles. The band for α = 30° had a positive displacement 

suggesting that during deposition with such illumination the nearest maximum in the 

interfacial scattered light intensity profile is located toward the side of the features opposite 

that of the far-field illumination incidence. This result is consistent with the apparent 

skototropic growth observed experimentally for α = 30° (Figure 4.1d). Strikingly, despite 

being oriented away from the far-field incidence direction, the growth is actually locally 

directed to the nearest intensity maximum. Hence, the growth is phototropic with respect 

to the local field, but is skototropic with respect to the direction of the far-field illumination 

input. The band for α = 60° negatively displaced relative to that for α = 0°, suggesting that 

during deposition the nearest maxima in the interfacial scattered light intensity profile in 
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this case is directed towards the same side of the features as the far-field illumination. 

This near-field phototropic growth behavior is thus fully consistent with the far-field 

phototropic growth observed experimentally for α = 60° (Figure 4.1g). The contrasting 

growth regimes and the non-monotonic relationship between the inclinations of the 

incident far-field illumination and the deposited features, thus can be understood as a 

physical consequence of the extended and periodic natures of the interfacial light intensity 

profile and the deposited structure.  

 
Figure 4.4. (a) Simulation of the normalized time-average electric field magnitude from two coherent dipole 

sources emitting radiation with a free space wavelength of λ = 727 nm in a medium of index n = 1.33 

separated by one wavelength parallel to the oscillation axis. (b) Profile of the electric field magnitude across 
a horizontal cross-section of the simulation presented in (a). (c) Plot of the central maximum from electric 

field profiles similar to that presented in (b) but based on simulations with phase delays offsets between 

dipole emissions to model scattering of illumination inclined at the indicated angle α from the normal.   
 

 

Figure 4.5 provides a schematic illustration of the notional relation between the 

illumination incidence, interfacial light intensity profile and growth inferred from the light 

scattering modeling using dipole sources presented in Figure 4.4. Normally-incident 

illumination (Figure 4.5a) results in registry between the maxima of the spatially-

oscillating interfacial light intensity profile and the tips of the evolving lamellar features 

(Figure 4.5b) and thus growth is directed along the normal (Figure 4.5c). As the 

illumination incidence is inclined at a small deviation from normal (Figure 4.5d), the 
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intensity profile shifts relative to the deposit features in the direction of the component 

of the incidence vector parallel to the surface and the nearest maxima to each feature 

becomes slightly offset in this same direction (Figure 4.5e). Growth towards these maxima 

is thus apparently skototropic (Figure 4.5f). Larger inclinations of the illumination (Figure 

4.5g) results in further shifting of the intensity profile relative to the deposit features and 

with sufficient inclination the nearest intensity maxima to each feature is localized away 

from the feature in the direction opposite that of the component of the incidence vector 

parallel to the surface (Figure 4.5h). Growth towards such maxima is thus apparently 

positively phototropic (Figure 4.5i). Thus, the data suggests that at the subwavelength scale 

solely a positively phototropic mechanism is operative independent of the inclination of 

the illumination input as feature growth is directed by growth towards local intensity 

maxima. Apparent skototropic and phototropic responses are observed with respect to the 

far-field incidence as the optical interactions between the illumination and the evolving 

structure redistributes the field intensity in the subwavelength vicinity of the growth 

interface.  
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Figure 4.5. Schematic illustration of the mechanism of feature growth in response to normal and inclined 

illumination inputs. For normally-incident illumination (a) scattering directs and enhances the local light 

intensity near the tips of the features (b), and growth is directed along the normal (c). For illumination inclined 
slightly away from normal (d) scattering directs and enhances the local light intensity near the tips of the 

features but offset towards the side away from the illumination incidence (e) and growth is directed by and 

towards these intensity maxima, away from original illumination incidence (f), thus demonstrating apparent 
skototropism. For illumination incident in a manner similar to that in (d) but inclined at a greater angle away 

from normal (g) scattering directs and enhances the local light intensity near the tips of the features but offset 

towards the side of the illumination incidence (h) and growth is directed by and towards these intensity 
maxima, towards the original illumination incidence (i), thus demonstrating phototropism. 

 

To further verify that growth is always positively phototropic in the near-field, and 

that any apparent skototropic behavior is a consequence of emergent optical phenomena, 

photoelectrodeposition using λavg = 727 nm illumination inclined at α = 30° was performed 

on circular Au islands on square pitches of 4.0, 0.6, and 0.4 μm, that were lithographically 

patterned on a n+-Si substrate. Photoelectrodeposition on the 4.0 μm pitch resulted in 

asymmetrical hemispherical deposits with greater mass on the side of the illumination 

incidence relative to the opposite side (Figure 4.6a), consistent with the far-field positive 

phototropic growth observed in previous examination of optically isolated deposits.48 

Photoelectrodeposition on the 0.6 μm pitch also resulted in asymmetrical hemispherical 
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deposits, but with greater mass on the side opposite that of the incident illumination 

