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ABSTRACT: The template-free growth of well ordered, highly
anisotropic lamellar structures has been demonstrated during the
photoelectrodeposition of Se−Te ﬁlms, wherein the orientation of
the pattern can be directed by orienting the linear polarization of the
incident light. This control mechanism was investigated further
herein by examining the morphologies of ﬁlms grown photoelectrochemically using light from two simultaneous sources that
had mutually diﬀerent linear polarizations. Photoelectrochemical
growth with light from two nonorthogonally polarized samewavelength sources generated lamellar morphologies in which the long axes of the lamellae were oriented parallel to
the intensity-weighted average polarization orientation. Simulations of light scattering at the solution−ﬁlm interface were
consistent with this observation. Computer modeling of these growths using combined full-wave electromagnetic and
Monte Carlo growth simulations successfully reproduced the experimental morphologies and quantitatively agreed with the
pattern orientations observed experimentally by considering only the fundamental light-material interactions during
growth. Deposition with light from two orthogonally polarized same-wavelength as well as diﬀerent-wavelength sources
produced structures that consisted of two intersecting sets of orthogonally oriented lamellae in which the relative heights of
the two sets could be varied by adjusting the relative source intensities. Simulations of light absorption were performed in
analogous, idealized intersecting lamellar structures and revealed that the lamellae preferentially absorbed light polarized
with the electric ﬁeld vector along their long axes. These data sets cumulatively indicate that anisotropic light scattering and
light absorption generated by the light polarization produces the anisotropic morphology and that the resultant
morphology is a function of all illumination inputs despite diﬀering polarizations.
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governed by the anisotropies in the light-material interactions
resulting from sensitivity to both the wavelength and
polarization of the illumination, and thus provides for the
maskless generation of uniform, oriented nanostructures.13
Recently, the photoelectrochemical growth of semiconducting Se−Te ﬁlms using linearly polarized illumination has been
shown to produce highly anisotropic, nanoscale lamellar
patterns in which the orientation of the patterns is correlated
with the electric ﬁeld vector of the incident light.14 Such
structures were formed without the use of any physical or
chemical templating agents nor the use of a photomask.15−20
Rather, in analogy to the case of the plasmon-mediated growth
of Ag nanostructures, patterning resulted spontaneously due to
inherent anisotropies in the light-material interactions during
ﬁlm growth. In this work, the patterns generated in photo-

hotolithography, a technique used extensively to
generate patterned materials and speciﬁcally in the
semiconductor industry and in the production of
integrated circuits, utilizes a photomask to spatially localize
photochemical reactions to construct deﬁned patterns.1−3
Manipulation of the polarization of the light is another control
mechanism that can be utilized to direct photodriven processes
and produce targeted structures. Linearly polarized light can
eﬀect photopolymerization and/or photoalignment in liquid
crystal systems, generating highly anisotropic structures
oriented along or perpendicular to the electric ﬁeld vector.4−7
The photoinduced mass transport of photoisomerizable
polymers in the immediate vicinity of Au or Ag nanoparticles
can generate patterns in the subwavelength regime with an
anisotropy dictated by the polarization of the light source.8−11
Additionally, plasmon-mediated growth of surface-aﬃxed
triangular Ag nanoparticles during illumination with linearly
polarized light results in spontaneous anisotropic orientation as
well as consistent particle size.12 This synthetic process is
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electrochemically grown Se−Te ﬁlms utilizing two light sources
with unique linear polarizations were investigated to understand the material growth response to the tailored excitation, as
well as to identify strategies for obtaining morphology control
and for generating three-dimensional morphological complexity. Films were generated using two same-wavelength sources
with an array of polarization vector pairs as well as intensity
ratios, and with two orthogonally polarized diﬀerent-wavelength sources that had a series of intensity ratios. The resulting
ﬁlm morphologies were assessed by scanning electron
microscopy. Computational modeling of the light-material
interactions during photoelectrochemical growth successfully
reproduced the experimentally observed morphologies. Additional modeling of light scattering at the active ﬁlm−solution
interface, as well as simulations of light absorption in idealized
lamellar arrays, were also performed to understand the
emergence of the morphologies generated using two discrete
linear polarizations of light to drive ﬁlm growth.

