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A BS T R AC T
Phototropic growth of Se-Te yields highly anisotropic lamellar nanostructures and is
achieved photoelectrochemically from an isotropic solution of oxidized Se and Te precursors
deposited onto isotropic conductive substrates under conformal illumination. In contrast to other
spontaneous patterning processes, phototropic growth has no requirement for illumination source
coherency and can be performed under mild conditions using low illumination power. Furthermore,
as a bottom-up, solution-based synthesis, phototropic growth is scalable and demonstrates high
tunability via optical input (i.e., control of wavelength and polarization). However, relative to more
traditional lithographic patterning methods, phototropically grown films exhibit defective patterns
which may impede their application in devices requiring high pattern fidelities.
Chapter I investigates the role of the growth substrate and its effect on pattern fidelity in
phototropically grown Se-Te films, quantified by peak-fitting and analysis of frequency modes in
2D Fourier transform spectra. The work function or Fermi level of the substrate was determined to
be the major factor in determining pattern fidelity. Substrates that had work functions closely aligned
with Se-Te (p+-Si and Au) demonstrated higher fidelity patterns than those that had misaligned work
functions (n+-Si and Ti). In cases of both nominally identical illumination conditions and nominally
identical growth rates, phototropically grown Se-Te films on p+-Si exhibited a higher degree of
anisotropy and higher pattern fidelity than phototropically grown Se-Te films on n+-Si, attributed to
energetics and charge conduction at the junction formed by the substrate and growing Se-Te film.
Chapter II follows up on the analysis performed in Chapter I by investigating the role of
nucleation and the earliest levels of mass addition to growth substrates in the phototropic growth of
Se-Te films. In particular, the relationship between the inter-nucleate spacing of the initial dark
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electrodeposited material and the pattern formation pathways during the phototropic growth
process is described. Conditions that produced small nucleate spacings resulted in phototropically
grown films with a higher pattern fidelity and a pattern period that more strongly agreed with the
theoretical trend (λ/2n). Furthermore, on substrates that generally produced low pattern fidelity films,
use of an applied striking potential during the initial nucleation stage demonstrated both smaller
nucleate spacings and improved pattern fidelity of resulting phototropically grown films.
Finally, Chapter III investigates the effect of extrinsic (i.e., lithographically patterned)
optical scattering elements on the phototropic growth process. Relative to non-templated substrates,
substrates with templated ridges demonstrated higher pattern fidelities, confined pattern periods, and
enforced pattern orientation. Full-wave electromagnetic modeling and Monte Carlo growth
simulations of Se-Te onto simulated templated substrates resulted in simulated films demonstrating
good agreement with the patterns observed experimentally. In simulation, for a given set of
illumination conditions that produced a single pattern period on non-templated substrates, films
grown on templated substrates were able to attain a much wider range of periods (~80% to ~160%
vs. the non-templated pattern period). Additionally, the orientation of phototropically grown patterns
(usually dependent on the axis polarization) were enforced to the orientation of the templates to an
angular offset tolerance of up to ~40°.

viii

P U B LI S HE D C ON T E N T AN D C ON T RI B U T I ON S
Chapter I:
Simonoff, E.; Lichterman, M. F.; Papadantonakis, K. M.; Lewis, N. S., Influence of Substrates
on the Long-Range Order of Photoelectrodeposited Se-Te Nanostructures. Nano Lett 2019, 19
(2), 1295-1300. doi: 10.1021/acs.nanolett.8b04891
E.S. designed the project, performed all experiments, imaged all samples, performed all image
analysis, performed all solid-state tests, prepared all data and figures, and wrote the
manuscript.

Chapter II:
Simonoff, E.; Van Munoz, L. X.; Lewis, N. S., Increased spatial randomness and disorder of
nucleates in dark-phase electrodeposition lead to increased spatial order and pattern fidelity in
phototropically grown Se-Te electrodeposits. Nanoscale 2020, 12 (44), 22478-22486. doi:
10.1039/d0nr07617a
E.S. designed the project, performed experiments, imaged all samples, performed image
analysis, prepared all data and figures, and wrote the manuscript.

Chapter III:
Simonoff, E.; Thompson, J. R.; Meier, M. C.; Kennedy, K.; Hamann, K. R.; Lewis, N.S.,
Manuscript in Preparation.
E.S. co-designed the project, performed all experiments, performed all image analysis,
prepared all data and figures, and wrote the manuscript.

ix

T AB LE OF C ON TE N T S

Acknowledgements ................................................................................................................. iii
Abstract .................................................................................................................................... vi
Published Content and Contributions ................................................................................... viii
Table of Contents .................................................................................................................... ix
Chapter I: Influence of Substrates on the Long-Range Order of
Photoelectrodeposited Se-Te Nanostructures ..................................................................... 1
1.1
Introduction............................................................................................................ 1
1.2
Results and Discussion .......................................................................................... 3
1.2.1 Matched-illumination growth conditions ....................................................... 3
1.2.2 Nucleation dynamics ....................................................................................... 6
1.2.3 Junction analysis.............................................................................................. 8
1.2.4 Matched deposition-rate conditions .............................................................. 12
1.3
Conclusion ........................................................................................................... 15
1.4
Supporting Information ....................................................................................... 16
1.4.1 Experimental methods and materials ............................................................ 16
1.4.2 Low-magnification SEM images used for FT analysis in Figure 1.1 .......... 21
1.4.3 Additional data gathered for Se-Te films deposited on n+-Si and
p+-Si substrates ............................................................................................. 22
1.4.4 Results and data gathered for Se-Te films deposited on Au and
Ti substrates ................................................................................................... 27
1.4.5 Low-magnification SEM images of Se-Te films on p+-Si in Figure 1.5 .... 30
1.4.6 Nucleation density and growth substrate discussions .................................. 31
1.4.7 Table with additional information for all samples fabricated ...................... 33
1.5
References............................................................................................................ 36
Chapter II: Increased Spatial Randomness and Disorder of Nucleates in
Dark-Phase Electrodeposition Lead to Increased Spatial Order and
Pattern Fidelity in Phototropically Grown Se-Te Electrodeposits ................................ 38
2.1
Introduction.......................................................................................................... 38
2.2
Results and Discussion ........................................................................................ 39
2.3
Conclusion ........................................................................................................... 53
2.4
Supporting Information ....................................................................................... 55
2.4.1 Experimental methods and materials ............................................................ 55
2.4.2 Examples of low-magnification images ....................................................... 55
2.4.3 Reproducibility .............................................................................................. 57
2.4.4 Pair-correlation function (PCF) examples .................................................... 61
2.4.5 Peak-fitting methodologies ........................................................................... 62
2.4.6 Schemes for phototropic growth mechanism ............................................... 65
2.4.7 Electron dispersive X-ray spectroscopy (EDS) compositional analysis ..... 67

x
2.4.8

Extended discussion of Fourier transforms and SEM images in
Figure 2.2 ....................................................................................................... 68
2.4.9 Graphical representation of striking potential .............................................. 71
2.4.10 Dark growth during Se-Te electrodeposition on n+-Si ................................. 72
2.4.11 Summary of previous phototropic growth studies ....................................... 73
2.4.12 Se-Te on Au substrates.................................................................................. 74
2.5
References............................................................................................................ 76
Chapter III: Pre-seeded Optical Scatterers as a Template for Phototropic Growth .. 80
3.1
Introduction.......................................................................................................... 80
3.2
Results and Discussion ........................................................................................ 82
3.3
Conclusion ........................................................................................................... 98
3.4
Experimental Methods and Materials ................................................................. 99
3.5
References.......................................................................................................... 104

1

C H AP T E R I
Influence of Substrates on the Long-Range
Order of Photoelectrodeposited Se-Te Nanostructures
Simonoff, E.; Lichterman, M. F.; Papadantonakis, K. M.; Lewis, N. S., Influence of Substrates on the
Long-Range Order of Photoelectrodeposited Se-Te Nanostructures. Nano Lett 2019, 19 (2), 1295-1300.
doi: 10.1021/acs.nanolett.8b04891

1.1

Introduction

Highly anisotropic nanoscale lamellar patterns spontaneously develop over macroscopic
areas during electrodeposition of phototropic Se-Te alloy films onto unpatterned substrates
illuminated uniformly by incoherent polarized light.1 The lamellae adopt an orientation parallel to
the direction of polarization, and the width and periodicity of the lamellae are controlled by the
intensity-weighted average wavelength of the illumination.2 The patterns of the phototropic Se-Te
films respond dynamically during growth to changes in the illumination, enabling the template-free
synthesis of complex three-dimensional nanostructures with fully controllable morphologies based
on controlling the properties of the incident light during the phototropic growth process.1 Phototropic
growth may therefore offer an intrinsically three-dimensional approach to the design and synthesis
of adaptive, complex, mesostructured materials with a variety of novel properties, including
materials with optical properties tailored for use as elements in next-generation optical devices (e.g.,
lenses, filters, modulators), light absorbers in thin-film solar cells or photodetectors, and mesoscopic
materials for supporting thermal or electrochemical catalysts with controlled electronic and ionic
conductivity.
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The Se-Te alloys are semiconductors with energy-band gaps (Eg) that are between those of
Se (Eg ~ 1.85 eV) and Te (Eg ~ 0.33 eV), depending on the ratio of Se to Te as well as the crystallinity
of the material.3-6 Phototropic growth with consequent optically based nanoscale morphology control
has also been observed for PbSe films, suggesting that the phenomenon may be general for
semiconductors with short minority-carrier diffusion lengths.7 A model that combines full-wave
optical simulations with weighted Monte-Carlo mass addition accurately reproduces the average
pattern period and morphology for phototropic Se-Te structures grown under multiple and complex
optical inputs.2, 8, 9
Se-Te photoelectrodeposits exhibit phototropic growth on a variety of substrates, including
Au, highly oriented pyrolytic graphite, n+-Si(111), and p-Si(100).1 Hence the atomic-level structural
properties of the substrate/film interface do not substantially influence the morphology of the
resultant

photoelectrodeposited

phototropic

Se-Te

film.

Electrochemical

reactions

of

semiconductors involve the conduction of charge through either the conduction or valence band, and
often are affected by differences in the behavior and distribution of charge carriers under dark or
illuminated conditions, as in the anodic etching of Si.10-12 Band conduction and the electrochemical
behavior of semiconductors are important during the deposition of metals onto structured Si working
electrodes, with the work function of the deposited metals influencing the spatial distribution of the
electrodeposit, either in the dark or under illumination.13 In addition, wavelength-dependent lightabsorption profiles have been shown to direct deposition of metal anisotropically onto patterned,
photoactive Si microwire arrays.14
After an initial light-independent deposition phase, phototropic growth of the Se-Te films
results from absorption of light with energy above the Se-Te band gap, producing an electron-hole

3
pair. Photogenerated electrons that reach the Se-Te/electrolyte interface reduce oxidized Se or Te
species dissolved in the solution, whereas photogenerated holes are collected at the back contact to
the Se-Te film. Holes must be conducted across the back contact, so the energetics of the interface
between the phototropically growing semiconducting electrodeposit and the substrate may influence
the morphology and growth of the phototropic film. Herein we examine whether and how the
substrate influences the development of the lamellar patterns in photoelectrodeposited Se-Te films,
with a focus on possible electrical effects due to the energetics of the junction between the substrate
and the phototropic semiconducting film.

1.2

Results and Discussion

Detailed experimental procedures are provided in the Supporting Information. Se-Te films
were deposited potentiostatically from an aqueous bath of 1.00 M H2SO4, 0.020 M SeO2, and 0.010
M TeO2. The p+-Si and n+-Si planar substrates had a resistivity < 0.005 Ω-cm and had a (111) ± 0.5°
crystal orientation. Unless otherwise noted, all substrates were illuminated with constant, vertically
polarized light from a narrow-band light-emitting diode (LED) source producing an intensityweighted average wavelength of 927 nm at a nominally uniform power density of 53 mW cm-2 over
the whole substrate. Mass was deposited by cathodic deposition until a total charge density of -750
mC cm-2 had passed through the working electrode.

1.2.1 Matched-illumination growth conditions
Figure 1.1a and b show representative scanning-electron microscopy (SEM) images of SeTe films grown on p+-Si and n+-Si substrates, respectively. The films grown on p+-Si exhibited a

4
+

higher degree of anisotropy along the axis of optical polarization than films grown on n -Si, and
more defects were apparent in the patterns of the n+-Si/Se-Te films than in the p+-Si/Se-Te films.
Figure S1.1a and b provide high-resolution, low-magnification images showing wide areas of the
photoelectrodeposited Si/Se-Te films that contain the regions shown in Figure 1.1a and b.
Figure 1.1c and d show two-dimensional Fourier transforms (2D FT) of wide-area images of
phototropic Se-Te films grown on p+-Si and n+-Si substrates. The 2D FT data were converted to and
analyzed in the polar coordinate system where the radial coordinate, r, is the linear distance from the
center of the FT, equivalent to the periodicity of the pattern in real space. The angular coordinate, θ,
is the angle formed between the position of the radial coordinate and the positive x axis in Cartesian
coordinates, equivalent to the direction of the pattern. Thus, the horizontal component of the 2D FT
was evaluated where θ = 0 (and r = x) along the direction perpendicular to the polarization vector
used during film growth, and reflects the spacing of the lamellae in the SEM images, with a narrow
band in the horizontal component of the 2D FT corresponding to a lamellar pattern with a highly
defined period. The vertical component of the 2D FT was then evaluated at a distance, r,
corresponding to the position of the primary FT band as determined by the peak position in the
horizontal direction. The vertical component is parallel to the polarization vector used during film
growth and reflects the alignment of the lamellae with the axis of polarization. A narrow band in the
vertical component of the 2D FT corresponds to a highly anisotropic pattern, approaching perfectly
parallel and straight lamellae.
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Figure 1.1. Representative SEM images of SeTe photoelectrodeposited on (a) p+-Si and (b) n+-Si
substrates using vertically polarized illumination with λ = 927 nm and a power density of 53 mW
cm-2. (c) and (d) 2D FT spectra generated from wide-area SEM images including the regions depicted
in (a) and (b), respectively, with primary FT bands highlighted. Co-plotted (e) horizontal (normal to
polarization) and (f) vertical (parallel to polarization) surface profiles of integrated intensity and
Lorentzian curve fits for the primary FT bands in the 2D FT spectra in (c) and (d).

Figure 1.1e and f show the horizontal and vertical surface profiles that were extracted from
the bands corresponding to the primary periods in the 2D FTs shown in Figure 1.1c and d. For the
horizontal and vertical profiles, the bands were sharper for p+-Si/Se-Te than for n+-Si/Se-Te films,
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consistent with a more defined pattern, and straighter lamellae, for Se-Te films grown on p -Si
+

substrates than on n+-Si substrates. The horizontal and vertical profiles were fitted to Lorentzian
functions, and the full-widths at half maximum (FWHMs) of the fitted peaks provide figures-ofmerit for the uniformity of the lamellar Se-Te structure. The FWHMs of the fits to the horizontal
profiles were 1.49 µm-1 and 1.77 µm-1 for p+-Si/Se-Te and n+-Si/Se-Te films, respectively. For the
vertical profiles, the FWHMs were 30.9° and 57.9° for p+-Si/Se-Te and n+-Si/Se-Te films,
respectively. Average horizontal FWHM values for samples prepared under nominally identical
conditions were 1.44 ± 0.26 um-1 and 1.79 ± 0.07 um-1 for p+-Si/Se-Te and n+-Si/Se-Te films,
respectively. For the vertical FWHM values, averages for p+-Si/Se-Te were 31.3° ± 1.0°; for n+Si/Se-Te films, averages were 63.4° ± 10.1°.
Films grown on the different substrates yielded different locations in reciprocal Fourier space
of the maxima of the peaks fitted to the horizontal surface profiles, with higher values in reciprocal
Fourier space corresponding to smaller periods in real space. The fit to the peak associated with p+Si/Se-Te films was centered at 2.79 µm-1, corresponding to an average period of 358 nm, whereas
the fit to the peak associated with n+-Si/Se-Te films was centered at 2.47 µm-1, corresponding to an
average period of 405 nm. This increase in the average period results from the higher degree of
disorder in the pattern, which led to a less closely packed pattern for the n+-Si/Se-Te films as
compared to the p+-Si/Se-Te films.

