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ABSTRACT: We report herein that synergistic light ab-

sorption in the optical near-field enables nanoscale self-

organization during inorganic phototropic growth. Se-Te 

was grown electrochemically under illumination from an 

incoherent, unstructured light source in geometrically 

constrained, wavelength scale areas. Despite the limited 

dimensions, with as few as two discrete features produced 

in a single submicron dimension, the deposit morphology 

exhibited defined order and anisotropy. Computer model-

ing analysis of light absorption in simulated structures re-

vealed a synergy wherein light capture in a nanoscale fea-

ture was enhanced by the presence of additional, adjacent 

features, with the synergistic effect originating predomi-

nantly from nearest neighbor contributions. Modeling 

moreover indicated that synergistic absorption is pro-

duced by scattering of the incident illumination by indi-

vidual nanoscale features, leading to a local increase in 

the near-field intensity and consequently increasing the 

absorption in neighboring features. The interplay between 

these optical processes establishes the basis for spontane-

ous order generation via inorganic phototropic growth. 

Most photosynthetic organisms exhibit phototropic 

growth, in which material grows to shape solar harvest-

ing, and consequently display morphological phenotypes 

adapted to the light available in the habitat.1-3 Chalcogen-

based semiconductors exhibit analogous inorganic photo-

tropic growth, in which highly ordered mesostructures 

formed in a bottom-up manner by photo-driven electro-

chemical deposition grow towards an incident light beam, 

and the resultant nanoscale feature dimensions, orienta-

tions and anisotropies are a function of the wavelength, 

polarization, incidence and phase characteristics of the 
optical excitation.4-7 Inorganic phototropic growth occurs 

over macroscopic areas and utilizes unstructured, inco-

herent, and low-intensity illumination, an optically iso-

tropic electrolyte, and no physical or chemical templating 

agents. In this work, we examine inorganic phototropic 

growth at physically confined, wavelength scale regions 

to understand short-range, cooperative optical communi-

cation amongst discrete nanoscale features in the near-

field that yields the emergent and spontaneous self-organ-

ization of the resulting film morphology. 

Figure 1a presents a representative scanning-electron 

micrograph (SEM) of a Se-Te deposit generated via inor-

ganic phototropic growth on a planar, unpatterned, sub-

strate. The deposit exhibited a highly anisotropic and or-

dered morphology consisting of vertically oriented lamel-

lar features, in accord with prior work showing that on 

conductive, non-photoactive substrates (e.g. n+-Si, Au) 

template-free growth of Se-Te, as well as Se-Pb and Se-

Cd, can spontaneously generate periodic structures ori-

ented along an arbitrarily selected incident optical polari-

zation direction.7-9 Here, inorganic phototropic growth 

was effected by light-mediated electrochemical synthesis 

of Se-Te from a solution of 0.0200 M SeO2, 0.0100 M 

TeO2, and 2.00 M H2SO4 using vertically polarized illu-

mination with an intensity-weighted average wavelength 

(λavg) of 934 nm from an incoherent, narrowband light-

emitting diode source. No photomask was used. The sub-

strate was biased to enable the heterogenous electroreduc-

tion of the oxide precursors to the respective elemental 

states, effecting interfacial cathodic Se-Te deposition in 

accord with the following electrochemical half-reactions: 

SeO2 + 4H+ + 4e- → Se + 4H2O 

TeO2 + 4H+ + 4e- → Te + 4H2O 

The applied bias is sufficient to drive film nucleation 

without the assistance of optical stimulation. The topol-

ogy of this initial growth causes surficial scattering of the 

incident light beam which generates a spatially varying 

pattern of optical field intensity at the interface, with sig-

nificant in-plane anisotropy when the stimulation is line-

arly polarized (see Supporting Information for additional 

details).10 Local light absorption in an evolving Se-Te de-

posit accelerates the local rate of electroreduction and is 



 

defined by the local field intenisty.4 Thus, an anisotropic 

interfacial intensity pattern promotes anisotropic growth. 

