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ABSTRACT: In recent photovoltaic research, nanomaterials have offered
two new approaches for trapping light within solar cells to increase their
absorption: nanostructuring the absorbing semiconductor and using
metallic nanostructures to couple light into the absorbing layer. This work
combines these two approaches by decorating a single-nanowire silicon
solar cell with an octahedral silver nanocrystal. Wavelength-dependent
photocurrent measurements and finite-difference time domain simulations
show that increases in photocurrent arise at wavelengths corresponding to
the nanocrystal’s surface plasmon resonances, while decreases occur at
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wavelengths corresponding to optical resonances of the nanowire. Scan-

ning photocurrent mapping with submicrometer spatial resolution experimentally confirms that changes in the device’s
photocurrent come from the silver nanocrystal. These results demonstrate that understanding the interactions between nanoscale
absorbers and plasmonic nanostructures is essential to optimizing the efficiency of nanostructured solar cells.
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hotovoltaic conversion of sunlight to electricity is a promis-

ing and proven technology for large-scale production of
energy from a renewable source.”” To generate electricity
efficiently, however, a photovoltaic cell must absorb most of
the solar spectrum as well as collect the photogenerated carriers
with minimal losses to recombination. For planar solar cells, this
combined task can be difficult because the thickness of material
required for adequate absorption of light is often greater than the
distance over which photogenerated charges can be efficiently
collected.

Semiconductor nanostructures offer new approaches to meet
these requirements for absorption and charge collection.” Be-
cause of their ability to scatter and trap incident light, arrays of
vertically aligned micro- and nanowires absorb more light than
their planar counterparts,*”” while individual nanowires support
optical resonances that can increase their absorption at various
wavelengths.® '® Additionally, a core—shell wire geometry al-
lows absorption of light over the full length of the wire while
maintaining the wire’s much smaller radius as the relevant distance
for charge collection."" As all of these effects arise from the geometry
of nanowires, such nanostructuring offers a way to improve a
material’s absorption without modifying its composition.

Metal nanostructures also offer intriguing possibilities for
increasing absorption of light in poorly absorbing materials. At
a metal’s surface, collective oscillations of the free electrons
produce excitations known as surface plasmons. The resonance
frequencies of these plasmons depend sensitively on the metal’s
free electron density and band structure, the nanostructure’s size
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and geometry, and the local dielectric environment.”">~** Exci-
tation of surface plasmons by incident light leads to intense
evanescent electric fields at the nanostructure’s surface, particu-
larly at sharp edges and points,'®"” as well as to enhanced scatteri-
ng and absorption cross sections.'® Both evanescent and scat-
tered fields can yield increased absorption of light within the
surrounding dielectric media,'”>* which then leads to higher
energy conversion efficiencies in solar cells.”>~** Since the plasmo-
nic properties of metal nanostructures are tunable throughout the
visible and near-infrared regions of the spectrum,””” they offer
another way to modify the absorption of a solar material without
changing its composition.

In either approach used to improve absorption, nanostructur-
ing the dielectric solar material or coupling it to metal nano-
structures, light interacts with subwavelength features. In this
work, a silicon single-nanowire solar cell decorated with an
octahedral silver nanocrystal combines these two approaches,
and the nanocrystal modifies the nanowire’s photocurrent in a
highly wavelength-dependent manner. Three-dimensional finite-
difference time domain (FDTD) simulations of the nanowire’s
absorption of light agree well with the experimental photocurrent
measurements. The simulations show that increases in the
photocurrent result from the surface plasmon resonances of
the nanocrystal, while decreases occur at the wavelengths of the
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Figure 1. Fabrication scheme (a) and typical I—V curve under simulated solar illumination (b) of a suspended silicon single-nanowire solar cell. The
inset in (b) is a side view SEM image of a completed device with false coloring to denote the p (green) and n (blue) contacts and the core—shell
region of the device (brown). Scanning photocurrent map of a single-nanowire solar cell (c) and its corresponding scanning optical image
collected simultaneously (d). Lighter regions in the optical image correspond to regions of reduced reflection. The scans were taken at

A =442 nm, P~ 7 W/cm?.

nanowire’s optical resonances. Such insight into how the nano-
wire’s absorption of light arises from the metal nanocrystal-
nanowire interaction is essential to the design of eflicient nano-
structured solar cells.

