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Abstract: We report design methods for achieving near-unity broadband 
light absorption in sparse nanowire arrays, illustrated by results for visible 
absorption in GaAs nanowires on Si substrates. Sparse (<5% fill fraction) 
nanowire arrays achieve near unity absorption at wire resonant wavelengths 
due to coupling into ‘leaky’ radial waveguide modes of individual wires 
and wire-wire scattering processes. From a detailed conceptual 
development of radial mode resonant absorption, we demonstrate two 
specific geometric design approaches to achieve near unity broadband light 
absorption in sparse nanowire arrays: (i) introducing multiple wire radii 
within a small unit cell array to increase the number of resonant 
wavelengths, yielding a 15% absorption enhancement relative to a uniform 
nanowire array and (ii) tapering of nanowires to introduce a continuum of 
diameters and thus resonant wavelengths excited within a single wire, 
yielding an 18% absorption enhancement over a uniform nanowire array. 
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1. Introduction and motivation 

In recent years, photonic phenomena in semiconductor nanowires have been the subject of 
great interest and intensive research effort, motivated by fundamental interest owing to their 
remarkable optical properties, including reduced reflectance [1–3], increased absorption [4–
7], and spectral selectivity [8–10], and are also of considerable interest in applications to 
optoelectronic and photovoltaic devices. For next generation photovoltaics, arrays of 
semiconducting nanowires present an opportunity to reduce material usage and cost, while 
maintaining or improving optoelectronic performance relative to thin film or bulk materials. 
In particular nanowires can exhibit light trapping features not seen in thin films and also have 
the potential to orthogonalize the directions of light absorption and carrier collection, which 
enhances carrier collection in materials with short carrier diffusion lengths [11–16]. In 
addition to offering new optical design features, nanowires also relax the constraints imposed 
by lattice-matching requirements via radial strain relaxation [17,18], enabling high quality, 
single crystalline, nanowire growth on lattice-mismatched substrates. Nanowire arrays with a 
wide range of materials, wire diameters and arrays densities have been investigated 
experimentally and theoretically. In particular, high fidelity arrays of III-V nanowires can be 
fabricated via molecular beam epitaxy (MBE) [19] or metalorganic chemical vapor deposition 
(MOCVD), using either the selective-area growth (SAG, catalyst-free) [20,21] or vapor-
liquid-solid (VLS, typically Au catalyst) methods [22]. The array pitch and wire diameter are 
easily tunable due to the use of patterned masks, created by electron-beam lithography [20] or 
nanoimprint lithography [22]. Reported light trapping mechanisms include coupling into 
photonic crystal modes [4, 23–26], coupling into leaky radial waveguide modes [8,13,15,27–
29], and absorption in media considered using effective index models [30,31]. In this paper, 
we discuss mechanisms for broadband absorption in sparse arrays, where light coupling into 
localized radial modes dominates over coupling into Bloch-like photonic crystal modes that 
depend on array periodicity. In the present work, the sparsity of the array (5% fill fraction) 
results in very minimal coupling between nanowires, so an analysis based on localized 
resonant modes rather than a Bloch analysis is more appropriate and is thus used here. 

An ideal solar cell would exhibit near unity absorption across the entire ultraviolet/visible 
spectrum up to its bandgap. State-of-the-art GaAs solar cells with thicknesses exceeding 
several microns can achieve near unity broadband absorption in the blue and mid-visible 
wavelength range, but exhibit incomplete light absorption for wavelengths near the 
semiconductor bandgap. In principle, resonant absorption in nanostructures via sub-
wavelength light trapping phenomena, such as leaky radial waveguide mode absorption, can 
exceed the Lambertian absorption limit over a narrow wavelength range near resonance 
[10,32–34]. However, owing to the discrete nature of resonant modes in nanowires, achieving 
near-unity broadband absorption is challenging and is not possible in sparse wire arrays with 
uniform diameter. Therefore, in order for nanostructured devices to compete with current 
state-of-the-art planar cells in photovoltaic conversion efficiency, optical design methods can 
be employed to increase the number of resonances and the wavelength range for resonant 
mode excitation, given the inherently spectrally-dependent resonant characteristics of 
nanowire radial modes. Previous reports on nanowire arrays have demonstrated the ability to 
alter nanowire array light absorption with geometric modification of nanowire diameter, 
shape and order [7,19,23,24,35–43]. Specifically, the anti-reflective properties of tapering 
silicon nanowires have been discussed theoretically [42] and demonstrated experimentally 
[43]. Our work extends the scope of these studies by developing an analysis of the absorption 
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enhancement in tapered nanowires in the context of resonant modal absorption. Here we take 
a directed approach to geometric optimization of nanowire arrays, guided by the theory of 
localized mode excitation in nanowires, to achieve near unity broadband absorption in sparse 
arrays. We propose two simple pathways to achieving a broadband enhancement in nanowire 
array light absorption: (i) introducing multiple wire radii within a small unit cell array to 
increase the number of resonant wavelengths and (ii) tapering nanowires to introduce a 
continuum of diameters and resonant wavelengths within a single wire. 

