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ABSTRACT: We show that the absorption cross-section of a single absorbing nanowire can be

Sun

significantly enhanced over a broad bandwidth by coating the nanowire with a transparent dielectric to
create a coaxial nanowire. The coating, while by itself is not absorbing, increases the number of

resonances supported by the wire and also enhances the coupling to incident light, resulting in the
enhancement of absorption cross-section. When operating as a solar cell, we show that the short-
circuit current of a GaAs nanowire coated with Al,Oj is strongly enhanced over that of the bare GaAs
nanowire with the same absorbing volume. This addition of the transparent dielectric layer maintains
the open-circuit voltage enhancement of the bare nanowire over that of a bulk GaAs cell. Similar large
current—voltage enhancements are also presented for a Si nanowire coated with SiO,.
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hen designing nanostructured solar cells, it is important

to reduce the active volume of the cell without any
penalty to its absorption.'”* Consequently, there has been
considerable recent interest in developing solar cells consisting
of single semiconductor nanowires, since the absorption cross-
section of a nanowire can significantly exceed its geometric
cross-section.””'> A properly designed single nanowire can
deliver a much higher current in comparison to an equal-
volume bulk cell with the same amount of material."®
Moreover, the strong confinement of light by the single
nanowire can also result in an OOPen-circuit voltage that is higher
than that of the bulk cell.">'® There have also been recent
works that showed that the absorption cross-section of a single
nanowire can be further enhanced while keeping its absorption
volume fixed. Ways to do this include (a) inserting a metal core
into the absorbing nanowire'”"® and (b) coating the absorbing
nanowire with an effective antireflection layer of appropriate
thickness.'”*’

In this letter, we show that a coaxial nanowire, in which a
transparent dielectric layer is coated around an absorbing
nanowire, can have a significantly larger absorption cross-
section over a broad bandwidth when compared to a
corresponding bare nanowire without the transparent layer.
We demonstrate that the absorption enhancement comes from
enhanced coupling to incident light in addition to an increased
number of resonances supported by the nanowire. Moreover,
the use of such a transparent layer also preserves the voltage
enhancement capability of the bare nanowire. An illustration of
our results is presented in Figure 1, which compares the
current—voltage characteristics between an optimized GaAs
bare nanowire and the same bare nanowire coated with a AR =
100 nm thick Al,Oj layer, i.e., a coaxial wire. We can see from
Figure 1b that a considerably larger short-circuit current
enhancement of ~60% results from just coating the absorbing
bare nanowire with this transparent oxide layer. In addition, the
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Figure 1. (a) Schematic of a coaxial nanowire with an outer layer
transparent dielectric coating of thickness AR. The center region
consists of the absorbing nanowire, while the outer region consists of a
transparent dielectric. Yellow arrow indicates the direction of incident
sunlight. (b) Current density—voltage (J—V) characteristics of a
coaxial GaAs nanowire with and without a AR = 100 nm thick Al,O,
coating. For both plots in (b), the radius of the absorbing GaAs wire
region is r = 73 nm.

coaxial wire has an open-circuit voltage that is similar to that of
the bare wire'® and that is signifiantly higher than that of a bulk
GaAs cell”!

In what follows, we will start by giving a qualitative overview
of the optical physics that control the absorption cross-section
spectrum of a single nanowire. We specifically study the two
main factors that influence this absorption spectrum of the
wire: (i) the wire’s interaction with an external incident wave
and (ii) the number of resonances it supports. On the basis of
these considerations, we then explain the large absorption
enhancement in coaxial nanowires, using the example of a GaAs
wire with an outer layer Al,O; coating. We next show that such
absorption enhancement can coexist with voltage enhancement
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Figure 2. Expansion of a normally incident TM plane wave

with wavelength 4, = 550 nm and magnitude E; = 1 into a sum of cylindrical

waves (eq 1). Field plot of the incident electric field magnitude profile [E™4*™™] js shown on the left-hand side, and field plot of the electric field
magnitude profile |ER4"™] 3s50ciated with each of the first five angular momentum channels m is shown on the right-hand side. The inner solid
white circle in all plots represents the circumference of a r = 73 nm radius absorbing nanowire, while the outer dashed white circle represents the
circumference of a AR = 100 nm thick transparent coating layer (Figure 1). The electric field magnitude values in each field plot are represented by

the color scale in the top right corner.

in nanowire structures. Finally, we present the current—voltage
characteristics of a coaxial Si wire with an outer layer SiO,
coating, which demonstrates similar absorption enhancement
to the GaAs-Al,O; coaxial structure.