were measured. Figure 2d presents a plot of the observed
magnitude of the pattern rotation from the vertical (θobs) as a
function of θ1. The trend was well-ﬁt by a line of the form θobs
= 0.5θ1 − 1. Figure 2e−g presents SEMs representative of
photoelectrodeposits that were generated in a manner similar
to those presented in Figure 2a. Here, θ1 was ﬁxed to a value of
50°, and the ratio of the intensity of this second source to the
total intensity, [I1/(I0 + I1)], was adjusted to 0.20 (e), 0.50 (f),
and 0.80 (g), respectively. Again, the long axes of the lamellar
structures were rotated clockwise away from the vertical in each
case, and the magnitude of this rotation (θobs) increased with
increasing values of the quantity I1/(I0 + I1). For I1/(I0 + I1) =
0.20, 0.50, and 0.80, values of θobs of 10 ± 1°, 23 ± 5°, and 38
± 3°, respectively, were observed. Figure 2h presents a plot of
θobs as a function of the quantity I1/(I0 + I1). The trend was
well-ﬁt by a line of the form θobs = 0.5I1/(I0 + I1) − 1.
Figure 3 presents SEMs representative of photoelectrodeposits that were generated using two LED sources with λavg = 630
nm, with one source polarized vertically with intensity I0 and
the other polarized horizontally with intensity I1, wherein I0 ≠
I1. The intensity ratio between the horizontally polarized source
and the vertically polarized source (I1/I0) was 1.50 (a), 2.00
(b), and 4.00 (c). In (a), a square mesh morphology was
observed in which a lamellar pattern was produced with the
long axes of the lamellae running horizontally, superimposed
over another similar pattern in which the long axes of the
lamellae ran vertically. The contrast in the SEM suggests that
the vertically aligned lamellae were shorter (darker) than those
running horizontally. The pattern in (b) is similar to that in (a),
but the horizontally oriented lamellae appeared to increase in
height relative to the lamellae that ran vertically. In (c), only
horizontally running lamellae are visible, and the contrast in the
SEM does not suggest the formation of any other structure.
Figure 4a−d presents a series of top down SEMs that are
representative of photoelectrodeposits generated using simultaneous illumination with a LED source with λavg = 775 nm
polarized vertically and a LED source with λavg = 630 nm
polarized horizontally, with intensity ratios between the two
sources (Iλ=775;vert/Iλ=630;horiz) of 1.0 (a), 2.0 (b), 6.5 (c), and 9.0
(d), respectively. In (a), a lamellar structure was observed in
which the long axes of the lamellae were oriented horizontally.
The SEM in (b) is similar to that in (a) but displays a small
amount of contrast in the spaces between the horizontally
running lamellae. In (c), a lamellar structure in which the long
axes of the lamellae are oriented vertically is observed. This
structure exhibited a larger periodicity than those in (a) and
(b). Also, vertically periodic contrast was observed in the space
between the lamellae, suggesting the presence of a second set of
intersecting lamellae having long axes oriented along the
horizontal direction. In (d), like (c), a lamellar structure in
which the long axes of the lamellae were oriented vertically was
observed, and again the periodicity of this structure was greater
than that observed in (a) or (b). Some contrast is visible in the
spaces between the vertically running lamellae, but unlike in (c)
this contrast did not appear to be periodic. Figure 4e−h and i−
l, respectively, present SEMs acquired from the same samples as
in (a)−(d), but acquired in cross-sectional view by cleaving the
substrate and ﬁlm along the vertical (perpendicular to the
polarization vector of the λavg = 630 nm illumination during
growth), and along the horizontal (perpendicular to the
polarization vector of the λavg = 775 nm illumination during
growth), respectively. The cross sections in (e) and (f) depict
horizontally oriented lamellae similar to those seen in (a) and

RESULTS
Figure 1 presents representative scanning electron micrographs
(SEMs) of Se−Te photoelectrodeposits that were generated by

Figure 1. Eﬀect of illumination source polarization on pattern
orientation. SEMs representative of photoelectrodeposits generated
with λavg = 630 nm illumination polarized (a) vertically and (b)
horizontally.

electrochemically reducing SeO2 and TeO2 potentiostatically
while illuminating the electrode with a narrowband lightemitting diode (LED) having an intensity-weighted average
wavelength (λavg) of 630 nm polarized vertically (a) and
horizontally (b). In both cases, a highly anisotropic, lamellartype morphology was observed. The long axes of the lamellar
structures were oriented parallel to the polarization of the
illumination; hence, vertical polarization resulted in vertically
oriented lamellae whereas horizontal polarization yielded
horizontally oriented lamellae. X-ray diﬀraction analysis has
shown that Se−Te photoelectrodeposits generated in this
manner are nanocrystalline with crystallites composed of a
substitutional alloy of Se and Te in a hexagonal structure
common to both elements in their pure phases.14
Figure 2a−c presents SEMs representative of photoelectrodeposits generated using two equal intensity LED sources
with λavg = 630 nm. One source was polarized vertically and the
polarization of the second source was oﬀset clockwise from the
vertical by θ1 = 20° (a), 40° (b), or 60° (c). In each case, a
lamellar pattern was observed that was similar to the pattern
produced when only a single source was utilized. The long axis
of the lamellar structures rotated clockwise away from the
vertical in each case, and the magnitude of this rotation (θobs)
increased with increasing values of θ1. For θ1 = 20°, 40°, and
60°, values of θobs of 8 ± 1°, 17 ± 2°, and 28 ± 5°, respectively,
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Figure 2. Pattern orientation in photoelectrodeposits generated using two same-wavelength (λavg = 630 nm) sources with diﬀering linear
polarizations. (a−c) SEMs representative of photoelectrodeposits generated using two sources with equal intensity, the ﬁrst source polarized
vertically (θ0 = 0°) and the second at the indicated rotation (θ1) clockwise from the vertical. (d) Plot of the rotation of the orientation of the
long axis of the pattern (θobs) measured clockwise from the vertical as a function of θ1. (e−g) SEMs representative of photoelectrodeposits
generated using two same-wavelength sources (λavg = 630 nm), each with a ﬁxed linear polarization (ﬁrst polarized vertically, the second oﬀset
θ1 = 50° clockwise from the vertical) with the indicated fraction of the total intensity supplied by the second source [I1/(I0 + I1)]. (h) Plot of
θobs as a function of the fraction of the total intensity supplied by the second source.