The design principles and methods are discussed in the context of GaAs nanowires on a Si 
substrate, but are generally applicable to any sparse array of semiconducting nanowires where 
radial leaky modes are the primary mechanism responsible for resonant absorption. Because a 
primary concern for GaAs- and other III-V material-based photovoltaics is material cost, an 
equal material usage constraint is applied to the array optimizations. Additionally, an equal 
material usage comparison highlights differences in absorption/volume, and thus, underscores 
the effects of the modal resonances for varying geometries. Consequently, all designs 
discussed have a 5% fill fraction and a constant nanostructure height of 3 µm, corresponding 
to a 150 nm planar equivalent thickness. 

2. Results and discussion 

2.1 Uniform nanowire arrays 

Previously, we reported the very strong light absorption properties of sparse (<5% fill 
fraction) GaAs nanowire arrays grown on both GaAs and Si substrates via selective area 
growth MOCVD, supported by experiments, simulations and analytical theory [27]. We focus 
our design in the range of wire geometries employed in this previous study and investigate the 
simulated wavelength-dependent absorption for a 5% fill fraction, uniform array of GaAs 
nanowires with heights of 3 µm and radii of 65 nm, which is shown in (red) in Fig. 1. The 
absorption ranges from 60 to 100% in the wire arrays and integrates to an absorbed current of 
25.0 mA/cm2, far exceeding the absorbed current of 10.5 mA/cm2 in a planar equivalent 
material volume (thickness = 150 nm). This strong absorption, despite the low fill fraction, is 
explained by coupling into resonant ‘leaky’ radial waveguide modes, which are 
electromagnetic modes with enhanced electric and magnetic field intensities localized on the 
nanowire. The spectral positions of the modal resonances depend only on radius and are 
independent of array period, leading to the denotation of the modes as radial modes. The 
eigenvalue equation for an individual, infinitely long cylinder shown below [Eq. (1)], as 
determined from Maxwell’s equations for a lossless, dielectric medium, determines the 
resonant wavelengths for each leaky mode, where a is the wire radius, k0 and β are the total 
and z-component of the wave vector in free space, k1 (k2) and n1 (n2) are the transverse 
components of the wave vectors and refractive indices inside(outside) the nanowire, and Jm, 
Km, and Hm are the Bessel (1st kind), modified Bessel (2nd kind), and Hankel (1st kind) 
functions. Leaky mode resonances occur at β = 0, leading the first term on the right hand side 
of the equation to give the transverse magnetic (TM) modes and the second term to give the 
transverse electric (TE) modes. 
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(1) 

Note that this eigenvalue equation, and hence the eigenmodes, essentially depends only on 
nanowire radius, material refractive indices, and the wavelength of incident light. Eigenmode 
notation is written as TMmn or TEmn, where m and n are the azimuthal and radial mode 
numbers, indicating the number of field maxima in a given direction. Specifically, in the 
previous work, the TM11 and TM12 modes, as determined from Eq. (1), were identified as the 
modes responsible for the resonant absorption peaks of nanowire arrays. In this array 
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geometry (smaller radius), the TM11 mode is observed at 675nm, matching the wavelength 
predicted by the eigenvalue equation. The absorbed power profile of the TM11 resonance at 
675 nm for the uniform nanowire is displayed as an inset in Fig. 1, matching the analytically-
predicted profile. The TM12 mode is no longer accessible within the wavelength range of 
interest for a nanowire with a radius of 65 nm due to the dispersion curve of GaAs; the 
increase in absorption in the blue end of the spectrum is simply attributable to the strong 
absorption of GaAs. 

