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ABSTRACT: Au was photoelectrochemically deposited onto
cylindrical or tapered p-Si microwires on Si substrates to
proﬁle the photoinduced charge-carrier generation in individual wires in a photoactive semiconductor wire array. Similar
experiments were repeated for otherwise identical Si microwires doped to be n-type. The metal plating proﬁle was
conformal for n-type wires, but for p-type wires was a function
of distance from the substrate and was dependent on the
illumination wavelength. Spatially resolved charge-carrier
generation proﬁles were computed using full-wave electromagnetic simulations, and the localization of the deposition at
the p-type wire surfaces observed experimentally correlated
well with the regions of enhanced calculated carrier generation in the volumes of the microwires. This technique could potentially
be extended to determine the spatially resolved carrier generation proﬁles in a variety of mesostructured, photoactive
semiconductors.
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S

dimensional semiconductor mesostructures under conformal
illumination. Unlike planar materials, such structures display
signiﬁcant, inherent spatially anisotropic and complex, light
absorption in three dimensions.34,35 Si microwire arrays can be
grown with a high degree of ﬁdelity and control; provide
superior optical absorbance on a per unit mass basis than planar
Si; and have shown potential for use in photovoltaic, fuelforming photoelectrochemical, and sensing applications.42−46
In this work, Au was photoelectrodeposited onto arrays of
cylindrical or tapered Si microwires, using a series of
narrowband light sources providing excitation at a variety of
wavelengths. The localization of the Au deposition was
examined by scanning electron microscopy (SEM). Computer
modeling of carrier generation in the same structures was
performed to correlate the localization of the deposition with
the expected spatial distribution of the carrier generation in the
material.
Si microwire arrays were fabricated from planar Si wafers via
an inductively coupled plasma reactive-ion etching process
(ICP-RIE), as described in the Supporting Information. The pSi microwire arrays had a ∼3 μm wire diameter, 30 μm wire
height, and 7 μm wire pitch in a square lattice. Au was
photoelectrochemically deposited onto freshly etched wires
from an aqueous solution of 0.010 M HAuCl4 and 0.100 M

emiconductor mesostructures have been studied extensively due to their unique band gap energies, absorption
and reﬂectance properties, charge-transport pathways, and
increased surface area, relative to their planar counterparts.1−4
The ability to tailor such properties has made mesostructures
attractive architectures for applications in areas including
photonics,5−7 photovoltaics,8−11 electronics,12,13 catalysis,14−16
and sensing.17,18 Mesostructured semiconducting wire arrays
composed of elemental, binary compounds (e.g., group III−V,
II−VI, IV−VI) and ternary compounds have been synthesized.4,19−26 The macroscopic optoelectronic and electrochemical properties of such wire arrays have been experimentally characterized,27−31 but nanoscale analyses that aim to
provide a microscopic understanding of these properties have
been mostly limited to theoretical and computational methodologies.32−35
The optical excitation of photoactive semiconductor
substrates immersed in a metal−ion solution can provide the
driving force for deposition of a metal.36 Photoelectrochemical
metal deposition has been used to generate arbitrarily patterned
metallic deposits on semiconductor surfaces by use of a
photomask or by use of scanning laser illumination.37−41 The
localized illumination results in the spatially conﬁned
generation of mobile charge-carriers that are transported
toward the solid/solution interface and, subsequently, drive
localized electrochemical deposition. Herein, we demonstrate
the use of such a photoelectrochemical deposition process to
physically record the localization of carrier generation in three© 2016 American Chemical Society
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KCl. Deposition was eﬀected by biasing the microwire array
potentiostatically at −1.25 V vs Ag/AgCl (3 M) until a cathodic
charge density of 0.10 C cm−2 had been passed. The
illumination was provided from a selected narrowband lightemitting diode (LED). At this applied potential, the deposition
current density under illumination was ∼5 times the deposition
current density in the absence of illumination (Figure S1).
Figure 1a presents a cross-sectional SEM of a Si microwire
array onto which Au was photoelectrodeposited using a LED

Figure 2. (a−d) Representative SEMs of n-Si microwire arrays with a
∼3 μm wire diameter, 7 μm wire pitch, and 30 μm wire height in a
square lattice, upon which Au was photoelectrodeposited from a
HAuCl4 solution with a charge density of 0.10 C cm−2 using
narrowband LED illumination having λavg as indicated.