A nanowire solar cell absorbs sunlight incident from free
space. Therefore, its absorption properties need to be
understood in terms of both (i) the properties of light in free
space, as characterized by angular momentum channels, and (i)
the properties of the wire itself, as characterized by the
resonance modes within the wire.”””>* To illustrate the
properties of light in free space, we consider the scenario of a
transverse magnetic (TM) plane wave that is normally incident
on the wire as shown in Figure la. For a TM wave, the electric
field is polarized parallel to the nanowire’s longitudinal axis.
Such an incident plane wave can be expanded in terms of the
basis of cylindrical wave channels, each associated with a unique
angular momentum number m:>>’

[so]
Eincident,TM — Eoeikox — Z Eri:cident,TM
m=0
incident, TM __ imz/2
Epeident = EO]m(kor)e x/ cos(mep)(2 = 68,,) (1)
In eq 1, E is the amplitude of the incident plane wave, k, = i—”
0

is its wave vector, 4, is its free space wavelength, and «x is the
spatial coordinate in the direction of propagation (yellow arrow
in Figure la). Endent™ jg the component of E™4™™ jp the
mth angular momentum channel, J,,(kr) is the mth order Bessel
function of the first kind, and §,, is the Kronecker delta
function. ¢ and r are the azimuthal angle and radial position,
respectively, in cylindrical coordinates. The cos(m¢) factor
arises because the incident plane wave is even with respect to
the plane that includes both the incident wave’s propagation
direction and the wire’s longitudinal axis.

To understand how the different channels of the incident
wave interact with a bare nanowire, Figure 2 shows the incident
electric field magnitude profile |E"9%™ ™| in addition to the
profiles for the first few channel components [EncidentTM]
overlaid on the bare nanowire cross-section (region within solid
white inner circle). In Figure 2, the wavelength of the incident
wave is 4y = 550 nm, while the radius of the bare wire is r = 73
nm. We notice from the figure that except for the m = 0 angular
momentum channel, in all other channels the components of
the incident field have zero magnitude at the wire center r = 0.
Moreover, as m increases, there is an increased suppression of
the electric field within the wire.
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This observed behavior of the incident wave’s electric field
components in Figure 2 is expected based on the characteristics
of the Bessel function J,,(kor) associated with channel m in eq 1.
Particularly, ], (ko), which controls the radial distribution of
the mth channel electric field, asymptotically varies®® as

m

%(%) when kg < /m + 1, ie, close to the wire center
r = 0. Therefore, the electric field associated with channel m is
increasingly suppressed within the wire as m increases. For
example, in the case of the r = 73 nm bare wire in Figure 2, we
see that there is a significantly reduced overlap of the wire with
angular momentum channels m = 2 onward. Consequently,
these higher angular momentum channels are weakly coupled
to the nanowire.”**

Having considered the properties of free space in terms of
angular momentum channels, we next consider the properties
of the resonance modes within the wire. Each resonance here is
associated with a cylindrical wave in the wire with a unique
angular momentum as numbered by m, and for a wire of a given
radius r, there is an upper limit to the maximum angular
momentum of the resonances that can be supported within the
wire. We can illustrate this upper limit by first expanding the
wire’s internal electric field in terms of the basis of cylindrical
waves (assuming the wire is excited by the normally incident
TM wave in eq 1):>>°

o0
Eintemal,TM — 2 Eintemal,TM
m
m=0

Eir:temal,TM = am]m(kr) COS(WI¢)(2 - 5m) ()

In eq 2, Enema™ g the electric field of the cylindrical wave
component whose angular momentum is numbered by m and
whose amplitude is a,,,. Similar to the case of the incident wave
in eq 1, the radial distribution of En*™™ js represented by
J.n(kr) . However, unlike eq 1, here the argument of the Bessel
function involves a wavevector within the wire k = nk, with n
being the complex refractive index of the wire at the free space
wavelength A, Therefore, in contrast to cylindrical waves in air,
the larger wave vector k = nk, within the wire results in the
peaks of all the cylindrical waves in eq 2 being closer to the
center of the nanowire.