1.2.2 Nucleation dynamics
To elucidate the development of the patterns in the phototropically grown films as well as
any differences in how the phototropic patterns develop on the two differently doped types of Si
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substrates, the phototropic growth of Se-Te films on p -Si or n -Si was observed at several steps
early in the photoelectrodeposition process. Figure 1.2 shows the structures observed during
nucleation and development of the phototropic Se-Te films. At low levels of mass deposited and
cathodic charge density passed (-0.75 mC cm-2), the morphology of the phototropic Se-Te deposit
was nearly identical on both substrates, with more uniform nucleation on p+-Si (Figure 1.2a), and
the initial development of some larger islands on n+-Si (Figure 1.2f). On p+-Si substrates, as
additional cathodic charge density (-3.75 mC cm-2) was passed, the deposition density sharply
increased, resulting in a thin, continuous film (Figure 1.2b). In contrast, on n+-Si substrates, larger
nucleated sites continued to develop (Figure 1.2g). At the next step in cathodic charge density (-37.5
mC cm-2), a nearly continuous film of nucleation sites was observed on p+-Si (Figure 1.2c) whereas
on n+-Si the film remained discontinuous even though the nucleation sites were larger than for the
previous current step (Figure 1.2h). At the subsequent charge density step (-75 mC cm-2), on p+-Si
the nucleation sites had merged into a lamellar pattern (Figure 1.2d), whereas void space and islanded
nucleation sites were still present on n+-Si even though some nucleation sites had merged (Figure
1.2i). After the final charge density step (-750 mC cm-2), the phototropically grown films on p+-Si
(Figure 1.2e) and n+-Si (Figure 1.2j) had developed into structures with mutually similar lamellar
patterns, but with mutually distinctive and clearly identifiable differences in the pattern fidelity.
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Figure 1.2. Series of SEM images demonstrating films with characteristic amounts of charge passed
(mass deposited) per unit area on (a-e) p+-Si and (f-j) n+-Si with (a), (f) at -0.75 mC cm-2; (b), (g) at
-3.75 mC cm-2; (c), (h) at -37.5 mC cm-2; (d), (i) at -75 mC cm-2; and (e), (j) at -750 mC cm-2.

1.2.3 Junction analysis
To further investigate the reasons for the variation in nucleation dynamics and resulting film
morphologies on the two types of Si substrates, the electrical characteristics of junctions formed
between Se-Te films and p+-Si or n+-Si substrates were investigated (see Supporting Information for
detailed experimental methods describing solid-state measurements). Figure 1.3a shows the current
density versus voltage, J-V, behavior of Se-Te deposited on p+-Si or n+-Si. The linear J-V relationship
for Se-Te deposited on p+-Si indicates an ohmic contact, whereas the J-V relationship between SeTe and n+-Si was non-linear. The Si substrates had nominally mutually equal resistivity, thickness,
and crystal orientations, and nominally only differed in dopant type and Fermi level. The lower
current density observed for Se-Te films grown on n+-Si relative to the current density for Se-Te
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grown on p -Si at the same applied potential is thus consistently ascribable to the presence of a non+

ohmic voltage drop at the n+-Si/Se-Te junction.

Figure 1.3. (a) Current-voltage behavior of Se-Te on p+-Si and n+-Si. (b) Chopped-light
chronoamperometry experiments showing the ratio of light to dark current density for Se-Te films
representative of those grown on p+-Si and n+-Si.

Figure 1.3b shows the change in current density with time for representative Se-Te films
photoelectrodeposited on p+-Si or n+-Si substrates. The substrates were held for ~200 s at a potential
of -0.065 V (for p+-Si) and -0.200 V (for n+-Si) vs. Ag/AgCl, under nominally mutually identical
injection conditions (53 mW cm-2 illumination power). The light was then blocked for 10 s.
Throughout the photoelectrodeposition, the cathodic photocurrent densities for phototropic Se-Te
growth on p+-Si were greater than those for phototropic Se-Te growth on n+-Si (Figure 1.3b); for
example, immediately prior to the light being blocked, a photocurrent density of -2.44 mA cm-2 was
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measured for Se-Te on p -Si, whereas a photocurrent density of -1.89 mA cm was observed for
+

-2

Se-Te on n+-Si. Additionally, the dark current comprised a larger proportion of the total current for
films grown on n+-Si than for films grown on p+-Si. For example, in the dark, -0.09 mA cm-2 was
passed by Se-Te on p+-Si, while -0.47 mA cm-2 was passed by Se-Te on n+-Si. The photocurrent
from the Se-Te film was negative, indicating that the film exhibited p-type conductivity during the
deposition. These results are characteristic of the general morphology produced by inorganic
phototropic growth of Se-Te films on p+-Si or n+-Si (Figure S1.4).
Figure S1.3 shows the ultraviolet photoelectron spectroscopy (UPS) data for as-deposited
and for sputter-cleaned Se-Te films. After removal of a surface oxide via sputter-cleaning, the work
function, øm, of Se-Te was measured to be ~5 eV, and the position of the valence-band maximum
(VBM) relative to the Fermi level (𝑬𝑭 ), or VBM − 𝑬𝑭 , was ~395 meV for Se-Te deposited on both
n+-Si and p+-Si substrates. For a film of 60-80 at.% Te, the optical bandgap, 𝑬𝒈 , of Se-Te has been
experimentally determined to be 1.06 eV.6
Figure 1.4 shows a simplified band diagram15 for Se-Te in contact with p+-Si or n+-Si.16
During the deposition of Se-Te, photogenerated electrons, i.e., the minority carriers, are collected at
the dynamic semiconductor-solution interface and result in mass addition to the growing film. For
the photo-driven mass-addition process to occur, the photogenerated holes must thus be collected at
the Si/Se-Te junction before recombining. In the case of p+-Si/Se-Te films, the observed ohmic
contact and proximity of the observed work function measured for Se-Te to the valence-band
maximum of Si suggest a minimal barrier to hole collection at that interface. Conversely, the
difference between the work functions of Se-Te and n+-Si implies the presence of a substantial barrier
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to hole collection, thus inhibiting the flow of photocurrent into solution and preventing mass
addition to the electrodeposit.

Figure 1.4. Simplified band diagrams showing the energies of the band positions relative to the
vacuum level and the expected trends in the equilibration of the junctions formed by n+-Si or p+-Si
with Se-Te. Lower panel shows a schematic with the hypothesized preferential pathways for mass
deposition during the electrodeposition of Se-Te. In the case of the n+-Si/Se-Te interface, the nonohmic potential drop inhibits deposition onto nucleated Se-Te sites.

The observed junction behavior between Se-Te and the Si growth substrates can explain the
nucleation dynamics observed in Figure 1.2. The non-ohmic contact between n+-Si and Se-Te would
enhance electrical isolation of the nucleated Se-Te sites, due to the potential drop at the junction with
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n -Si. The variation in the material in contact with the solution would lead to a surface of mixed
barrier height across the partially nucleated n+-Si substrate. This behavior is consistent with the
sustained discontinuous nature of the film grown on n+-Si (vs. the continuous films present on p+Si), even at late stages of deposition.

1.2.4 Matched deposition-rate conditions
Under nominally mutually identical illumination power, Se-Te films phototropically grown
on p+-Si substrates were observed to exhibit greater photocurrent densities, and thus to grow faster,
than phototropically grown Se-Te films on n+-Si substrates. Se-Te films were therefore grown on
p+-Si substrates with the applied potential and illumination power tuned such that the photocurrent
densities, and the ratios of light to dark current density, matched to within 15% the values for films
grown on n+-Si. Figure 1.5 shows three such matched pairs of growths, providing examples of
samples having matched rates of deposition for relatively low (~ -0.5 mA cm-2), intermediate (~ -0.7
mA cm-2), and high (~ -1.0 mA cm-2) total current densities. See Figure S1.9 for large-area SEM
images of these images. The films deposited on p+-Si exhibited patterns with fewer defects and
straighter, more anisotropic lamellae, whereas films on n+-Si exhibited patchier morphologies and
patterns with more defects. These observations correlated with much sharper horizontal and vertical
2D FT peaks (Table 1) for phototropic p+-Si/Se-Te films than for phototropic n+-Si/Se-Te films.
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Figure 1.5. Se-Te films grown at (a), (b) low, ~ -0.5 mA cm-2; (c), (d) intermediate, ~ -0.7 mA cm2
; and (e), (f) high, ~ -1.0 mA cm-2, matched relative deposition rates on (a), (c), (e) p+-Si and (b),
(d), (f) n+-Si.
Films grown on n+-Si exhibited an increased photocurrent density at more negative applied
potentials whereas films grown on p+-Si showed less relative change in the observed photocurrent
density with applied potential (Figure S1.4). Figure S1.5 shows the FWHMs for the 2D FTs for the
films deposited at varied growth rates on p+-Si or n+-Si substrates. Films grown on p+-Si at low rates
resulted in narrower 2D FT bands than films deposited at higher rates. The opposite trend was
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observed for films grown on n -Si, with films grown on n -Si at lower relative rates having broader
+

+

2D FT bands than films grown at high rates. Figure S1.6 and S1.7 show that the same general trend
was observed for films deposited on metals of varying work function, with Se-Te deposited on metal
substrates having work functions closely aligned with Se-Te (i.e., Au, øm = 5.3-5.4 eV) exhibiting
higher photocurrent densities, and less defective patterns, than films deposited on substrates having
a work function misaligned with Se-Te (i.e., Ti, øm = 4.33 eV).17 In addition, Figure S1.8 shows the
J-V behavior of Se-Te films on substrates that exhibited better electrical contact than was observed
for Ti contacts to Se-Te.

Table 1. Growth Parameters and FT Analysis of
Structures Grown with Matching Rates of
Deposition
growth substrate

p+ Si

n+ Si

-0.515

-0.483

2.22

2.41

FT horizontal FWHM (µm )

0.59

2.48

FT vertical FWHM (°)

33.7

104.2

-0.685

-0.705

2.74

3.17

FT horizontal FWHM (µm )

1.10

2.51

FT vertical FWHM (°)

30.1

72.9

-1.031

-1.077

3.91

4.21

FT horizontal FWHM (µm )

1.00

1.73

FT vertical FWHM (°)

31.4

57.3

Lowest Growth Rate
peak current density (mA cm-2)
light-to-dark current ratio
-1

Intermediate Growth Rate
peak current density (mA cm-2)
light-to-dark current ratio
-1

Highest Growth Rate
peak current density (mA cm-2)
light-to-dark current ratio
-1

Nucleation may play a role in the effect of deposition rate on the fidelity of the Se-Te film
pattern (Figure S1.10). To achieve higher rates of growth, the required relative applied potentials
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were more negative, leading to decreases in the band bending at the interface between n -Si and
+

Se-Te. Consequently, Se-Te nucleation may be denser on n+-Si at these more negative potentials.
Conversely, the ohmic contact between Se-Te and p+-Si suggests negligible barrier to nucleation at
less negative potentials. In both cases, the observed higher-fidelity patterns are consistent with
expectations for the formation of more continuous and thin film nucleation relative to island
nucleation of Se-Te deposits.

1.3

Conclusion

In summary, in all cases examined herein, the fidelity of the pattern was greater for
phototropic Se-Te films grown on p+-Si substrates than for phototropic Se-Te films grown on n+-Si.
Parameterization using only conditions of deposition rate and illumination power does not allow
prediction of the pattern fidelity or of the observed differences in film properties on either substrate.
However, the energetics of the junction between the phototropic Se-Te film and the substrate
influences the nucleation dynamics and subsequent morphological variation and pattern fidelity, thus
providing an example of the influence of interfacial electrical effects, as opposed to structural effects,
of the substrate on the morphology of phototropically grown Se-Te films.
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1.4

Supporting Information

1.4.1 Experimental methods and materials
Chemicals and Materials
SeO2 (Aldrich, 99.999% trace metals basis), TeO2 (Aldrich, 99.995% trace metals basis),
Buffer HF Improved (BHF) (Transene, Ammonium Hydrogen Difluoride Solution), H2SO4 (J.T.
Baker, 90-100%), Nickel Sulfamate Solution (Transene), Ga (Alfa Aesar, 6mm diameter pellets,
99.9999% trace metals basis), In (ESPI Metals, shot, 99.9999%), Acetone (BDH, ACS Grade, 99.5%
min.), Isopropyl Alcohol (BDH, ACS Grade, 99.5% min.), Ir wire (Alfa Products, 1mm dia., 99.9%),
and Ni pellets (Kurt J. Lesker, ¼” dia. x ¼” long, 99.995%) were used as received. H2O (Barnstead
Nanopure Infinity Ultrapure Water System, ρ = 18.3 MΩ-cm) was used throughout.
Silicon substrates used as working electrodes include n+ silicon (Addison Engineering Inc.,
As-doped, ρ = 0.001-0.004 Ω-cm, [111], 525 ± 25 μm thick, SSP) and p+ silicon (Virginia
Semiconductor Inc., B-doped, ρ < 0.0025 Ω-cm, [111], 500 ± 25 μm thick, SSP).
Loctite 1C Hysol Epoxy Adhesive, Conductive Silver Paint (SPI Supplies), Clear Nail Polish
(Sally Hansen “Hard as Nails Xtreme Wear”), tinned Cu wire (AWG 22), and glass tubing (7740
Borosilicate Pyrex, 9mm OD x 1.0mm wall thickness) were used to fabricate electrodes.

Preparation of Au and Ti Metal Substrates
Au and Ti substrates used as working electrodes in the deposition of Se-Te were fabricated
via electron-beam evaporation of the target metals onto n+-Si wafers. Prior to metal evaporation and
loading into the vacuum chamber, n+-Si wafers were etched in BHF until the native silicon oxide
layer was removed from both the top and bottom sides of the Si. For Au substrates, 20 nm of Ti and
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+

70 nm of Au were evaporated onto the polished side of n -Si; for Ti substrates, 100 nm of Ti was
evaporated. Evaporated Ti was used as an ohmic contact layer to the n+-Si (and additionally as an
adhesion layer in the case of the Au substrates). 20 nm of Ti was evaporated onto the back side of
the n+-Si wafers as an ohmic back contact for both substrates.

Silicon and Metal Electrode Fabrication
Au substrates, Ti substrates, p+-Si, and n+-Si wafers were cleaved into small chips (between
0.01 cm2 and 0.15 cm2) to be fabricated into working electrodes. Ga-In eutectic (75.5 wt. % gallium,
24.5 wt. % indium) was prepared and scratched into the back of the n+-Si and p+-Si pieces using a
carbide-tipped scribe. Electrode mounts were fabricated from glass tubing (~5-6 inches long) and
tinned Cu wire bent into a flat coil and affixed to the glass tube using inert epoxy. The exposed flat
coil on the electrode mount was placed in contact with the Ga-In coated surface of the silicon or
metal-coated chip and was glued in place using Ag paint. After the Ag paint had dried, clear
nitrocellulose nail polish was applied to temporarily electrically insulate the tinned Cu wire, Ag
paint, and backside of the electrode.

Iridium Wire Electrode Fabrication
A piece of Ir wire (~30 mm) was soldered to a ~6-inch segment of tinned Cu wire and placed
in a ~5-inch glass tube. The soldered contact and glass tube opening nearest to the Ir wire was
insulated with inert epoxy.
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Nickel Electrode Fabrication
A single Ni pellet was soldered to a ~6-inch segment of tinned Cu wire. The soldered contact
was insulated with inert epoxy.

Photoelectrochemical and Solid-State Measurements
All electrochemical and solid-state measurements were performed using a Biologic VMP3
Potentiostat, controlled via EC Lab for Windows. The light intensity was measured using a calibrated
Si photodiode (Thorlabs FDS100). A three-port Pyrex glass electrochemical cell with a flat glass
window was utilized for all photoelectrochemical depositions and tests.
For electrochemical experiments, a three-electrode configuration was used with an Ir wire
counter electrode and a Ag/AgCl (3M NaCl, BASi RE-5B) reference electrode. Working electrodes
were p+- or n+- Si wafer pieces. Unless otherwise stated, most films were deposited until a charge
density of -750 mC cm-2 had been passed. Depending on substrate and other parameters, various
applied potentials were used in the deposition of Se-Te films (see Table S1.2). Silicon substrates
were etched with BHF for ~20 s and rinsed with H2O immediately before testing and deposition.
The light source used in the deposition of most Se-Te films was a homemade LED apparatus
fashioned out of an aluminum printed circuit board (PCB) (Sink Pad II 1939) fastened onto an Al
block and cooled by chilled-water at a temperature of 14 °C. Thermal contact was obtained using an
interfacial layer of Ag thermal paste (Arctic Silver 5 High-Density Polysynthetic Silver Thermal
Compound). Three LEDs (Osram SFH 4725S) were soldered in series to the PCB. The LEDs had
an intensity weighted average wavelength of 927 nm, a spectral bandwidth of 37 nm, and were
powered by a DC power supply (Hewlett Packard E3611A) in constant current mode at 0.78 A. The
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output from the LEDs was passed through a dichroic film linear polarizer (Thorlabs LPNIRE200B) and collected with an aspheric condenser lens (Edmund Optics, Ø = 75 mm, f = 50 mm). A 600
grit diffuser (Thorlabs DG20) was placed in front of the window of the electrochemical cell to
produce illumination of uniform intensity incident on the working electrodes. An illumination power
density of 53 mW cm-2 was used during the photoelectrochemical deposition.
For solid-state, ultraviolet photoemission spectroscopic (UPS), and x-ray photoemission
spectroscopic (XPS) measurements, Se-Te films were grown for 10 min using unpolarized ~ 200
mW cm-2 illumination from a homemade broad-band white light source constructed from a 300 W
ELH-type W-halogen bulb with an intensity weighted average wavelength of 640 nm at 120 V. For
solid-state measurements, top contact was made by electroplating Ni onto the deposited Se-Te films.
For electrodeposited top contacts, Ni films were deposited from a Ni sulfamate solution in a threeelectrode configuration with a Ni pellet counter electrode and a Ag/AgCl (1M KCl, CH Instruments,
CHI111) reference electrode. Nickel films were deposited potentiostatically for ~2 h between -0.600
V and -0.800 V vs. Ag/AgCl, depending on the substrate. Nickel is known to make ohmic contact to
both Se and Te18, 19. Contact was made to the deposited Ni film with a tinned Cu wire and Ag paint.
To determine the current-voltage behavior of the Se-Te – Si junctions, a two-electrode configuration
was utilized, with the Si substrate as the working electrode and the electrodeposited Ni top contact
as the counter electrode.