Point dipole radiation sources were used to model the
amplitude modulation of the electric ﬁeld at the active ﬁlm−
solution interface during photoelectrochemical growth that was
caused by the inherent surface roughness of the deposited ﬁlm.
The time-averaged ﬁeld amplitude resulting from two coherent
dipole sources was calculated using two-dimensional ﬁnitediﬀerence time-domain (FDTD) simulations. Figure 5 presents
the normalized time-average of the electric-ﬁeld magnitude
from two dipoles emitting radiation with a free-space
wavelength of λ = 630 nm in a medium of index n = 1.33
wherein the dipoles are separated by a distance of two
wavelengths. In (a), the dipoles are separated perpendicular to
the oscillation axis and from left to right three strong vertically
running interference fringes are observed in the area between
the dipoles. In (b), the dipoles are separated parallel to the
oscillation axis, and constructive interference between the
dipoles was not observed. Figure 6 presents simulations similar
to those in Figure 5 but with two incoherently summed sets of
coherent dipole pairs each aligned perpendicular to a direction
of oscillation. In (a), one dipole set is separated along the
horizontal axis while the axis of separation of the other set is
rotated θ = 20° clockwise from the horizontal, and both sets
emit radiation with equal intensity. Interference fringes similar
to those displayed in Figure 5a were observed but were rotated
clockwise from the vertical by θobs = 10°. In (b), one dipole set
is separated along the horizontal axis while the axis of
separation of the other set is rotated θ = 50° clockwise from
the horizontal, and the two sets emit radiation with a relative
intensity Irotated/(Irotated + Ihorizontal) = 0.2. Interference fringes
similar to those in (a) were observed, and the most intense
parts of the fringes were measured to be rotated clockwise from
the vertical by θobs = 9°.
Computer modeling of the photoelectrochemical growth
process was performed to analyze the morphologies expected
for ﬁlms generated as a result of the fundamental light-matter

Figure 3. (a−c) SEMs representative of the photoelectrodeposits
generated using two same-wavelength (λavg = 630 nm), orthogonally polarized sources (ﬁrst polarized vertically, second horizontally) with the indicated intensity ratio between the horizontally
and vertically polarized sources (I1/I0).

(b) from a perspective looking down the lamellar axes. In (g), a
shorter, less well-deﬁned structure similar to those observed in
(e) and (f) and with a similar periodicity was observed
superimposed on a mostly featureless ridge that is the side of a
vertically running lamella similar to those observed in the top
down micrograph in (c). In (h), the micrograph reveals a ridge
that is also the side of a vertically running lamella, as in (g).
Some superimposed growth is again observed, with a varying
height from left to right across the micrograph. In (i), the
micrograph reveals a ridge that is the side of a horizontally
running lamella similar to those presented in the top down
micrograph in (a). In (j), a ridge similar to that observed in (i)
is displayed. Superimposed on this ridge is growth with
periodically varying height from left to right across the
micrograph. The cross sections in (k) and (l) depict vertically
oriented lamellae similar to those seen in (c) and (d), from a
perspective looking down the lamellar axis.
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Figure 4. (a−d) Representative SEMs acquired in top down view of photoelectrodeposits generated using simultaneous illumination from a
horizontally polarized λavg = 630 nm source and a vertically polarized λavg = 775 nm source with the indicated intensity ratio between the
sources (Iλ=630;horiz/Iλ=780;vert). (e−h) Same as (a−d) but cleaved along the vertical axis (perpendicular to the polarization of the λavg = 630 nm
illumination) and acquired in cross section. (i−l) Same as (a)−(d) but cleaved along the horizontal axis (perpendicular to the polarization of
the λavg = 775 nm illumination) and acquired in cross section.

Figure 6. Normalized time-average of electric ﬁeld magnitude
resulting from two incoherently summed sets of dipole pairs each
aligned perpendicular to a direction of oscillation. Dipoles are
emitting radiation with a free space wavelength of λ = 630 nm in a
medium of index n = 1.33. (a) One dipole set separated by two
wavelengths along the horizontal axis and the axis of separation of
the other set is rotated θ = 20° clockwise from the horizontal, both
sets emit radiation with equal intensity. (b) One dipole set
separated by two wavelengths along the horizontal axis and the axis
of separation of the other set is rotated by θ = 50° clockwise from
the horizontal, and the two sets emit radiation with relative
intensity Irotated/(Irotated + Ihorizontal) = 0.2.

Figure 5. Normalized time-average of electric ﬁeld magnitude from
two dipoles emitting radiation with a free space wavelength of λ =
630 nm in a medium of index n = 1.33. Dipoles separated by a
distance of two wavelengths in the direction (a) perpendicular and
(b) parallel to the oscillation axis.

interactions during the deposition, using simultaneous illumination with two same-wavelength sources having diﬀerent
linear polarizations. A two-step, iterative model was utilized
wherein electromagnetic simulations were ﬁrst used to calculate
local photocarrier generation rates at the electrode/solution
interface. In the second step, electrochemical mass addition was
simulated via a Monte Carlo method that utilized the local
photocarrier generation rate to weight the local probabilities of
mass addition (see Methods section for further details). The
only empirical data used in the simulations were literaturederived estimates of the complex index of refraction, the
charge-carrier concentrations, and the excited state lifetimes, of
the electrodeposited Se−Te material, and the refractive index of
the solution. During the early stages of deposition, dipole
sources could be used to represent pointlike scattering features
due to surface roughness of the deposit and help to visualize the
periodic absorption proﬁle that occurs between two scattering
features along the growth front. However, at later times, these
interfacial features evolved into anisotropic structures that had