As m increases in eq 2, the corresponding radial field is
asymptotically pushed out of the wire. Therefore, the wire will
not support a resonance with high angular momentum.
Specifically, the wire can only support a resonance with an
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Figure 3. Normal incidence absorption efficiency spectra for the first four angular momentum channels (m = 0 to 3) of a radius r = 73 nm GaAs
nanowire with (solid blue line) and without (dashed red line) a AR = 100 nm thick outer layer Al,O; coating. All spectra are shown starting from E =
1.38 eV, and the GaAs direct band gap is located at E, = 1.42 eV. Also shown within each plot are the electric field magnitude profiles for some of the
prominent TE and TM resonances of both the bare and coaxial wires. The field profiles above (below) the blue solid line in each plot are those for
the coaxial (bare) wire case. The two solid white circles in the coaxial wire field profiles represent the circumferences of the coaxial layers, while the
solid white circle in the bare wire field profiles represent the circumference of the bare wire. The electric field magnitude values in each field profile

have been scaled to lie between 0 and 1, as represented by the color scale in the top right corner.

angular momentum that has a number m, which satisfies the
following whispering gallery condition:****

2am < f2ar (3)

In eq 3, f is the wave vector k = nk; in the case of the bare
nanowire.

In studying the characteristics of the incident and internal
electric fields above, we have specialized to the case of a TM-
polarized incident plane wave. However, we note that the case
of an orthogonally polarized incident plane wave, i.e., transverse
electric (TE) polarized wave, has similar characteristics in both
its incident fields in free space and its internal fields within the
wire.>*> Therefore, the discussions apply to both TM and TE
waves.

Hence, in the nanowire’s interaction with light its radius
plays the following two roles: (i) it limits the number of
channels of the incident light that the wire can couple into, and
(ii) it limits the number of resonances that the wire can
support. Accordingly, we reach the following conclusions
regarding the nanowire’s radius. First, one way to strongly
couple to the higher angular momentum channels of an
external incident wave is to increase the radius of the nanowire.
We emphasize here that it is the wire’s physical radius and not
its absorber radius that matters. Therefore, coating an
absorbing bare nanowire with a transparent layer will increase
the coupling to these higher angular momentum channels (as
depicted by the outer dashed white circle in each field plot of
Figure 2). The increased physical area from the coating results
in a better overlap with the fields of the higher angular
momentum channels.
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Second, the increase in physical radius from a transparent
outer layer also allows the wire to support resonances with
higher angular momentums (that are otherwise inaccessible to
the smaller radius bare nanowire). Therefore, adding a
transparent layer also helps to increase the number of
resonances within the wire. Consequently, the absorption of
incident light by such a coaxial nanowire will be significantly
enhanced beyond that of a bare nanowire with the same
absorbing volume.

As an illustration of the physical principle discussed above,
Figure 3 compares the absorption efficiency spectra associated
with the first four angular momentum channels of light
normally incident on a r = 73 nm GaAs bare nanowire with and
without a AR = 100 nm thick Al,O; coating. The r = 73 nm
bare nanowire was optimized for current—voltage performance
in ref 16. The material parameters required for calculating the
absorption spectra in Figure 3 were extracted from refs 27 and
28. Also included within each of these absorption plots are the
electric field magnitude profiles of some of the prominent TM
and TE resonances for both the bare and coaxial wire cases (for
example, |Einternal T™] iy eq 2 in the case of the TM resonances).

The absorption efficiency in this article is defined as the ratio
of the absorption cross-section C,, to the absorbing volumes’s
geometrical cross-sectional area G.”'° For example, in the case
of a length [ section of a coaxial wire with GaAs radius r shown
in Figure 1:

G=2rxl 4)
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For all absorption efficiency plots in this article, we show the
average absorption efficiency of both the TM and TE
polarizations.