Silicon single-nanowire solar cells suspended above the sub-
strate were fabricated using chemical vapor deposition (CVD)
and standard high-temperature doping processes (Figure 1la,
details in Supporting Information). Briefly, trenches were etched
to the buried oxide layer in heavily doped p-type silicon-on-
insulator (SOI). Using gold colloids as catalysts for one-dimen-
sional growth, silicon nanowires were grown to bridge the
trenches above the substrate.®® The wires were then doped
p-type with boron in a gas-phase reaction and subsequently
masked with silicon dioxide deposited using plasma-enhanced
chemical vapor deposition (PECVD). Photolithography and wet
etching removed the mask from one end of the nanowires and
one of their contacts, and the rectifying junction was formed
by n-type vapor-phase doping with phosphorus. The PECVD-
deposited oxide mask was permeable to the phosphorus dopant,
but the difference in the thickness of the mask on each wire and
its unexposed contact resulted in a core—shell p-n junction in
only the wire, as confirmed by scanning photocurrent mapping,
discussed below. After removal of the mask, the devices were
coated with 4 nm of aluminum oxide deposited by atomic layer
deposition to serve both as a surface passivation layer and later as
a dielectric spacer between the nanowire solar cells and the
octahedral silver nanocrystals. A false-color scanning electron
microscopy (SEM) image of a typical finished device denotes the
p-type contact, the core—shell region of the nanowire, the fully
n-type region of nanowire, and the n-type contact (inset, Figure 1b).

Current—voltage (I—V) measurements and scanning photo-
current mapping confirmed that individual nanowires functioned
as solar cells. Measured under simulated 1-sun, AM 1.5G illumination,
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the I—V curve for a typical device (Figure 1b) shows a short-
circuit current of 108 pA, an open-circuit voltage of 0.32 V, and a
fill factor of 0.59. Scanning photocurrent mapping was used to
visualize the active region of individual devices. By comparing the
scanning photocurrent map (Figure 1c) and the optical image
obtained simultaneously (Figure 1d), it is clear that only the
core—shell region of the nanowire is active, not the n-type region
or either of the contacts. The inactivity of the n-type side of the
nanowire results from a short minority carrier diffusion length in
that region, which is consistent with the high doping level
expected from the phosphorus doping reaction. The uniform
photocurrent along the length of the wire that shows no decay
indicates that the junction is core—shell. While such uniform
photocurrent would also appear if the minority carrier diffusion
length were much longer than the nanowire’s physical length,
scanning photocurrent mapping of axial junctions produced by
shortening the phosphorus diffusion time indicates that the
minority carrier diffusion length within the nanowire is less than
1 um (Supporting Information, Figure S1).

Experimental measurements and numerical simulations show
that the nanowire solar cell exhibits peaks in its photocurrent
at wavelengths corresponding to the wire’s optical resonances.
The spectrally resolved short-circuit current, normalized to the
incident photon flux, is shown for a nanowire with a diameter of
288 nm (Figure 2a). Because silicon absorbs weakly in the red
and near-infrared wavelengths,®' the experimental setup was
modified slightly (Supporting Information) to measure these
wavelengths; therefore, the short (Figure 2a) and long wave-
length (Figure 2b) data appear separately. Error bars reflect the
precision of the experimental setup and were calculated from
one standard deviation of six replicated photocurrent measure-
ments taken at every wavelength on the same device. While
the absorption coeflicient of silicon decreases monotonically
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Figure 2. Measured photocurrent spectra of a single-nanowire solar cell (288 nm diameter) without (blue) and with (red) a single silver octahedron in
the 400—650 nm (a) and 650—1000 nm (b) regions. Three-dimensional FDTD simulations of absorption within the wire without (blue) and with (red)
the silver octahedron are overlaid onto the experimental plots. The inset in (a) shows the simulated geometry as determined by side view SEM images of
the device (c, inset). Error bars on the experimental measurements reflect the precision of the experimental setup. The change in photocurrent caused by
the silver octahedron, relative to its initial value, was extracted from (a) and (b) and plotted in (d) along with the change predicted by the simulation

(black).