The absorbed photocurrent of 25.0 mA/cm2 in the uniform nanowire array is impressive 
given the material volume, but needs to increase further to be competitive with the current 
world record thin film GaAs short circuit current of 29.7 mA/cm2 or approach the 4n2 
Lambertian limit of 32.6 mA/cm2 for 150 nm planar equivalence [44]. As shown in Fig. 1, the 
absorption in a uniform nanowire array is highly spectrally-dependent. While near-unity 
absorption is achieved at resonant wavelengths, off-resonance absorption is significantly 
lower. In order to approach thin film GaAs optical performance, the absorption must be near-
unity across the spectrum. Towards this end, directed optical design can be used (i) to 
numerically increase the number of resonances within a nanowire array or (ii) to extend the 
wavelength span of a resonance. Using a detailed understanding of the leaky mode resonances 
in nanowires provided by the eigenvalue equation [Eq. (1)], both of these methods are 
pursued via modest modifications of nanowire array geometry. 

 

Fig. 1. Absorption vs. wavelength for a 150 nm planar layer of GaAs (black line) compared to 
a 5% fill fraction uniform array of GaAs nanowires with radii of 65 nm and heights of 3 µm 
(red line) with an inset demonstrating a radial cross section of power absorption for the TM11 
mode at its resonant wavelength of 675 nm 

2.2 Multi-radii nanowire arrays 

Conceptually, the simplest extension of the electromagnetic principles observed in the 
uniform nanowire arrays to achieve broadband absorption is to introduce multiple nanowire 
radii in a single small unit cell array. Because the leaky mode resonances depend only on 
nanowire radius and not on array period, the inclusion of multiple nanowire radii in one array 
leads to an increase in the number of leaky mode resonances available without altering or 
eliminating the already existing resonances. Multiple scattering between neighboring wires 
enables incident light of a given wavelength to be re-directed towards the nanowire with the 
appropriate spectral resonance, as illustrated in Fig. 2(a). Notably, this mechanism will 
become less efficient as the distance between identical radius nanowires approaches and 
exceeds the nanowire scattering cross section. 

To illustrate this concept, we consider an array containing 4 different nanowire radii (45, 
55, 65, and 75 nm), arranged in a repeating 2x2 unit cell to create an infinite array [Fig. 2(a) 
and Fig. 2(b)]. Each of these nanowires supports leaky modes at different resonant 
wavelengths, depending on its radius. To demonstrate this, the light absorption in the multi-
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radii array was simulated and the absorption in each wire was separately recorded. Figure 2(c) 
shows a plot of the fraction of incident power absorbed in each nanowire as a function of 
wavelength. The four dominant peaks correspond to the TM11 modes of the nanowires, which 
red shift with increasing radius, as predicted by the eigenvalue equation [Eq. (1)]. The 
predicted resonant wavelength for the TM11 modes of the 45, 55, 65, and 75 nm radii 
nanowires are 515, 590, 675, and 760 nm, respectively, as indicated in Fig. 2(b) and Fig. 2(c). 
In this case, the peaks in the absorption curve are slightly red-shifted with respect to the 
predicted resonant wavelengths. We expect that this is due to spectral overlap of the 
neighboring TM11 resonances. Additionally, the absorption curves for the largest radii 
nanowire (r = 75 nm) exhibits a second absorption peak in the blue region, which corresponds 
to the TM12 resonance, predicted to occur at 440 nm. Field profiles of nanowire cross sections 
within this array confirm coupling into the TM11 and TM12 modes, as discussed above. 
Therefore, we conclude that a multi-radii nanowire array increases the number of spectral 
resonances and results in broader absorption than for a uniform nanowire array. 

 

Fig. 2. (a) Schematic of the mechanism of scattering and coupling into resonant leaky radial 
optical waveguide modes in the nanowire array with multiple radii; (b) Aerial view of one unit 
cell of the array with multiple nanowire radii and schematic of radial modes in nanowires of 
various radii, labeled with their TM11 resonant wavelengths; (c) Absorption vs. wavelength for 
each individual wire in the optimized multi-radii wire array depicted in (a) with arrows 
indicating corresponding curve/peak and wire radius. 
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2.3 Nanocone arrays 

The second approach taken to achieve near-unity array absorption across the spectrum is to 
extend the wavelength span of a single mode excited in an array of cylindrical wires by 
modifying the geometry to consist of an array of nanocones. To extend its resonance 
wavelength range, a nanowire can be tapered to form a truncated nanocone, which has a 
continuum of radii and, thus, a spectrum of resonant wavelengths for a single mode. 