Considering the bare nanowire case first, we see from Figure
3 that whereas it has strong absorption efficiency for the first
two angular momentum channels m = 0 and 1, its absorption
efficiency is weaker for the m = 2 channel and, furthermore,
negligible for the m = 3 channel. This is an expected result
based on our discussion on the properties of light in free space
and within the wire. Specifically, Figure 2 shows that there is
little overlap of the r = 73 nm bare wire (solid white line) with
channels m = 2 and 3 of the incoming light at wavelength 1, =
550 nm, for example. Moreover, a calculation from eq 3 gives a
value of m = 3 for the upper limit associated with the angular
momentum of any resonance that can be supported by the r =
73 nm bare wire at 4y = 550 nm. For example, in Figure 3 we
see prominent resonant behaviors only with m = 0, 1, and 2 in
the bare wire case.

On the other hand, for the nanowire with an Al,O; coating,
we see that the absorption efficiency spectra of the higher
angular momentum channels (m = 2 and 3) in Figure 3 are
strongly enhanced over those of the bare nanowire.
Furthermore, the absorption of the lower angular momentum
channels is also significantly enhanced over that of the bare wire
for a large part of the displayed spectrum. The significant
absorption efficiency increase of the coaxial wire is partly due to
increased overlap of its physical cross-section with the higher
channels of incoming light. This is shown in Figure 2, where
the outer dashed circle depicts the coaxial wire. In addition, eq
3 indicates that the larger physical radius of the coaxial wire
allows it to support resonances with a higher angular
momentum as compared to that of a bare wire, as seen in
the panel in Figure 3 that corresponds to m = 3.

The total absorption efficiency, defined as the sum of the
absorption efficiency over all angular momentum channels, is
shown in Figure 4 for the case of normally incident light. The
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Figure 4. Normal incidence total absorption efficiency spectra of a
radius r = 73 nm GaAs nanowire with (solid blue line) and without
(dashed red line) a AR = 100 nm thick outer layer Al,O; coating. Both
spectra are shown starting from E = 1.38 eV, and the GaAs direct band
gap is located at E, = 1. 42 eV.

strongly enhanced absorption of the coaxial wire over that of
the bare wire is immediately apparent from this plot. The
enhancement occurs for most of the photon energies above the
GaAs band gap. This is a remarkable result considering that we
have an equal amount of absorbing material volume in both the
bare wire and coaxial wire cases, and although we considered
only normally incident light in Figure 4, the same absorption
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enhancement in the coaxial wire case occurs for a wide range of
incident angles.

Up to now, we have calculated the absorption efficiency
spectra of the GaAs-Al,O; coaxial nanowire solar cell. Using a
detailed balance analysis, we will next translate this absorption
spectra into a current density—voltage (J—V) characterization
of the coaxial cell.'®”” The absorption efficiency spectra
controls both the nanowire’s absorption and emission proper-
ties that enter into this detailed balance analysis. A detailed
documentation of this detailed balance analysis for a nanowire
can be found in ref 16.

Our J—V characterization of the GaAs-Al,O; coaxial cell will
involve calculating its short-circuit current density ], open-
circuit voltage V., and efficiency at the maximum power
point.'®*’ For the J,, we need only the cell's radiative
generation rate F,, which can be calculated from the absorption
efficiency spectra at normal incidence in Figure 4 (see eq 2 in
ref 16).

On the other hand, in order to determine the cell’s V,, the
detailed balance analysis requires the evaluation of the cell’s
thermal equilibrium radiative recombination rate F,,, which can
be determined from the cell’s absorption efficiency spectra over
all angles of incidence.'*’

From the J. and V, values of the coaxial cell, its efficiency at
the maximum power point can be calculated as

Voe . .. L.
FF]S;— X 100%. Here P, . is the total incident sun radiation

mc
power per unit cell area, and FF is the cell’s fill-factor.”” We
note that the efficiency of a single nanowire cell can be large
due to its funneling of incident sunlight, i.e,, its large absorption
cross-section.’

In all J—V characterizations in this article, we consider only
the ideal case of a defect-free coaxial nanowire with perfect
surface passivation, in order to establish a better understanding
of how optical physics influences the nanowire’s J—V
performance. The analysis considers only intrinsic recombina-
tion mechanisms, which includes radiative and Auger
recombinations.”’ In the case of the Auger recombination
mechanisms in GaAs, following ref 21 we assume the cell is
approximately intrinsic under illumination.””'