Sample Preparation and Image Acquisition
Following electrodeposition, a razor blade was utilized to cut samples from electrode mounts.
Samples were then placed in an acetone bath to remove excess nail polish and Ag paint. All samples
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were imaged using an FEI Nova NanoSEM 450 with an accelerating voltage of 5 kV. A throughlens (immersion) secondary electron detector was utilized at a working distance of 5 mm. For Fourier
analysis, samples were imaged at a magnification of 6250 X and resolution 4096 pixels wide,
corresponding to a scale of ~85.8 pixels µm-1. Gwyddion (http://gwyddion.net/) was used for all
image analysis, Fourier Transform analysis and Lorentzian peak fitting. Horizontal and vertical
surface profiles were extracted from 2D FT plots with an integration width of 30 pixels. Other images
used were obtained at a magnification of 25k X and with a resolution 2048 pixels wide,
corresponding to a scale of ~171.6 pixels µm-1.

Work Function, Valence Band Position, and Compositional Analysis
Work function, valence band position, and compositional analysis measurements were
acquired using a Kratos AXIS Ultra XPS and UPS (Kratos Analytical, Manchester, UK). The x-ray
source was the monochromatic Al K α line at 1486.6 eV, with 0.2 eV resolution at full width half
maximum. The ultraviolet source was a He I line at 21.22 eV photon energy. XPS and UPS data
were analyzed using CasaXPS, CASA Software Ltd. Charge neutralization was not utilized during
data acquisition. The XPS instrument was calibrated to the Au 4f7/2 peak at 84 eV. Samples were
calibrated to the adventitious carbon peak at 284.5 eV. The UPS instrument was calibrated such that
the zero binding-energy position was the Fermi edge of freshly sputtered Au.
To measure work functions, the linear portions of the secondary-electron cutoff in the UPS
data were extrapolated to the x-intercept positions, as shown by the linear fit lines in Figure S1.3.
The x-intercept values were then subtracted from the He I photon energy (21.22 eV) to yield the
work function values for the Se-Te films.
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For valence-band positions, the linear portions of the low binding-energy regions in the
UPS data were extrapolated to the x-intercept positions, as shown by the linear fit lines in Figure
S1.3. The x-intercept values were then added to the observed Fermi level/work function values to
obtain the valence-band maxima (VBM).

1.4.2 Low-magnification SEM images used for FT analysis in Figure 1.1

10 µm
Figure S1.1. Low-magnification SEM images of photoelectrodeposited Se-Te films grown on (a)
p+-Si/Figure 1.1a and b n+-Si/Figure 1.1b used in Fourier analysis in Figure 1.1c-f. SEM images are
obtained at a magnification of 6250 X and at a resolution of 4096 pixels wide, corresponding to a
scale of 85.8 pixels µm-1.

22
1.4.3 Additional data gathered for Se-Te films deposited on n+-Si and p+-Si
substrates

a

b

Figure S1.2. XPS data of O 1s (Se-O and Te-O) core-level region for as deposited; 10 s sputter
cleaned; and 20 s sputter cleaned Se-Te films on (a) p+-Si and (b) n+-Si substrates, showing the
progressive removal of a surface oxide after sputter cleaning.
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a

b

c

d

Figure S1.3. Normalized UPS data for as deposited, 10 s sputter cleaned, and 20 s sputter cleaned
Se-Te films showing work function and valence band maximum positions on (a), (c) p+-Si and (b),
(d) n+-Si substrates. The spectra show that the work function values shifted to a higher kinetic energy
as the surface oxide on Se-Te was gradually removed by sputter cleaning.
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Table S1.1. List of Work Function and Valence Band Maxima (VBM)
Values Calculated from UPS Spectra

Sample
n+ As Deposited

VBM - EF (eV) Work Function (eV)
0.486 ± 0.017 4.51 ± 0.10

n+ 10s Sputter Cleaning 0.416 ± 0.014

4.81 ± 0.15

n+ 20s Sputter Cleaning 0.395 ± 0.015

4.99 ± 0.15

p+ As Deposited

0.488 ± 0.014

4.51 ± 0.09

p+ 10s Sputter Cleaning 0.415 ± 0.017

4.75 ± 0.20

p+ 20s Sputter Cleaning 0.396 ± 0.013

5.00 ± 0.12
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a

b

Figure S1.4. Plots showing the relationship between (a) light-to-dark current ratios (measured during
chopped light chronoamperometry) and (b) measured peak photocurrent densities vs. the applied
potential in the deposition of Se-Te on p+-Si and n+-Si. At peak current during growth, the light-todark current ratios sharply increased at more negative deposition potentials on p+-Si, whereas on n+Si these ratios exhibited little to no trend with deposition potential. Peak photocurrent densities
showed nearly no relationship to deposition potential for films deposited on p+-Si. On n+-Si, a
stronger trend yielded a higher photocurrent density (and more extracted photocurrent) at more
negative deposition potentials. The unchanging (with applied potential) light-to-dark current ratios
on n+-Si suggest that the photo- and dark-current densities increased concomitantly as films were
deposited at more negative potentials. On p+-Si, however, photocurrent densities were more stable
to changes in applied potential, suggesting no change in extracted photocurrent but rather purely a
change in dark current densities as the deposition potential was made more negative. The
experiments shown here depict the range of working potentials for which the photoelectrodeposition
produced lamellar structures (rather than purely dark growth or no growth) on either substrate. A
relatively more negative applied potential is required for phototropic growth to occur on n+-Si vs.
p+-Si.
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a

b

Figure S1.5. Plots showing the relationship between the (a) vertical and (b) horizontal primary peak
FWHM in the FT spectra of SEM images of Se-Te films deposited on p+-Si or n+-Si vs. the potential
applied in the deposition of those films. The horizontal FWHM did not track well with deposition
potential, due to both a low signal-to-noise ratio and less pattern fidelity information encoded in the
horizontal (perpendicular to input polarization) periodicity of the Se-Te film pattern. Conversely, in
the vertical direction, the FWHM had a stronger relationship with deposition potential, with different
trends observed for films grown on p+-Si and n+-Si. Straighter patterns were observed when
deposition potentials were more positive on p+-Si; however, on n+-Si, straighter patterns developed
with more negative relative applied potentials.
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1.4.4 Results and data gathered for Se-Te films deposited on Au and Ti substrates

a

b

Figure S1.6. Plots showing the relationship between (a) light-to-dark current ratios (measured during
chopped light chronoamperometry) and (b) measured peak photocurrent densities vs. the applied
potential in the deposition of Se-Te on Au and Ti substrates. Se-Te films deposited on Au substrates
generally displayed higher measured light-to-dark current ratios and higher photocurrent densities
than were observed for films deposited on Ti substrates.
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a

b

Figure S1.7. Plots showing the relationship between the (a) vertical and (b) horizontal primary peak
FWHM in the FT spectra of SEM images of Se-Te films deposited on Au or Ti substrates vs. the
potential applied in the deposition of those films. Similar to the results on Si substrates, the horizontal
FWHM data was noisier and provided less information on the pattern fidelity of Se-Te films relative
to the observed vertical FWHM values. In general, straighter and higher fidelity patterns were
observed in Se-Te films deposited on Au vs. Ti substrates.
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Figure S1.8. Current-voltage behavior of Se-Te on Au and Ti. As expected, better electrical contact
and lower contact resistance was observed between Se-Te and Au, due to the closer work function
alignment of Se-Te to Au relative to Ti.
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1.4.5 Low-magnification SEM images of Se-Te films on p+-Si in Figure 1.5

a

10 µm

b

c

Figure S1.9. Low-magnification SEM images of photoelectrodeposited Se-Te films grown on p+-Si
from (a) Figure 1.5a, (b) Figure 1.5c, and (c) Figure 1.5e, showing dark spherulitic/dendritic growth.
The dark growth appearing on these films was unavoidable at the dark current densities and more
negative applied potentials necessary to match the dark deposition rates on n+-Si in Figure 1.5b, d,
and f.
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1.4.6 Nucleation density and growth substrate discussions

1 µm

b

a

+

+

p -Si
100 µm-1

n -Si

c

d

+

+

p -Si FT

n -Si FT

e

Figure S1.10. Nucleated Se-Te films deposited on (a) p+-Si and (b) n+-Si at a charge passed of
-3.75 mC cm-2. 2D FT of the images on (c) p+-Si and (d) n+-Si in (a) and (b), respectively. (e)
Comparison of surface profile plots integrated radially over the FT spectra showing larger average
particle-to-particle spacing for n+-Si vs. p+-Si. Isotropic peak shapes at this early level of deposition
indicate random nucleation on both substrates. Although random, the peak positions in (e) are at 13.2
± 0.05 µm-1 and 1.8 ± 0.07 µm-1 for p+-Si and n+-Si, respectively, confirming the higher nucleation
density observed on p+-Si vs. n+-Si. Random nucleation of Se-Te is hypothesized to be a required
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morphological precursor to the optical scattering effect that produces lamellar features in the
photoelectrodeposit.1, 2, 7-9 The morphology of phototropically grown Se-Te alloys is similar on a
variety of substrates, as shown by past work primarily on either n+-Si or Au. However, certain effects,
such nucleation density, depend in detail quantitatively on the characteristics of the substrate, as seen
in the variation between (a) and (b). The nucleation behavior also has implications for the pattern
period and fidelity, implying quantitative differences between the phototropic film growth
morphology on chemically different substrates as well as on substrates that only have mutually
different electronic properties, such as doping density, as demonstrated herein.
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1.4.7 Table with additional information for all samples fabricated
Table S1.2. List of Photoelectrochemical Details for All Samples Fabricated.
Figure ID

Applied
Sample
Substrate Potential (mV
ID
vs. Ag/AgCl)

Horizontal
FWHM
(µm-1)

Vertical
FWHM (°)

Vertical
FWHM
(µm-1)

Peak Current
Density
(mA cm-2)

Light-to-Dark
Current Ratio

Charge Passed
(mC cm-2)

Illumination
Power
(mW cm-2)

Deposition
Time (s)

F1.1, F1.3, S1.1, S1.4,
S1.5

138-4

p+

-65

1.49 ± 0.13

30.9 ± 0.16

1.51 ± 0.008

-2.54

25.30

-750

53

-

F1.1, F1.2, F1.3, S1.1,
S1.4, S1.5

140-9

n+

-200

1.77 ± 1.00

57.9 ± 0.31

2.74 ± 0.015

-2.36

4.03

-750

53

-

F1.2

143-3

p+

-65

-

-

-

-

-

-0.75

53

-

F1.2, S1.10

143-2

p+

-65

-

-

-

-

-

-3.75

53

-

F1.2

143-4

p+

-65

-

-

-

-

-

-37.5

53

-

F1.2

143-5

p+

-65

-

-

-

-

-

-75

53

-

F1.2, S1.4, S1.5

142-10

p+

-65

1.06 ± 0.08

30.5 ± 0.16

1.52 ± 0.008

-1.54

24.62

-750

53

-

F2

140-6

n+

-200

-

-

-

-

-

-0.75

53

-

F2, S1.10

140-7

n+

-200

-

-

-

-

-

-3.75

53

-

F1.2

144-1

n+

-200

-

-

-

-

-

-37.5

53

-

F1.2

144-2

n+

-200

-

-

-

-

-

-75

53

-

F1.3

-

p+

-200

-

-

-

-

-

-

600

F1.3

-

n+

-200

-

-

-

-

-

-

F1.5, S1.9

148-5

p+

-90

0.59 ± 0.03

33.7 ± 0.17

1.42 ± 0.007

-0.52

2.22

-750

200
(ELH)
200
(ELH)
16.56

F1.5, S1.9

148-9

p+

-94

1.10 ± 0.07

30.1 ± 0.15

1.44 ± 0.007

-0.69

2.74

-750

14.91

-

F1.5, S1.9

142-3

p+

-85

1.00 ± 0.08

31.4 ± 0.18

1.53 ± 0.009

-1.03

3.91

-750

20.88

-

F1.5, S1.4, S1.5

137-8

n+

-205

2.48 ± 1.96

104.2 ± 0.57

5.86 ± 0.032

-0.52

2.41

-750

53

-

F1.5, S1.4, S1.5

139-6

n+

-180

2.51 ± 1.76

72.9 ± 0.35

3.53 ± 0.017

-0.71

3.17

-750

53

-

F1.5, S1.4, S1.5

139-1

n+

-200

1.73 ± 1.00

57.3 ± 0.30

2.54 ± 0.013

-1.08

4.21

-750

53

-

S1.4, S1.5

136-3

p+

-100

2.10 ± 0.22

52.2 ± 0.34

3.10 ± 0.020

-4.33

0.92

-750

53

-

S1.4, S1.5

136-4

p+

-75

1.49 ± 0.10

31.0 ± 0.13

1.71 ± 0.007

-1.97

15.98

-750

53

-

S1.4, S1.5

136-5

p+

-85

1.30 ± 0.07

32.9 ± 0.17

1.82 ± 0.009

-2.57

15.15

-750

53

-

S1.4, S1.5

136-6

p+

-95

1.28 ± 0.19

41.0 ± 0.21

2.49 ± 0.013

-3.83

0.56

-750

53

-

S1.4, S1.5

136-7

p+

-65

1.64 ± 0.20

32.4 ± 0.14

1.78 ± 0.008

-1.74

15.52

-750

53

-

S1.4, S1.5

136-8

p+

-70

1.62 ± 0.26

34.7 ± 0.16

1.91 ± 0.009

-2.08

14.46

-750

53

-

S1.4, S1.5

136-9

p+

-80

1.37 ± 0.12

33.1 ± 0.17

1.87 ± 0.010

-2.48

17.86

-750

53

-

S1.4, S1.5

136-10

p+

-90

1.45 ± 0.16

37.3 ± 0.19

2.09 ± 0.011

-2.73

12.14

-750

53

-

S1.4, S1.5

138-2

p+

-75

1.43 ± 0.13

34.1 ± 0.15

1.72 ± 0.008

-3.01

18.88

-750

53

-

S1.4

138-5

p+

-85

-

-

-

-3.19

7.99

-750

53

-

600
-
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S1.4, S1.5
S1.4, S1.5

138-6

+

p

-70

1.68 ± 0.24

32.2 ± 0.17

1.67 ± 0.009

-2.83

77.47

-750

53

-

138-7

p+

-80

2.06 ± 0.30

36.5 ± 0.18

2.03 ± 0.010

-3.39

24.64

-750

53

-

S1.4, S1.5

138-8

+

p

-60

1.56 ± 0.15

30.5 ± 0.14

1.55 ± 0.007

-1.73

24.69

-750

53

-

S1.4

138-9

p+

-95

-

-

-

-4.05

1.94

-750

53

-

+

S1.4, S1.5

138-10

p

-55

1.21 ± 0.14

31.1 ± 0.15

1.82 ± 0.009

-2.62

42.79

-750

53

-

S1.4

137-1

n+

-200

-

-

5.66 ± 0.030

-0.82

5.47

-750

53

-

S1.4

137-2

+

n

-190

-

-

-

-0.70

3.52

-750

53

-

S1.4, S1.5

137-3

n+

-210

1.55 ± 1.68

83.5 ± 0.44

4.53 ± 0.024

-0.88

3.57

-750

53

-

S1.4, S1.5

137-4

+

n

-220

2.76 ± 2.00
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-
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-1.81
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-

S1.4, S1.5

137-6

+

n
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-
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-

+
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137-10

n
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1.54 ± 0.24
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-
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139-2

n+
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1.44 ± 0.38
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-750
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-

S1.4, S1.5

139-3

+

n
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1.41 ± 0.42

77.9 ± 0.42

3.29 ± 0.018
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-

S1.4, S1.5

139-4

n+
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1.66 ± 0.70
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-2.30
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-

S1.4, S1.5

139-5

+

n
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1.17 ± 0.26

37.9 ± 0.20
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-2.24
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-

S1.4, S1.5

139-8

n+
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1.86 ± 1.16

51.8 ± 0.23
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-1.78

2.34
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53

-

S1.4, S1.5

139-9

+

n
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2.08 ± 1.16

102.4 ± 0.48

5.15 ± 0.024

-1.08

2.90

-750

53

-

S1.4, S1.5

139-10

n+
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1.87 ± 0.50
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3.64 ± 0.019
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-