(Figure 4.6b) and thus such growth was apparently skototropic. Growth on the 0.4 μm pitch 

resulted in mostly symmetrical deposits (Figure 4.6c). The observation of different 

morphologies, and both apparent phototropic and skototropic growth regimes, despite a 

single common illumination input indicates an emergent effect. Photoelectrodeposition on 

the templated substrates was simulated using the iterative growth model, and the associated 

light absorption profiles were generated and are presented in Figure 4.6d-f. The simulated 

morphologies agreed with the experimental data, suggesting that the emergent effect is 

optically based as the model considered only optical interactions. For the case of the 4.0 

μm pitch, the simulated absorption profile revealed an absorption maximum near the top 

of the deposit on the side of the incident illumination (Figure 4.6d). For the 0.6 μm pitch, 

the absorption maximum was located near the top of the deposit on the side opposite that 

of the illumination incidence (Figure 4.6e). This is consistent with local phototropic growth 

despite a skototropic response in relation to the far-field illumination input. Moreover, the 

intensity of the absorption was greater in the 4.0 μm case than the 0.6 μm case, consistent 

with cooperative scattering amongst proximate features.36 For the 0.4 μm pitch, the 

absorption maximum was located at the top of the deposit (Figure 4.6f), consistent with the 

symmetric morphology. The location of the maximum in this case was again consistent 

with notion that deposition is consistently locally phototropic regardless of any apparent 

far-field response. Additionally, the differences in the morphologies generated for different 

spacings was again similar to that observed for growth of certain tree species in isolation 

relative to that in proximate groupings.   
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Figure 4.6. (a)-(c) SEMs representative of photoelectrodeposits generated with λavg = 727 nm illumination 

incident at α = 30˚ from the normal on substrates patterned with conductive islands on the indicated square 
pitch. (d)-(f) Simulated illumination absorption profiles generated via growth modeling using the same 

illumination conditions and pitches as in (a)-(c).   

Phototropic growth provides for phenotypic plasticity in plants and enables the 

expression of different morphologies depending on the available illumination to maximize 

fitness in variable environments despite a lack of motility and a fixed genotype.52 

Gravitropic growth in response to position within a gravitational field also provides for 

fitness supporting morphological plasticity in plants.53 This biological definition of 

plasticity, an adaptive property, is distinct from the materials definition, a mechanical 

property. However, the adaptive, biological concept can be descriptive of the 

photoelectrochemical material deposition in which new growth is projected to optimize 

light harvesting and thus producing a structure that is tailored to the optical environment, 

despite a fixed material identity. Such morphology shaping during inorganic material 

growth is fully phototropic and not subject to a gravitropic response, nor other control 

mechanisms as indicated by the success of the fully optical growth model. Comparable 

phototropic responses are difficult to observe in natural systems as off-normal phototropic 
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growth typically elicits an antagonistic gravitropic response.54 Figure 4.7a presents an 

image of a Cook pine conifer (Araucaria columnaris) in Pasadena, CA, USA which 

exhibits a pronounced southern tilt. The off-normal growth habit is posited to be a result 

of a potentially deleterious impairment of gravitropic function in Cook pines.55 The 

orientations of 256 Cook pines in 18 regions separated by > 500 km from each other and 

across 5 continents is presented in Figure 4.7b as a function of geographic latitude. Pines 

in the northern hemisphere oriented southward, pines in the southern hemisphere oriented 

northward, and a linear correlation between the magnitude of the orientation and the 

geographic latitude of the pine location was observed. Figure 4.7c presents orientation data 

analogous to that in in Figure 4b but for features in photoelectrodeposited Se-Te with λavg 

= 727 nm illumination as function of inclination (α). Figure 4.8 presents this same data as 

a series of histograms to clarify the distribution of orientations observed for each input 

inclination. For α = 0˚, 20˚, and 30˚, a narrow distribution of orientations was observed 

with near zero magnitudes for α = 0˚ and negative magnitudes for α = 20˚ and 30˚. For α = 

40˚, the largest distribution of orientations was observed with both positive and negative 

magnitudes whereas for α = 60˚, a distribution of positive orientations, including the largest 

magnitudes observed for all assessed values of α, were observed. The Cook pine data is 

consistent with phototropic growth towards time-averaged position of the sun. This 

mechanism is supported by the fact that morphological orientation in both the natural and 

photoelectrodeposition cases is understood to be spatially inclined towards the direction of 

greater local light intensity. Nevertheless, the lack of linearity in relation between the 

photoelectrochemical deposit feature orientation and α, as observed for the Cook pine 
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orientation and latitude, is further evidence for response modulating ensemble optical 

phenomena.  

Tree crown shapes can exhibit substantial plasticity in response to environmental 

light conditions that are dictated by the presence of neighboring trees.55,56 Oak trees grown 

in isolation typically develop hemispherical crowns whereas oak trees grown in dense 

forest stands establish foliage only at the top of the trunk.49 Artificial gaps generated in 

Douglas fir forests that were previously thinned to a consistent spacing resulted in 

asymmetric growth of the trees adjacent to the gaps and the crown size of the border trees 

significantly exceeded that of the interior trees.57 Similarly, the interfacial feature width, 

as well as the pitch, of the structures generated via inorganic phototropic growth were a 

function of the input illumination condition and for a given λavg appeared to scale with α 

(Figure 4.7d). The interfacial feature pitch of deposits generated using λavg = 727 nm 

illumination was measured via two-dimensional Fourier transform analysis of SEM data 

and is presented in Figure 4d as a function of α. The interfacial feature width of the λavg = 

727 nm deposits was measured directly from the SEM data and is presented in Figure 4.7e 

on a relative scale as a function relative feature pitch. Figure 4.7e also presents the crown 

width as a function of tree pitch on the same relative scale for mature white spruce, black 

spruce, and red pine trees.58 The tree stand data is derived from a spacing trial in which 

each tree species was planted at three fixed distances on a square pitch and no thinning or 

pruning was performed. The relationships between the relative width and pitch were linear 

and mutually similar for the photoelectrodeposited structures and each of the tree species. 