Furthermore, even though we do include the fundamental
Auger nonradiative recombination rate in all our V.
calculations below, we note that for the GaAs-based coaxial
nanowire solar cells considered in this letter, the radiative rate
dominates over this Auger nonradiative rate. This allows us to
approximate the cell’s V,_ as follows:*

~ kBTCl (E]
0g
q B, ©)

In eq 5, kg is the Boltzmann constant, T, is the ambient
temperature, and g is the electron charge. Therefore, we see
that for the GaAs-Al,O; coaxial wires the V. is strongly
influenced by the contrast ratio between F, and F,.

The blue solid lines in Figure S plot the J—V characteristics
for a GaAs-Al,O; coaxial wire as a function of Al,O; thickness
AR (with the radius of the inner absorbing GaAs section fixed
at r = 73 nm), while the red dotted lines plot the J—V
characteristics for a bare GaAs nanowire with the same total
radius 73 nm + AR as the coaxial wire. In comparing the coaxial
wire to the bare wire here, we normalize | and, thus, the
efficiency of the nanowires to the geometric cross-section area
of the absorber section. Such a normalization makes sense
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Figure 5. Solid blue lines plot the current density—voltage (J—V)
characteristics of a GaAs coaxial nanowire as a function of the
thickness AR of its outer layer Al,O; coating. The GaAs section in this
coaxial case has a radius r = 73 nm. Dotted red lines plot the -V
characteristics of a bare GaAs nanowire with a radius equal to the
coaxial wire’s total radius, i.e.,, 73 nm + AR. Characteristics shown are
(a) short-circuit current density ], (b) open-circuit voltage V. across
cell, and (c) efficiency of cell at the maximum power point. The green
dashed lines in parts (a) and (c) plot the current density and
efficiency, respectively, calculated using the total geometrical cross-
section of the coaxial wire, i.e, r = 73 nm + AR in eq 4. Vertical gray
dashed line across all plots indicates the Al,O; thickness location for
the absorption efficiency plots in Figures 3 and 4

when one is primarily concerned with absorption material cost.
We could also normalize ] and, thus, the efficiency to the total
geometrical cross-section area of the coaxial wire, i.e., using r =
73 nm + AR in eq 4. Such a normalization is depicted by the
green lines in Figure 5, which shows the expected decrease in
efficiency with an increase in AR, because of a reduction in the
fraction of the absorber area. Although our discussions below
will use the normalization to the absorber area, i.e., the blue
lines in Figure 5, we note that in practice the effectiveness of
any nanophotonic light-trapping scheme needs to take into
account both the material and the efficiency costs.

Figure Sa shows that there is a significant enhancement in the
Jic of the coaxial wire over that of the bare GaAs wire for all
thicknesses AR > 0. For example, in the case of AR = 100 nm,
i.e., vertical gray dashed line in Figure 5a, the coaxial wire’s J. is
enhanced by ~60%. This strong ], enhancement is expected
from the broad-band enhancement in the coaxial cell’s normal
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incident absorption efficiency spectrum in Figure 4 (which
enhances the cell’s radiative generation rate Fg).

Furthermore, Figure Sb shows that the coaxial cell has a
slightly enhanced V. over that of the bare GaAs wire cell with
the same absorbing volume.'® We can illustrate the physics
behind this voltage enhancement using the example GaAs-
Al,O; coaxial wire with AR = 100 nm, whose normal incidence
absorption spectrum is shown in Figure 4. Particularly, the V.
for the GaAs-based coaxial wire is strongly influenced by the
contrast ratio betwen F, and the thermal equilibrium radiative
recombination rate F,, (eq S). F., in turn, is strongly
influenced by the absorption in the immediate vicinity of the
band gap over all incident angles.'® For the coaxial wire, its
absorption efficiency near the band gap is slightly enhanced
over that of the bare GaAs wire (one can see this for the normal
incidence case in Figure 4). Therefore, the coaxial wire has a
higher F_, as compared to the bare wire. On the other hand, the
coaxial wire’s net absorption efficiency enhancement for all
photon energies over that of the bare wire in Figure 4 results in
a large F, enhancement. Moreover, this large F, enhancement
of the coaxial wire more than compensates its F., enhancement
over the bare wire. Consequently, the V. of the coaxial wire is
slightly enhanced over that of the bare wire.