 

Fig. 3. (a) Array of optimized GaAs truncated nanocones with tip radii of 40 nm, base radii of 
100 nm and heights of 3 µm, labeling x, y, and z dimensions and indicating the vertical cross 
section shown in (c); (b) Absorption in a single truncated nanocone integrated over x and y, its 
radial cross section, (red indicating strong absorption and blue indicating little to no 
absorption) as a function of both wavelength and position along the z axis (labeled in a); (c) xz 
(vertical) cross sections of absorption for a single nanocone illuminated at wavelengths of 400, 
500, 600, 700 and 800 nm 

To illustrate that a nanocone array exhibits resonant absorption via the same leaky radial 
waveguide modes as for the nanowires, a three-dimensional map of the absorbed power was 
recorded as a function of wavelength for a nanocone with a tip radius of 40 nm and base 
radius of 100 nm. A schematic of the array is shown in Fig. 3(a). Figure 3(b) displays a plot 
of power absorbed in the nanocone as a function of wavelength and position along its vertical 
axis. Because the nanocone is tapered, the vertical coordinate, z, is equivalent to a varying 
radius coordinate, where z = 3 µm corresponds to a radius of 40 nm and z = 0 µm corresponds 
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to a radius of 100nm. The largely red diagonal peak stretching from z = 0 µm and λ ~900 nm 
up to z = 3 µm and λ ~500 nm, the most prominent feature of Fig. 3(b), is the absorption into 
the resonant TM11 mode. To confirm coupling into the TM11 mode of the nanocone, radial 
cross sections of the absorbed power at the resonant wavelength-radius pairs indicated by the 
prominent diagonal peak in Fig. 3(b) were observed and found to match that of TM11 modes. 
Additionally, these wavelength-radius pairs match the eigenvalues predicted by Eq. (1). In 
addition to the strong TM11 peak observed in Fig. 3(b), a second, fainter diagonal peak is 
visible stretching from z = 0 µm and λ ~500 nm up to z ~1.5 µm and λ ~450 nm. The TM12 
mode is responsible for this resonant absorption. The peak slowly fades away for larger z as 
the nanocone radius decreases and ultimately disappears around r = 70 nm (or z = 1.5 µm) 
where the mode is no longer accessible due to the dispersion curve of GaAs. The diagonal 
character of both the TM11 and TM12 peaks demonstrates that these modes have a spectrum of 
resonant wavelengths in a nanocone, as intended. 

Another interesting feature of Fig. 3(b) is the sinusoidal variation of the absorbed power 
along the z axis. This modulation in absorption is due to longitudinal resonances, and the 
overall absorbed power intensity profile of Fig. 3(b) is explained by a linear combination of 
longitudinal resonances and radial resonances. This phenomenon is more clearly discernible 
from xz cross sections of the power absorbed in a nanocone, displayed in Fig. 3(c) for 
wavelengths of 400, 500, 600, 700, and 800 nm. All five of these cross sections illustrate the 
longitudinal modes present in the nanocone which give rise to the characteristic vertical 
oscillations in absorption intensity. Focusing on the four longer wavelength cross sections, the 
radial TM11 resonance shifts downward to larger radius with increasing wavelength and has 
multiple lobes in the vertical direction due to its convolution with the longitudinal resonances. 
No strong radial mode is visible for the 400 nm wavelength cross section because GaAs 
absorbs strongly in this region and light does not penetrate deep enough into the nanocone to 
establish a radial mode. Additionally, in the 500 nm wavelength cross section, the character 
of the TM12 mode is visible at the bottom of the nanocone, as an additional radial absorption 
peak becomes visible at the rim of the nanocone. From this detailed analysis of nanocone 
absorption, we conclude that arrays of truncated nanocones exhibit spectrally-extended 
resonances and provide another method to achieving a more broadband optical absorption 
response in nanowire arrays. 