an extended spatial structure. Utilization of the modeling
algorithm, which recalculated the scattering and absorption
proﬁle as the ﬁlm morphology evolved, enabled the growth
process to be fully reproduced. Although computationally
expensive, the two step growth model both incorporated the
absorption modulation resulting from surface roughness during
the early stages of growth and also captured the dynamic
feedback between light absorption and material growth which
resulted in 3D structures that agreed with experiment.
The experiment described in Figure 2a−d was simulated,
wherein two equal intensity sources with λavg = 630 nm were
utilized and one source was polarized vertically while the
polarization of the second source was oﬀset clockwise from the
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vertical by θ1, and the observed rotation of the long-axis of the
lamellar pattern clockwise away from the vertical (θobs) was
derived. Figure 7a presents a plot of both the experimentally

Figure 8. (a−c) Simulated morphologies of photoelectrodeposits
generated using two same-wavelength (λavg = 630 nm), orthogonally polarized sources (ﬁrst polarized vertically, second horizontally) with the indicated intensity ratio between the horizontally
and vertically polarized sources (I1/I0).

observed experimentally (Figure 3), producing a square mesh
morphology wherein the horizontally oriented lamellae were
taller than those oriented vertically for I1/I0 = 1.50 and 2.00,
and producing a single, horizontally oriented lamellar
morphology for I1/I0 = 4.00.
To further understand the growth of the morphologies that
were observed when two orthogonally polarized sources of
diﬀering intensities and/or wavelengths were utilized, three sets
of simulations of light absorption in idealized intersecting
lamellar features were performed. First, ﬁlms that had been
experimentally photoelectrodeposited under vertically polarized
λavg = 630 nm illumination alone and 775 nm illumination
alone were analyzed using SEM to derive the lamellar periods
and widths of the resultant structures. These values were then
used as the inputs for the lengths and widths of the idealized
structures. Two idealized lamellae were oriented so as to
intersect at a 90° angle and were assigned heights of 200 and
400 nm. In the ﬁrst set of simulations, designed to help
understand the growth of the morphologies that were observed
when two orthogonally polarized sources with the same
wavelength were used (λavg = 630 nm; Figure 3), the two
lamellae both had widths that corresponded to the width of the
lamellar structures observed for deposition with λavg = 630 nm
illumination alone, and both had lengths equal to the
corresponding lamellar period. Figure 9 presents the power
absorption proﬁle calculated (a) from a single λ = 630 nm plane
wave source polarized parallel to the long axis of the taller
lamella and (b) from two λ = 630 nm plane wave sources
wherein one source was polarized parallel and the other
perpendicular to the long axis of the taller lamella, with the
source polarized perpendicular having half the intensity of the
one polarized parallel. Figure 9a shows that signiﬁcant
absorption was observed only near the tip of the taller lamella.
Figure 9b indicates that absorption was observed both at the tip
of the taller lamella as well as at the tip of the shorter lamella.
The second and third sets of light absorption simulations
were designed to help understand the generation of the
morphologies observed when two orthogonally polarized
sources with λavg = 630 nm and λavg = 775 nm were utilized
simultaneously (Figure 4). In the second set of simulations, the
taller lamellar feature had a width corresponding to the width of
the lamellar structures observed for deposition with λavg = 630
nm illumination alone, and the length of the shorter lamella was
equal to the corresponding lamellar period. The shorter
lamellar feature had a width corresponding to the width of

Figure 7. (a) Plot of the observed rotation of the orientation of the
long-axis of the pattern (θobs) measured clockwise from the vertical
as a function of the rotation of the polarization of one source (θ1)
in two-source illuminated photoelectrodepositions with samewavelength (λavg = 630 nm), equal intensity sources when the
other source was polarized vertically (θ0 = 0°). (b) Plot of θobs as a
function of the fraction of the total intensity [I1/(I0 + I1)] delivered
by a source polarized linearly θ1 = 50° clockwise from the vertical
in two-source illuminated photoelectrodepositions with samewavelength sources when the other source was polarized vertically.
Data points corresponding to experimental results as well as results
derived computationally from growth modeling are presented.

and computationally derived values of θobs as a function of θ1.
The experiment described in Figure 2e−h was also simulated,
wherein the two sources with λavg = 630 nm were again utilized,
with one source polarized vertically and the other at θ1 = 50°
from the vertical in the clockwise direction, while the fraction of
the total intensity delivered by the second source [I1/(I0 + I1)]
was varied. Figure 7b presents a plot of both the experimentally
and computationally derived values of θobs for this experiment
as a function of [I1/(I0 + I1)]. For both experiments, the
empirically and computationally derived values of θobs were in
good agreement, and were linear functions of either θ1 or [I1/
(I0 + I1)].
Additionally, computer modeling of the growth process was
also performed to simulate the morphologies expected for ﬁlms
generated using simultaneous illumination from two orthogonally polarized, same-wavelength sources with unequal
intensities. The experiment described in Figure 3(a)-(c) was
modeled (Figure 8), wherein two unequal intensity sources
with λavg = 630 nm were utilized with one source polarized
vertically and the other horizontally. The intensity ratio
between the horizontally polarized source and the vertically
polarized source (I1/I0) was 1.50 (a), 2.00 (b), and 4.00 (c).
The simulated morphologies were in close accord with those
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Figure 9. (a) Simulated power absorption of two idealized,
orthogonal lamellae under a λ = 630 nm plane wave source
polarized parallel to the taller feature (E0). The width of each
structure is typical of lamellar structures generated via photoelectrodeposition with λavg = 630 nm illumination, and the length of
each lamella is typical of one period of such structures. (b) Same as
(a) but with the addition of a second λ = 630 nm source with half
the intensity of the ﬁrst and polarized perpendicular to the taller
feature (E1) (sources assumed to be incoherent).

