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ABSTRACT: Metallic and dielectric nanostructures have highly
tunable resonances that have been used to increase light
absorption in a variety of photovoltaic materials and device
structures. Metal nanowires have also emerged as a promising
candidate for high-performance transparent electrodes for local
contacts. In this Letter we propose combining these electrical and
optical functions. As a first step, we use rigorous solutions to
Maxwell’s equations to demonstrate theoretically extreme
absorption in semiconductor thin films wrapped around metal

nanowires. We show that there are two key principles underlying

this extraordinary light trapping effect: (1) maximizing the
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absorption of each individual resonance by ensuring it is critically coupled and (2) increasing the total number of degenerate
resonances. Inserting a metal core into a semiconductor nanowire creates such a degeneracy: polarization-dependent Mie
resonances are transformed into polarization-independent Fabry-Pérot-like resonances. We demonstrate that, by reducing the
polarization sensitivity and increasing the number of critically coupled modes, this hybrid coaxial nanowire geometry substantially
outperforms solid semiconducting nanowires, even though the semiconductor volume is significantly reduced. These results
suggest that metal nanowires with semiconductor shells might be ideal building blocks for photovoltaic and solar fuel

applications.
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hotovoltaics provide a clean and abundant source of

energy but are currently too expensive to compete with
grid electricity prices.' > Wafer-based silicon solar cells can
have very high conversion efficiencies but also require extensive
material purification and batch processing which lead to high
manufacturing costs and low throughputs.* Thin-film cadmium
telluride solar cells have extremely low manufacturing costs and
high throughputs, but due to their somewhat lower efliciencies,
the installed cost is similar to that of crystalline silicon. This
trade-off exists for many solar technologies: thick semi-
conductor layers are needed to absorb all of the above band
gap photons, while thin layers are needed to efliciently extract
carriers.” However, an ideal solar cell would achieve both: near
unity absorption in thin layers. Combined with the reduction of
material and fabrication costs, this indicates that efficient light
trapping is essential for cheap photovoltaics.

Over the past decade, light trapping research has shifted
focus from large-scale texturing intended to increase scattering
within the ray-optics limit to nanoscale patterning designed to
confine photons in the active layer via optical resonances and
waveguide modes.>™ This shift has been enabled by the
flourishing field of nanophotonics, which has demonstrated
impressive control over photon confinement using both
metallic'®"" and dielectric resonators.'”> By making the
resonator from an absorbing material, the high field intensities
inside the structure can directly contribute to improved
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absorption”” and even photocurrent.”” The nanowire

geometry is particularly interesting as it allows for excellent
charge extraction>™"” and a large optical cross section.'®"?
Although single crystalline semiconducting nanowires have
already shown excellent charge extraction properties, metal
nanowires have higher conductivity and should therefore
provide a more effective local contact. In fact, metal nanowire
networks have already been demonstrated as high-performance
transparent electrodes in touch-screen, display, and photo-
voltaic applications.”® One of the limiting factors for such next
generation electrodes is the parasitic optical absorption loss
caused by reflected and scattered light.'®*"** Here we propose
eliminating these so-called shadowing losses by embedding
metal nanowires in an ultrathin semiconducting shell. Although
this geometry has been studied before for photovoltaics® and
metamaterials,”* the parameter space showing optimal
absorption (ultrathin shells) was not explored. We show that
this core—shell geometry efficiently couples light normally
reflected and scattered by the metal core into photonic
resonances in the shell. This hybrid core—shell geometry leads
to an absorption efficiency ((#,,s)am15) equivalent to nearly
100% (normalized to the nanowire’s projected diameter) of
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Figure 1. (a) Schematic view of a metal-semiconductor core—shell
nanowire, with from left to right the TM,;,, TM;,, and TE;,
resonances, excited at different wavelengths. (b) The fraction of
absorbed above-band gap photons in the amorphous silicon shell for a
wide variety of configurations.

photons with an energy above that of the band gap (averaged
over the AM1.5 spectrum, Figure 1). As with previous studies
of nanowire optical antennas (both theoretical and exper-
imental), these results cannot be simply translated to large area
devices due to the well-known antenna effect and coupling
between adjacent nanoscale resonators.'*'#'%>>2¢ However,
we can directly compare our absorption results with those of
other isolated nanowire resonators. Here we demonstrate that
horizontal metal nanowires with ultrathin shells show higher

semiconductor absorption than solid nanowires. This excep-
tional performance arises because our proposed structures
provide the ability to critically couple multiple resonances in
both polarizations just above the band gap energy. Therefore
we show that this geometry combines the absorption benefits of
ultrathin semiconductor layers recently observed in planar
structures””*® with the high optical cross sections caused by the
antenna effect in nanowires to provide outstanding absorption
with less material, while integrating a transparent electrode
contact.