The similarity between the growth characteristics of the natural and inorganic systems 
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suggests that adaptive photomorphogenesis that maximizes light collection in ensemble 

systems produces general scaling relations that are independent of the underlying 

microscopic processes. This is consistent with the results from modeling investigations, 

including game-theory, individual-based, and propagating-front approaches, that examined 

emergent, light-directed habit formation in tree stands.49,51,59 Figure 4.7f presents the same 

growth characteristic data of the photoelectrodeposited structures as Figure 4.7e but with 

the abscissa rescaled to represent relative linear feature density. Figure 4.7f also presents 

the crown width of stand grown Douglas fir trees as a function of relative linear tree density 

which was described by a linear relationship similar to that of the inorganic system. The 

Douglas fir data was obtained from measurements of naturally developed stands in which 

the relative tree positions and densities were not artificially predetermined by planting. 

Such development is thus analogous to the spontaneous structure determination in 

template-free inorganic phototropic growth. The similarity in the growth of the fully self-

organized natural and inorganic systems further supports that light-mediated emergent 

growth dictates general scaling relations.   
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Figure 4.7. (a) Image of Cook pine exhibiting an off-normal growth habitat. (b) Orientation of 256 Cook 

pines as a function of latitude (adapted from reference 55). (c) Orientation and (d) pitch of features in 
photoelectrodeposits generated as a function of the incident illumination inclination from the normal, α. 

Relative crown width of photoelectrodeposit features as well as (e) planted trees, and (f) forest grown trees, 

as a function of relative pitch, and relative change in linear density, respectively (tree data adapted from 

references 61 and 62). All photoelectrodeposits generated using λavg = 727 nm illumination.  



 

 

54 

 

Figure 4.8. (a)-(d) Orientation histograms of the photoelectrodeposite features with λavg = 727 nm 
illumination incident at the indicated angle α from the substrate normal. 
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4.3 Conclusions  

The collective data indicates that template-free photoelectrodeposition of an 

inorganic semiconductor on an isotropic substrate using inclined illumination can generate 

mesostructured deposits with inclined nanoscale features that orient in a phototropic 

manner. The feature orientation is a non-monotonic function of the inclination of the input 

and both phototropic and skototropic regimes with respect to the far-field incidence 

direction were observed. However, the response was consistently phototropic with respect 

to the subwavelength scale optical intensity profile at the growth interface. Emergent 

interfacial light scattering directed inclined feature growth and generated the apparent 

skototropic response. Comparison of the photoelectrodeposit morphologies to the growth 

habits of a series of tree species shaped by light availability revealed striking similarities 

in the geometries despite the disparate length scales. This suggests potential commonalities 

in the light harvesting behavior in both inorganic and biological systems. Additionally, the 

responsive process may be expanded upon to yield a new biomimetic paradigm for the 

construction of mesoscale architectures based on anisotropic and dynamic material growth 

to tailored illumination. 
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Chapter 5 

INCLINATION OF POLARIZED ILLUMINATION INCREASES 

SYMMETRY OF STRUCTURES GENERATED VIA  

INORGANIC POHOTOTROPISM 

 
Meier, M.C.; Lewis, N. S.; Carim, A. I. Inclination of Polarized Illumination Increases 

Symmetry of Structures Grown via Inorganic Phototropism. In Preparation.  

 

5.1 Introduction 

We demonstrate that Se-Te photoelectrodeposits fabricated using inclined 

illumination along the plane of incident polarization results in defect reduction and overall 

improved fidelity in nanostructured thin films. Optically-based growth modeling with 

inclined illumination displayed similar enhancements in film order indicating that this 

change in feature morphology was an optically-based mechanism. Further modeling 

indicated decoupling from off-axis scattering sites at angled illumination lead, to feature 

formation directed solely by on-resonant and axis features ultimately resulting in improved 

film order.  
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5.2 Results and Discussion 

Figure 5.1a presents a scanning-electron micrograph (SEM) of a deposit generated 

via inorganic phototropic growth using vertically polarized λavg = 626 nm illumination at 

normal incidence. The SEM reveals a periodic lamellar morphology with a net orientation 

of the lamellar long axes towards the vertical. Along the length, individual lamellar features 

were sinuous and exhibited alternating deviations from vertical alignment as well as 

fluctuations in width. Dislocation defects in which two adjacent features exhibited 

segments that were oriented off-axis and converged to a single feature were also observed. 