the lamellar structures observed for deposition with λavg = 775
nm illumination alone, and the length of the taller lamella was
equal to the corresponding lamellar period. Figure 10a and b,
respectively, present the power absorption proﬁle calculated
from a single λ = 630 nm plane-wave source polarized parallel
to the long axis of the taller lamella alone, and from the same
source as in (a) as well as a secondary λ = 775 nm plane-wave
source polarized perpendicular to the long axis of the taller
lamella that was twice as intense as the λ = 630 nm source. In
Figure 10a, signiﬁcant absorption was observed only near the
tip of the taller lamella. In Figure 10b, absorption was observed
both at the tip of the taller lamella as well as at the tip of the
shorter lamella. The third set of simulations utilized lamellar
structures having similar dimensions as the second set but with
the heights of the two lamellae exchanged. Figure 10c and d,
respectively, present the power absorption proﬁle calculated
from a single λ = 775 nm plane-wave source polarized parallel
to the long axis of the taller lamella alone and from the same
source as in (c) as well as a secondary λ = 630 nm plane wave
source polarized perpendicular to the long axis of the taller
lamella that was 6.5 times less intense than the λ = 775 nm
source. As with the second set of simulations (Figure 10a, b) in
Figure 10c, signiﬁcant absorption was observed only near the
tip of the taller lamella, whereas in Figure 10d absorption was
observed both at the tip of the taller lamella as well as at the tip
of the shorter lamella.

Figure 10. (a) Simulated power absorption of two idealized,
orthogonal lamellae under a λ0 = 630 nm plane wave source
polarized parallel to the taller feature (E0). The width of the taller
structure is typical of lamellar structures generated via photoelectrodeposition with λavg = 630 nm illumination whereas the
width of the shorter structure is typical of the structures generated
with λavg = 775 nm illumination. (b) Same as (a) but with the
addition of a λ1 = 775 nm plane wave source 2 times more intense
than the 630 nm source and polarized perpendicular to the taller
feature (E1) (sources assumed to be incoherent). (c) Simulated
power absorption of two idealized, orthogonal lamellae under a λ1
= 775 nm plane wave source polarized parallel to the taller feature
(E1). The width of the taller structure is typical of lamellar
structures generated via photoelectrodeposition with λavg = 775 nm
illumination whereas the width of the shorter structure is typical of
the structures generated with λavg = 630 nm illumination. (d) Same
as (c) but with the addition of a λ0 = 630 nm plane wave source 6.5
times less intense than the 775 nm source and polarized
perpendicular to the taller feature (E0) (sources assumed to be
incoherent).

quantitatively supports this hypothesis, because the observed
orientation of the pattern (θobs) for the two-source experiments
was almost exactly equal to the intensity-weighted average
polarization orientation: (I0θ0 + I1θ1)/(I0 + I1). For the
experiment wherein the intensity of the sources was equal (I0 =
I1), the ﬁrst source was polarized vertically (θ0 = 0°) and the
angle between the polarization vectors (θ1) was varied, θobs
would be expected to have the form 0.5θ1. This expectation is
very close to the experimentally observed relation of θobs =
0.5θ1 − 1. Similarly, for the experiment in which the
polarizations of the two sources were ﬁxed (θ0 = 0° and θ1 =
50°) and the relative contribution of the two sources to the
total intensity was varied, θobs would be expected to have the
form 50[I1/(I0 + I1)], which again is very close to the
experimentally observed relation of θobs = 50[I1/(I0 + I1)] − 1.
The diﬀerence between the expected and experimentally
observed relations for θobs, a −1° oﬀset, is likely a minor
systematic error arising from a minor calibration error in a
polarizer setting. This notion is supported by the facts that a
value of θobs = −1 ± 1° was observed when θ0 = θ1 = 0°, and