representative cross-sectional SEMs analogous to those
presented for the p-type arrays in Figure 1a−d. Such behavior
supports a notion that the anisotropic deposition observed on
the p-type Si microwire arrays is directed by light absorption
and photocarrier generation and transport, as opposed to
solution-based transport limitations in the void volume of the Si
microwire array. Electrodeposition at a p-type semiconductor
interface at a negative potential at room temperature without
illumination is ineﬀective due to a scarcity of mobile electrons
(minority carriers) in the material under such conditions.
However, light absorption in p-type materials results in the
generation of mobile electrons, which can approach the
interface and drive electrochemical reduction reactions.
Anisotropic light absorption may therefore result in anisotropic
deposition at the interface of a p-type material. In contrast, at
an n-type semiconductor interface, cathodic deposition does
not require illumination to proceed at signiﬁcant rates due to
the presence of mobile electrons (majority carriers) in the
material.
Computer modeling of photocarrier generation in illuminated Si microwire arrays was performed to assess the

Figure 1. (a−d) Representative SEMs of p-Si microwire arrays with a
∼3 μm wire diameter, 7 μm wire pitch, and 30 μm wire height in a
square lattice, upon which Au was photoelectrodeposited from a
HAuCl4 solution with a charge density of 0.10 C cm−2 using
narrowband LED illumination having λavg as indicated.

with an intensity-weighted average wavelength, λavg, of 461 nm.
The Au plating was radially symmetric, but enhanced
deposition was observed at the tips of the wires, with the
deposition diminishing rapidly along the axial dimension.
Figures 1b−d present analogous SEMs for depositions using
LEDs having λavg values of 516, 630, and 940 nm, respectively.
Increasing λavg decreased the axial deposition gradient, with
conformal deposition being approached for λavg = 940 nm. In
contrast, deposition of Au proceeded conformally onto n-type
Si microwire arrays that had nominally equivalent morphologies
to the p-type Si microwire arrays. Figure 2a−d presents
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anisotropy relative to the deposition under λavg = 461 nm
illumination. For λavg = 630 nm, the carrier generation proﬁle
was signiﬁcantly more isotropic than for the shorter wavelength
cases. However, the total generation in the ∼5 μm axial sections
at the top and bottom of the wire was greater than that in the
center of the wire. This calculated generation proﬁle matched
the photoelectrodeposition proﬁle observed experimentally
(Figure 1c), wherein signiﬁcant Au plating was observed
along the entire length of the wires, but with somewhat greater
density at the tops and bottoms. For λavg = 940 nm, the
calculated carrier generation was more uniform in the axial
dimension than for λavg = 630 nm. The total generation was
somewhat lower in the top and bottom ∼5 μm of the wire
relative to the generation in the center. The Au plating (Figure
1d) mirrored this observation, with generally conformal
deposition that was nevertheless lower at the very top and
bottom relative to the center. Thus, the localization of
photocarrier generation consistently agreed with the localization of the photoelectrodeposited Au, indicating that the
cathodic metal plating is directed by carrier generation in the ptype material under the conditions utilized in this work. Such a
phenomenon indicates that the micrographs of the metal
deposition provide a spatially resolved image of the relative
photocarrier generation rates in structured semiconductors,
provided that carrier transport occurs over suﬃciently short
distances to maintain the integrity of the linkage between the
locations of volumetric carrier generation and the minority
carrier ﬂux that produces surface-based metal deposition.
To examine the capability of the photoelectrodeposition
process to proﬁle photocarrier generation in arbitrary
mesostructured semiconductor arrays, several p-Si tapered
microwire arrays were evaluated. As with the cylindrical
microwires investigated herein, each tapered wire array
consisted of structures that were ∼30 μm in height on a 7
μm pitch in a square lattice. As with the cylindrical wires, the
tapered wires had a diameter of ∼3 μm at the tips of the wires.
The tapered wires had, however, a ratio of their base diameter
to tip diameter, ρ, of 1.4, 1.6, or 2.3 (ρ = 1 for cylindrical wires).
For wires with ρ = 1.4 and 1.6, the wire diameter tapered
linearly from tip to base, whereas for wires with ρ = 2.3 the
diameter tapered nonlinearly, producing a bottle-like shape.
Figure 4a−c depicts two-dimensional representations (sideview) of the simulated photocarrier generation rates in tapered
microwires with ρ = 1.4, 1.6, and 2.3, respectively, under
simulated illumination with λavg = 461 nm. In each case, the
simulations indicated the presence of a narrow, well-deﬁned
region at the very tip of the wires where the generation was
approximately an order of magnitude higher than in any other
region in the microwire volume, as observed for the cylindrical
wire at this wavelength (Figure 3a). For ρ = 1.6, a radially thin
region of elevated generation, extending 10 μm down from the
tip in the axial dimension, was observed in the radial center of
the wire. This behavior was, however, not observed for other
values of ρ at this wavelength. For ρ = 2.3, the generation at the
wire sidewalls was enhanced compared to the other structures,
in a manner consistent with increased collection of normal
incidence photons due to the signiﬁcant taper.
Figure 4d−f, g−i, and j−l present data analogous to that in
Figure 4a−c but using simulated illumination with λavg values of
516, 630, and 940 nm, respectively. As with the case of the
cylindrical wires, at these wavelengths, enhanced coupling to
the waveguide mode was observed in the generation proﬁles.
For λavg = 516 nm, and for wires with every value of ρ, the