Figure 1b and c present SEMs of deposits generated using the same illumination as in 

Figure 1a, but inclined from the substrate normal in the plane of the polarization by an 

angle, β, of 20° and 40°, respectively. For β = 20° the alignment of individual features 

exhibited a lower frequency of deviations from the vertical than for normal incidence (β = 

0°, Figure 5.1a) but off-axis feature segments and dislocation defects were still observed. 

The feature width was also more consistent along the length. For β = 40°, off-axis feature 

alignment was substantially reduced relative to the β = 0° and 20° cases and the structure 

translational symmetry in both the vertical and horizontal directions was enhanced. Thus, 

inclination in the plane of the polarization of the illumination input to the inorganic 

phototropic growth process appeared to improve the fidelity of the resultant 

mesostructures.  
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Figure 5.1. (a)-(c) Representative SEMs for  λavg = 626 nm at the indicated angle β. 

 

Fourier analysis was utilized to assess the order of the deposits generated via 

inorganic phototropic growth using both normally incident and inclined illumination. 

Figure 5.2a-c present two-dimensional Fourier transforms (2D FT) generated from SEMs 

of a deposit produced using β = 0°, 20° and 40°, respectively. Intensity in each FT is 

indicative of a spatially periodic morphology component in the deposit from which the FT 

was derived. The displacement distance from the center of the FT is the spatial frequency 

and the direction of the displacement is the direction of the spatial periodicity. For all three 

values of β, the 2D FTs were characterized by a single set of intense bands aligned along 

the horizontal, consistent with the anisotropy and horizontal periodicity in the deposit 

morphologies (Figure 5.1). Figure 5.2d presents Fourier spectra representing the intensity 

profiles along the horizontal centerlines of the 2D FTs for β = 0° and 40° (Figure 5.2a and 

c). The spectra were qualitatively similar and revealed a single family of harmonics, 

indicative of the generation of a morphologies with a single narrow range of pitch values.1 
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The sizable overtone intensity is consistent with the sharp contrast in the SEM data 

(Figure 5.1) and thus the significant structural anisotropy. The structure topologies cannot 

be fully represented by single sinusoidal function and are more fully described by a 

function more like a square-wave which requires the higher-frequency overtone intensity 

to approximate. The harmonic bandwidths for β = 40° were qualitatively narrower than for 

β = 0°, indicating a more consistent feature pitch across the interface. The Fourier spectra 

for β = 40° also showed less intensity at zero frequency as well as lower baseline intensity 

relative to β = 0°, indicating a lesser amount of aperiodic morphological components and 

more well-defined order.  

 Notably, the intensity bands in the 2D FT associated with the β = 0° SEM data 

(Figure 5.2a) had finite height in the vertical direction (perpendicular to the direction of the 

morphological periodicity) with the band height increasing with each successive harmonic. 

Such intensity off the horizontal axis is consistent with the observed off-axis feature 

alignments (Figure 5.1a). The vertical height of the bands as well as the degree of height 

increase in the successive overtones was reduced for β = 20° (Figure 5.2b) and further 

diminished for β = 40° (Figure 5.2c), consistent with the improved feature alignment 

generated with the inclined illumination inputs. Figure 5.2e presents a Fourier spectrum 

representing the intensity profile across the vertical centerline of the positive fundamental 

mode of the 2D FT for β = 40° and associated fit curve (the positive and negative modes 

are degenerate due to the intrinsic symmetry of the 2D FT so the choice of mode for 

analysis is arbitrary). Figure 5.2f presents the full width at half maximum (FWHM) of 

similar fit curves for both the fundamental and first overtone modes of each 2D FT as a 
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function of β. The FWHM of both modes for β = 40° was approximately 60 % lower 

relative the that for β = 0° and intermediate values were observed for β = 20°. This analysis 

confirmed the apparent fidelity improvement effected by the use of inclined illumination 

was largely the result of a reduction of off-axis morphological order. The large absolute 

decline in the overtone FWHM with increasing β, a decline more than twofold of that in 

the fundamental FWHM, is indicative of substantially diminished off-axis topological 

contrast. 

 

Figure 5.2. (a)-(c) 2D Fourier transforms for λ = 626 nm at the indicated angle β. (d) Profile of the center 

horizontal lines for the 2D FTs presented in (a) and (c). (e) Profile of the vertical centerline of the fundamental 
mode of the 2D FT for β = 40° and fit. (f) Full width at half maximum (FWHM) of fit curves for fundamental 

and first overtone modes of (a)-(c).  

 

 A series of simulations were performed to elucidate the mechanism by which 

inclination of the illumination input to inorganic phototropic growth improves alignment 

and reduces off-axis order in the resultant structures. Growth was simulated using an 

optically-based, two-step iterative model.28,30 First, an electromagnetic simulation was used 

to calculate the local light absorption profile. Next, a Monte Carlo simulation was 

performed to simulate growth in which the absorption profile profile was used to define 

the probability of local material addition, and then the process was iterated. Empirical 
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inputs to the model were limited to estimates of the deposition solution index and the 

deposit complex refractive index. Figure 5.3a-c presents simulated morphologies generated 

via growth modeling using vertically polarized λavg = 626 nm illumination inclined at β = 

0°, 20° and 40°, respectively. In all cases, the simulated morphologies qualitatively 

reproduced the experimental results (Figure 5.1). For β = 0°, the lamellar features were 

sinuous and exhibited variable width along length, and also dislocation defects were 

observed (Figure 5.3a). For β = 20°, the alignment variance of local features segments was 

decreased, and the feature width along a single lamellar feature more consistent, than with 

β = 0°. For β = 40°, greater linearity was observed along the length of the individual 

features than for β = 0° and 20°. The agreement between the results of the model, generated 

by considering only optical interactions, and the experimental data indicated a photonic 

basis for the fidelity improvement observed for the use of inclined illumination.  