DISCUSSION
When two sources having the same wavelength (λavg = 630 nm)
but having diﬀering, linear, nonorthogonal polarizations were
utilized simultaneously (Figure 2a−c and e−g), a lamellar
pattern identical to those observed with only a single source
(Figure 1) was observed, except for an in-plane rotation. This
result can be readily understood because any linear polarization
can be equivalently expressed as the sum of two orthogonal
linear polarizations, for example, vertical and horizontal. Thus,
no diﬀerence may be observed between the morphology
generated if a single illumination source is utilized relative to
the morphology generated if two sources are used simultaneously, as long as the intensity-weighted average of the
polarization orientations of the two tandem sources is the same
as the polarization of the single source. The experimental data
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that the experimentally observed values of θobs were generally
marginally lower than expected.
The quantitative agreement between the values of θobs
measured in the experiments using same-wavelength (λavg =
630 nm) sources with mutually diﬀerent linear, nonorthogonal
polarizations simultaneously, and in the analogous computer
simulations (Figure 7), which utilized minimal empirical data,
for all investigated conditions, suggests that the empirically
observed behavior is the result of a fundamental optical
phenomenon. This notion is supported by the results of the
dipole scattering simulations (Figures 5 and 6). The
interference fringes observed between two simulated radiation-emitting dipoles separated along the horizontal axis, and
perpendicular to the oscillation axis (Figure 5a), are
reminiscent of the lamellar morphology observed in the
photoelectrodeposit generated with vertically polarized illumination (Figure 1a), and have been hypothesized to promote the
initial growth of this periodic and anisotropic structure by
providing the necessary spatially varying distribution of light
intensity.14 When two sets of dipoles were simulated with some
angle, θ, between their axes of separation, the resultant
interference fringes were observed to rotate by an angle, θobs,
that is in good agreement with relation of θobs = θ[Irotated/
(Irotated + Ihorizontal)]. Thus, the dipole scattering simulations
suggest that the orientation of the lamellar structures in the
nonorthogonal, same-wavelength experiments is a manifestation of the elementary phenomenon of superposition of waves.
When two orthogonally polarized same-wavelength (λavg =
630 nm) sources that had unequal mutual intensities were
utilized, the resultant structures appeared to consist of two
intersecting sets of orthogonally oriented lamellae wherein the
relative heights of each set of lamellae were directly
proportional to the relative source intensities (Figure 3).
These observations indicate that the utilization of orthogonally
polarized sources can enable independent control over diﬀerent
features of the resultant film morphology, and thus comprises a
potentially useful tool for generating application-speciﬁc
structures. The reproduction of the experimental morphologies
by the growth model (Figure 8) suggests that the generation of
the intersecting structures when orthogonally polarized light is
used is a result of the intrinsic light−matter interactions that
occur during the deposition process. Moreover, the continued
growth of such intersecting structures under the aforementioned conditions is consistent with the simulations of light
absorption in the idealized versions of the structures (Figure 9)
wherein illumination from two orthogonally polarized sources
is preferentially absorbed in the tips of both structures. These
areas represent the photoelectrochemical growth fronts:
preferential light absorption in these areas supports continued
anisotropic growth in a manner that preserves the cross
sections of the features. Furthermore, visualization of the
diﬀerence in the absorption proﬁle with and without the
contribution from the source parallel to the shorter feature
indicated that this source was solely responsible for absorption
along the shorter feature.
Intersecting lamellar structures were also observed when two
orthogonally polarized sources with diﬀering wavelengths (λavg
= 630 and 775 nm) were utilized. Again, the relative heights of
each set of lamellae were proportional to the relative source
intensities. However, for Iλ=775;vert/Iλ=630;horiz = 1.0, SEM analysis
provided little evidence for the presence of periodic, anisotropic
structures with long axes oriented along the vertical, and, for
Iλ=775;vert/Iλ=630;horiz = 2.0, such structures were found to be