-

-

-

-

S1.6, S1.7
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0.64 ± 0.06

34.4 ± 0.16

1.53 ± 0.007

-2.64
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-750

200
(ELH)
200
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53

S1.6, S1.7

160-7

Au

-130

0.56 ± 0.02

27.7 ± 0.13

1.24 ± 0.006

-2.38

2.76

-750

53

-

S1.6, S1.7

160-8

Au

-150

0.67 ± 0.04

29.2 ± 0.14

1.30 ± 0.006

-3.46

4.03

-750

53

-

S1.6, S1.7

161-1

Ti

-350

0.93 ± 0.07

30.1 ± 0.25

1.60 ± 0.013

-1.01

1.67

-750

53

-

S1.6, S1.7

161-2

Ti

-375

0.83 ± 0.04

33.3 ± 0.24

1.78 ± 0.013

-1.62

1.51

-750

53

-

S1.6, S1.7

161-3

Ti

-400

0.93 ± 0.05

25.8 ± 0.13

1.42 ± 0.007

-2.36

1.19

-750

53

-

S1.6, S1.7

161-4

Ti

-425

1.03 ± 0.11

74.3 ± 0.59

4.57 ± 0.036

-4.91

0.15

-750

53

-

S1.6, S1.7

161-5

Ti

-325

0.93 ± 0.04

31.4 ± 0.16

1.67 ± 0.008

-0.33

3.82

-750

53

-

S1.6, S1.7

161-6

Au

-145

0.57 ± 0.03

28.2 ± 0.11

1.23 ± 0.005

-3.18

4.84

-750

53

-

S1.6, S1.7

161-7

Au

-140

0.67 ± 0.03

30.9 ± 0.16

1.39 ± 0.007

-3.57

5.71

-750

53

-

S1.6, S1.7

161-8

Au

-135

0.83 ± 0.06

44.2 ± 0.22

2.01 ± 0.010

-3.22

6.69

-750

53

-

S1.6, S1.7

161-9

Au
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0.69 ± 0.04

38.7 ± 0.20

1.72 ± 0.009

-2.75

6.78

-750

53

-
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161-10

Au
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0.46 ± 0.02

30.8 ± 0.15

1.36 ± 0.007

-2.21

6.55

-750

53

-

S1.6, S1.7

159-1

Au

-150

1.05 ± 0.06

47.5 ± 0.24

2.12 ± 0.011

-3.40

4.04

-750

53

-

S1.6, S1.7

159-2

Au

-145

0.41 ± 0.01

25.7 ± 0.12

1.10 ± 0.005

-2.14

9.02

-750

53

-

S1.6, S1.7

159-3

Au

-140

0.61 ± 0.04

33.1 ± 0.15

1.42 ± 0.007

-2.82

11.39

-750

53

-

S1.6, S1.7

162-1

Au

-150

0.51 ± 0.02

25.9 ± 0.12

1.15 ± 0.005

-4.35

2.45

-750

53

-

S1.6, S1.7

162-2

Au

-145

0.58 ± 0.03

29.7 ± 0.16

1.32 ± 0.007

-3.48

3.32

-750

53

-

S1.6, S1.7

162-3

Au

-140

0.69 ± 0.05

30.7 ± 0.14

1.38 ± 0.006

-3.66

1.82

-750

53

-

S1.6, S1.7

162-4

Au

-135

0.53 ± 0.03

31.6 ± 0.16

1.53 ± 0.008

-3.35

6.71

-750

53

-

S1.6, S1.7

162-5

Au

-130

0.69 ± 0.04

29.9 ± 0.15

1.34 ± 0.007

-2.95

3.91

-750

53

-

S1.6, S1.7

162-6

Au

-125

0.62 ± 0.04

28.4 ± 0.13

1.27 ± 0.006

-2.82

5.87

-750

53

-

S1.6, S1.7

162-7

Au

-140

0.67 ± 0.04

30.7 ± 0.15

1.38 ± 0.007

-2.98

2.24

-750

53

-

S1.6, S1.7

163-2

Ti

-360

1.29 ± 0.22

28.6 ± 0.19

1.39 ± 0.009

-1.15

5.98

-750

53

-

S1.6, S1.7

163-3

Ti

-385

0.90 ± 0.12

28.8 ± 0.16

1.53 ± 0.009
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-750

53

-

S1.6, S1.7
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Ti
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0.89 ± 0.10

37.3 ± 0.22
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-0.44
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53

-

S1.6, S1.7

163-8

Ti

-340

0.58 ± 0.04

44.7 ± 0.40

2.24 ± 0.020

-0.47
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53

-

S1.6, S1.7

163-9

Ti

-370

0.72 ± 0.05

30.1 ± 0.25

1.59 ± 0.013

-1.39

1.84

-750

53

-

S1.6, S1.7
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Ti
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0.66 ± 0.03

29.6 ± 0.16

1.55 ± 0.008

-1.73
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-

36
1.5

1.

2.

3.
4.
5.
6.

7.

8.

9.

10.

11.
12.
13.
14.

References

Sadtler, B.; Burgos, S. P.; Batara, N. A.; Beardslee, J. A.; Atwater, H. A.; Lewis, N. S.,
Phototropic growth control of nanoscale pattern formation in photoelectrodeposited SeTe films. Proc Natl Acad Sci U S A 2013, 110 (49), 19707-12.
Carim, A. I.; Batara, N. A.; Premkumar, A.; Atwater, H. A.; Lewis, N. S., Self-Optimizing
Photoelectrochemical Growth of Nanopatterned Se–Te Films in Response to the Spectral
Distribution of Incident Illumination. Nano Lett 2015, 15 (10), 7071-7076.
Bhatnagar, A. K.; Srivastava, V.; Reddy, K. V., Te substitution in disordered dilute
Se1−xTex alloys. Appl Phys Lett 1998, 73 (17), 2426-2428.
Reddy, K. V.; Bhatnagar, A. K., Electrical and optical studies on amorphous Se-Te alloys. J
Phys D Appl Phys 1992, 25 (12), 1810-1816.
Beyer, W.; Mell, H.; Stuke, J., Conductivity and thermoelectric power of trigonal SexTe1−x
single crystals. phys status solidi (b) 1971, 45 (1), 153-162.
El-Korashy, A.; El-Zahed, H.; Zayed, H. A.; Kenawy, M. A., Effect of composition and
structure on electrical conduction of Se(100−x)Te(x) films. Solid State Commun 1995, 95
(5), 335-339.
Carim, A. I.; Hamann, K. R.; Batara, N. A.; Thompson, J. R.; Atwater, H. A.; Lewis, N. S.,
Template-free synthesis of periodic three-dimensional PbSe nanostructures via
photoelectrodeposition. J Am Chem Soc 2018, 140 (21), 6536-6539.
Carim, A. I.; Batara, N. A.; Premkumar, A.; Atwater, H. A.; Lewis, N. S., Polarization
Control of Morphological Pattern Orientation During Light-Mediated Synthesis of
Nanostructured Se-Te Films. ACS Nano 2016, 10 (1), 102-11.
Carim, A. I.; Batara, N. A.; Premkumar, A.; May, R.; Atwater, H. A.; Lewis, N. S.,
Morphological Expression of the Coherence and Relative Phase of Optical Inputs to the
Photoelectrodeposition of Nanopatterned Se-Te Films. Nano Lett 2016, 16 (5), 2963-8.
Matthias, S.; Müller, F.; Jamois, C.; Wehrspohn, R. B.; Gösele, U., Large-Area ThreeDimensional Structuring by Electrochemical Etching and Lithography. Adv Mater 2004,
16 (23-24), 2166-2170.
Lévy-Clément, C., Morphology of Porous n-Type Silicon Obtained by Photoelectrochemical
Etching. J Electrochem Soc 1994, 141 (4), 958.
Lehmann, V., Formation Mechanism and Properties of Electrochemically Etched Trenches
in n-Type Silicon. J Electrochem Soc 1990, 137 (2), 653.
Ogata, Y.; Kobayashi, K.; Motoyama, M., Electrochemical metal deposition on silicon.
Curr Opin Solid St M 2006, 10 (3-4), 163-172.
Dasog, M.; Carim, A. I.; Yalamanchili, S.; Atwater, H. A.; Lewis, N. S., Profiling
Photoinduced Carrier Generation in Semiconductor Microwire Arrays via
Photoelectrochemical Metal Deposition. Nano Lett 2016, 16 (8), 5015-21.

37
15. Zhang, Z.; Yates, J. T., Jr., Band bending in semiconductors: chemical and physical
consequences at surfaces and interfaces. Chem Rev 2012, 112 (10), 5520-51.
16. Novikov, A., Experimental measurement of work function in doped silicon surfaces. SolidState Electronics 2010, 54 (1), 8-13.
17. Skriver, H. L.; Rosengaard, N. M., Surface energy and work function of elemental metals.
Physical Review B 1992, 46 (11), 7157-7168.
18. Okuyama, K.; Tsuhako, J.; Kumagai, Y., Behavior of metal contacts to evaporated tellurium
films. Thin Solid Films 1975, 30 (1), 119-126.
19. Lanyon, H. P. D.; Krambeck, R. M., Trapping Levels in Hexagonal Selenium. In The
Physics of Selenium and Tellurium, 1st ed.; Cooper, W. C., Ed. Pergamon Press: 1969;
pp 59-68.

38

C H AP T E R I I
Increased Spatial Randomness and Disorder of Nucleates in Dark-Phase
Electrodeposition Lead to Increased Spatial Order and Pattern
Fidelity in Phototropically Grown Se-Te Electrodeposits
Simonoff, E.; Van Munoz, L. X.; Lewis, N. S., Increased spatial randomness and disorder of nucleates in
dark-phase electrodeposition lead to increased spatial order and pattern fidelity in phototropically
grown Se-Te electrodeposits. Nanoscale 2020, 12 (44), 22478-22486. doi: 10.1039/d0nr07617a

2.1

Introduction

In conventional methods for surface patterning and 3-D morphology control, including
optical lithography, holography, or direct write methods, the spatial fidelity of the resulting pattern
is directly related to the spatial order and fidelity of the stimulus. For example, in optical lithography,
dither of the optical beam or imprecise spatial definition in the edges of a mask deleteriously affect
the fidelity of the resulting surface pattern.1-5 Similarly, in direct write methods or scanning probe
lithographic methods, vibrations of the tip introduce spatial disorder and reduce the fidelity of the
resulting material or surface film.6-8 Spatial chemical disorder due to defects or impurities also may
deleteriously affect the spatial fidelity of self-assembled, optically patterned, or electrodeposited
surface films.9-13 We have recently described the phenomenon of inorganic phototropic growth, in
which full 3-D control over the morphology of an electrodeposited film can be obtained by
stimulating photoelectrodeposition of materials including PbSe and Se-Te alloys with an
uncorrelated, unpatterned, low-intensity light beam, from an optically isotropic solution onto an
optically isotropic electrode substrate.14-18 The growth process initially involves a dark film
electrodeposition phase followed by an optically stimulated photoelectrodeposition phase, in which
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intrinsic near-field optical scattering in the growing material shapes the internal optical field and,
in an emergent property of the material, produces a dynamic feedback with the stimulating light
beam that produces long-range order in the resulting electrode film structure. We show here that in
inorganic phototropic growth, randomness in the initial electrodeposit is a prerequisite for — and
directly leads to — high fidelity and spatial order in the resulting phototropically grown material.

2.2

Results and Discussion

A detailed experimental procedure is provided in the Supporting Information. Se-Te films
were deposited potentiostatically from an aqueous solution containing 20 mM SeO2, 10 mM TeO2,
and 1 M H2SO4. Samples were illuminated with vertically polarized light from a narrow-band lightemitting diode (LED) with an intensity-weighted-average wavelength of 927 nm and a power density
of 53 mW cm-2. Substrates were crystalline (111)-oriented Si with a miscut angle ± 0.5°, doped
degenerately with either p- or n-type dopants, and the resistivities for both substrates were < 0.005
Ω-cm.
Figure 2.1 shows scanning-electron-microscope (SEM) images of Se-Te deposits on p+-Si
and n+-Si substrates during the nucleation phase of phototropic growth, i.e., after a charge density
of -3.75 mC cm-2 had been passed, corresponding to equivalent amounts of mass deposited for each
sample. Images are shown for Se-Te deposited at two different applied potentials for each substrate;
these applied deposition potentials correspond to representative conditions at the positive (Figure
2.1a and c) and negative (Figure 2.1b and d) extremes of the working potential range for phototropic
Se-Te growth on each substrate. The insets to the panels in Figure 2.1 show 2D FTs of the respective
SEM images. Large-area (~2000 µm2) images of the deposits on n+-Si are provided in Figure S2.1.
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SEM images and analysis of reproducibility in phototropic films are provided in Figure S2.3.
Films deposited on p+-Si (Figure 2.1a and b) exhibited smaller nucleate spacings than films deposited
on n+-Si (Figure 2.1c and d). For both substrates, the more negative applied potential resulted in
smaller nucleate spacings when all other parameters were kept constant.

Figure 2.1. SEM images of Se-Te photoelectrodeposited at two different applied potentials on (a, b)
p+-Si and (c, d) n+-Si. During the deposition, the substrates were illuminated by vertically polarized
light from a narrow-band LED with λ = 927 nm at a power density of 53 mW cm-2. For each image,
the charge density passed was -3.75 mC cm-2. The deposition potentials are referenced to Ag/AgCl.
Insets to (a)-(d) are 2D FT of large-area images of the respective films, scale of inset side is 85.6 μm1
. (e) Dependence of average particle-to-particle spacing on deposition potential for various Se-Te
films deposited on p+-Si and n+-Si substrates after passing a charge density of -3.75 mC cm-2.

41
The 2D FT spectra for all the SEMs in Figure 2.1 consisted of a single, radially symmetric
peak centered around the origin showing that, at this early stage of phototropic growth, the nucleates
of the films were distributed isotropically. In the grayscale 2D FT spectra of the films, more white
value farther from the origin corresponds to a higher frequency of nucleates in reciprocal space and
thus to a larger contribution from smaller spacings in the real-space image. Wider peaks in the 2D
FT spectra thus correspond to smaller nucleate spacings for the deposits. Pair-correlation function
analysis (Figure S2.4) corroborated the 2D FT analysis and indicated more random dispersion of the
nucleates on p+-Si than of the nucleates on n+-Si.
Figure 2.1e shows the relationship between the average nucleate spacing of deposits on p+Si and n+-Si and the potential applied during the deposition. The nucleate spacing was defined as the
inverse of the half width at half maximum (HWHM) of the isotropic peak centered around the origin
in the 2D FT spectra. See Figure S2.5-S2.7 for a description of peak fitting in 2D FT spectra. In
general, for each substrate, application of a more negative potential during the deposition resulted in
smaller nucleate spacings. Conditions which might be hypothesized to produce larger nucleate
spacings on p+-Si, i.e., relatively more positive applied potentials, resulted in no appreciable growth
after several hours of attempted deposition. Other electrodeposited chalcogenide materials have also
been observed to exhibit potential-dependent nucleation behavior. For example, the nucleation
density of electrodeposited CdSe increases as the deposition potential is made more negative.19
Figure 2.2 shows the stages of development for Se-Te films grown phototropically on p+-Si
and n+-Si substrates. Such complex three-dimensional structures spontaneously form on unpatterned
substrates, with incoherent, unpatterned, low-intensity illumination, from optically isotropic aqueous
solutions that do not contain any chemical-directing agents such as ligands or surfactants. The

42
deposited Se-Te material is p-type and photoactive; there is no requirement for substrate
photoactivity. Phototropic growth has been demonstrated on Au, Ti, highly oriented pyrolytic
graphite (HOPG), and degenerately doped Si substrates.17 Although electrodeposition of Se-Te in
the dark yields granular films without any long-range order, electrodeposition under uniform, lowintensity polarized light results in highly ordered periodic structures with pitches determined by the
intensity-weighted average wavelength of the light, and orientations determined by the direction of
polarization. These phototropic lamellar nanostructures emerge from the scattering and interference
of incident light at randomly distributed optical dipoles across the growth substrate. This collective
response results in a feedback mechanism by which the near-field concentration of light results in
preferential mass deposition at the tips of growing lamellae.15-18 See Figure S2.8-S2.9 for discussion
and schemes that elucidate the role of optical dipole scattering and nucleation on the phototropic
growth mechanism.
The development of lamellae in phototropic growth is accurately predicted by a two-step,
iterative model involving Monte-Carlo mass addition weighted by the optical absorption profile of
a simulated Se-Te film that predicts dark nucleation will spontaneously yield order when illuminated
by light with a photon energy above the optical bandgap of the Se-Te film.15-18 An assumption of the
growth model is that localized absorption leads directly to localized mass addition, suggesting that
phototropic growth is a phenomenon general to semiconductors with short minority-carrier diffusion
lengths

that

can

be

electrodeposited,

as

has

been

demonstrated

previously

with

photoelectrodeposited PbSe and CdSe films.14, 20 Notably, Se-Te photoelectrodeposits align along
the direction of optical polarization regardless of the orientation with respect to the substrate, and
amorphous Se-Te films comprise the deposit itself.15-18 Hence the helical chain arrangement of Se
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and Te atoms is not an important factor in determining the growth order or pattern fidelity of the
photoelectrodeposit. Consistently, the mechanistic understanding and modeling of the process
described herein that is in full agreement with the experimental observations only includes optical
constants of the materials and Maxwell’s equations, with no chemical or structural bias, directing
agents, or chemically preferred or lattice-matched growth directions. Thus, under these conditions,
phototropic growth is a generalizable and fundamental light-matter interaction, and is not dependent
on the chemical bonding or structure of the deposited material (e.g., the helical chain arrangement
of Se and Te atoms).21-22 Previous studies have demonstrated substantial amounts of amorphous
material in phototropic Se-Te films; Debye-Scherrer analysis of X-ray diffraction (XRD) spectral
features revealed the presence of nanocrystalline grains with dimensions on the order of tens of
nanometers.17 Additionally, electron dispersive X-ray spectroscopy (EDS) compositional analysis
indicated statistically equivalent Se:Te atomic ratios for phototropic Se-Te films deposited on p+-Si,
n+-Si, and Au substrates (Figure S2.10).
The 2D FT spectra in Figure 2.2 show the transformation of isotropic peaks into anisotropic
features in reciprocal space, as anisotropic lamellar structures emerge from the isotropically
distributed nucleates. See Figure S2.11 for higher resolution 2D FT spectra and a detailed analysis
of features observed in 2D FT spectra during phototropic Se-Te film development. Although after
the first charge step (-0.75 mC cm-2) the distributions of nucleates were similar for p+-Si and n+-Si
substrates, the distributions differed after the second charge step (-3.75 mC cm-2), with smaller
nucleate spacings observed on p+-Si substrates than on n+-Si substrates. After a charge density of 22.5 mC cm-2 was passed, the Se-Te deposited on n+-Si consisted of a relatively sparse distribution
of fewer, but larger, discontinuous particles, whereas the Se-Te deposited on p+-Si formed a nearly
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continuous thin film. As observed in the 2D FT, both films had a mostly isotropic distribution of
mass at this stage of pattern formation.