This emergent film property focuses further anisotropic 

absorption and leads to the observed characteristics of in-

organic phototropic growth.5  

In-plane growth was then confined to dimensions that 

were comparable to the wavelength of the incident illu-

mination by using substrates coated with a nonconductive 

poly(methyl methacrylate) (PMMA) layer in which cir-

cular well structures had been defined via electron-beam 

lithography. Growth proceeds via a light-stimulated elec-

trochemical deposition process that cannot occur on re-

gions of the substrate coated with an electrically insulat-

ing film such as PMMA. The well geometries did not 

limit mass transport between the bulk solution and the 

growth interface and did not influence the morphologies 

beyond the effect of lateral confinement. The concentra-

tion of precursor species is sufficiently large such that 

mass transport is not outpaced by the photo-driven elec-

trochemical deposition. The circular geometry prevented 

the relative alignment of the optical polarization and the 

PMMA structures from affecting the growth (as would be 

possible with an anisotropic confinement geometry). Fig-

ure 1b-f presents representative SEMs of deposits gener-

ated with spatial confinement to the indicated circular di-

ameter, d. With d = 1.6 µm, (Figure 1b) a lamellar mor-

phology was observed and consisted of five vertically ori-

ented features. These features are very similar to those 

observed for inorganic phototropic growth on unpatterned 

large scale (cm2 area) substrates (Figure 1a). The outer-

most feature on each side of the confined area exhibited 

curvature imposed by the circular confinement pattern. 

Relative to d = 1.6 µm (Figure 1b), growth confined to d 

= 1.2 µm (Figure 1b) resulted in a similar morphology but 

consisted of two instead of three central features. Only a 

singular central feature was observed when d = 0.8 µm 

(Figure 1d), whereas for d = 0.4 µm (Figure 1e), a central 

feature was not produced and instead a vertically oriented 

central depression was bordered by a single feature on 

each side. When growth area was constrained to d = 0.2 

µm, a single circular feature filled the growth region. 

These data demonstrate that inorganic phototropic 

growth, despite spatial confinement to wavelength scale 

dimensions, and the consequent lack of any ensemble 

phenomena that may occur in an unconstrained case, can 

generate morphological order and anisotropy, even with 

as few as two discrete structural features. 

 

 

 

 

 

 

 

 

 

Figure 1. Representative SEMs of experimentally generated Se-Te deposits, grown from a solution of 0.0200 M SeO2, 0.0100 

M TeO2, and 2.00 M H2SO4 using vertically polarized λavg = 934 nm illumination, without spatial constraint (a) and with areal 

constraint to the indicated circular diameter (b)-(f). Computer simulations of deposit morphologies generated via modeling of 

the growth (g)-(l) analogous to the empirical data in the above row. Light absorption profiles (m)-(r) corresponding to the 

simulated morphologies in the above row.   



 