shorter than the simultaneously observed, horizontally oriented
structures. Also, for Iλ=775;vert/Iλ=630;horiz = 6.5 and 9.0, structures
with horizontal periodicity were observed. These observations
are consistent with previous physical characterization suggesting lower rates of photoelectrodeposition may be observed
when utilizing λ = 775 nm illumination than when utilizing λ =
630 nm illumination. The nanocrystalline nature of the
photoelectrodeposited ﬁlms suggests free carriers generated
near the solution interface may contribute to the deposition of
additional material in a disproportionally large manner as free
carriers generated in the bulk have a greater probability of
recombining before reaching the interface. The electromagnetic
penetration depth of a material is inversely proportional to the
imaginary component of its complex refractive index, κ.
Spectroscopic ellipsometry measurements have shown that
photoelectrodeposited Se−Te ﬁlms exhibit monotonically
decreasing values of κ with increasing values of λ for λ = 450
to 850 nm.14 Thus, for lower values of λ, it is expected that
more free carriers will be generated near the solution interface,
correlating to a higher deposition rate.
Unlike the intersecting lamellar structures generated using
two orthogonally polarized same-wavelength sources (λavg =
630 nm), when two orthogonally polarized sources with
diﬀering wavelengths (λavg = 630 and 775 nm) were used, the
periodicities of the two sets of lamellae were unequal. The set
with their long axes oriented parallel to the polarization vector
of the λavg = 775 nm source displayed a greater periodicity than
those oriented parallel to the polarization vector of the λavg =
630 nm source. This diﬀerence in periodicity is a consequence
of diﬀering anisotropic light absorption proﬁles in the growing
structures in response to the diﬀerent wavelengths which cause
the lamellar period to increase monotonically with λ.14
Moreover, these results indicate that not only is it possible to
control the relative heights of structures with orthogonal
periodicities, but also indicate that the magnitudes of those
periodicities can also be controlled, which may be of use in the
construction of purpose-designed structures. Simulations in
idealized versions of these intersecting structures were again
consistent with their growth (Figure 10): illumination polarized
along the long axis of a lamellar structure (of the same
wavelength used to generate that structure) is preferentially
absorbed in the tip of that structure relative to light polarized
perpendicularly (of a diﬀerent wavelength).
Dynamic photoelectrochemical growth may ﬁnd potential in
the generation of nanophotonic optical elements including
planar lenses and mirrors,21−23 polarization-sensitive ﬁlters and
photodetectors,24 and nanostructured scaﬀolds.25,26 The results
described in this work have several implications for the use of
this process to design application-targeted structures. First,
controlling the pattern orientation with respect to the substrate
does not require changing the polarization state of a single
source, for example, rotating a linear polarizer. Instead, two
sources could be used with static linear polarizations and the
pattern orientation could be controlled by changing the relative
intensity of the sources. Manipulating such a quantity
continuously or in discrete steps over time could be used to
generate morphological complexity. The utilization of orthogonal sources also presents another method to generate intricate
structures wherein control of the feature size in three
dimensions of two patterns may be obtained simultaneously
and independently.
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TeO2, and 2.00 M H2SO4. Deposition was eﬀected by biasing the
illuminated n+-Si electrode potentiostatically at −0.40 V vs Ag/AgCl
for 5.00 min at room temperature. After deposition, the electrode was
immediately removed from the cell, rinsed with H2O, and then dried
under a stream of N2(g). The Si substrate with a top-facing Se−Te ﬁlm
was mechanically separated from the rest of the electrode assembly.
The nitrocellulose-based insulation, as well as the majority of the Ag
paint and In−Ga eutectic, were then removed mechanically.
Electrode Illumination. The illumination utilized during photoelectrochemical deposition was provided by narrowband diode (LED)
sources (Thorlabs) with respective intensity-weighted λavg values and
spectral bandwidths (fwhm) of 630 and 18 nm (M625L2 or M625L3),
and 775 and 31 nm (M780L2). The output of each diode source was
collected and collimated with an aspheric condenser lens (Ø30 mm, f
= 26.5 mm). For experiments involving simultaneous illumination with
the two 630 nm sources, a polka dot beam splitter (Thor Laboratories
BPD508-G) was utilized to combine the outputs. Both sources were
incident upon the beamsplitter at an angle of 45° from the surface
normal and thus generated coaxial output. For experiments involving
simultaneous illumination with a 630 nm source and a 775 nm source,
a dichroic ﬁlter (Edmund Optics #69-219) was utilized in the same
geometry that was utilized for combining two same-wavelength
sources with the beam splitter. A dichroic ﬁlm polarizer (Thorlabs
LPVISE2X2 or LPNIRE200-B) was placed between each source and
the appropriate combining optic to enable independent control of the
polarization of each source. The 775 nm source was used exclusively
with the LPNIRE200-B polarizer. A 1500 grit ground-glass (N-BK7)
diﬀuser was placed immediately in front of the photoelectrochemical
cell to ensure spatial homogeneity of the illumination. The light
intensity incident on the electrode was measured by placing a
calibrated Si photodiode (Thorlabs FDS100) in place of an electrode
assembly in the photoelectrochemical cell with electrolyte, and
measuring the steady-state current response of that Si photodiode.
Depositions utilizing a single diode with λavg = 630 nm or two such
diodes simultaneously to provide illumination were performed with a
total light intensity of 13.7 mW cm−2 at the electrode. Depositions
utilizing the diodes with λavg = 630 and 775 nm in conjunction were
performed with a total light intensity of 30.0 mW cm−2.
Microscopy. SEMs were obtained with a FEI Nova NanoSEM 450
at an accelerating voltage of 5.00 kV with a working distance of 5 mm
and an in-lens secondary electron detector. Micrographs obtained for
quantitative analysis were acquired with a resolution of 172 pixels
μm−1 over ca. 120 μm2 areas. Micrographs utilized to produce display
ﬁgures were acquired with a resolution of 344 pixels μm−1 over ca. 8
μm2 areas.
Simulation of Film Morphology. The growths of the photoelectrochemically deposited ﬁlms were simulated with an iterative
growth model wherein electromagnetic simulations were ﬁrst used to
calculate the local photocarrier-generation rates at the ﬁlm surface.
Then, mass addition was simulated via a Monte Carlo method wherein
the local photocarrier-generation rate weighted the local rate of mass
addition along the ﬁlm surface.
Growth simulations began with a bare, semi-inﬁnite planar Si
substrate. In the ﬁrst step, the light-absorption proﬁle under one or
two linearly polarized, plane-wave illumination source(s) was
calculated using full-wave ﬁnite-diﬀerence time-domain (FDTD)
simulations with periodic boundary conditions along the substrate
interface. In the second step, a Monte Carlo simulation was performed
in which an amount of mass, equaling that of a 10 nm planar layer that
covered the simulation area, was added to the upper surface of the
structure with a probability F:

CONCLUSIONS
Nanopatterned Se−Te ﬁlms were photoelectrochemically
prepared using simultaneous illumination from two light
sources with discrete linear polarizations. Films grown with
two nonorthogonally polarized, same-wavelength sources
displayed lamellar morphologies wherein the long axes of the
structures were aligned along the intensity-weighted average
polarization vector. Such behavior was consistent with
simulations of light scattering at the solution-ﬁlm interface at
the onset of photoelectrochemical growth. Simulations of the
growth with such illumination showed that the emergence of
the observed morphologies could be understood by considering
the fundamental light-matter interactions during deposition.
Structures consisting of two sets of intersecting, orthogonal
lamellae were generated when two orthogonally polarized
illumination sources were utilized wherein the periodicity and
feature size of each set of lamellae was proportional to the
wavelengths of the illumination source polarized along their
long axes. The evolution of such morphologies was consistent
with simulations of light absorption in idealized intersecting
lamellar structures, which indicated that the lamellae preferentially absorbed light polarized with the electric ﬁeld vector
parallel to their long axes. The cumulative data suggests that
under the conditions investigated, the morphology of the
photoelectrodeposit is sensitive simultaneously to the polarization of both sources utilized during growth. Additionally, the
use of such tailored optical excitation provides control over the
pattern orientation and enables the generation of threedimensional structures that cannot be produced with a single
polarization.
METHODS
Materials and Chemicals. (CH3)2CO (ACS grade, BDH),
CH3OH (ACS grade, EMD), H2SO4 (ACS Reagent, J. T. Baker),
HF (49%, Semiconductor grade, Puritan Products), In (99.999%, Alfa
Aesar), Ga (99.999%, Alfa Aesar), SeO2 (99.4%, Alfa Aesar), and TeO2
(99+ % Sigma-Aldrich) were used as received. H2O with a resistivity of
≥18.2 MΩ cm (Barnstead Nanopure System) was used throughout.
n+-Si(111) (0.004−0.006 Ω cm, As-doped, 400 ± 15 μm, single-side
polished, Addison Engineering) was used as a substrate for deposition.
Flash-Dry Silver Paint (SPI Supplies), Double/Bubble Epoxy (Hardman), and nitrocellulose-based nail polish were used to assemble the Si
working electrodes.
Electrode Preparation. One end of a Sn-coated Cu wire (22
AWG) was bent to form a small, ﬂat coil and the wire was then
threaded through glass tubing (6 mm O. D.) such that the coil was just
outside the tubing. Epoxy was applied to seal the end of the tube from
which the coil protruded. Square Si wafer sections (ca. 5 mm by 5
mm) were cut, and a eutectic mixture of Ga and In was scratched into
the unpolished surfaces with a carbide scribe. The wire coil was then
contacted to the unpolished surface and aﬃxed with Ag paint. Nail
polish was applied to insulate the unpolished face, the wire−coil
contact, and the exposed wire between the coil and epoxy seal.
Immediately before deposition, the Si surface of each electrode was
clean sequentially with (CH3)2CO, CH3OH and H2O, and then the Si
section of the electrode was immersed in a 49 wt % solution of HF(aq)
for ∼10 s to remove any SiOx present at the surface of the Si. The
electrode was then rinsed with H2O and dried under a stream of
N2(g).
Photoelectrochemical Deposition. Photoelectrochemical deposition was performed using a Bio-Logic SP-200 potentiostat.
Deposition was performed in a single-compartment glass cell with a
pyrex window. A three-electrode conﬁguration was utilized with a
graphite-rod counter electrode (99.999%, Sigma-Aldrich) and a Ag/
AgCl reference electrode (3 M KCl, Bioanalytical Systems). Films
were deposited from an aqueous solution of 0.0200 M SeO2, 0.0100 M

⎡
τpτn ⎤ 3 x
F(G) = ⎢1 + G(n0τp + p0 τn) + G2 2 ⎥ ∏ i
n i ⎦ i = 1 ri
⎣

(1)

where G is the spatially dependent photocarrier generation rate at the
deposit-solution interface, ni is the intrinsic carrier concentration, n0 is
the electron concentration, p0 is the hole concentration, τn is the
electron lifetime, τp is the hole lifetime, xi is the fraction of ith nearest
neighbors occupied in the cubic lattice, and ri is the distance to the ith
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nearest neighbor. The product in the deﬁnition of this probability (eq
1) serves to reduce the surface roughness of the ﬁlm so as to mimic the
experimentally observed surface roughness.
After the initial Monte Carlo simulation, the absorbance of the new,
structured ﬁlm was then calculated in the same manner as for the
initial planar ﬁlm, and an additional Monte Carlo simulation of mass
addition was performed. This process of absorbance calculation and
mass addition was repeated for a total of 30 iterations.
General Parameters for Computational Modeling. Se−Te
ﬁlms were assumed to be undoped (i.e., n0 = p0 = ni) and a value of ni =
1010 cm−3 was used for the intrinsic carrier concentration.27 A value of
1 μs was used for both the electron and hole carrier lifetimes.28 A value
of n = 1.33 was used for the refractive index of the electrolyte
regardless of wavelength.29 Previously measured values of the complex
index of refraction for Se−Te were utilized.14 Illumination intensities
identical to those used experimentally (see above) were used in the
simulations. The electric ﬁeld vector of the illumination was oriented
parallel to the substrate. All FDTD simulations were performed using
the “FDTD Solutions” software package (Lumerical).
Simulations of Dipole Emitters. The time-averaged ﬁeld
amplitude resulting from two coherent dipole sources was calculated
using two-dimensional FDTD simulations. For simulations representing two illumination sources with diﬀerent polarizations, the ﬁeld
amplitude proﬁle was rotated about the simulation center and summed
with the original ﬁeld amplitude. A two-dimensional square simulation
mesh with a lattice constant of 14 nm was used.
Simulated Absorption Proﬁle of Idealized Intersecting
Lamella. Three-dimensional FDTD simulations were used to
calculate the normalized absorption proﬁle of two intersecting
idealized lamellar features. A three-dimensional cubic simulation
mesh with a lattice constant of 2 nm was used. The idealized structure,
from bottom to top, consisted of a semi-inﬁnite Si substrate, a 100 nm
conformal Se−Te layer, and two Se−Te lamellae with hemispherical
upper boundaries. The lamellae were either 200 or 400 nm tall as
indicated in the main text, as measured from the upper boundary of
the conformal layer.
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