Figure 2.2. Series of SEM images demonstrating representative morphology of films deposited on
(a)-(j) p+-Si at -80 mV vs. Ag/AgCl and (k)-(t) n+-Si at -250 mV vs. Ag/AgCl with characteristic
amounts of charge passed (mass deposited) per unit area of: (a), (k) -0.75 mC cm-2; (b), (l) -3.75 mC
cm-2; (c), (m) -22.5 mC cm-2; (d), (n) -37.5 mC cm-2; (e), (o) -52.5 mC cm-2; (f), (p) -67.5 mC cm-2;
(g), (q) -187.5 mC cm-2; (h), (r) -225 mC cm-2; (i), (s) -375 mC cm-2; and (j), (t) -750 mC cm-2. Insets
to (a)-(t) are 2D FT of large-area images of the respective films, scale of inset side is 85.6 μm-1.
After a charge density of -37.5 mC cm-2 was passed, early formation of lamellar structures
was observed for Se-Te deposited on both p+-Si and n+-Si substrates. The deposited particles adopted
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an elliptical shape, elongated in the vertical direction, parallel to the axis of polarization. At this
stage in the deposition, the elliptical particles were larger, more elongated, and more sparsely
distributed on n+-Si than p+-Si. After charge densities of -52.5 and -67.5 mC cm-2 had been passed
on n+-Si substrates, the Se-Te deposited still appeared as vertically oriented elliptical particles with
narrower spacing in the horizontal than in the vertical direction, although the number and size of the
particles increased as more charge was passed. In contrast, after -52.5 mC cm-2 of charge density had
passed on p+-Si, the Se-Te appeared as vertically oriented particles made of ellipses that had begun
to merge along the vertical direction. The lamellar morphology was more fully formed after 67.5
mC cm-2 had been passed on p+-Si.
Although qualitatively similar lamellar structures ultimately formed on both p+-Si and n+-Si,
key differences during the early stages of growth influenced the fidelity of the resulting structures.
Substantial discontinuity in the Se-Te deposits was present on n+-Si at charge densities for which a
continuous, thin layer of nucleates was observed on p+-Si. Discontinuity and larger nucleate spacings
contributed to the “kinked” lamellar morphology observed on n+-Si, whereas smaller nucleate
spacings contributed to the straighter lamellae and higher fidelity patterns observed on p+-Si. Lowmagnification, wide-area SEM images of the films in Figure 2.2j and t are provided in Figure S2.2.
Figure 2.3 shows the relationship between the spacing of nucleates at an early stage in the
deposition (-3.75 mC cm-2) and both the period (Figure 2.3a) and fidelity (Figure 2.3b) of the lamellar
pattern that developed in the films after a charge density of -750 mC cm-2 had been passed. The
figure-of-merit used to describe the fidelity of the pattern was the vertical full width and half
maximum (FWHM) in angular units of the primary peak in the 2D FT of the pattern. See Figure S2.7
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and Equation S2.1 for a discussion of the conversion of 2D FT to radial coordinates and pattern
fidelity.

Figure 2.3. Relationship between the average particle-to-particle spacing of nucleated films at early
levels of mass deposition (-3.75 mC cm-2) and (a) the observed lamellar period and (b) pattern fidelity
as described by the vertical (parallel to axis of polarization) FWHM of the primary peak in the 2D
FT of imaged Se-Te films. The lamellar period predicated by an optical model and observed in prior
results is λ/2n and is indicated in (a). The variation in nucleate spacing for deposits on either p+-Si
or n+-Si substrates was due to a difference in applied deposition potential, as shown in Figure 2.1.
The films that were analyzed to obtain lamellar period and vertical FWHM values were deposited at
a charge density of -750 mC cm-2. Vertical FWHM and pattern period values are paired with
corresponding particle spacing values that share applied deposition potentials ranging from -60 to 100 mV vs. Ag/AgCl for p+-Si and -200 to -300 mV vs. Ag/AgCl for n+-Si.
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The lamellar period in phototropic Se-Te films illuminated with 927 nm light is predicted
by our growth model15-18 to be 331 nm, and corresponds to λ/2n, where λ is the illumination
wavelength and n is the index of refraction of the medium in which the phototropic growth occurs,
equal to 1.4 (the index of refraction of the aqueous sulfuric acid solution). In Figure 2.3, small (≤ 50
nm) nucleate spacings were observed for depositions onto p+-Si substrates for all applied potentials
tested, whereas the nucleate spacings observed for depositions onto n+-Si substrates were generally
larger and were as high as ~225 nm. Smaller spacings between nucleates resulted in patterns with
smaller periods that approached the predicted λ/2n value. Smaller spacings between nucleates also
resulted in patterns with higher fidelities. The observations of a smaller lamellar period and straighter
lamellae for certain films suggest that more closely packed lamellae develop under conditions that
produce closely spaced nucleates in the early stages of mass deposition.
Given the potential dependence of nucleation,23-30 potential-striking steps are often used to
increase the quality of electrodeposited films. For instance, inclusion of a strike step reduces the
porosity of electrodeposited gold films.31 Figure 2.4 shows SEM images and 2D FT spectra of SeTe films that were phototropically grown on p+-Si (Figure 2.4a - e) and n+-Si (Figure 2.4f - j) using
varied striking potentials for the first -3.75 mC cm-2 of mass deposition (corresponding to 0.5% of
the total mass deposited). Following the initial striking step, the remaining 99.5% of mass (-746.25
mC cm-2) was deposited at a relatively more positive potential (-80 mV on p+-Si and -200 mV on n+Si). See Figure S2.12 for a graphical depiction of the striking potential experiments. As observed in
Figure 2.1e, a wide range of nucleate spacing can be accessed for Se-Te films grown on n+-Si
substrates by tuning the deposition potential. The striking step was performed using a more negative
potential than the subsequent mass-addition step, and consistently, smaller nucleate spacings were
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consequently produced on n -Si substrates than would have been produced if the entire deposition
+

were performed at the potentials used for the mass-addition step. When performed entirely at the
potentials applied during striking steps, depositions on n+-Si do not result in purely phototropic SeTe films. Rather, dark growth is a major contribution at later stages of mass-addition when applying
these more negative potentials (Figure S2.13). The direct effects of nucleate spacing on the fidelity
of lamellar patterns formed in Se-Te films were thus measured by varying the deposition potential
during the earliest stage of mass deposition while using the same potential for deposition of the
majority of the mass.

Figure 2.4. Series of SEM images demonstrating representative morphology of films deposited to a
total of -750 mC cm-2 on (a)-(e) p+-Si at -80 mV vs. Ag/AgCl and (f)-(j) n+-Si at -200 mV vs.
Ag/AgCl after depositing -3.75 mC cm-2 in an applied potential strike step. (a) control at -80 mV and
striking potentials of (b) -100 mV, (c) -120 mV, (d) -140 mV, and (e) -160 mV vs. Ag/AgCl on p+Si. (f) control at -200 mV and striking potentials of (g) -250 mV, (h) -300 mV, (i) -350 mV, and (j)
-400 mV vs. Ag/AgCl on n+-Si. Insets to (a)-(t) are 2D FT of large-area images of the respective
films, scale of inset side is 85.6 μm-1.
Films grown on p+-Si with a striking step (Figure 2.4b - e) were similar in appearance to the
control sample (Figure 2.4a). Films grown on n+-Si, however, changed in appearance relative to the
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+

n -Si control when a striking step was added. The control sample on n -Si (Figure 2.4f) exhibited
short, discontinuous lamellae and pattern defects such as dislocations and interstitial features.
Relative to the control sample on n+-Si, samples grown with a striking step (Figure 2.4g - j) exhibited
straighter, more continuous lamellae and fewer pattern defects. This improved fidelity was also
observed as sharpening of the peaks in the 2D FT as the striking potential was made more negative.
As evident in both the 2D FT spectra and the SEM images, the fidelity of phototropic Se-Te films
was strongly influenced by the morphology of the very earliest levels of mass addition.
Figure 2.5 shows the relationship between the striking potential and fidelity of phototropic
Se-Te films, described by the vertical FWHM of the primary peak in the 2D FT. The trend observed
in the SEM images and 2D FT spectra in Figure 2.4 is reflected in Figure 2.5, showing an
improvement in the pattern fidelity of phototropic Se-Te films deposited on n+-Si as the striking
potential was made more negative. Figure 2.5 also shows the effects of a longer striking step at 1.0%
of total mass deposited (-7.5 mC cm-2). When performing the striking step for 1.0% versus 0.5% of
mass deposited, phototropic Se-Te films did not require as negative a striking potential to exhibit
improved pattern fidelity, suggesting that nucleate spacing decreases with increasing amounts of
deposition under these conditions. In contrast, phototropic Se-Te films on p+-Si showed no
improvement over the control sample when the striking step was performed for either 1.0% or 0.5%
of mass deposited. Furthermore, at the conditions tested, films on n+-Si reached an apparent upper
limit of pattern fidelity near to what was observed on p+-Si, ~30° for the vertical FWHM. The limit
of pattern fidelity in Se-Te films is also reflected in the average particle-to-particle spacing data in
Figure 2.1e, which shows nucleate spacing values for n+-Si approaching values observed on p+-Si as
the applied deposition potential is made more negative. Both observations suggest that below a
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critical level of nucleate spacing, ~50 nm, no further contribution to improved pattern fidelity is
obtained for the conditions tested.

Figure 2.5. Relationship between striking potential and pattern fidelity as described by the vertical
(parallel to axis of polarization) FWHM of the primary peak in the 2D FT of imaged Se-Te films.
The striking-potential step was performed on p+-Si and n+-Si substrates until a charge density of
either -3.75 mC cm-2 (0.5%) or -7.5 mC cm-2 (1.0%) had been passed. The remainder of the charge
density (to -750 mC cm-2) was passed at -80 mV (p+-Si) and -200 mV (n+-Si) vs. Ag/AgCl. Control
experiments are Se-Te films deposited without any striking-potential step.
The results suggest that the deposition of Se-Te on n+-Si follows a progressive nucleation
mechanism, rather than an instantaneous nucleation mechanism.32 Progressive nucleation
mechanisms, such as the Volmer-Weber mechanism, are characterized by 3D island growth, which
has also been observed in the electrodeposition of other chalcogenide materials, such as PbTe on nSi.33 In an electrochemical system exhibiting instantaneous nucleation, all electrochemically active
sites are nucleated during the initial stages of mass addition, and the nucleation density does not
change substantially with the amount of mass deposited.34 No substantial change was observed in
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the Se-Te nucleate spacings on p -Si at different applied deposition potentials nor was a change
+

in the fidelity of phototropic Se-Te films on p+-Si observed when a striking step was included, so the
results are consistent with either an instantaneous nucleation mechanism or a relatively higher rate
of progressive nucleation during Se-Te nucleation on p+-Si. The nucleate spacings on n+-Si
substrates decreased as the applied potential was increased negatively, suggesting that the nucleation
mechanism is potential-dependent. Thus, progressive nucleation on n+-Si demonstrated increased
nucleation rates as the applied deposition potential was made more negative, potentially approaching
an instantaneous nucleation mechanism.
Although electrochemical nucleation is widely known to exhibit a substantial potential
dependence due to the mass transport and diffusion of charged species in a solution to the surface of
a working electrode,23-30 the effect of various nucleation morphologies on photoelectrochemical
deposition and in-situ synthesis of semiconductors onto non-photoactive substrates35-39 is not wellelucidated or understood mechanistically at present. The long-range order of phototropically grown
Se-Te films, as measured using Fourier-transform analysis, varies for growths on different
substrates.40 We observed previously through 2D Fourier-transform (2D FT) analysis that, under
nominally identical illumination conditions, the lamellar pattern fidelity was higher when Se-Te
films were deposited on crystalline (111)-oriented Si degenerately doped with p-type dopants (p+Si) than with n-type dopants (n+-Si). A more highly ordered lamellar morphology was also observed
on p+-Si under conditions that resulted in dark and light current densities nominally identical to those
measured on n+-Si. We attributed the variations in pattern fidelity to effects of the type of junction
formed between the substrate and the growing Se-Te film. Consistently, higher fidelity patterns were
observed on substrates forming ohmic contacts to Se-Te (i.e., p+-Si and Au) whereas patterns on
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substrates forming non-ohmic contacts to Se-Te (i.e., n -Si and Ti) consistently exhibited defects
+

and lower pattern fidelity. The data herein confirm the hypothesis that the electrical contact
differences between Se-Te films and n-Si or p-Si substrates primarily serve to produce different
levels of disorder in the dark growth phase of the material, and the resulting differences in disorder
between the dark electroplated films inherently and inevitably produce different amounts of spatial
order in the resulting phototropically grown Se-Te overlayers.
The interaction of light with semiconducting electrodes can produce films with threedimensional morphologies that are not accessible through other materials-processing techniques. For
example, illumination of p-Si microwires during the electrodeposition of metals results in rings of
metal nanoparticles at positions that are determined by the wavelength of illumination,41 and
illumination of Cu2O microcrystals during electrochemical etching results in facet-selective
deposition of metallic Cu shells.42 Moreover, depending on the work function of the metal,
illuminating macroporous p-type silicon during metal electrodeposition can spatially direct mass to
deposit in patterns that are not accessible by dark depositions.43
Other structures have been fabricated with periodic morphologies determined by the
wavelength and direction of polarization of incident light. For example, sub-micron scale periodic
structures have been observed to form in azo-dye polymer films when illuminated with light near
the dye’s absorption band due to the cis-trans isomerization and subsequent structural reorientation
of azo-dye molecules inside the polymer film.44 Another phenomenon, laser-induced periodic
surface structures (LIPSS), has been used to produce sub-wavelength features as small as λ/10.45
Both of these phenomena have only been observed when using a coherent illumination source, i.e.,
a laser. In addition, LIPSS requires high-power illumination near the ablation threshold of the
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material being patterned, often in the kW cm or MW cm range. In contrast, phototropic growth
-2

-2

of Se-Te lamellae has no requirement for illumination coherency and can be performed under
illumination intensities of < 10 mW cm-2.
Phototropically grown films adopt morphologies similar to the lamellar structures observed
in biological systems (e.g., butterfly wings) in which they often demonstrate structural coloration
and anisotropic de-wetting useful for self-cleaning.46-48 As a proof of concept, materials engineered
via LIPSS with similar morphologies to butterfly wings have demonstrated both structural coloration
and especially large (>150°) contact angles for water.49-50 As a bottom-up, solution-based fabrication
method, phototropic growth presents an inexpensive, scalable, and highly tunable alternative to
fabrication of these biomimetic structures. Improvements in the long-range order of phototropically
grown films will result in increased levels of lamellar anisotropy and will likely improve the
usefulness of the patterned structures in various applications, including self-cleaning surfaces and
structural coloration elements.

2.3

Conclusion

In inorganic phototropic growth, an initially isotropic dark nucleation spontaneously yields
anisotropic spatially ordered nanostructures. Though principally an optically driven process, the
phototropic growth model predicts that random variation in the dark electrodeposition process
produces sites of surface roughness that scatter incoming illumination. As the deposition progresses,
a subset of the initially random distribution of nucleates is selected where absorption “hot-spots”
occur due to scattered light from nearby sites. These optically selected sites exhibit increased rates
of mass addition due to the surface photovoltaic effect, leading to the observation and persistence of
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lamellar nanostructures. The distribution of Se-Te nucleates during the early stages of
photoelectrodeposition depends on the applied deposition potential and substrate. Due to electrical
junction effects,40 Se-Te deposition on p+-Si substrates produces smaller nucleate spacings than on
n+-Si substrates. However, nucleate spacings on n+-Si were decreased considerably, and the resulting
Se-Te pattern fidelities improved, by adjusting the applied deposition potential during an initial
potential-striking step. In general, pattern fidelities were high when nucleate spacings were small.
Small nucleation spacings also resulted in phototropic Se-Te films with lamellar patterns with
periods that strongly agreed with a predicted trend of λ/2n.
Perhaps enigmatically, our results show that higher pattern fidelity and longer-range order in
phototropically grown Se-Te films requires initial conditions of more disorder, or randomness, in
the initial dispersion of scattering sites (nucleates). Contrary to previous phototropic growth studies
(Table S2.1), this study demonstrates that the early distribution of nucleates is fundamental in
determining pattern fidelity in phototropic films. For instance, phototropic growth of Se-Te films on
Au substrates follows the observed trend of increased pattern fidelity at smaller nucleate spacings
(Figure S2.14-S2.15). Given that the photo-driven mass deposition can only occur where light is
absorbed, a more uniform nucleation layer allows the developing film to adopt a morphology that is
primarily influenced by local light absorption, maximizing the contribution from the self-optimized
scattering and absorption feedback mechanism. Conversely, a less uniform nucleation layer with
larger spacings between nucleates results in a growth process in which the pattern fidelity is the result
of the convolution of the local field intensity and a non-uniform layer of mass. Thus, the distribution
of the first nucleated particles deposited can strongly influence the resulting pattern fidelity in
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phototropic Se-Te films after ~200 times more mass has been deposited than in the initial dark
nucleation process.
2.4

Supporting Information

2.4.1 Experimental methods and materials
Unless otherwise noted, all experiments were performed following nominally identical
procedures from our previously reported work.40 This included chemicals and materials used,
equipment used, electrode fabrication procedures, electrochemical configuration, optical
configuration, sample preparation, and image acquisition as was described in Section 2.4.2 of the
Supporting Information.