 

Figure 5.3. (a)-(c) Simulated growth model structures for  λavg = 626 nm at the indicated angle β. 
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 Structure generation via inorganic phototropic growth is a product of inherent 

asymmetries in the interfacial light-matter interactions that shape the local optical field 

profile which in turn directs the local rates of photoelectrochemical deposition. 

Electrochemical growth on an isotropic substrate generates surface texture which can 

scatter the incident illumination. The linear polarization results in directional scattering and 

interference between scattering sites results in spatially-varying filed intensity that drives 

spatially-varying mass addition rates across the substrate. The amplitude modulation of the 

electric field at the growth interface resulting from scattering of the incident illumination was 

modeled for β = 0˚ and 40˚ using point dipole radiation sources. Figure 4a,b depict the time 

averaged electric field for λavg = 626 nm separated by one wavelength at β = 0˚ and 40˚ for 

Figure 4a and Figure 4b, respectively. In both cases a center band was observed, consistent 

with the periodic, anisotropic features observed in the photoelectrochemical deposits. Figure 

4c presents profiles of the vertical centerlines of the electric field in Figure 4a and Figure 4b. 

The intensity in the interference fringe for β = 40˚ was overall higher in magnitude across 

the profile than that of β = 0˚ suggesting in the case of inclined illumination a greater intensity 

in phototropic force directs lamellar feature formation consistent with the improvement in 

observed feature order. In the photoelectrochemical growth process the initial surface 

roughness and sites that scatter incident illumination are randomly distributed. If the 

scattering sites are pre-seeded to be in resonance with the expected feature periodicity, the 

observed morphology of the resulting film has improved fidelity and order due to optimized 

nearest neighbor interference.36,60 Figure 4d presents the time average electric field for λavg = 

626 nm for β = 0˚ separated by one wavelength but with an offset in the vertical direction to 
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mimic the random distribution of scattering sites initially present on the substrate surface. 

An interference fringe similar to that of Figure 4a is observed but with intensity in the off-

axis orientation. Figure 4e presents a similar simulation to that in Figure 4d but for β = 40˚ 

with the appropriate phase offset. In contrast to Figure 4d for β = 40˚ (Figure 4e) no intensity 

in the off-axis orientation is observed. Figure 4f presents profiles along the off-axis 

orientation of the scattering sites for the electric field in Figure 4d and Figure 4e. The off-

axis band intensity for β = 40˚ is substantially lower than that of β = 0˚ suggesting that for 

inclined in-plane illumination decoupling of off-resonant scattering sites may result 

improved feature fidelity and observed order as primarily on axis scattering sites contribute 

to lamellar feature formation.  

 

Figure 5.4. (a) and (b) Simulated time-average of electric field magnitude from two for λavg = 626 nm in a 

medium of index n = 1.33 for at the indicated β. (c) Profile of the center vertical lines for the simulations 

presented in (a) and (b). (d) and (e) Simulated time-average of electric field magnitude from two dipoles 
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offset along the vertical direction for λavg = 626 nm in a medium of index n = 1.33 for at the indicated β. 

(f) Profile of the center off-axis lines for the simulations presented in (d) and (e).  

 

5.3 Conclusions 

In summary, improved feature order and fidelity in photoelectrodeposited features 

produced via inorganic phototropic growth was demonstrated using inclined illumination. 

Simulated growth morphologies agreed with the changes in feature order, indicating that 

the morphologies are primarily directed by an optical mechanism. Simulations of the time-

averaged field intensity for on and off-axis scattering sites revealed that the morphological 

response results from enhanced field intensity of on-axis scatterers and decoupling from 

off-axis sites.  
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Chapter 6 

METHODS 

 
This chapter details the experimental and computational methods used to generate 

the data presented in the preceding chapters. 

6.1 Materials and Chemicals  

H2SO4 (ACS Reagent, J. T. Baker), buffered HF improved etchant (Transene), 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. Au-coated n+-Si(100) (< 0.005  Ω cm, 

As-doped, 525 ± 25 µm thick, single-side polished, Addison Engineering) was coated with 

Au and used as a substrate for deposition as noted in the subheadings below (Isotropic 

Substrate Preparation and Patterned Substrate Preparation). Flash-Dry Ag Paint (SPI 

Supplies), EP21ARHTND Epoxy (MasterBond), and nitrocellulose-based nail polish were 

used to assemble the working electrodes. 
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6.2 Substrate Preparation  

For isotropic substrates, n+-Si wafers were etched with buffered HF for 30 s, rinsed 

with H2O, dried under a stream of N2(g), and then immediately transferred to an electron-

beam metal evaporator with a base pressure < 10-5 torr. Using an accelerating voltage of 

10 kV, a 10 nm Ti adhesion layer was deposited on the polished side of the wafer using a 

50 mA deposition current and then a 50 nm Pt capping layer was then deposited atop using 

a 150 mA current. The wafers were then transferred to a RF sputterer and 100 nm of Au 

was deposited on top of the Pt using a RF power of 80 W. The Au-topped Si sections were 

then cut into square 0.50 cm by 0.50 cm sections for use as deposition substrates. 