correlation between the localization of the carrier generation
and the location of metal deposition on p-type arrays. Threedimensional, full-wave electromagnetic, ﬁnite-diﬀerence timedomain (FDTD) simulations were performed to compute the
spatially resolved photocarrier generation rates in wires in
arrays under plane-wave illumination. The rates are eﬀectively
independent of doping because the typically used dopant
concentrations are suﬃciently small that they do not aﬀect the
optical properties of the Si. Simulations were performed
considering wire arrays that had similar dimensions to those
utilized for photoelectrodeposition, under the same illumination proﬁles as those provided by the LEDs.
Figure 3a depicts a two-dimensional representation (sideview) of the simulated photocarrier generation rates in a

Figure 3. (a−d) Simulated relative photocarrier generation rates in Si
microwires with a 3 μm wire diameter and 30 μm wire height in a
square lattice with a 7 μm wire pitch under narrowband illumination
with spectral proﬁles having λavg as indicated.

microwire under simulated illumination with λavg = 461 nm.
The simulated generation in a well-deﬁned, narrow region near
the tip of the wire was at least an order of magnitude higher
than in any other volume of the wire, including that directly
below in the axial dimension. The photoelectrodeposition of Au
at this wavelength (Figure 1a) mirrored this localization in that
the majority of the Au plated near the tip of the wire. Figure
3b−d display representations of the photocarrier generation
rates analogous to that presented in Figure 3a but with values of
λavg of 516, 630, and 940 nm, respectively. At these longer
wavelengths, the carrier generation proﬁles displayed waveguide
characteristics that are more readily apparent than for λavg = 461
nm, due to the high Si absorption coeﬃcient at this wavelength.
Waveguide behavior was observed despite microscale wire
dimensions, consistent with previous reports on semiconductor
nanowire absorption.1,47 For λavg = 516 nm, as with λavg = 461
nm, generation near the tip of the wire was generally at least an
order of magnitude higher than at other axial locations in the
microwire. For λavg = 516 nm, the region of high generation
near the tip was thicker, and generation throughout the rest of
the volume was mostly equivalent or higher than the proﬁle
calculated for λavg = 461 nm. The localization of carrier
generation for λavg = 516 nm was also similar to that observed
experimentally for Au photoelectrodeposition, as shown in
Figure 1b, where the plating was concentrated axially in a
region near the tip of the wire, but with diminished axial
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with the observations for λavg = 461 nm. For λavg = 630 nm, the
simulated generation in the tapered wires was generally
described by a region of radially thick high generation near
the tips of the wires, with similarly high generation in a radially
thin region at the wire center throughout the entire axial length.
The region of radially thick high generation near the tips was
longer in the axial dimension for all values of ρ with λavg = 630
nm than with λavg = 461 or 516 nm. However, the axial length
of this region decreased as ρ increased. For ρ = 1.4, less
generation in the second quarter from the top of the wire and
additional generation in the bottom quarter were observed
relative to the wires with greater ρ values. For λavg = 940 nm, a
signiﬁcant concentration of generation in the wire tip relative to
the rest of the microwire volume was not observed for any
value of ρ. Rather, the carrier generation was generally
consistent in the axial dimension, with highest generation
concentrated in the center of the wire volume. However, as ρ
increased, the generation did appear to decrease somewhat in
the bottom half of the wire.
Figure 5 presents experimental data complementary to the
modeling data shown Figure 4 and is arranged in an analogous
fashion. Speciﬁcally, Figure 5a−l presents cross-sectional SEMs
of tapered p-Si microwire arrays with values of ρ = 1.4, 1.6, and
2.3, wherein Au was photoelectrodeposited with LEDs having
λavg values of 461, 516, 630, and 940 nm, respectively, in the