2.4.2 Examples of low-magnification images

Figure S2.1: Low-magnification SEM images of photoelectrodeposited Se-Te films shown in Figure
2.1 grown on n+-Si at a charge density of -3.75 mC cm-2 using vertically polarized λ = 927 nm
illumination at a power density of 53 mW cm-2. (a) deposited at relatively more positive deposition
potential, (b) deposited at relatively more negative deposition potentials vs. Ag/AgCl. These SEM
images were obtained at a magnification of 6250 X and a resolution of 4096 x 3536 pixels, which
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corresponded to ~85.8 pixels μm . The applied deposition potentials are reported versus a
reference potential rather than as an overpotential to the reversible potential. The reversible potential
is not known for the following reaction:
-1

xSe4+ + yTe4+ + (x + y)8e- ⇄ Sex-Tey
The solid-liquid interface changes dramatically during deposition of the Se-Te alloy producing an
accompanying response in the open-circuit potential (OCP), complicating the reporting of an
overpotential to the reversible potential for this reaction. Additionally, the OCP is observed to depend
on substrate choice and the solid-solid or solid-liquid junctions formed. Accordingly, we prefer
reporting the applied deposition potential (used in a potentiostatic deposition experiment) versus a
reference potential.

Figure S2.2: Low-magnification SEM images of photoelectrodeposited Se-Te films that were
deposited at a charge density of -750 mC cm-2 using vertically polarized λ = 927 nm illumination at
a power density of 53 mW cm-2 on (a) p+-Si and (b) n+-Si, corresponding to Figure 2.2j and t,
respectively. These SEM images were obtained at a magnification of 6250 X and a resolution of
4096 x 3536 pixels, which corresponded to ~85.8 pixels μm-1.
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2.4.3 Reproducibility
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Figure S2.3: Low-magnification SEM images of Se-Te films that were photoelectrodeposited at a
charge density of -750 mC cm-2 using vertically polarized λ = 927 nm illumination at a power density
of 53 mW cm-2 on (a-l) p+-Si and (m-x) n+-Si. These SEM images were obtained at a magnification
of 6250 X and a resolution of 4096 x 3536 pixels, which corresponded to ~85.8 pixels μm-1. Each
set of four images (a-d, e-h, etc.) corresponds to various spots on a single phototropic Se-Te film;
approximate locations of 1, 2, 3, or 4 are noted in (y). Pattern fidelity information is given in adjacent
tables, showing that patterns generally displayed excellent reproducibility across macroscopic length
scales.
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2.4.4 Pair-correlation function (PCF) examples

a

p+-Si

b

c

n+-Si

d

Figure S2.4: Results of a pair-correlation function (PCF) analysis performed on data obtained from
the images in (a), (b) Figure 2.1a and (c), (d) Figure 2.1c, corresponding to Se-Te nucleates on p+-Si
and n+-Si, respectively. PCF plots in (a), (c) were obtained via a pair-correlation Python script51
provided via GNU General Public License v3.0. Particle coordinate data in (b), (d) were obtained
using grain analysis in the Gwyddion software package (www.gwyddion.net). Axis units in (b), (d)
are in µm; test points used in PCF analysis are confined to a central square region comprising 1/9th
of the total area. The PCF analysis of nucleates on p+-Si shows a higher degree of randomness in the
distribution of particles, as observed in the smooth and isotropic plot. Conversely, the PCF analysis
of nucleates on n+-Si shows more disorder in the PCF plot, corresponding to less randomly
distributed particles. PCF analysis weights all particles equally through a binary input of coordinate
data either containing or not containing nucleates. FT analysis provides a gradient of weighting based
on white value in the imaged nucleates. We believe that FT analysis is a more robust method for
characterizing certain film morphologies in which exact nucleate coordinates are not obvious or
easily recognized. For instance, in many of the p+-Si nucleates, film morphologies are closer to thin
films than distributions of distinct particles, thus making PCF analysis difficult and prone to error
generated during the grain analysis step. Given its broader applicability, FT is our preferred method
of analysis for assessing the distribution of Se-Te nucleates on all substrates.
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2.4.5 Peak-fitting methodologies

a

b
Angular Averaging

Figure S2.5: To determine the nucleate spacing, SEM images were obtained of samples deposited
at a charge density of -3.75 mC cm-2 at 50 k magnification and at a resolution of 2048 x 1768 pixels,
which corresponded to ~171.6 pixels μm-1. As a representative example, (a) shows a 2D FT spectrum
of one of these images. To obtain the nucleate spacing, the 2D FT was angularly averaged around
the origin to obtain the radial spectrum shown in (b). To minimize overlap from the centroid DC
peak of the 2D FT spectrum, the decay of the radial spectrum was fit using a Lorentzian function in
which the mean of the distribution was fixed to the origin and the fit domain range was fixed between
5 μm-1 and 100 μm-1. The peak half-width at half maximum (HWHM) of the resulting fit was
inverted to obtain the nucleate spacing used as a figure-of-merit as reported in the main text. Larger
HWHM values indicated smaller nucleate spacing.

63

Figure S2.6: 2D FT spectra of large-area SEM images, such as those in Figure S2.2, were used to
obtain the average pattern period measurements reported in Figure 2.3 of the main text. An example
is provided in (a), showing symmetric lobes along the horizontal axis, perpendicular to the axis of
polarization. A horizontal cross section through the origin, integrated over 30 pixels vertically, gave
the profile in (b). A Lorentzian function was fit to the primary peak in the obtained spectrum. The
domain of the fit was chosen to minimize the residual between the fit and the data. The center
frequency of the peak, νo, was recorded. The inverse of νo corresponded to the average primary
pattern period.
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a

b

Figure S2.7: 2D FT spectra of large-area SEM images, such as those in Figure S2.2, were used to
obtain the angular FWHM measurements reported in Figure 2.3 of the main text. An example is
provided in (a). A vertical cross section through νo as obtained in Figure S2.6, integrated over 30
pixels horizontally, gave the profile in (b). A Lorentzian function was fit to this peak in the obtained
spectrum, with the entire profile included in the fit domain. The peak full-width at half maximum
(FWHM) was obtained, in μm-1, and converted to radial coordinates using the formula in Equation
S2.1. Narrower FWHM corresponded to higher pattern fidelity.

Equation S1:
S2.1

Vertical FWHM (o)

=

𝟐 𝒕𝒂𝒏−𝟏

Vertical FWHM
𝟐⋅𝝂𝒐

65
2.4.6 Schemes for phototropic growth mechanism

Figure S2.8: Schemes showing the process by which an initially dark Se-Te nucleation results in
highly ordered, periodic lamellae when illuminated with polarized light with a photon energy above
the optical bandgap of Se-Te. Scheme in (a) demonstrates phototropic growth wherein dark phase
nucleation resembles a thin, continuous film of Se-Te material. The panels in Scheme (b) depict
phototropic growth wherein dark phase nucleation is slow, progressive, and discontinuous. A more
random and continuous distribution of optical dipole scatterers, i.e., nucleated Se-Te particles or
surface roughness on a thin Se-Te film (Scheme a), results in higher fidelity pattern formation
regardless of the direction or wavelength of the incident light beam. This property derives from
maximization of mass addition due to local light absorption over the duration of pattern formation.
In contrast, a discontinuous or sparse distribution of optical dipole scatterers results in a delay and
misregistry in phototropically grown pattern formation. Dislocations in the phototropically grown
film thus result from discontinuity in the nucleation morphology. Conversely, discontinuity in
nucleated films directly results in pattern defects.
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Figure S2.9: Schemes showing the interaction of scattered light waves with nucleated Se-Te optical
dipole scatterers. Diagrams in (a), (b) show an initial Se-Te nucleation morphology characterized by
large nucleate spacing; diagrams in (c), (d) show an initial Se-Te nucleation morphology
characterized by small nucleate spacing; diagrams in (e), (f) show an initially thin-film Se-Te
nucleation morphology. In the case of (e), (f), a thin-film nucleation results in the highest tolerance
for overlap between mass availability and scattered-wave intensity. In the case of (c), (d), gaps in
nucleation spacing can lead to conditions in which optical dipole scatterers are not in collective
resonance. In the case of (a), (b), larger nucleation spacing further increases the chances of dipolescatterers being out of collective resonance for a given excitation wavelength and direction of optical
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incidence. The coincidence of mass and scattered-wave intensity is a prerequisite for a
corresponding coincidence of scattered-wave intensity and local light absorption. Furthermore, local
light absorption is proportional to mass addition in phototropic growth, hence the conditions that
produce better overlap between mass and scattered-wave intensity maximize light-directed growth,
consequently producing higher anisotropy — and higher fidelity — in phototropic films.
2.4.7 Electron dispersive X-ray spectroscopy (EDS) compositional analysis

Figure S2.10: Compositional data for phototropic Se-Te films deposited on p+-Si, n+-Si, and Au
substrates obtained via an electron dispersive X-ray spectroscopy (EDS) module installed on a FEI
Nova NanoSEM 450 scanning electron microscope (SEM). The atomic percentage of Se was
calculated from the measured Se and Te relative abundance. Average Se atomic percentages for SeTe deposited on each of the substrates were: p+-Si, 33.2 ± 3.5; n+-Si, 31.3 ± 4.0; Au, 28.7 ± 1.8. The
differences in observed Se-Te composition on the various tested substrates were not statistically
significant.
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2.4.8 Extended discussion of Fourier transforms and SEM images in Figure 2.2

p+-Si

4 μm

n+-Si

40 μm-1

4 μm

40 μm-1
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Figure S2.11: SEM images and FT spectra with a higher resolution than those in Figure 2.2 are
provided here with additional discussion. After a charge density of -37.5 mC cm-2 was passed on p+Si and -22.5 mC cm-2 was passed on n+-Si, the nucleates adopted a shape that was elongated in the
vertical direction, parallel to the axis of polarization. Though the shape of the nucleates was slightly
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anisotropic, the distribution of nucleates was isotropic. In the FT spectra, the isotropic distribution
was indicated by a relatively bright symmetric ring of intensity close to the origin, whereas the
elliptical shape of the particles was indicated by an ellipse of intensity, elongated in the horizontal
direction, i.e., perpendicular to the axis of polarization. This ellipse of intensity in the FT spectra was
observed at relatively higher frequencies in reciprocal space than the features representing the
distribution of nucleates. Thus, nucleate dimensions were smaller than the average nucleate spacing
at this stage of mass addition on both p+-Si and n+-Si substrates, with relatively smaller nucleate
dimensions and spacings observed on p+-Si vs. n+-Si. The elliptical features in the FT spectra were
observed for Se-Te deposits on n+-Si until much later stages of mass addition, whereas symmetric
horizontal lobes perpendicular to the axis of polarization were observed in FT spectra for deposits
on p+-Si at earlier levels of mass addition (starting at -53.5 mC cm-2), indicating a more fully formed
lamellar morphology. At later stages of mass addition on n+-Si (-37.5 mC cm-2 to -187.5 mC cm-2),
vertical spacing between elliptical nucleates was smaller and nucleates converged into longer
lamellae. The smaller vertical nucleate spacing was indicated by a progressively higher frequency
response in the FT spectra along the axis of polarization at increased levels of mass addition. At the
final stage of mass addition (-750 mC cm-2), FT spectra for Se-Te films on p+-Si and n+-Si were
similar, though the lower fidelity in films on n+-Si was indicated by broader features with less
definition in the FT spectra relative to p+-Si which displayed narrower peaks and more defined highfrequency overtones.
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2.4.9 Graphical representation of striking potential

Figure S2.12: Graphical depiction of the experiments in Figure 2.4-2.5 demonstrating the procedure
followed during variable-potential depositions performed on n+-Si. Over a total charge density
passed of -750 mC cm-2, the initial -3.75 mC cm-2 of charge was passed under relatively more
negatively applied deposition potentials. For n+-Si, these “striking” potentials were -400, -350,
-300, or -250 mV vs. Ag/AgCl. A control experiment was also performed on n+-Si in which the
entirety of the -750 mC cm-2 of charge was passed at -200 mV vs. Ag/AgCl.
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2.4.10 Dark growth during Se-Te electrodeposition

a

on n+-Si

b

10 μm

Figure S2.13: Low-magnification SEM images of photoelectrodeposited Se-Te films grown on n+Si at (a) -350 mV and (b) -300 mV vs. Ag/AgCl at a charge density of -750 mC cm-2 using vertically
polarized λ = 927 nm illumination at a power density of 53 mW cm-2 at a charge density of -3.75 mC
cm-2. At these deposition potentials, dark growth was a substantial contribution to the deposited film.
These SEM images were obtained at a magnification of 6250 X and a resolution of 4096 x 3536
pixels, which corresponded to ~85.8 pixels μm-1.
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2.4.11 Summary of previous phototropic growth studies
Table S2.1: Summary of selected publications relating to the phototropic growth of Se-Te
Publication
Summary
Sadtler, B.; Burgos, S. P.; Batara, N. A.; Beardslee, J. A.;
Atwater, H. A.; Lewis, N. S., Phototropic growth control
of
nanoscale
pattern
formation
in
photoelectrodeposited Se-Te films. Proc Natl Acad Sci U
S A 2013, 110 (49), 19707-12.

Carim, A. I.; Batara, N. A.; Premkumar, A.; Atwater, H. A.;
Lewis, N. S., Self-Optimizing Photoelectrochemical
Growth of Nanopatterned Se-Te Films in Response to the
Spectral Distribution of Incident Illumination. Nano Lett
2015, 15 (10), 7071-6.

Carim, A. I.; Batara, N. A.; Premkumar, A.; Atwater, H. A.;
Lewis, N. S., Polarization Control of Morphological
Pattern Orientation During Light-Mediated Synthesis of
Nanostructured Se-Te Films. ACS Nano 2016, 10 (1), 10211.

Carim, A. I.; Batara, N. A.; Premkumar, A.; May, R.;
Atwater, H. A.; Lewis, N. S., Morphological Expression of
the Coherence and Relative Phase of Optical Inputs to
the Photoelectrodeposition of Nanopatterned Se-Te
Films. Nano Lett 2016, 16 (5), 2963-8.

• Summary of initial findings, introducing the
phenomenon of phototropic growth and the optical
growth model showing highly anisotropic lamellar
morphology in Se-Te electrodeposits when films are
deposited under constant illumination from light
with a photon energy larger than the optical
bandgap of the Se-Te alloy
• Descriptions of the relationships of incident
illumination’s polarization, wavelength, and
incident angle to Se-Te photoelectrodeposit
morphology, period, and lamellar alignment
• Series of experiments in which two illumination
sources with mutually different wavelengths
expand on the relationship between spectral input
and resulting lamellar period
• Se-Te lamellar period is insensitive to illumination
source bandwidth
• Se-Te lamellar period is determined entirely by
intensity-weighted average wavelength of
illumination source, as was determined through
dual-beam experiments and substantiated by
simulation
• Series of experiments in which two illumination
sources with mutually different linear polarizations
expand on the relationship between polarization
input and resulting lamellar orientation
• Lamellar orientation is dependent on the intensity
of each illumination sources in dual-beam
experiments, substantiated by simulation
• For Se-Te films deposited under illumination from
two sources with mutually orthogonal (or nearorthogonal)
linear
polarizations,
Se-Te
photoelectrodeposit morphology depends on
relative phase differences, either coherent or
incoherent, over relevant coherence length scales
• With coherent illumination between both sources,
lamellar morphology oriented along the intensityweighted axis of polarization (combination of both
illumination sources’ polarization vectors) is
observed
• With incoherent illumination between both
sources, a mesh-type pattern is observed, similar to
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Simonoff, E.; Lichterman, M. F.; Papadantonakis, K. M.;
Lewis, N. S., Influence of Substrates on the Long-Range
Order of Photoelectrodeposited Se-Te Nanostructures.
Nano Lett 2019, 19 (2), 1295-1300.