throughout this wavelength region,31 the silicon nanowire solar
cell exhibits many small peaks in its photocurrent spectrum
(Figure 2a,b). A three-dimensional FDTD simulation of the
hexagonally faceted nanowire under illumination was used to
calculate the nanowire’s absorption. The results are superim-
posed on the experimental photocurrent data (Figure 2a,b).
Clear peaks appear in the nanowire’s simulated absorption
spectrum and correspond to optical modes within the nanowire
that are determined by its geometry, an effect that has been
characterized well in germanium and silicon nanowires.*>” The
peaks in the experimental spectrum are less well defined than
those in the simulation likely because the nanowire in the
experiment was tapered. Two-dimensional FDTD simulations
predict that the wavelengths of the optical modes in a silicon
nanowire are highly sensitive to its diameter (Supporting
Information, Figure S2a). Although the nanowire’s diameter
changes by only 20 nm over 9.5 um, this tapering broadens
the wire’s optical resonances, which causes closely spaced
peaks, such as those in the blue region of the spectrum,
to merge (Supporting Information, Figure S2b). Since the
nanowire solar cell has a core—shell junction, the device’s inter-
nal quantum efficiency should be nearly constant for all wave-
lengths™"" so that the photocurrent spectrum reflects differences
in the nanowire’s absorption at each wavelength. The nano-
wire devices responded linearly to changes in light intensity
(Supporting Information, Figure $3), indicating that any changes

in photocurrent were directly proportional to their absorption
of light.

Immediately following characterization of the nanowire solar
cells, octahedral silver nanocrystals were deposited onto the
devices. The nanocrystals, whose edges measured about 270 nm,
were synthesized by the polyol method using 3poly(vinyl pyrroli-
done) (PVP) as the shape-controlling agent.** Capped in PVP,
the nanocrystals were suspended in ethanol and drop cast onto
the devices. After allowing the ethanol to dry, the devices were
rinsed in isopropanol and blown dry with nitrogen. Because of
the solution’s low concentration, typically only a single nano-
crystal was deposited onto an individual nanowire. Most often,
the nanocrystal adhered to the facet on the wire’s underside
(Figure 2c). Following the addition of the silver nanocrystal, the
short-circuit current was remeasured, and FDTD simulations
using the geometry shown in the inset of Figure 2a were used to
calculate the wavelength-dependent absorption of the nanowire
decorated with the nanocrystal (Figure 2a,b).

Plotting the relative change in photocurrent at each wave-
length reveals the highly wavelength-dependent effect of the
silver nanocrystal (Figure 2d). The experimental changes in photo-
current are in excellent agreement with those predicted by
the FDTD simulation, demonstrating that the simulation does
capture the relevant interactions between light and the nano-
crystal—nanowire structure. Notable features include the two
broad peaks in enhancement centered at 981 and 750 nm, as well
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Figure 3. Geometry of the plane of the simulated field plots in which the cross-sectional plane slices the edge of the octahedron (a). In the following
plots, dashed lines outline the octahedron’s rectangular edge and the nanowire’s hexagonal cross section. The nanowire and octahedron were simulated
as being illuminated by an x-polarized plane wave propagating in the negative z-direction. Simulated E, (b) and E, (c) in the y—z plane at the
octahedron’s edge at A = 981 nm. The unchanged phase of E, and the changing phase of E, in the z-direction indicate that the octahedron exhibits a
dipolar resonance along the x-direction (d, top left). Black arrows in (d) indicate the electric field lines with the phases of E,. (purple) and E, (green)
labeled. Because the simulation plane is cut at the edge of the octahedron, only the field components in the dashed boxes are visible. Simulated E,, (e) and
E, (f) in the y—z plane at the octahedron’s edge at 4 = 750 nm. The changing phase of E, and the changing phase of E, in the z-direction indicate that
the octahedron exhibits a quadrupolar resonance in the x—z plane (d, bottom right). Magnitudes of the field components are in arbitrary units.

as the several dips in absorption that occur at wavelengths
corresponding to the nanowire’s optical resonances. Although
the experimental photocurrent spectra were measured using
unpolarized light, the origin of these features can be better
understood by studying the simulated polarization-dependent
electric field distributions at the relevant wavelengths.