same manner as for the cylindrical wires (Figure 1). At every
value of ρ, photoelectrodeposition with λavg = 461 nm
illumination resulted in very dense Au plating at the very tip
of the wires, consistent with the well-deﬁned, narrow highgeneration region indicated by the simulations in this volume of
the wires (Figure 4a−c) and with the behavior observed for the
cylindrical case (Figure 1a). For ρ = 1.6, photoelectrodeposition was also observed below the tip in the top half of the wires,
consistent with elevated generation observed via simulation in
the center and near the sidewalls in this volume of the wire
(Figure 4b). Similarly, for ρ = 2.3, sparse deposition was
observed over the full axial dimension below the tip, consistent
with the simulated prediction of elevated sidewall generation
(Figure 4c). Photoelectrochemical Au plating with λavg = 516
nm illumination on wires with ρ = 1.4 resulted in a gradient of
deposition in the top half of the wire, wherein dense plating
near the tip transitioned to sparse near the axial midpoint. For ρ
= 1.6, signiﬁcant deposition was observed from the top of the
wire down to the axial midpoint and also in the axial bottom
quarter. This result is consistent with the simulations (Figure
4d,e), which indicated signiﬁcantly enhanced generation rates
in the same axial segments for which Au plating was observed.
For ρ = 2.3, heavy plating was observed near the top of the
wire, with substantial, but less dense, deposition in axial top half
and sparse deposition in the bottom half. The relatively higher
deposition in the top half of this structure is consistent with the
prediction of generation concentration in this volume (Figure
4f). Utilization of λavg = 630 nm illumination for deposition on
wires with ρ = 1.4 resulted in signiﬁcant deposition over the
axial top quarter and bottom half of the wires and sparser
deposition over the second quarter. Deposition with λavg = 630
nm illumination on wires with ρ = 1.6 and ρ = 2.3 resulted in a
gradient of Au plating, with signiﬁcant deposition at tops of the
wires and sparse deposition near the bottoms. These results are
consistent with the concentration of generation along the axial
dimension of the wires, as predicted by the simulations (Figure
4g−i). Deposition with λavg = 940 nm illumination on wires
with ρ = 1.4 resulted in relatively conformal plating. This

Figure 4. (a−l) Simulated relative photocarrier generation rates in
tapered Si microwires with a 3 μm wire top diameter and 30 μm wire
height in a square lattice with a 7 μm wire pitch under narrowband
illumination with spectral proﬁles having λavg as indicated. The ratio of
the wire diameter at the base to that at the top (ρ) is indicated.

simulations each exhibited an axially well-deﬁned, radially thick,
region of high generation near the top of the wire, with a
radially thin region of similarly high generation extending for
several microns directly below through the radial center of the
wire. Such results were consistent with the cylindrical case
(Figure 3b). However, for ρ = 1.4, the region of radially thin
high generation extending below the tip was more pronounced
and extended >5 μm down the axial dimension. For ρ = 1.6,
this same region extended approximately midway down the
axial dimension of the wire, and a second, similarly shaped, high
generation region was observed in the bottom quarter of the
wire. For ρ = 2.3, the region of high generation extending
below the tip was axially shorter than observed for the other
shapes, but an isolated, radially thin region of high generation,
<5 μm long in the axial dimension, was observed ∼10 μm from
the top of the wire. Enhanced generation at the sidewalls was
also observed for ρ = 2.3 relative to the other shapes, consistent
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Figure 5. (a−l) Representative SEMs of tapered p-Si microwire arrays with a ∼3 μm wire top diameter, 7 μm wire pitch, and 30 μm wire height in a
square lattice, upon which Au was photoelectrodeposited from a HAuCl4 solution with a charge density of 0.10 C cm−2 using narrowband LED
illumination having λavg as indicated. The ratio of the wire diameter at the base to that at the top (ρ) is indicated.