2.4.12 Se-Te on Au substrates

the Se-Te photoelectrodeposit morphology for films
deposited under unpolarized illumination
• Long range order in Se-Te photoelectrodeposits is
dependent on growth substrate (p+-Si or n+-Si)
• Se-Te work function alignment with different
substrates creates interfacial electrical junctions
with different current-voltage behaviors
• Straighter, less defective lamellar patterns are
observed in Se-Te films photoelectrodeposited on
substrates exhibiting a linear, ohmic current-voltage
behavior (i.e., p+-Si) while less straight, more
defective lamellar patterns are observed in Se-Te
films photoelectrodeposited on substrates
exhibiting non-linear current-voltage behavior (i.e.,
n+-Si)
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Figure S2.14: Plot showing the pattern fidelity of phototropically grown Se-Te films described by
the vertical (parallel to the axis of polarization) FWHM of the primary peak in the 2D FT of imaged
Se-Te films (y-axis) at conditions which produced a given nucleate spacing (x-axis). Points in this
plot for p+-Si and n+-Si are identical to Figure 2.3 in the main text; this plot also includes points for
phototropic Se-Te films deposited on Au substrates. Similar to Figure 2.3, the films that were
analyzed to obtain values for the lamellar period and vertical FWHM were deposited at a charge
density of -750 mC cm-2. Vertical FWHM values are paired with corresponding particle spacing
values that share applied deposition potentials ranging from -110 to -170 mV vs. Ag/AgCl for SeTe films deposited on Au substrates. The average fidelity of phototropic Se-Te films on Au substrates
generally agrees with the expected trend of increased fidelity resulting from smaller nucleate
spacings.

Figure S2.15: SEM images demonstrating representative phototropic Se-Te films grown on Au
substrates at a charge density of (a), (b) -3.5 mC cm-2 and (c), (d) -750 mC cm-2. During the
deposition, the Au substrates were illuminated by vertically polarized light from a narrow-band LED
with λ = 927 nm at a power density of 53 mW cm-2. Samples in (a), (c) were deposited at -110 mV
vs. Ag/AgCl and samples in (b), (d) were deposited at -170 mV vs Ag/AgCl. The potentials applied
constitute the range of the applied deposition potentials in which stable phototropic growth is
accessible on Au substrates at the conditions tested. The morphology of Se-Te nucleates is best

76
described as a smooth, thin film. No substantial potential dependence was observed for Se-Te
nucleate spacing on Au substrates, as can be observed visually in (a) and (b). Similarly, the results
of Fourier analysis of nucleated Se-Te films on Au exhibited a relatively small range of nucleate
spacings, as observed in Figure S2.14.
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C H AP T E R I I I
Pre-seeded Optical Scatterers as a
Template for Phototropic Growth
Simonoff, E.; Thompson, J. R.; Meier, M. C.; Kennedy, K.; Hamann, K. R.; Lewis, N.S., Manuscript in
Preparation.

3.1

Introduction

Selective and directed growth of materials can be enabled through physical or chemical
templating to yield anisotropy in morphology and function. For instance, in a process similar to
nanosphere lithography,1 selective through-pore electrodeposition of zirconia can be accomplished
by physically blocking electrolyte contact at an otherwise conductive working electrode surface via
a colloidal monolayer of polystyrene beads.2 Chemical functionalization can also provide a means
for variation in conductivity and reactivity across a substrate, able to be achieved through soft
lithography3 or microcontact printing.4 In contrast to physically blocked or chemically modified
surfaces, electrodeposition of metals can be directed selectively onto silicon microstructures as a
result of work function, band conduction, and illumination conditions.5 Similarly, nickel electrical
contacts can be selectively electrodeposited onto silicon nanowires, seeded by Au electrodes.6
Pre-seeding growth substrates can also improve performance or ensure proper development
of deposited films. Epitaxial growth of GaN requires pre-seeding aluminum on silicon prior to
nitriding7-8 and epitaxial growth of PbTiO3 on LaAlO3 is much improved by pre-seeding with Pb-Ti
double alkoxide.9 Diamond films formed on silicon substrates via microwave plasma chemical vapor
deposition (MPCVD) demonstrate improved emission current when substrates are pre-seeded with
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nanoscale diamond powder. Solar cell conversion efficiency for multi-crystalline silicon (mc10

Si) cells was improved when ingots were grown with mc-Si seeds.11 In chemical vapor deposition
(CVD) of silicon, a crystalline silicon substrate acts as a template for crystalline growth, directed by
the placement of metal catalysts, as in the vapor-liquid-solid (VLS) process by which crystalline
(111)-oriented silicon microwires are grown.12 A similar, solution-based technique produces TiO2
nanowires, seeded by ceria nanoparticles dispersed in a solution containing Ti(SO4)2.13
Furthermore, templating can contribute to increased levels of anisotropy in grown materials.
In a mild hydrothermal process, pre-seeding substrates with ZnO particles led to an increase in the
aspect ratio of epitaxially grown ZnO nanorods.14-16 Development of anisotropy in a material can
also be controlled by chemical templating which can achieve facet-selective growth or etching,
especially in crystalline material. In contrast to the nanowires normally obtained in the templateassisted electrodeposition of nickel, inclusion of boric acid leads to formation of nickel nanotubes.17
In the presence of chemical additives such as sodium dodecyl sulfate (SDS) or copper nitrate,
electrodeposited cuprous oxide exhibits facet selective growth during bottom-up synthesis.18 In a
top-down etching procedure, Au microcrystals can be selectively etched in either the (100) or (111)
direction with silver tetraoctylammonium bromide (AgToABr) or Cu(Cl)2, respectively.19
Mass availability,20-21 pH,22 growth kinetics,23 heat flux,24 local light absorption,25-26 applied
deposition potential during electrodeposition,18, 27 and other conditions can also produce anisotropy
in developing materials. We recently described the phototropic growth phenomenon, in which highly
anisotropic lamellae are formed from Se-Te,28-33 PbTe,34 and CdSe35 as a result of local light
absorption during photoelectrochemical deposition. Phototropic growth of these semiconducting
materials occurs via a single-step process that involves no chemical or physical templating;
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nanostructured films are grown from an optically isotropic solution onto an optically isotropic
electrode substrate. The lamellar morphology is formed spontaneously and there is no requirement
for coherency of the optical input. Optical modeling and simulations of the phototropic growth
process have demonstrated that the high aspect ratio lamellae formed in phototropically grown films
are a result of a feedback loop initiated by incident light scattered off of an initially dark and isotropic
distribution of nucleated particles. This optical dipole scattering results in localized light absorption
in the tips of the emerging lamellae, leading to an equilibrium lamellar morphology.
As previously specified, this process requires no templating in order to achieve the highly
anisotropic, high aspect ratio features. Nevertheless, phototropically grown films can demonstrate
low pattern fidelities and an apparent limit to the “straightness” of lamellar features.32 Herein we
explore the effect of pre-seeded optical scatterers (in the form of a physically templated substrate)
on the phototropic growth process and the fidelity, period, and orientation of the resulting patterns.

3.2

Results and Discussion

Figure 3.1a shows a representative scanning electron microscope (SEM) image of a
phototropically grown Se-Te film deposited potentiostatically onto a Pt substrate. All films
(including the film shown in Figure 3.1a) were deposited under normally incident vertically
polarized light from a narrow-band LED with λavg = 630 nm at a power density of 50 mW cm-2.
Applied deposition potential was -100 mV vs. Ag/AgCl and depositions were carried out until a
charge density of -750 mC cm-2 had been reached. Figure 3.1b shows a section of a 2D Fourier
transform (2D FT) spectrum of a large-area SEM image of the film in Figure 3.1a.
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Figure 3.1. (a) Representative SEM image of phototropically grown Se-Te film deposited on Ptcoated n+-Si substrate with Ti interlayer. (b) 2D FT spectrum generated from large-area SEM image
of film in (a).
In a 2D FT spectrum, a real-space image is converted to frequency (reciprocal) space. Phase
information may be preserved but is not obvious or straightforward to represent. The 2D FT spectra
in this study are used solely in the analysis of frequency so phase information is not considered. The
features in the 2D FT spectra correspond to the frequency of white value in the real-space images
obtained. The white value is assumed to be representative of mass and z-height in the SEM images
and thus, features in the 2D FT spectra can be analyzed to understand how mass is arranged in real
space. In a 2D FT spectrum, the distance between the origin (center of the spectrum) and intensity
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Figure 3.2. SEM images of templated substrates demonstrating ~100 nm wide platinum ridges
spaced at (a) 242 nm, (b) 484 nm, and (c) 726 nm. Inset images correspond to 2D FT of large-area
images of substrates in (a), (b), and (c), respectively. Inset width is 85 µm-1.

at an arbitrary point is inversely proportional to distance in the real-space image. The vector between
the origin and that intensity corresponds to the orientation of spacing present in the real-space image.
Thus, in Figure 3.1b, features in the 2D FT spectrum correspond to both orientation and period of
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the patterns present in Figure 3.1a. Lorentzian fits to surface profiles of the primary peaks in 2D
FT spectra can be used to determine pattern fidelity (straightness) and period (average spacing).

Figure 3.3. Representative SEM images of phototropically grown Se-Te films deposited on
templated substrates with a platinum ridge spacing of (a) 242 nm, (b) 484 nm, and (c) 726 nm. SeTe film in (d) is deposited on Pt with no templating. 2D FT spectra in (e)-(h) are generated from
large-area SEM images of the films in (a)-(d), respectively.

Figure 3.2 shows SEM images of templated substrates. The vertically oriented features are
Pt ridges on a Pt-coated n+-Si substrate with a Ti interlayer fabricated via electron beam lithography
and electron beam evaporation. The ridges are approximately 100 nm wide by 100 nm tall and are
spaced at 242 nm (Figure 3.2a), 484 nm (Figure 3.2b), and 726 nm (Figure 3.2c). The spacing of
platinum ridges corresponds to 1x, 2x, and 3x the expected period for phototropic growth of Se-Te
lamellae grown with 630 nm illumination using an index of refraction, n, of ~1.3 for the deposition
solution and growth medium (corresponding to the theoretical and observed trend of period =
λ/2n).28-31 Inset images in Figure 3.2 are sections of 2D FT spectra of large-area SEM images of the
respective films. In contrast to Figure 3.1b, features in the 2D FT in Figure 3.2 are confined
vertically, indicative of the more vertically aligned and much straighter features on the templated
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substrates. The discontinuity and regular undulation of the lamellar morphology in Figure 3.1a
contribute to substantial broadening of features in the 2D FT in Figure 3.1b.

Figure 3.4. SEM images of templated substrates (left panels) and resulting templated phototropic
growth (in orange, right panels). Center panels are overlaid portions of the left and right panels,
demonstrating the effect and spacing of the underlying templates. Spacing of platinum ridges on the
templated substrates is (a) 242 nm, (b) 484 nm, and (c) 726 nm.

Figure 3.3 shows SEM images of representative regions of Se-Te films deposited on
templated substrates with the same spacing as those in Figure 3.2. The films shown in Figure 3.3
were all deposited on one sample that had several patterned and unpatterned regions. Thus, the films
were deposited under nominally and locally identical conditions. The film shown in the SEM image
in Figure 3.3d corresponds to an unpatterned region optically isolated (spacing ≫ 10 λ) and
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physically far from the patterned regions imaged in Figure 3.3a-c. 2D FT spectra in Figure 3.3eh were generated from large-area SEM images of the films in Figure 3.3a-d, respectively.

Figure 3.5. Charts showing (a) pattern fidelity and (b) measured period of templated and nontemplated phototropically grown Se-Te films. Pattern fidelity in (a) is calculated as the angular
FWHM of the primary peak in the 2D FT spectra generated from large-area images of the respective
films. Pattern period in (b) is calculated from the primary peak position in the respective 2D FT
spectra.

The SEM images and 2D FT spectra in Figure 3.3 illustrate the increased pattern fidelity
physically templated substrates impart on phototropically grown Se-Te films relative to nontemplated substrates. In particular, the films in Figure 3.3a and b show little or no defects and display
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excellent vertical alignment. The films’ high fidelity is also demonstrated by the extremely sharp
features in the 2D FT spectra in Figure 3.3e and f. The film in Figure 3.3c is slightly defective with
some discontinuity and branching of the lamellar morphology. The defective nature of the film is
also revealed in the broadening and lower definition of features in the 2D FT spectrum in Figure
3.3g. Nonetheless, all of the templated phototropically grown films demonstrated improved fidelity
compared to the non-templated film in Figure 3.3d. The 2D FT spectra of the templated films also
demonstrated highly defined and localized features compared to the relatively broad peaks observed
in Figure 3.3h.

Figure 3.6. Simulated phototropic growth on templated and substrates with vertically polarized
illumination with λ = 630 nm. Simulations were performed with periodic boundary conditions.
Substrates have templates with (a)-(c) ~242 nm spacing, (d)-(f) ~484 nm spacing, or (g)-(i) ~727 nm
spacing. Panels show (a), (d), (g), initial nucleation step; (b), (e), (h), intermediate stage of growth;
and (c), (f), (i), final stage of growth.
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Figure 3.4 shows overlapping images from Figure 3.2 and 3.3, highlighting the
relationship between the spacing of phototropically grown lamellae and the underlying templated
platinum ridges. As expected, the spacing of the Pt templates corresponds exactly to either every
lamella (Figure 3.4a, 242 nm spacing), every other lamella (Figure 3.4b, 484 nm spacing), or every
two lamellae (Figure 3.4c, 726 nm spacing).

Figure 3.7. Simulated phototropic growth on templated Pt substrates with vertically polarized
illumination with λ = 630 nm. Simulations were performed with periodic boundary conditions.
Substrates have 100 nm tall x 100 nm wide Pt ridges with (a)-(c) 200 nm spacing, (d)-(f) 300 nm
spacing, (g)-(i) 400 nm spacing, or (j)-(l) 600 nm spacing. Panels show (a), (d), (g), (j) initial
nucleation step; (b), (e), (h), (k) intermediate stage of growth; and (c), (f), (i), (l) final stage of growth.
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The results of 2D FT analysis performed on phototropically grown films deposited on
templated and non-templated substrates, including those shown in Figure 3.2 and 3.3, are given in
Figure 3.5. Figure 3.5a gives the average measured vertical full width at half maximum (FWHM)
for the primary peak in 2D FT spectra of phototropically grown films deposited on templated and
non-templated substrates. The vertical FWHM is reported in degrees and was generated by
converting the 2D FT spectra from Cartesian to polar coordinates. This angular value is a figure-ofmerit for the pattern fidelity in which smaller values correspond to a relatively higher pattern fidelity
and straighter lamellae (lower angular spread). The data show that relative to films deposited on
substrates with no template (vertical FWHM of ~30°), pattern fidelity was greatly improved for
phototropically grown films deposited on templates with spacings at 1x (242 nm) or 2x (484 nm) the
pattern period, exhibiting a vertical FWHM of <1°. For phototropically grown films deposited on
templates with a spacing of 3x the pattern period (726 nm), the results are less reproducible, but
range from a similar level of improvement as the results for 1x and 2x template spacing (~1°) to
marginal improvement over films deposited without templates (~20-25°).
Figure 3.5a also gives the vertical FWHM for the template substrates themselves. Because
the templated substrates were lithographically patterned, the only defects present were due to errors
in the fabrication process. Thus, there was no expected branching or undulation of the pattern and
the templates consisted solely of multiple and mutually parallel lines. Vertical FWHM for the
templated substrates were predictably low, corresponding to high pattern fidelities. Furthermore,
especially for substrates with a template spacing of 242 nm or 484 nm, the relatively high pattern
fidelities were reproduced by the phototropically grown films, as demonstrated by their nominally
equivalent vertical FWHM values.
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Figure 3.8. Chart showing the periods of simulated templates and phototropically grown structures
in Figure 7. Measured periods for the simulated phototropically grown films were 199 ± 1, 299 ± 2,
398 ± 3, and 299 ± 2 nm for the 200, 300, 400, and 600 nm templated substrates, respectively.

Figure 3.5b gives the average measured period for phototropically grown films deposited on
templated and non-templated substrates. Pattern period was defined as the centroid frequency of the
primary peak in the 2D FT spectra. For films on templated substrates, pattern period was confined
to 242 nm. Standard deviations were relatively low, with values of ~0.5 nm for a template spacing
of 242 nm or 484 nm and a standard deviation of ~2 nm for a template spacing of 726 nm. For films
on non-templated substrates, the pattern period exhibited a relatively larger range of values with a
standard deviation of ~8 nm. The data suggest that templated substrates were able to enforce or
confine the period of phototropically grown films to a relatively more precise range of values than
what was observed for phototropically grown films on non-templated substrates. This effect was
observed to be stronger when templates with smaller spacing were used (i.e., 242 nm vs. 726 nm).
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This phenomenon is also illustrated by the alignment of the templated substrates and resulting
films as shown in Figure 3.4.

Figure 3.9. (a) Simulated phototropic growth on templated substrate with vertically polarized
illumination with λ = 630 nm. Simulations were performed with periodic boundary conditions.
Substrate has 100 nm tall x 100 nm wide Pt ridges with 1.5 µm spacing. Inset in (a) shows simulated
substrate; inset side is 6 µm. (b) 2D FT of image in (a).