For patterned substrates in Chapters 2 and 4, n+-Si wafers were rinsed with acetone 

and isopropanol. Bi-layer resist for electron-beam lithography composed of poly(methyl 

methacrylate) (PMMA) was then applied by spin-coating. First, a base layer of 495 PMMA 

A4 was at 4000 rpm for 1.0 min and then baked at 180 °C for 3.00 min. Second, an 

overlayer 950 PMMA A4 was applied at 4000 rpm for 1.0 min and then baked at 180 °C 

for 3.0 min. Next, a VISTEC EBPG 5000+ electron-beam pattern generator was used to 

pattern 150 nm diameter circles with 0.4 μm, 0.6 μm, 4.0 μm, and 8.0 μm pitches in a 

square lattice in the resist. Pattern generation was effected using a 100 kV accelerating 

voltage, 300 μm aperture, 5 nA current, and a dose of 1000 μC cm-2. After electron-beam 

pattern generation, the substrates were immersed in mixture of methyl isobutyl 

ketone:isopropanol in 1:3 volume ratio for 1.0 min at room temperature to develop the 

pattern and effect hole arrays. Next, the substrates were etched with buffered HF for 0.5 

min, rinsed with H2O, dried under a stream of N2(g), and then immediately transferred to 
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an CHA Mark 40 electron-beam metal evaporator with a base pressure of 10-6 torr. A 5 

nm thick Ti adhesion layer was first deposited at a rate of 0.5 nm s-1 and then a 50 nm thick 

Au layer was deposited atop at a rate of 0.1 nm s-1. The substrates were then removed from 

the evaporator and immersed in acetone to remove the remaining resist to effect a Si 

substrate patterned with Ti/Au circles. The patterned substrates were then cut into square 

0.50 cm by 0.50 cm pieces using a Dynatex GST-150 scriber-breaker system for use as a 

deposition substrates. 

For patterned substrates in Chapter 3, n + -Si wafers were first rinsed with acetone 

and isopropanol. PMMA resist was then applied by spin-coating for 1.0 min to effect a 0.8 

µm thick layer and then cured for 5.0 min at 180 °C. Patterns consisting of circles with 

diameters of 0.2, 0.4, 0.8, 1.2, and 1.6 µm, on a square lattice with a pitch of 10 µm, were 

designed using AutoCAD (Autodesk) and fractured using BEAMER (GenISys). A Raith 

EBPG 5000+ electron-beam pattern generator was used to write the patterns into the resist 

with a 100 kV accelerating voltage, 300 μm aperture, 5 nA current, and a dose of 1000 μC 

cm-2. The pattern was then developed by immersing the substrates in a mixture of methyl 

isobutyl ketone : isopropanol in a 1 : 3 volume ratio for 1.0 min at room temperature, 

producing an array of circular well structures. The patterned wafers, along with additional 

unpatterned Si, were then cut into square 0.40 cm by 0.40 cm sections using a Dynatex 

GST-150 scriber-breaker system; these square pieces were then used as substrates for the 

photoelectrochemical growth of Se-Te.   
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6.3 Electrode Preparation  

Electrode assemblies were prepared by applying epoxy to two Al half-round bars 

(0.25 in diameter) on the flat sides and the two bars were then joined together with a ca. 

0.4 in offset in the axial dimension to form a cylinder with two half-round ends. 

Polytetrafluoroethylene heat-shrink tubing was applied to insulate the cylindrical section 

and epoxy was used to insulate the rounded side of one of the half-round ends. A eutectic 

mixture of Ga and In was scratched into the unpolished back surfaces of the Au-topped Si 

sections with a carbide-tipped scribe. Ag paint was then applied atop the eutectic and the 

Au-topped Si section was affixed to the flat surface of the epoxied half-round end. Nail 

polish was applied to insulate the remaining uncovered area on the flat surface surrounding 

the Au-topped Si section. Immediately before deposition, the surface of each electrode was 

briefly cleaned using a stream of N2(g). 
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6.4 Electrode Illumination  

Illumination for the photoelectrodepositions was provided by narrowband light-

emitting diode (LED) source (Thorlabs) with intensity-weighted average wavelength, λavg, 

values and spectral bandwidths (FWHM) of 521 nm and 31 nm (M530L2), of 528 nm and 

32 nm (SOLIS-525C), 630 nm and 18 nm (M625L3), 727 nm and 37 nm (M730L4), 775 

nm and 30 nm (M780LP1), 843 nm and 30 nm (M850L3), and 934 nm an 55 nm, 

respectively.  