We begin our discussion by using a solid semiconductor
nanowire as a simple model system to illustrate the importance
of critically coupled resonances and polarization degeneracy.
Next we show how inserting a metal core into a semi-
conducting nanowire transforms polarization-dependent Mie
resonances into nearly polarization-independent Fabry-Pérot-
like resonances. Finally, we compare the core—shell nanowire
to a solid semiconductor nanowire to elucidate how an
additional critically coupled resonance in the TE polarization
leads to enhanced absorption.

Our absorption calculations use Mie theory, a powerful and
well-known tool to analyze the optical properties of (infinitely
long) nanowires.”® In Mie theory, the total scattering and
absorption cross sections in each polarization are expressed as a
summation:

[So]
TE _ ~TE TE
Cabs — “abs,0 +2 z Cabs,m
m=1

(1)
where CEE

bem 15 the absorption cross section for TE polarized
light in the mth angular momentum channel. In other words, m
describes the number of angular nodes in the field distributions.
Note that channels with m > 1 contribute twice as much to the
total cross section as the lowest order, m = 0 channel, due to
degeneracy in the azimuthal phase (clockwise and counter-
clockwise propagation). Hereafter we will refer to the individual
channels as TE,, and TM,,. Within each channel there are
“leaky mode resonances”, TE,; and TM,,;, which have
previously been shown to correspond to peaks in the scattering
and absorption spectra of nanowires.”*° The additional index
(subscript 1) that defines each of these resonances describes the
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Figure 2. (a) 2D color plot of the absorption efficiency for a range of wavelengths and a-Si nanowire diameters. The white, black, red, and yellow
lines correspond to resonances (see SI for details). (b) The absorption loss rate 7; (green) and radiative loss rates y, for the TMy, (red) and TM,
(blue) resonances. The intersection points indicate where the resonances are critically coupled. (c) Absorption cross sections for the TM, (red) and
TM,, (blue) resonances in 22 and 102 nm diameter a-Si nanowires, respectively. The dashed line is the fundamental absorption limit for a single

channel, 1/27.
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number of radial field maxima within the nanowire. This
notation is similar to the one used for atomic orbitals to
designate principle and angular quantum numbers, which also
are related to the number of radial and angular nodes,
respectively. These geometrical resonances occur for fixed
values of nkyr, where n is the refractive index of the nanowire
material, k; is the free space wavevector, and r is the radius of
the cylinder.®" Thus, one can tune the resonant wavelength by
changing the diameter of the nanowire. This is clearly visible in
Figure 2a, where the unpolarized absorption efficiency
spectrum of an amorphous silicon nanowire under normal
incidence is shown as a function of the nanowire diameter.

The absorption efficiency is defined as (see Supporting
Information for details):

Cp ko /2” /’0 )
=2 = e"(r)E(r, @)I°r dr d
ﬂabs Cgeo 2 E02 0 o ( ) ( ¢) Q@

)
where C, and C,, are the absorption and geometric cross
sections, respectively, r, is the radius of the nanowire, &”(r) is
the imaginary part of the relative permittivity, E, is the incident
electric field amplitude, and E is the electric field. All dielectric
functions used in this work come from Palik.>* The white,
black, red, and yellow lines in Figure 2a come from mode-solver
calculations for the zeroth, first, second, and third order
resonances, respectively (see Supporting Information). Note
that in cylindrical coordinates the TM; and TE, channels are
degenerate.