In addition, we see in Figure 5 some strong variations in the
J=V characteristics of the coaxial wire for small Al,O,
thicknesses AR. These variations are coherent effects due to
the behavior of the resonances in the absorption spectrum, as
discussed in ref 16. In particular, varying AR changes the
number of resonances in the wire that contribute to the light
absorption process and also shifts the resonances in the
absorption spectrum. The J, value at each thickness AR
depends on the match between this absorption spectrum and
the solar spectrum, while the V. value is strongly influenced by
the presence or absence of resonances in the immediate vicinity
of the electronic band gap.

The advantages of the coaxial nanowire is not restricted to
the GaAs-based system. As a final example, we present the J—V
characteristics of a coaxial Si wire coated with an outer layer of
SiO,. The material parameters required for calculating the
absorption spectra of the Si-SiO, coaxial wire were extracted
from ref 27. Similar to the detailed balance analysis of the
GaAs-Al,O; coaxial nanowire, we consider only intrinsic
recombination mechanisms in our J—V calculations for the
Si-SiO, coaxial wire. This includes only radiative and Auger
recombinations. For Auger recombination, following refs 30
and 31 we assume that the Si absorbing volume is intrinsic
under illumination and use the Auger coefficients given in ref
31. We also note that the detailed balance analysis of a single
bare Si nanowire was recently presented in ref 15.

The blue solid lines in Figure 6 show the J—V characteristics
of the Si-SiO, coaxial wire as a function of the thickness AR of
its SiO, coating (with the absorbing Si section’s radius fixed at r
= 200 nm). The red dotted lines in Figure 6 plot the -V
characteristics for a bare Si nanowire with the same total radius
200 nm + AR as the coaxial wire. As an illustration, the green
dashed lines in Figure 6a and c plot the coxial wire’s current
density and efficiency, respectively, calculated using its total
geometrical cross-section, ie., using r = 200 nm + AR in eq 4.

Similar to the GaAs-Al,O; coaxial wire case in Figure 5(a),
Figure 6a shows a large J,. enhancement of the Si-SiO, coaxial
wire over that of a bare Si wire with radius r = 200 nm. For
example, a AR 2 55 nm outer SiO, coating gives a >50% ]
enhancement over that of the bare Si wire with the same
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Figure 6. Solid blue lines plot the current density—voltage (J—V)
characteristics of a Si coaxial nanowire as a function of the thickness
AR of its outer layer SiO, coating. The Si section in this coaxial case
has a radius » = 200 nm. Dotted red lines plot the J—V characteristics
of a bare Si nanowire with a radius equal to the coaxial wire’s total
radius, i.e, 200 nm + AR. Characteristics shown are (a) short-circuit
current density J,, (b) open-circuit voltage V. across cell, and (c)
efficiency of cell at the maximum power point. The green dashed lines
in parts (a) and (c) plot the current density and efficiency,
respectively, calculated using the total geometrical cross-section of
the coaxial wire, i.e., r = 200 nm + AR in eq 4.

absorbing volume. In addition, the V. of the coaxial wire is also
slightly enhanced over that of the bare wire in Figure 6b.

In summary, we have shown that coating a nanowire solar
cell with an oxide layer of small thickness, while keeping the
nanowire’s absorbing volume fixed, can significantly enhance
the J—V performance of the nanowire solar cell. For example, in
both GaAs-Al,O; and Si-SiO, coaxial nanowires, we showed
>50% enhancements in both ] and efficiency with an oxide
layer thickness of AR = 65 nm. In addition, for all oxide layer
thicknesses, the coaxial wire also has a slight V. enhancement
over the bare wire. One could, for example, foresee a similar J—
V enhancement in a coaxial wire array, with a wire to wire
spacing greater than the calculated absorption cross-section of
the single coaxial nanowire discussed here. Finally, although the
discussions above have focused on the optical properties of the
nanowire, adding an oxide layer is also a natural surface
passivation technique that can help mitigate surface recombi-
nation losses.””**
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