2.4 Optimization 

Using the conceptual understanding developed above, directed optimization using modest 
geometric modifications can be employed to realize broadband light absorption in nanowire 
arrays. Schematics of the optimized structures along with their power absorption profiles for a 
65 nm radii nanowire cross section (λres = 675 nm) and their absorption curves are shown in 
Fig. 4(a), Fig. 4(b), and Fig. 4(c), respectively. The side-by-side display of the power 
absorption cross sections [Fig. 4(b)] in each optimized structure underscores their essentially 
identical TM11 modal characteristic. 

As previously mentioned, the optimizations were performed under the constraint of 
constant fill fraction (5%) and constant nanostructure height (3 µm), corresponding to a 150 
nm planar equivalent thin film. For comparison, the planar equivalent thin film absorbs 10.5 
mA/cm2 and the uniform array of 65 nm radius nanowires [Fig. 4(a)] absorbs 25.0 mA/cm2. 
The absorption curves for these cases are displayed in Fig. 1 and Fig. 4(c) as the black and red 
lines, respectively. Note that partial spectral averaging has been used for the planar layer to 
smooth out the Fabry-Perot resonances (see Methods for details). All nanostructures are 
positioned on top of an infinite Si substrate and embedded in a 30 nm layer of SiOx to emulate 
SAG-MOCVD as-grown structures [27]. 
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Fig. 4. (a) Diagrams of sparse arrays of (i) uniform nanowires with radii of 65 nm, (ii) 
nanowires with varying radii (45, 55, 65, 75 nm) with inset of aerial layout, and (iii) truncated 
nanocones with tip radii of 40 nm and base radii of 100 nm; (b) Cross sections of normalized 
power absorbed at the TM11 resonance at 675nm for (i) a 65nm radius nanowire in a uniform 
array, (ii) a truncated nanocone at r = 65 nm and (iii) a 65 nm radius nanowire in the multi-
radii nanowire array (black circles outline the edges of the wire); (c) Simulated absorption vs. 
wavelength for the geometrically-optimized GaAs arrays of truncated nanocones shown in (a) 
and the planar equivalent thickness (t = 150 nm). All nanostructured arrays are 3 µm in height, 
have a 5% fill fraction, sit on top of an infinite silicon substrate and are embedded in 30 nm of 
silica (not shown). 

For the multi-radii nanowire array optimization, computational constraints limited the 
number of different wire radii in a single array to four, which were arranged in a 2 x 2 unit 
cell [Fig. 2 and Fig. 4(a)]. For the optimization, all unique combinations of nanowires with 
radii of 50, 60, 70, 80, and 90 nm were simulated, holding height and fill fraction constant at 
3 µm and 5%, respectively. These radii were chosen because their TM11 and TM12 resonances 
are distributed within the UV-Vis spectrum up to the bandgap of GaAs (λ ~350-900 nm). 
Using broadband simulations, the optimized case was determined to be a unit cell with wire 
radii of 50, 60, 70, and 80 nm; however, due to fitting errors in the imaginary part of the 
refractive index (see Methods for details), the final optimized multi-radii nanowire array was 
determined to be an array with radii of 45, 55, 65, and 75 nm, using single wavelength 
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simulations. The absorption as a function of wavelength for this case is shown in Fig. 4(c) 
(blue line) and achieves an absorbed photocurrent of 28.8 mA/cm2, corresponding to a 15% 
improvement over the uniform nanowire array. As implied from the individual wire 
absorption curves in Fig. 2(c), the total array absorption curve has four strong peaks 
distributed relatively evenly across the visible spectrum and an extended shoulder around 450 
nm, which correspond to absorption into the TM11 modes corresponding to each wire radius 
and the TM12 mode of the 75 nm radius wire, respectively. A previous study by Sturmberg et 
al. using a Bloch wave expansion to frame the modal analysis found that when multiple wire 
radii are included within a 30% fill fraction array of silicon nanowires, nearly a 30% increase 
in absorbance was found for a 2 x 2 unit cell array over a uniform array [41]. Additionally, 
they extended their study to include 4 x 4 unit cell arrays, and achieved an additional 4% 
improvement over the optimized 2 x 2 case. The findings of Sturmberg et al. indicate that 
larger unit cell arrays could yield additional improvement in absorbed current density. By 
contrast, our study focused on lower array fill fractions, such that the scattering cross sections 
of nearest neighbor wires overlap, but the scattering cross sections of second-nearest 
neighbors and beyond, do not overlap. In this sparse array limit, larger unit cells face 
diminishing returns because the period of the sub-lattice for each wire radii exceeds the wire 
scattering cross section, preventing incident light from coupling into the appropriate resonant 
structure. 