Computer simulations were performed to explore the 

principles that enable inorganic phototropic growth to di-

rect morphological anisotropy and order at the wave-

length scale. A two-step, iterative model with an optical 

basis was utilized to emulate the bottom-up growth pro-

cess. First, an electromagnetic method was used to simu-

late illumination of the growth interface and calculate the 

magnitude of light absorbed at each point along the inter-

face. Then, Se-Te mass was selectively added to the inter-

face in a probabilistic fashion using a Monte Carlo 

method wherein the likelihood of mass addition at a cer-

tain location scaled with the local light absorption magni-

tude as determined in the previous step. Last these steps 

were successively iterated, with a new evaluation of the 

absorption in the evolved interface resulting from mass 

addition in the immediately previous iteration. This pro-

cess has been shown to reproduce structural genesis and 

evolution of films generated by inorganic phototropic 

growth.11 Empirical inputs were minimal and included es-

timates of the deposit complex refractive index and the 

electrolyte index. Figure 1g-l present simulated morphol-

ogies analogous to the experimental observations de-

picted in Figure 1a-f. Each simulated morphology is the 

result of a discrete, independent set of growth computa-

tions initialized from an isotropic substrate. In all cases, 

the simulated morphology was in remarkable accord with 

that observed experimentally. Such agreement between 

the experimental and computational data indicates that 

the structures observed experimentally are determined by 

optical processes as opposed to a chemical or crystallo-

graphic bias of the Se-Te material or any other physical 

processes, e.g. mass transport, during growth.12-14 

Light absorption in the morphologies generated by the 

optically based, growth modeling was evaluated to assess 

the basis for structure determination. Figure 1m-r pre-

sents the spatial profiles of light absorption derived from 

the growth modeling that correspond to the simulations 

displayed in Figure 1g-l, respectively. For a spatially un-

confined film (Figure 1m), the intensity in the absorption 

profile closely tracked the simulated film morphology 

(Figure 1g), with relatively high absorption along all the 

observed lamellar features and minimal absorption in the 

space between the features. When growth was confined 

spatially to d = 1.6 µm (Figure 1n), the highest absorption 

intensity was observed along the centermost feature, with 

some elevated absorption in the neighboring features near 

the vertical midpoints. A similar absorption profile was 

observed for growth when the spatial confinement was 

constrained to d = 1.2 µm (Figure 1o), with the largest 

intensity the middle of the central features. For d = 0.8 

and 0.4 µm (Figure 1p and q), the absorption still tracked 

the principal growth features, but exhibited less contrast 

and was lower in magnitude than for d = 1.6 or 1.2 µm 

(Figure 1n and o). The lowest relative absorption, with 

minimal spatial variance in the circular area, was ob-

served for d = 0.2 µm (Figure 1r). These data indicate a 

synergistic nanophotonic phenomenon in which the ab-

sorption in an individual feature is enhanced by the pres-

ence of additional adjacent features. Notably, an absorp-

tion profile that was very similar to that of the spatially 

unconfined growth (Figure 1m) was obtained with only 

four or five total parallel features (Figure 1o and n). These 

data indicate that the synergistic absorption in an individ-

ual feature is predominately determined by the contribu-

tions of the very nearest neighbors, suggesting that the 

self-organization observed during inorganic phototropic 

growth is primarily directed by short-range light-matter 

interactions within the optical near-field.  

 

Figure 2. Schematic of simplified lamellar morphologies (a) 

and (b) and corresponding simulations of the light absorp-

tion (c) and (d) and time-average of the electric field magni-

tude (e) and (f). 

Additional computational modeling was performed to 

further explore the optical interactions between neighbor-

ing deposit features and interrogate the length scale that 

is relevant and determinative of the emergent film growth 

evident in the experiments and simulations presented in 

Figure 1 for inorganic phototropic growth with circular 

spatial confinement. A simplified, idealized lamellar fea-

ture was designed with shape and dimensions character-

istic of those observed experimentally. Structures with a 

single such feature, as well as one with two features sep-

arated by the feature pitch observed experimentally, were 

modeled and are presented schematically in Figure 2a and 

b. Spatial confinement, as was effected using a substrate 

patterned with circular well structures for the experi-

mental as well as computational growth modeling inves-

tigations (Figure 1), was not utilized here. The structures 

were explicitly predefined rather than generated sponta-
neously, but experimental and simulated growth results 

demonstrate that analogous structures are generated spon-

taneously during inorganic phototropic film growth. 



 

Stimulation was simulated with the same illumination uti-

lized both experimentally and in the growth modeling, 

and the spatial absorption profiles were calculated and are 

presented in Figure 2c and d. Enhanced absorption was 

observed in the simulation that contained two features 

(Figure 2d) relative to that with the single feature (Figure 

2c), consistent with the synergistic absorption phenome-

non observed in the growth modeling data. Figure 2e pre-

sents a simulation of the spatial profile of the time-aver-

aged electric field magnitudes corresponding to the ab-

sorption data in Figure 2c. An enhancement in the ampli-

tude of the field was observed in the regions directly ad-

jacent to the lamellar feature. Figure 2f presents a simu-

lation analogous to that in Figure 2e, but for the case of 

two features (Figure 2b), showing a similar enhancement 

in the regions adjacent to the outer edges of the features. 

These data indicate that the features anisotropically scat-

ter the incident illumination, effecting optical localization 

and concentration in the immediate vicinity of the feature 

of concern. Synergistic absorption thus occurs when a 

neighboring feature is present. Such scattering and ab-

sorption processes in the optical near-field consequently 

provide the basis for spontaneously ordered inorganic 

phototropic growth. These results indicate that inorganic 

phototropic growth can direct the morphological anisot-

ropy and order at spatial scales comparable to the incident 

optical wavelength, in the absence of any emergent en-

semble phenomena that may result at longer, extended 

length scales.  

In summary, inorganic phototropic growth was per-

formed over wavelength scale areas, and morphological 

anisotropy and order were observed in the deposits de-

spite the limited length scale. The growth morphologies 

were simulated using a fully optically based model and 

were in close agreement with the experimental observa-

tions, indicating that the morphologies are primarily de-

termined by optical phenomena. Light absorption in the 

simulated morphologies was analyzed and synergy was 

observed in which absorption in a single feature was en-

hanced by the presence of adjacent, neighboring features. 

The features scattered the incident illumination, enhanc-

ing the relative intensity in the directly adjacent regions. 

This scattering process thus feeds the absorption synergy, 

establishing the nanophotonic basis that promotes coop-

erative growth and demonstrating that extended ensemble 

phenomena are not necessary to direct structure and pro-

duce spontaneous organization in inorganic phototropic 

growth. 
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