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An extraordinary light absorption property of nano-multiwall cylinder array with a peri-
odic structure is reported. The ultra-high absorption is independent of the incoming light
on polarization state and insensitive in a broad angle range. We attribute the efficient
light harvesting property of nano-multiwall cylinder array to the leaky-mode resonance.
Influence of geometrical parameters of the structure such as wall cylinder height, width,
and substrate thickness on absorbing performance is discussed. The proposed absorber
will find its application in those areas related to solar energy harvesting.

Keywords: Nano-multiwall cylinder; angle independence; polarization insensitive; visible
regime; absorption.

1. Introduction

Photovoltaic (PV) cells can serve as a virtually unlimited clean source of energy

by converting sunlight into electrical power. Their importance is reflected in the

tireless efforts that have been devoted to improving the electrical and structural

properties of PV materials. The first step of converting sunlight is light absorption.

Both dielectric and metallic bulk materials of PV cells offer strong light confine-

ment. Their distinct materials properties translate into markedly different behavior

and applications. Metallic nanostructures have recently gained significant attention

due to their unparalleled ability to concentrate light into deep-subwavelength vol-

umes.1,2 This property is derived from the unique optical behavior of metals that

enables collective electron excitations, known as surface plasmons. Many exciting

plasmonics concepts have emerged. But their application is limited to a certain
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extent due to the loss nature of metals. Heat is always generated when light is

manipulated by them. Metamaterials, which are composed of metallic and dielec-

tric subwavelength structures arranged in periodic array, have gained increasing

interest for the last decade due to their unique and extraordinary optical proper-

ties.3–5 It was suggested to be an alternative material for light absorbers due to

its extraordinary electromagnetic properties. But these structures are difficult to

be produced in industry due to the complicated and accurate nanostructures. Re-

cently, researchers are searching for approaches to dramatically boost the amount

of light absorption per unit volume of semiconductor. More advanced light trap-

ping techniques based on resonant cavities,6 plasmonics,7 and photonic crystals8,9

have gained significant interest. High-trapping dielectric resonators offer low op-

tical losses, and semiconductor bulk materials are widely used in the PV cells.

Various nanostructures including nanowire,10–13 nanopillar,14–16 nanocone,17–19

nanohole,20–23 and nonadisk24–27 arrays have proven to have unique optical and

electronic characteristics for light absorbing and harvesting. Here, we show a new

type of structure called nano-multiwall cylinders array which can engineer resonant

field enhancements to tune their spectral absorption features for device applica-

tions. The superiorities of concentrating light in a broadband, angle independence,

and polarization independence will be shown. The most important issue is a new

and more proper theory regarding the phenomenon of angle independence will be

highlighted. And the reason of unnecessary discussion of polarization independence

will also be revealed in the section below.

We use the framework of leaky-mode resonances (LMRs) which was originally

developed for micrometer-scale resonators to provide an intuitive vantage point for

the purpose of understanding and engineering these resonant effects in the multi-

wall cylinders structures. Leaky-mode resonance is a phenomenon that an optical

waveguide in the guided modes can be excited and simultaneously extracted by the

introduction of a phase-matching element, such as a diffraction grating. Such guided

modes are called “leaky modes”, as they do not remain guided. The grating coupler

is a region on top of a waveguide and extended over the whole surface of the grating.

For specific combinations of incident angles and light frequency, there is resonance,

allowing the grating to couple light into a guided mode of the waveguide. Typically,

the grating coupler is periodic and extends over the whole surface, so light can be

coupled into the waveguide, but not back out. In this paper, we demonstrate that

germanium nano-multiwall cylinders which can effectively serve as a set of broad-

band optical antennas for sunlight. Recently, powerful antenna effects were exper-

imentally demonstrated in photocurrent measurements on germanium nanowires

at specific wavelengths.12 When the illumination wavelength matched one of the

allowed leaky mode resonances, the high refractive index wire was able to capture

and trap the light by multiple internal reflection from its boundary and all LMR

wavelengths were calculated numerically using the real part of the refractive index

of germanium.28 As a consequence, light absorption and the resulting photocurrent

could be enhanced at a desired wavelength. Here we illustrate how light absorption
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in multiwall cylinder array can be increased over the tremendously broadband solar

spectrum by taking advantage of the plurality of spectrally separated leaky mode

resonances.