Figure 3.6 shows the early, intermediate, and resulting simulated phototropic growth of SeTe on Pt substrates with templated Pt ridges spaced at either ~242 nm (Figure 3.6a-c), ~484 nm
(Figure 3.6d-f), or ~726 nm (Figure 3.6g-i). Similar to what was demonstrated experimentally in
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Figure 3.3-3.5, templates demonstrate improved fidelity and straighter features in the
phototropically grown films. Furthermore, as was observed experimentally, the best improvements
are observed when templates are either in perfect registry with lamellae (i.e., ~242 nm spacing in
Figure 3.3a and 3.6c) or spaced to every other lamella (i.e., ~484 nm spacing in Figure 3.3b and
3.6f). Though pattern fidelity is still improved over non-templated substrates, significant pattern
defects are observed when templates are spaced to every two lamellae (i.e., ~726 nm spacing in
Figure 3.3c and 3.6i).
In order to determine the extent to which templated substrates enforced phototropically
grown film periods, a set of phototropic growth simulations on templated substrates with spacings
out of resonance with the natural period (~242 nm) was performed, the various stages of which are
provided in Figure 3.7. The substrates onto which phototropic growth simulations were performed
included templated substrates with 100 nm x 100 nm Pt ridges with spacings of 200 nm (Figure 3.7ac), 300 nm (Figure 3.7d-f), 400 nm (Figure 3.7g-i), and 600 nm (Figure 3.7j-l). Figure 3.8 gives the
measured periods of the templated substrates and phototropic growth simulations in Figure 3.7. The
measured periods of the phototropic grown simulations were 199 ± 1, 299 ± 2, 398 ± 3, and 299 ± 2
nm for the 200 nm, 300 nm, 400 nm, and 600 nm spaced templates, respectively. The results in
Figure 3.8 suggest that the templates can confine the optical scattering and/or enforce pattern period
over a wide range of spacings. In particular, for the 200 nm, 300 nm, and 400 nm templates, the
period is enforced to exactly the spacing of the templates themselves. For the 600 nm templates, the
period is instead enforced to ~1/2 the template spacing, matching that of the 300 nm templates. All
periods observed on the templated substrates in Figure 3.7 are substantially different to the natural
lamellar period at these conditions on a non-templated substrate (~242 nm).
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Figure 3.10. (a) Plot showing different frequency modes present in the FT spectra in Figure 3.9b.
(b) Chart showing the pattern period measured from the frequencies observed in the plot in (a).
Notated and observed FT modes correspond to approximately 1x, 2x, 4x, 5x, 6x, and 7x the
frequency of the Pt ridges. Similarly, measured pattern periods at 1383-1528, 673-694, 372-378,
296-298, 248-252, and 222-224 nm correspond to approximately 1x, 1/2, 1/4, 1/5, 1/6, and 1/7 the
period of the templated ridges.

Furthermore, given that the 200 nm templates yielded lamellae with a nominal period of 200
nm and that the 600 nm templates were observed to yield lamellae at 1/2 their nominal spacing, it is
notable that the 400 nm templates did not produce lamellae with a period of 200 nm. This observation
suggests that the generation of periods substantially smaller than the natural lamellar period at a
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given set of illumination conditions may require perfect registry of templates at the desired period
in order to optically confine pattern formation to those metastable modes.
Figure 3.9a shows a simulated phototropically grown Se-Te film deposited on a templated
Pt substrate with Pt ridges at a spacing of 1.5 µm. A 2DFT spectrum of the image in Figure 3.9a is
provided in Figure 3.9b. Substantial straightening is observed in the features on and immediately
adjacent to the Pt ridges. In the region between the ridges, the pattern demonstrates little, if any,
straightening. Figure 3.10a shows a plot of the horizontal cross-section of the 2DFT in Figure 3.9b.
There are many frequencies and pattern modes shown in this plot, all of which are fit to Lorentzian
functions. Figure 3.10b shows the real space periods as calculated from the frequency peak fits in
Figure 3.10a. The observed real-space period modes correspond to approximately 1x, 1/2, 1/4, 1/5,
1/6, and 1/7 the templated ridge spacing (1500 nm). In contrast to the relatively simple patterns in
Figure 3.7, the simulated film in Figure 3.9 includes a much more complex set of inter-lamellar
spacings, comprising nearly a full harmonic series, though notably omitting the 3x frequency (1/3
the pattern period). This may be due to the fact that the 1/3 pattern period would be at ~500 nm,
which is very close to 2x the natural period (~242 nm) and may not be physically accessible. Thus,
the 3x frequency mode may collapse into either the natural period or at twice the 3x frequency in the
mode assigned to the 6x frequency mode.
Figure 3.11 shows an SEM image and corresponding 2D FT of a phototropically grown film
near the edge of a templated region on the growth substrate. In this sample, there is an angular offset
of about 10° between the angle of polarization for the incident illumination and the orientation of the
templates on the substrate, as indicated by the yellow lines in Figure 3.11a. In addition to the
enforcement of period as suggested by the data in Figure 3.5-3.10, the templated substrates were also
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observed to enforce the orientation of the phototropically grown patterns. This enforcement can
also be measured and observed in the 2D FT spectrum in Figure 3.11b as a superposition of the two
sets of patterns corresponding to the orientation-enforced pattern on the left and the opticallyenforced pattern on the right side of Figure 3.11a, also at ~10°.

Figure 3.11. (a) SEM image and (b) 2D FT spectrum of phototropically grown Se-Te showing detail
at the edge of a templated pattern. Yellow lines correspond to the orientation of the template (left)
and axis of polarization of the incident illumination during the deposition (right).

In order to determine the extent to which templated substrates enforced the orientation of
phototropically grown films, a set of phototropic growth simulations on templated substrates was
performed in which the axis of polarization of the illumination during the simulated growth was
varied. Figure 3.12 shows these simulated phototropically grown Se-Te films at the aligned condition
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(Figure 3.12a), 20° offset (Figure 3.12b), 40° offset (Figure 3.12c). 45° offset (Figure 3.12d), and
50° offset (Figure 3.12e). Figure 3.12a and b demonstrate no significant difference between film
morphology when the axis of polarization is aligned to the template vs. when the axis of polarization
is 20° offset. The enforcement of pattern orientation by the template persists with little or no change
to film morphology up until ~40° offset. Between 40° and 50° offsets, there is a superposition of
patterns both aligned with the template and aligned with the axis of polarization. At and above 50°
offsets, the major component of the pattern is aligned with the axis of polarization and the template
no longer strongly enforces the orientation of lamellae.

Figure 3.12. Simulated phototropic growth on templated Pt substrates. Simulations were performed
with periodic boundary conditions. Substrates have 100 nm tall x 100 nm wide Pt ridges with ~242
nm spacing. Illumination wavelength was λ = 630 nm with polarizations at (a) 0°, (b) 20°, (c) 40°,
(d) 45°, or (e) 50°. Images in (f)-(j) show light absorption profiles for the simulated films in (a)-(e),
respectively.

Figure 3.12f-j show the calculated absorption profiles of the films in the Figure 3.12a-e,
respectively. Between 0° and 40°, the peak absorption in the tips of the lamellae is observed to
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decrease as the axis of polarization moves farther out of alignment with the templates (and pattern
orientation). Notably, for some of the higher polarization offsets (i.e., 40° and 45°), the component
of the films’ patterns aligned with the axis of polarization was more emphasized in the absorption
profiles (Figure 3.12h and i) than in the simulated images (Figure 3.12c and d), demonstrating the
contribution to pattern orientation by the illumination polarization axis and its competition with the
pattern orientation enforced by the templates. For the simulated film at a 50° offset, the absorption
profile (Figure 3.12j) demonstrated increased peak absorption (relative to films at a 40° or 45° offset)
in the tips of the lamellae. Though the pattern in Figure 3.12e showed no substantial influence by or
competition with the underlying template, the absorption intensity observed in Figure 12j was lower
than what was observed in Figure 3.12f or g. This is likely due to the lower pattern fidelity associated
decrease in resonance between scattered illumination intensity and absorbing material.

3.3

Conclusion

Phototropic growth of Se-Te demonstrates spontaneous and self-optimizing pattern
formation directed by both illumination wavelength and polarization, though pattern fidelities are
generally low. Using extrinsic optical scatterers as templates for phototropic growth, Se-Te films can
demonstrate pattern fidelities not normally accessible on non-templated substrates. Furthermore,
both experiments illustrate the ability of templated substrates to enforce both pattern period and
pattern orientation in phototropically grown Se-Te films. Templates act simultaneously as oriented
nucleation and oriented scattering sites, leading to high fidelity structures, as well as expanding the
range of periods and pattern orientations accessible to phototropically grown films under a given set
of illumination conditions. Simulations confirm the ability of templates to enforce pattern orientation
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and pattern periods. For example, phototropically grown films on templated substrates can
demonstrate periods at least ~80-165% of the natural period under a given set of illumination
conditions. Similarly, the orientation of phototropically grown films on templated substrates can be
enforced with an up to ~40° offset in the axis of polarization to the template orientation. In summary,
the use of optical scatterers as templates during phototropic growth demonstrates high pattern fidelity
and complex morphological modes otherwise inaccessible in the phototropic growth process.

3.4

Experimental Methods and Materials

Materials and Chemicals
SeO2 (Aldrich, 99.999% trace metals basis), TeO2 (Aldrich, 99.995% trace metals basis),
Buffer HF Improved (BHF) (Transene, Ammonium Hydrogen Difluoride Solution), H2SO4 (J.T.
Baker, 90-100%), Ga (Alfa Aesar, 6mm diameter pellets, 99.9999% trace metals basis), In (ESPI
Metals, shot, 99.9999%), Ti (Kurt J. Lesker, 1/8” Diameter x 1/8” Long, 99.995% Pure), Pt (Kurt J.
Lesker, 1/8” Diameter x 1/8” Long, 99.99% Pure), Acetone (BDH, ACS Grade, 99.5% min.),
Isopropyl Alcohol (BDH, ACS Grade, 99.5% min. and VWR, 99.5%), poly(methyl methacrylate)
(PMMA) (MicroChem 950 PMMA A3), methyl isobutyl ketone (J.T. Baker, >90%), and Ir wire
(Alfa Products, 1mm dia., 99.9%) were used as received. H2O (Barnstead Nanopure Infinity
Ultrapure Water System, ρ = 18.3 MΩ-cm) was used throughout.
For working electrodes, n+-silicon (Addison Engineering Inc., As-doped, ρ = 0.001-0.004 Ωcm, [111], 525 ± 25 μm thick, SSP) was used. For electrode construction, Loctite 1C Hysol Epoxy
Adhesive, Conductive Silver Paint (SPI Supplies), Clear Nail Polish (Sally Hansen “Hard as Nails
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Xtreme Wear”), tinned Cu wire (AWG 22), and glass tubing (7740 Borosilicate Pyrex, 9mm OD
x 1.0mm wall thickness) were used.

Preparation of Pt Substrates
Pt-coated n+-Si substrates used as working electrodes in the deposition of Se-Te were
fabricated via electron beam evaporation of target metals onto n+-Si wafers. Before being loaded into
the electron beam evaporator’s vacuum chamber, n+-Si wafers were etched in BHF for a minimum
of 20 s to remove the native silicon oxides. In order to make ohmic contact to the n+-Si, 15 nm Ti
was evaporated onto the top (polished) side of the n+-Si wafers. Following this, and without breaking
vacuum, 100 nm Pt was evaporated onto the Ti-coated n+-Si wafers.

Preparation of Templated Substrates
E-beam resist (PMMA) was spin-coated onto Pt substrates at 3000 rpm for 1 minute to obtain
an 100 nm thick layer, which was then cured for 5 minutes at 180 °C. Patterns consisting of 100 nm
wide lines with center-to-center distances of 187.5, 242, 375, 484, 726, 750, and 1500 nm were made
in AutoCAD and fractured in Layout BEAMER. A Raith Electron Beam Pattern Generator (EBPG)
5000+ was used to write the patterns, with a 5 nA beam and 900 µC/cm2 dose, at 100 kV. After
patterning, the resist was developed by immersion for 50 seconds in a solution of 1:3 ratio by volume
of methyl isobutyl ketone to isopropyl alcohol. Development was stopped by immersion in isopropyl
alcohol, and the substrate was dried with a nitrogen gun and cleaved into small (~0.1-0.2 cm2) chips.
Following patterning via electron beam lithography, 50 nm Ti was deposited onto patterned
substrates via electron beam evaporation. Liftoff was performed by sonicating in acetone for 30
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minutes. Following liftoff, an additional 70 nm Pt was deposited via electron beam evaporation
to yield the templated substrates.

Working Electrode Fabrication
The unpolished side of templated and non-templated Pt wafer chips were scratched with
prepared Ga-In eutectic (75.5 wt. % gallium, 24.5 wt. % indium) using a carbide-tipped scribe.
Electrode mounts were fabricated from tinned copper wire affixed to borosilicate glass tubes with
inert epoxy. Wafer chips were then attached to the exposed wire of the electrode mounts with silver
paint. After a minimum of 30 minutes, electrodes were sealed and electrically insulated with clear
nitrocellulose nail polish.

Iridium Wire Electrode Fabrication
A piece of Ir wire (~30 mm) was soldered to a segment of tinned copper wire and placed in
a borosilicate glass tube. The soldered contact and glass tube opening were insulated with inert
epoxy.

Photoelectrochemical Depositions
All electrochemical experiments were performed using a Biologic VMP3 Potentiostat,
controlled via EC Lab for Windows. Light intensity was measured using a calibrated Si photodiode
(Thorlabs FDS100). A three-port Pyrex glass electrochemical cell with an optical glass window was
utilized for all photoelectrochemical depositions.
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For electrochemical experiments, a three-electrode configuration was used with an Ir
wire counter electrode and a Ag/AgCl (3M NaCl, BASi RE-5B) reference electrode. Working
electrodes were Pt and templated substrates. The electrodeposition bath was an aqueous solution of
1 M H2SO4, 0.020 M SeO2, and 0.010 M TeO2. Before deposition, electrodes were rinsed with H2O.
Films were deposited until a charge density of -750 mC cm-2 had been passed. Applied deposition
potential was -100 mV vs. Ag/AgCl. The light source used during all depositions was a red Thorlabs
LED (Thorlabs M625L4). The LED had an intensity weighted average wavelength of 630 nm, and
a spectral bandwidth of 17 nm, and was powered by an LED driver and power supply (Thorlabs
LEDD1B and KPS101). The output from the LED was passed through a linear polarizer (Thorlabs
LPVISE200-A) and collected with an aspheric condenser lens (Edmund Optics, Ø = 75 mm, f = 50
mm). A 600 grit diffuser (Thorlabs DG20) was placed in front of the window of the electrochemical
cell to produce illumination of uniform intensity incident on the working electrodes. An illumination
power density of 50 mW cm-2 was used during the photoelectrochemical deposition.

Sample Preparation and Image Acquisition
After electrodeposition, a razor blade was used to remove samples from their electrode
mounts. An acetone bath was used to remove residual nitrocellulose nail polish and silver paint. All
scanning electron microscopy was performed using an FEI Nova NanoSEM 450 with an accelerating
voltage of 5 kV. A through-lens (immersion) secondary electron detector was utilized at a working
distance of 5 mm. Compositional analysis was performed using an electron dispersive X-ray
spectroscopy (EDS) module. Images were either obtained at a magnification of 6250 X or 25 kX.
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Image resolution was either 4096 or 2048 pixels wide, respectively. Gwyddion (gwyddion.net)
was used to perform Fourier analysis on the large-area images (obtained at 6250 X).

Optical Modeling and Growth Simulation
The growths of the photoelectrochemically deposited films were simulated with an iterative
growth model in which electromagnetic simulations were first used to calculate the local
photocarrier-generation rates at the film surface. Then, mass addition was simulated via a Monte
Carlo method wherein the local photocarrier-generation rate weighted the local rate of mass addition
along the film surface.
Growth simulations began with a semi-infinite planar platinum substrate patterned with 100
nm wide platinum ridges spaced 200 nm, 242.5 nm, 300 nm, 400 nm, 485 nm, 600 nm, and 727.5
nm apart. In the first step, the light-absorption profile under a linearly polarized, plane-wave
illumination source was calculated using full-wave finite-difference time-domain (FDTD)
simulations (“FDTD Solutions” software package, Lumerical) with periodic boundary conditions
along the substrate interface. In the second step, a Monte Carlo simulation was performed in which
an amount of mass, equaling that of a 15 nm planar layer covering the simulation area, was added to
the upper surface of the structure with a probability F:
3 x
F (G ) = G i (Equation 1)
i=1 ri

where G is the spatially dependent photocarrier-generation rate at the deposit/solution
interface, xi is the fraction of ith nearest neighbors occupied in the cubic lattice, and ri is the distance
to the ith nearest neighbor. The multiplicative sum in the definition of this probability (Equation 1)
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serves to reduce the surface roughness of the film so as to mimic the experimentally observed
surface roughness. A value of n = 1.33 was used as the refractive index of the growth solution,
regardless of wavelength.36 Simulations of the film morphology utilized the intensity-weighted
average wavelengths, λavg, of the experimental sources. The electric-field vector of the illumination
was oriented at 0˚, 20˚, 40˚, 45˚, and 50˚ off normal with respect to the orientation of the templated
pattern. A two-dimensional square mesh with a lattice constant of 10 nm was used for the
simulations. 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. This process of absorbance calculation and mass
addition was repeated for a total of 15 iterations.
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