To find the optimum dimensions for the array of truncated nanocones, the tip radii of the 
nanocones were varied between 30 and 60 nm and the base radii were varied between 70 and 
100 nm, in 10 nm increments, holding height and fill fraction constant at 3 µm and 5%. 
Optimum absorption occurred for an array of truncated nanocones with tip radii of 40 nm and 
base radii of 100 nm, achieving an absorbed photocurrent of 29.5 mA/cm2 and an 18% 
improvement over the uniform array absorption [Fig. 4(c), green line]. At these dimensions, 
the extended resonance spectrums of the two TM modes overlap by more than 50 nm, 
enabling the observed near-unity broadband absorption. The truncated nanocone absorption 
equals or exceeds that of the uniform array except in the region of the TM11 resonance of the 
uniform array (650-750 nm). The higher absorption in the uniform array in this spectral 
region is due to a difference in vertical distance over which the mode is resonant: the entire 
length of the uniform wire compared to only a small fraction of the nanocone length. 

3. Conclusion 

Using a theoretical understanding of the leaky mode resonant absorption in sparse nanowire 
arrays, modest geometric modifications were used to achieve near-unity broadband 
absorption. Arrays with multiple wire radii and tapering were simulated for GaAs nanowires 
and shown to achieve a 15 and 18% improvement, respectively, over a uniform array by 
increasing the resonant portion of the AM1.5 spectrum. For selective area growth using 
metalorganic chemical vapor deposition, the arrays of truncated nanocones are experimentally 
achievable by altering the growth conditions [45] and the wire arrays with multiple wire radii 
are experimentally achievable by definition of the patterned substrate. The nanocone structure 
is also achievable via a crystal facet-selective wet etch, such as KOH for tapered silicon 
nanowires [43]. We note that while a nanocone array is predicted to achieve marginally 
higher absorption than a multi-radii array, the effect of modifying the wire growth conditions 
and introduction of new exposed crystal facets may alter the electronic properties of the array. 
However, given the relatively small difference in their absorption performance (< 1 mA/cm2), 
both nanocone arrays and multi-radii wire arrays may be promising routes to improve the 
optoelectronic performance of semiconductor nanowire arrays as solar cells. 

4. Methods 

Lumerical FDTD, a commercial software, was used to perform 3D, full-field electromagnetic 
simulations of GaAs nanowire and modified nanowire arrays. Arrays were constructed using 
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a rectangular 3D simulation region, with periodic Bloch boundary conditions applied in the x 
and y directions and infinite boundary conditions, rendered as perfectly matched layers 
(PML), in the z direction. All nanowire structures were modeled as GaAs, using the Palik 
material data provided by Lumerical, and were anchored on an infinite silicon substrate with a 
thin, 30nm layer of silicon oxide to emulate as-grown wires from previous work [27]. All 
nanowire structures were square-packed at a constant 5% fill fraction and were 3 µm in 
height, resulting in constant material usage. 

Optimizations of the multi-radii arrays and truncated nanocone arrays were performed 
using broadband (350-900 nm), infinite plane wave sources to conserve computational power. 
To ensure accurate results, the three best performing structures of each design were 
illuminated with single wavelength, infinite plane wave sources at 10 nm intervals, with a 
long pulse time of 50 fs to simulate steady-state illuminated behavior. Partial spectral 
averaging over 10 THz was used to extract an average response over the 10 nm intervals; 
consequently, Fabry-Perot resonances are not observed in the final absorption curves. 

Absorption in the structures was calculated using two transmission monitors, one directly 
above the nanostructure and one directly below. The absorbed current, in mA/cm2, was 
calculated from the absorption as a function of wavelength by weighting the simulated 
absorption curve by the AM1.5G spectrum and integrating over wavelength. Plots of 
normalized power absorbed were calculated by recording the electric field intensity spatially 
and multiplying by the imaginary part of the permittivity of GaAs. 
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