By considering the electric field distribution of the system
when illuminated by light polarized along the wire’s axis, the two
broad peaks in enhancement centered at 981 and 750 nm can be
attributed to the nanocrystal’s predominantly dipolar and quad-
rupolar surface plasmon resonances, respectively. The geometry
of the simulation is shown in Figure 3a, in which the cross-
sectional plane slices the edge of the octahedron. When the
particle and wire are excited by light propagating in the negative
z-direction and polarized in the x-direction, the phase of the x-
component of the electric field (E,.) at the edge of the octahedron
does not change in the direction of propagation, while the phase
of the z-component (E.) does change sign (Figure 3a,b). This
field orientation at the edge of the nanocrystal is consistent with
the expected electric field of a dipole surface plasmon resonance
(Figure 3c). At 750 nm, the phase of E, changes once and the
phase of the E, changes twice, which is consistent with the
particle’s quadrupolar resonance (Figure 3c—e). Since the light is
polarized parallel to the long axis of the nanowire, the silver
octahedron’s charge oscillations are perturbed uniformly along
their path by the nearby dielectric; consequently, the optical
response reflects the free-space resonances of the nanocrystal but

shifted to longer wavelengths by the polarizability of the local
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dielectric (Supporting Information, Figure S4). This excitation
and its result are analogous to the common experimental geometry
in which a metal nanocrystal sitting on a dielectric substrate is
excited with light that is incident normal to the substrate.'**>**

In contrast, when the light is polarized along the y-direction,
the dielectric of the wire perturbs the charge oscillations asym-
metrically along their path. The geometry of this simulation is
shown in Figure 4a, in which the cross-sectional plane slices
through the center of the octahedron. At 981 nm, the several
lobes surrounding the nanocrystal in both E, and E, suggest that
the strong interaction between the particle and the wire causes
the charge oscillations to dephase, and the resonance takes on
some quadrupole character (Figure 4b,c). The absorption peak
of the nanocrystal —nanowire system for this polarization is blue
shifted from the same peak for x-polarized illumination, as
expected for the mixing of the dipole and quadrupole resonances
(Figure 4d). At 750 nm, similar nodal symmetry appears in the E,
and E, field components (Figure 4e,f), although the lobes are
more pronounced. This enhancement peak has red shifted from
its position for x-polarized illumination (Figure 4d), suggesting
that it too now reflects a mixture of the particle’s dipole and
quadrupole resonances. From both the y-polarized and x-polar-
ized field plots, it is clear that the solar cell’s increased photo-
current arises because the silver octahedron’s surface plasmon
resonances couple light into the wire.

A third notable feature in the photocurrent spectrum is the
sharp decrease in photocurrent near 660 nm. For x-polarized
light, the wire exhibits a whispering gallery resonance at 661 nm

dx.doi.org/10.1021/n12023806 [Nano Lett. 2011, 11, 5189-5195
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Figure 4. Geometry of the plane of the simulated field plots in which the cross-sectional plane slices through the center of the octahedron (a). In the
following plots, dashed lines outline the cross sections of the octahedron and the nanowire. The nanowire and octahedron were simulated as being
illuminated by a y-polarized plane wave propagating in the negative z-direction. Simulated E, (b) and E, (c) in the y—z plane at the octahedron’s center at
A =981 nm. The node in E, at the nanocrystal’s surface suggests that the resonance has partial quadrupole character. (d) Simulated change in the
nanowire’s absorption for unpolarized (red), y-polarized (green), and x-polarized (blue) illumination showing the dependence of the peak positions on
polarization. Simulated E, (e) and E, (f) in the y—z plane at the octahedron’s center at A = 750 nm. The similar symmetry also suggests quadrupole

character. Magnitudes of the field components are in arbitrary units.

at distances far from the nano-octahedron (Figure Sa). Closer to
the nanocrystal (Figure Sb,c), this resonance becomes distorted
and the field within the nanowire decreases, indicating that the
absorption in the wire is reduced locally because of the nano-
crystal. Under y-polarized illumination, a Fabry—Pérot resonance
exists in the wire at 657 nm, which is also locally perturbed by the
octahedron (Figure Sd—f), causing a reduction in absorption.
This decreased absorption at an optical mode of the solar cell has
been predicted theoretically*>*® and observed experimentally

in nanoscale thin-film solar cells that support propagating modes.
Such decreases are not expected, however, when the design of the
solar cell isolates the absorbing material from the plasmonic
metal structures with a relatively thick (~10 nm) dielectric
layer.*”** Since the octahedral nanocrystal does not exhibit a
resonance near 660 nm, the local disruption of the nanowire’s
modes arises from its geometric perturbation of the wire and
is expected to occur for any other such perturbation, such as a
dielectric particle or notch in the nanowire.