conformality matched the lack of axial generation concentration
indicated by the modeling (Figure 4j). Results for deposition
with λavg = 940 nm illumination on wires with ρ = 1.6 and 2.3
were similar, but with sparser deposition in the axial bottom
halves of the wires. The simulations predict a similar amount of
total generation in these structures as for those with ρ = 1.4, but
because the spatial volume is larger, the generation
concentration is lower, consistent with the experimental
observations.
The collective data suggest that the spatially varying relative
charge-carrier generation rates in a p-type semiconductor
mesostructure under illumination can be physically recorded via

cathodic photoelectrodeposition of a metal. For each p-Si
microwire array and illumination spectrum investigated, the
localization of Au deposited photoelectrochemically on the
surface directly correlated with the relative concentration of
carrier generation in the adjacent volume of the structure, as
determined by computer simulation. In this work, computational assessment of the spatial dependence of charge-carrier
generation was in part enabled by the high degree of uniformity
and symmetry in the wire arrays. Each wire was considered as
an identical element in a semi-inﬁnite square lattice, and
periodic boundary conditions were utilized to simulate a
macroscopic array by considering only a microscale volume.
5019
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Analysis of mesostructures without signiﬁcant uniformity and
order thus could be computationally intractable, but still carried
out rapidly via the photoelectrochemical proﬁling technique
described herein. This method may be of particular interest for
interrogation of materials generated by low temperature, wetchemical, and maskless techniques.48−53 In this work, Si was
utilized for demonstration, but since the imaging relies only on
the light absorption and charge separation abilities intrinsic to
semiconductors, the method should be readily generalizable to
a wide class of materials. Similarly, Au was utilized as the
marker material, but any metal that can be electrochemically
deposited in a potential window compatible with the
semiconductor may also be utilized. Additionally, while in
this work cathodic deposition was used to record generation on
a p-type material, n-type materials may be similarly treated
using oxidative deposition to apply the marker or even possibly
by anodization of the material itself.54,55 Anodic photoelectrochemical etching of semiconductor surfaces using
illumination with spatially varying intensity has been used to
generate microlenses, diﬀraction gratings, and transformation
optics.56−58 Moreover, the potential to direct spatially localized
deposition on an array of semiconductor materials and
morphologies suggests that photoelectrodeposition may be
used as a template-free technique to selectively decorate
semiconductor surfaces. This strategy could utilize conformal
illumination without a photomask and thus potentially generate
features with sizes unconstrained by the optical diﬀraction limit.
The deposition anisotropy could then be controlled by varying
the excitation spectra to tune the spatial concentration of
carrier generation in the structures.59 Such a methodology may
be utilized to place reﬂector materials for photovoltaic
applications, catalysts for photoelectrochemical fuel generation
systems, and conductive contacts for microelectronics.60−65
In summary, photoelectrochemical deposition of Au onto
cylindrical p-Si microwire arrays resulted in spatially anisotropic
metal plating at the microwire surface, wherein the localization
of the plating was a function of the illumination wavelength.
The same deposition process was repeated with n-Si wire
arrays, and conformal deposition was observed regardless of
wavelength. The spatial distribution of the photoinduced
charge-carrier generation rates in the wires, as derived from
computer simulations using a FDTD method, correlated well
with the localization of the metal deposition observed
experimentally. Analogous simulations of the spatially resolved
photocarrier generation rates in a series of related p-Si
microwire arrays with tapered (noncylindrical) wires was also
performed. Photoelectrodeposition was then performed on
wires arrays with equivalent morphologies to those simulated,
and the metal plating at the wire surfaces was observed to be a
function of carrier generation concentration in the adjacent
wire volume. The photoelectrodeposition of metals on
semiconductor mesostructures thus appears to be of use for
proﬁling charge-carrier generation in such structures. Additionally, the technique appears to be of potential use for maskless,
directed deposition of materials with subwavelength features.
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