The absorption efficiency of a specific resonance is not
constant for a given nkyr value, but always has a maximum at a
particular diameter/wavelength combination (Figure 2a, 16/
400 nm for TM,,, 110/600 nm for TM,;/TEy). To
understand this behavior, we turn to temporal coupled mode

theory,*** which shows us that the absorption cross section for
any single resonance in cylindrical coordinates is:>>
24 J A
abs,m,] — 2 2
T (0 — @) + (1, +7) (3)

Here A is the wavelength, w is the frequency, @, is the resonant
frequency, and y, and y; are the radiative and absorption loss
rates of the resonator. The absorption cross section thus
reaches a maximum on resonance (@ = @,), when 7, = ¥;:
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C —
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This condition is called critical coupling: the phase and
amplitude of the incident and scattered waves are matched to
yield complete destructive interference. This leads to the
highest energy inside the cavity and hence to the maximum
absorption cross section. The fundamental limit to absorption
in a sinégle channel can also be derived starting from Mie
theory.?

To illustrate that the absorption efficiency peaks correspond
to critical coupling, we show the radiative loss rates for the
TM,,; and TM;, resonances and the absorption loss rate for a-Si
in Figure 2b (see Supporting Information for calculation
details). The resonances are critically coupled where the loss
rates are equal. For further illustration, Figure 2c shows the
absorption spectrum of the critically coupled TM,, and TM;,
resonances plotted together with the fundamental limit to
absorption in a single channel (4/27, dashed line). Although

previously it has been shown that a single resonance

contributes most to broadband absorption in the extreme
overcoupling limit (y, > 7;),%’ this is not necessarily the case
for nanowires because the loss rates are connected: over-
coupling can only be achieved by simultaneously significantly
decreasing the absorption loss rate (see Figure 2b).

Note that the higher radiative loss rate for the TM,
resonance is directly related to the broader bandwidth in
Figure 2c. All higher order resonances have radiative loss rates
much lower than that of the TM;, mode. Paradoxically, this
means that for these higher order modes, absorption in the
semiconductor increases when the absorption coefficient decreases.
This highly counterintuitive result means that these optical
resonances are especially effective at improving absorption in
exactly the spectral regions that can benefit the most from light
trapping (for example near the band edge).

So far we have discussed single resonances that contribute to
a finite absorption band in only one polarization, but in
photovoltaic and solar fuel applications we want to achieve
broadband absorption in both polarizations. For a given
geometry we therefore calculate the integrated weighted
absorption efliciency over the solar spectrum:

[ EQn, (2) da
[ E) da (s)

Here 7, is given by eq 2, and F,(4) is the photon flux density
in the AM1.5 solar spectrum.”® The weighted absorption
efficiency reflects the total number of photons absorbed in a
single nanowire compared to the total above band gap photon
flux through the geometrical cross section. As noted earlier, the
absorption cross section in a single nanowire can exceed the
geometrical cross section, due to the well-known antenna effect
in subwavelength structures.”® This benefit becomes more
complex in large-scale nanowire array devices where coupling
must also be considered.

Figure 3a shows the weighted absorption efficiency for a solid
a-Si nanowire as a function of the nanowire diameter (in red).
We integrated over the solar spectrum from 280 to 730 nm (1.7
to 4.4 eV), which are the shortest wavelengths in the AML.S
solar spectrum and the band gap of a-Si, respectively. The peaks
that appear at approximately 25, 110, and 180 nm diameters
roughly correspond to subsequent resonances reaching critical
coupling: first the TMy, then the degenerate TM,,/TE,;, and
so forth. A maximum weighted absorption of 0.9 is achieved
when the TM,;/TE,, resonance is critically coupled (110 nm
diameter). While the TM,, resonance absorbs extremely
efficiently at small diameters, in that size range there is no
absorption in the TE polarization (solid and dashed blue curves
in Figure 3a respectively). This emphasizes the importance of
good response in both polarizations. Furthermore, below 200
nm a solid nanowire is more strongly absorbing in the TM
polarization because the TE, channel only contributes once to
the absorption cross section (singly degenerate, eq 1), while the
TM, contributes twice (doubly degenerate, eq 1).