Scanning photocurrent mapping experimentally confirms that
changes in the device’s photocurrent do arise from the position
of the nanocrystal. Before the addition of the nanocrystal, the
nanowire displays uniform photocurrent throughout its active
area (Figure 1c). With the addition of the nanocrystal to the
underside of the wire, the photocurrent map shows a local-
ized increase in photocurrent at the position of the particle
(Figure 6a) and a point of reduced reflection appears in the
scanning optical image (Figure 6b). The small photocurrent
enhancement at 442 nm is consistent with the FDTD-simulated
increase in absorption for a nanowire of this size, 320 nm in

diameter (Figure 6c). The top and side view SEM images show
the octahedron on the underside of the wire (Figure 6d and
inset). The octahedron is clearly the source of the change in
photocurrent, which is in agreement with 31m11ar measurements
performed on silicon nanowire photodetectors;*> however, this
measurement cannot distinguish between local field enhance-
ment and far-field scattering effects since collection of the
photocurrent is not localized. While numerical simulations show
that some of the enhancement arises from near-field effects
(Supporting Information, Figure SS), scanning photocurrent
mapping suggests that some of the enhancement also arises from
far-field scattering because nanocrystals situated on the inactive
portion of the nanowire appear in the photocurrent maps
(Supporting Information, Figure S6).

Because all of the reported results arise from a single nano-
crystal on the solar cell’s active region that measures about
6.6 um in length, each additional isolated nanocrystal on the
wire’s underside is expected to create a comparable change in
the device’s photocurrent. If the nanocrystals were close
enough to couple to each other, however, the surface plasmon
resonances would change, and interactions between the wire
and these new resonances would have to be considered. As
demonstrated in the case of a single nanocrystal, new reso-
nances at wavelengths far from the nanowire’s modes would
enhance the photocurrent, but the case in which the resonances
of the nanowire and plasmonic particles occur at the same
wavelength requires further study. Additionally, since the
wavelengths of the nanowire’s resonances can be tuned by
changing the wire’s diameter and the nanocrystal’s resonances
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Figure 5. E, in the y—z plane under x-polarized illumination of A = 661 nm at positions along the wire of 700 nm (a), 140 nm (b), and 0 nm (c) from the
center of the octahedral nanocrystal (NC) showing the local perturbation of the nanowire’s whispering gallery mode. E, (de,f) under y-polarized
illumination of A = 657 nm at positions along the wire of 700 (d), 140 (e), and 0 nm (f) from the octahedron’s center showing the local perturbation of
the nanowire’s Fabry—Pérot mode. Magnitudes of the field components are in arbitrary units.
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Figure 6. Scanning photocurrent map (a) of the single-nanowire solar cell (320 nm diameter) shown in Figure lab after the addition of a silver
octahedron. Corresponding scanning optical image collected simultaneously showing the scattering at the position of the octahedron (b). Each scan is
approximately 12.6 4m x 6.3 um. The scans were taken with A = 442 nm, P~ 7 W/cm®. The enhancement in photocurrent is localized to the position of
the silver octahedron and is consistent with the enhancement in absorption predicted by an FDTD simulation for a nanowire of this size (c). Top view
SEM of the same device (d), and the inset is a side view SEM of the octahedron attached to the wire.

are sensitive to the particle’s size and shape, much latitude exists
for tailoring the interaction between the wire and nanocrystal to
optimize enhancement of the photocurrent.

In conclusion, the wavelength-dependent effect of an octahe-
dral silver nanocrystal on the absorption of a silicon nanowire
solar cell has been quantified experimentally and interpreted
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using FDTD simulations. Increases in the nanowire’s absorption
and photocurrent arise from the coupling of the nanocrystal’s
dipolar and quadrupolar resonances to the wire. Decreases occur
at wavelengths for which the particle perturbs the resonances of
the nanowire itself; consequently, when seeking to enhance the
performance of nanostructured solar cells using plasmonic
nanocrystals, care must be taken to ensure that the enhance-
ments in photocurrent outweigh the losses. For isolated nano-
crystals, simulations and scanning photocurrent mapping indi-
cate that the observed increases in photocurrent do arise from the
nanocrystal and result from both near-field interactions and far-
field scattering. Clearly, when engineering light trapping using
nanoscale absorbers and plasmonic nanostructures, understand-
ing all the interactions between these structures is key to making
efficient nanostructured solar cells.
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