In general, the output of the diode source was collected and collimated with an 

aspheric condenser lens (Ø50.8 mm, f = 32 mm). For Chapter 3, The output of the diode 

source was collected, condensed, and collimated using a series of three lenses: an aspheric 

lens (Ø25.4 mm, f = 16 mm), followed by a bi-convex lens (Ø50.8 mm, f = 16 mm), and 

last a plano-convex lens (Ø50.8 mm, f = 100 mm). For deposition on isotropic substrates, 

a dichroic film polarizer (Thorlabs LPVISE200-A or LPNIRE200-B) was placed 

immediately after the condenser lens to effect linear polarization. For patterned substrates, 

no polarizer was used. A 1500 grit ground-glass (N-BK7) diffuser was placed immediately 

in front of the photoelectrochemical cell to ensure spatial homogeneity of the illumination. 

The light intensity incident on the electrode was measured by placing a calibrated Si 

photodiode (Thorlabs FDS100), instead of an electrode assembly, in the 

photoelectrochemical cell with electrolyte, and the steady-state current response of that Si 

photodiode was measured.  

For Chapter 2, depositions utilized illumination at normal incidence and the diode 

with λavg = 528 nm were performed with a light intensity of 20 mW cm-2. Depositions under 
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illumination at normal incidence utilizing the diodes with λavg = 727 nm and 843 nm 

were performed with a light intensities of 40 mW cm-2 , and 50 mW cm-2 , respectively. To 

compensate for the decrease in the optical extinction coefficient of the Se-Te alloy with 

increasing wavelength from the visible to the near-infrared regime, photoelectrochemical 

growth with near-infrared illumination inputs was performed with greater optical 

intensities than were utilized for the visible illumination input. The higher illumination 

intensities utilized in conjunction with λavg = 727 nm or λavg = 843 nm relative to λavg = 528 

nm were selected to effect the same rate of photoelectrochemical growth for each 

wavelength input. For depositions using illumination incident on the electrode at an angle 

α away from the surface normal, the intensities were increased by a factor of cos-1 (α) 

relative to the intensities used at normal incidence. 

For Chapter 3, depositions were performed with a light intensity of 195 mW cm-2. 

For Chapter 4, depositions utilizing illumination at normal incidence and the diodes with 

λavg = 521 nm and 626 nm were performed with light intensities of 20 mW cm-2 and 25 

mW cm-2, respectively. Depositions utilizing illumination at normal incidence utilizing the 

diodes with λavg = 727 nm, 775 nm, and 843 nm were performed with a light intensity of 

40 mW cm-2, 40 mW cm-2, and 50 mW cm-2 ,respectively. For depositions using 

illumination incident on the electrode at an angle α away from the surface normal, 

intensities were increased by a factor of cos-1(α) relative to the magnitudes utilized at 

normal incidence.   
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6.5 Photoelectrochemical Depostion   

Photoelectrodeposition was performed using a Bio-Logic SP-200 potentiostat. 

Deposition was performed in a single-compartment glass cell with a pyrex 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). 

Deposits were generated from an aqueous solution of 0.0200 M SeO2, 0.0100 M TeO2, and 

2.00 M H2SO4. Photoelectrodeposition on isotropic substrates was effected by biasing the 

Au-coated electrode, illuminated as detailed under the previous subheading (Electrode 

Illumination), potentiostatically at -0.15 V vs. Ag/AgCl for 4.00 min at room temperature. 

For patterned substrates, deposition was effected using a two-step potentiostatic program 

in which deposition was first initiated using a nucleation step at a bias of -0.35 V vs. 

Ag/AgCl for 1.0 s and then continued at -0.15 V vs. Ag/AgCl for 0.25 min for the 0.4 μm 

and 0.6 μm pitches and 1.50 min for the 4.0 μm pitch, resulting in feature width of ca. 400 

nm in all cases. After deposition, the electrode was immediately removed from the cell, 

rinsed with H2O, and then dried under a stream of N2(g). The substrate with top-facing Se-

Te photoelectrodeposit was mechanically separated from the rest of the electrode assembly. 

The nitrocellulose-based insulation and the majority of the Ag paint and In-Ga eutectic 

were then removed mechanically. 
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6.6 Scanning Electron Microscopy  

Scanning electron micrographs (SEMs) were obtained with a FEI Nova NanoSEM 

450 with a working distance of 5 mm and an in-lens secondary electron detector. 

Accelerating voltages of 5.00 and 15.00 kV were utilized to acquire micrographs of 

photoelectrodeposits on isotropic and patterned substrates, respectively. Display 

micrographs were acquired with a resolution of 344 pixels µm-1 over ca. 2 µm2 areas. 