A key strategy to enhance the absorption efficiency of a
nanostructure is to increase the number of supported
resonances while maintaining the same particle size.* This
strategy is most effective when one maximizes the number of
resonances that are critically coupled. Here, we will show that
the enhanced absorption in a core—shell nanowire is caused by
exactly this effect. To calculate the optical properties we
extended Mie theory for cylinders to core—shell nanowires (see
Supporting Information). Note that we want to maximize
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Figure 3. (a) Weighted absorption efficiency of a solid a-Si nanowire for unpolarized light (red), in TM (blue, solid) and TE (blue, dashed), as a
function of diameter. The peaks correspond to critically coupled resonances. (b) The weighted absorption efficiency in an a-Si shell wrapped around
an 88 nm diameter Ag nanowire as a function of shell thickness for unpolarized light (green), in TM (orange, solid) and in TE (orange, dashed). The
red curve is the unpolarized weighted absorption efficiency in a solid a-Si nanowire with the same outer diameter (ie., from 88 to 200 nm).

absorption in the shell because absorption in the metal core
does not contribute to photocurrent generation. By changing
the integration limits in eq 2, we can separate the desired shell
absorption (plotted in Figure 3b) from the parasitic core
absorption (in all cases normalizing to the outer diameter of the
core—shell to keep a constant input photon flux). An
unpolarized weighted absorption efficiency of 1 is observed at
a shell thickness of only 18 nm, coated on an 88 nm diameter
silver core (Figure 3b, green). This extraordinary absorption is
higher than what can be attained in solid semiconducting
nanowires (red, Figure 3a and b). By comparing the dashed
curves from Figures 3a and b, it becomes clear that the
absorption efficiency boost stems primarily from enhanced
absorption in the TE polarization.

To understand why absorption increases in the core—shell
structure despite the significant decrease in semiconductor
volume, it is instructive to examine the optical properties of
core—shell nanowires. Ignoring the plasmon resonance for now
(assuming TM polarization), the core—shell structure supports
Mie resonances when the metal core radius a is smaller than b/
n, where b is the outer radius and n the real refractive index of
the shell.* Essentially this means that, below this threshold,
introducing a metal core does not perturb the normal optical
resonances that exist in a solid semiconducting nanowire.
However, when the inner diameter a is larger than this
threshold, the standard Mie modes are strongly perturbed and
begin to have Fabry-Pérot-like characteristics.*® In a geo-
metrical optics picture, the difference between the two regimes
is that in the latter light reflects off of the metal core, while in
the former it reflects only off of the semiconductor—air
interface. Interestingly, such a cylindrical Fabry-Pérot cavity is
very closely related to the planar structure, a phenomenon
observed and explained before for coaxial nanowires.*'

Under normal incidence a planar Fabry-Pérot cavity has no
polarization sensitivity: each leaky mode resonance is polar-
ization-degenerate. Surprisingly, even though in the cylindrical
configuration a localized plasmon is supported in TE, this
polarization degeneracy can still hold (Figure 4). In this
example the metal core diameter is made large (180 nm) both
to place the structure in the Fabry-Pérot regime and to
minimize ohmic losses in the metal core (see Supporting
Information). Simply put, in both polarizations the metal
nanowire acts as a reflector for the Fabry-Pérot cavity even
though in TE it supports a plasmon resonance. For large core
diameters, the plasmon is primarily damped via scattering,
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Figure 4. Absorption efficiency in TM; (blue) and TE,; (red) for a
180 nm silver core with a 10 nm a-Si shell. The near-degeneracy
indicates the Fabry-Pérot-like behavior. The solid lines indicate
absorption in the shell, the dashed lines absorption in the core. The
insets show the electric field intensities (with the stream plot
indicating the direction of the field) for the TM;, (left) and TE,,
(right) resonances.

which feeds light back into the cavity. However, even in the
best case the plasmon does lead to some parasitic absorption,
which slightly redshifts the TE;; compared to the TM
resonance, breaking the degeneracy.