Micrographs for quantitative analysis of feature pitch and orientation were acquired with a 

resolution of 172 pixels µm-1 over ca. 120 µm2 areas. 
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6.7 Raman Spectroscopy  

Raman spectra were collected with a Renishaw inVia Raman microprobe equipped 

with a Leica DM 2500 M microscope, a Leica N Plan 50x objective (numerical aperture = 

0.75), an 1800 lines mm-1 grating, and a CCD detector configured in a 180° backscatter 

geometry. A 532 nm diode-pumped solid-state (DPSS) laser (Renishaw RL532C50) was 

used as the excitation source and a 10 µW radiant flux was incident on the surface of the 

sample. A λ/4 plate was used to circularly polarize the incident excitation. No polarizing 

collection optic was used. 
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6.8 Energy Dispersive X-ray Spectroscopy  

Energy dispersive X-ray (EDX) spectroscopy was performed in the SEM using an 

accelerating voltage of 15.00 kV and a working distance of 5 mm. An Oxford Instruments 

X-Max silicon drift detector was utilized. Spectra were collected in the range of 0 to 10 

keV and quantitative deposit compositions were derived from these spectra using the 

“INCA” software package (Oxford Instruments). 
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6.9 Feature Pitch Quantification  

Two-dimensional Fourier transforms (2D FTs) were generated from the SEM data. 

The intensity along a 15-pixel tall band across the horizontal centerline of each 2D FT was 

integrated resulting in a Fourier spectrum containing a family of harmonics. The 

fundamental mode was fit using a Lorentzian function to determine the maximum which 

represented the feature frequency and the reciprocal of this value was taken to yield the 

feature pitch.  
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6.10 Feature Orientation Quantification   

Automated computer image analysis of cross-sectional SEM data was used to fit an 

elliptical shape to each figure. The orientation of the major axis of the ellipse was recorded. 

Histograms were generated by binning the measured values into 10˚ wide groups with 

centers ranging from -60˚ to 60˚.  

  



 

 

77 

6.11 Simulation of Film Morphology  

Photoelectrodeposition was simulated with an iterative growth model wherein 

electromagnetic simulations were first used to calculate the local light absorption profile at 

the growth interface. Then, mass addition was simulated via a Monte Carlo method wherein 

the local absorption weighted the local rate of mass addition along the film surface. In the 

first step, the light-absorption profile was calculated using full-wave finite-difference time-

domain (FDTD) simulations with periodic boundary conditions along the substrate 

interface. In the second step, a Monte Carlo simulation was performed in which fixed 

amount of mass was added to the upper surface of the structure with a probability F:  

𝐹(𝐴) = 𝐴∏
𝑥𝑖

𝑟𝑖

𝑛
𝑖=1  (Equation 1) 

where A is the spatially dependent photocarrier-absorption at the deposit/solution 

interface, n is the dimensionality of the simulation (2 or 3), xi is the fraction of ith nearest 

neighbors occupied in the lattice, and ri is the distance to the ith
 
nearest neighbor. The 

multiplicative sum in the definition of this probability (Equation 1) serves to reduce the 

surface roughness of the film so as to mimic the experimentally observed surface 

roughness. After the initial Monte Carlo simulation, the absorbance of the new, structured 

film was then calculated in the same manner as for the initial planar film, and an additional 

Monte Carlo simulation of mass addition was performed. The computational process was 

further iterated until the simulated morphologies achieved heights equivalent to those 

observed experimentally. Previously measured values of the complex index of refraction 

for Se-Te were utilized.28 A value of n = 1.33 was used as the refractive index of the 

electrolyte, regardless of wavelength.61 The simulated sources provided illumination with 
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maximal intensity λ = 727 nm. All FDTD simulations were performed using the “FDTD 

Solutions” software package (Lumerical). 

For modeling of growth on isotropic substrates, two-dimensional simulations were 

utilized (n = 2) and discretized using a square mesh with a lattice constant of 2 nm. The 

simulations began with a bare, semi-infinite planar substrate. A linearly polarized, plane-

wave illumination source was simulated. For simulations using normally-incident 

illumination, periodic boundary conditions were utilized in the direction parallel to the 

substrate plane whereas for simulations with inclined illumination Bloch boundary 

conditions were used. Perfectly matched layer boundary conditions were utilized in the 

orthogonal direction in both cases.  The amount of mass added in each Monte Carlo 

simulation equaled that of a 15 nm planar layer.  

For modeling growth on patterned substrates, three-dimensional simulations were 

utilized (n = 3) and discretized using a cubic mesh with a lattice constant of 5 nm. The 

amount of mass added in each Monte Carlo simulation equaled that of a 1 nm planar layer 

over the area of the templated conductive island. Two fully out-of-phase plane-wave 

illumination sources with the same incident direction (inclined 30° from the substrate 

normal) and orthogonal linear polarizations were simulated simultaneously. Perfectly 

matched layer boundary conditions were utilized in the direction normal to the substrate. 

Periodic and Bloch boundary conditions were utilized in the in-plane directions orthogonal 

and parallel to the plane of illumination inclination, respectively.  
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6.12 Dipole Simulations  

FDTD simulations of dipole emission were used to model the effect of illumination 

inclination on the optical field profile generated by light scattering at the growth interface. 

A two-dimensional simulation plane discretized using a square mesh with a lattice constant 

of 1 nm and a background index of 1.33 were utilized. Dipole emission with a free space 

wavelength of λ = 727 nm was simulated. The dipoles were separated by one wavelength 

in the medium and the oscillation axis was set perpendicular to the separation axis. A phase 

angle between the emission from each dipole was introduced to model the delay between 

stimulation of adjacent scattering sites. Perfectly matched boundary conditions were 

utilized in both directions. 
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