In cylindrical coordinates the TM, and TE, channels are
degenerate. Therefore, the Fabry-Pérot-like behavior in core—
shell nanowires described above leads to overlapping TE,; and
TE,, resonances. This behavior is distinctly different from
planar and solid nanowire systems where TE; and TEj
resonances (TE, and TE, in the planar case) are always
spectrally separated. Figure Sa shows the absorption efficiency
spectra in the TE polarization for the most efficiently absorbing
solid (110 nm diameter, left) and core—shell (88 nm diameter
core, 18 nm thick shell, right) nanowires, respectively. In the
solid nanowire, absorption stems primarily from the critically
coupled TE,, resonance (blue). It therefore cannot exceed the
single channel absorption limit (dashed line). In the core—shell
nanowire, the TE,; and TE;; modes overlap, causing the
absorption peak to be significantly higher than the single
channel limit. It is important to note that in this optimal
configuration there is still a small amount of light lost to
absorption in the metal (Figure Sb). In the TM polarization,
absorption in the solid and core—shell nanowires is almost the
same: in both cases the TM;; resonance dominates (see
Supporting Information). These results are not limited to a-Si;
silver nanowires with a CdTe shell show very similar behavior,
although the optimal shell thickness is 46 nm due to a lower
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Figure S. (a) Absorption efficiency spectra for a 110 nm diameter a-Si nanowire (left) and a 88 nm silver core with a 18 nm a-Si shell (right) in the
TE polarization. Green shows the total absorption, blue and red the Oth and 1st order channel contributions. The color plots show the electric field
intensity (with the stream plot indicating the direction of the field) for the TE,, and TE,, resonances for both the solid and core—shell nanowires.
(b) Absorption efficiency spectrum in TE, (red) for the same nanowire but broken down into absorption in the shell (blue) and core (gray). In all
figures the dashed line shows the fundamental limit to absorption in a single channel (resonant mode), 1/27, normalized to the diameter of the

nanowire.

band gap energy and lower refractive index (see Supporting
Information, Figure S3). In fact, any combination of metals and
semiconductors should benefit from this geometry as long as
the metal loss is low, the semiconductor absorption coeflicient
has a rapid increase near the band gap (typically direct band
gap materials), and the shell refractive index is high (most
inorganic semiconductors).

We have thus far shown results for a limited number of ideal
systems involving perfect Ag cylinders coated with common
solar cell thin-film materials. The high symmetry of such model
systems allows us to use Mie theory to break down the total
absorption into the constituent channels. This provides deep
insight into the underlying physics while minimizing calculation
time. However, real nanowire core—shell structures will have a
number of perturbations from our ideal calculations. First, the
cross-sectional shape will likely not be circular; metal nanowires
grown by the polyol process typically have a pentagonal cross
section,™ while semiconducting nanowires often have
hexagonal or other complex cross sectional shapes.*> We have
used finite difference time domain (FDTD, Lumerical)
simulations to confirm that, as with solid semiconducting
nanowires,”® the cross sectional shape only has minor effects on
the resonant properties and absorption results (Supporting
Information, Figure S4). We have also used FDTD to confirm
that placing core—shell nanowires on low-index substrates like
glass or plastic only leads to minor perturbations, primarily by
increasing the radiative loss rate in the cavity and thus requiring
a different shell thickness to maintain critically coupled
resonances (Supporting Information, Figure SS).

In conclusion, we have shown that the key to increasing
absorption in nanoscale systems is to increase the strength and
number of resonances. We have demonstrated that a given
resonance is strongest when the loss rates due to absorption
and radiation (leakage from the cavity) are equal. This leads to
the counterintuitive but fortunate conclusion that most
resonances are typically strongest in spectral regions where
the material absorbs the weakest. We have also demonstrated
that inserting a silver core into semiconducting nanowires can

lead to enhanced absorption in the shell material. This occurs
because the core—shell geometry increases the number of
nearly degenerate resonances by largely removing the polar-
ization dependence of 1D nanowires. With relatively large
metal cores and thin semiconductor shells, the standard Mie
resonances transform into Fabry-Pérot-like resonances in both
polarizations, which underlies this near-degeneracy. An added
benefit of such a structure is that the metal core would provide
an ideal local contact for photogenerated carrier extraction. In
fact, our results suggest that it should be possible to couple the
normally parasitic reflection and scattering from metal
nanowire transparent electrodes into resonant modes to
increase absorption in the ultrathin semiconductor shell.
Therefore, hybrid core—shell nanowires provide an exciting
set of building blocks for photovoltaic and solar fuel
applications.

B ASSOCIATED CONTENT
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Mie theory for infinite core-shell cylinders; calculation of the
absorption loss rate y;; absorption and scattering efficiency of a
plasmon resonance; peak absorption in TM; absorption with a
cadmium telluride shell; comparison to a pentagonal wire and
wires on a substrate. This material is available free of charge via
the Internet at http://pubs.acs.org.
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