2. Design of Nano-Multiwall Cylinders Array

We put forth a multiwall cylinders array-based solar energy absorber working on the

waveband of 400 nm to 700 nm, i.e. visible spectrum which blesses half of sun light

energy. Figure 1 shows the schematic diagram of the periodic multiwall cylinders

array under study. The single multiwall cylinder is designed based on the square

lattice with lateral size of a = 0.2 μm. The height h of the multiwall cylinder,

the thickness l of the substrate, and the width d of the wall cylinder need to be

considered in design. The center of the multiwall cylinder is a germanium cylinder.

For the multiwall cylinders array, we need to take into account the wave effects by

solving Maxwell’s equations for the full wave vector. The finite-difference and time

domain (FDTD) algorithm has been proven to be effective for dealing with such

periodic structures. In our analyses, we use a fine grid (1 nm × 1 nm × 10 nm),

in order to ensure convergence of the calculation process. By energy balance, the

absorptivity of the cylinder structure is given by A(λ) = 1−R(λ)−T (λ), where λ is

the wavelength of the incident wave, and R, T and A are the frequency dependent

reflectance, transmittance, and absorptivity of the cylinder structure respectively.

Geometrical parameters of the multiwall cylinders such as height h, the substrate

thickness l, and the wall cylinder width d are fixed to be 0.7 μm, 0.2 μm and 50 nm,

respectively.

For this study, fabrication of the multiwall cylinders array is a challenge issue.

The possible nanofabrication methodology is that using focused ion beam direct

milling or e-beam direct writing system to generate a template first. Then electro-

plating technique can be employed to form the mother board. After that, nano-

imprinting technique can be adopted for replication of the array.

(a)                            (b)

Fig. 1. (a) Schematic diagram of the nano-multiwall cylinders array absorber and (b) cross-
sectional view of a single nano-multiwall cylinder.
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(a) (b)

(c)

Fig. 2. (Color online) Absorption spectra of the multiwall cylinder array. (a) Different incident
angle of 50◦, 60◦, 70◦, 80◦ and 90◦ and fixed parameters of h = 0.7 µm, l = 0.2 µm and d = 50 nm.
(b) Different incident angle of 50◦, 60◦, 70◦, 80◦ and 90◦ and fixed parameters of h = 0.7 µm,
l = 0.2 µm and d = 40 nm. (c) Different incident angle of 30◦ and 40◦ fixed parameters of
h = 0.7 µm, l = 0.2 µm and d = 50 nm.

3. Results and Analyses

Figure 2 exhibits the influence of the incident angle. In literature, resonant struc-

tures tend to exhibit a strongly angle-dependent optical response and the resulting

solar cells require solar structure to follow the sun’s movement in order to maxi-

mize their daily energy output. Recently, some structures3,12,29 enables significant

enhancement in the absorption of sunlight with little dependence on incident angle.

Multiwall cylinders array structure show perfect angle independence in our proposed

structure, as shown in the Fig. 2. The absorption is kept unchanged when incident

angle varies from 50◦ to 90◦. Angle independence used to be attributed to struc-

ture symmetry: A change in the incident angle in the plane normal to the structure

does not affect the light absorption in literature. As the incident angle changes in
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horizontal plane, the symmetry of structures can immune the influence, e.g.

nanowire structures. But structures symmetry has less persuasion when the incident

varies from 0◦ to 90◦, especially the substrate participates in optical absorption.

And the premise of symmetry theory is that the diameter of the nanowires is large

and the incident angle is more than 20◦. In my opinion, this theory is incorrect.

According to their opinion, is the nanowire with diameter smaller than 20 nm un-

symmetrical? Is the nanowire symmetrically changed when incident angle is smaller

than 20◦? The most essential issue is resonance whose time determines absorptiv-

ity in resonant structure. The reason of low absorptivity at small incident angle

is that most part of the incident light is already reflected or transmitted. In the

case of adequate resonance time, different resonance modes exhibit distinct optical

absorption phenomenon. Figures 2(a) and 2(b) shows the optical absorptivity with

width d = 50 nm and 40 nm, respectively. As can be seen, the absorptivity trends

remain constant and we attribute this property of nano-multiwall cylinders array

to the effect of leaky mode resonances. But when the incident angle decreases to

40◦, the resonance time is not long enough to realize perfect absorption, as shown

in Fig. 2(c). Even so, the multiwall cylinders array structure is much better in

angle-independence than the other structures, i.e. nanowires.4,5,11 The absorptivity

of the other structures have obvious drop while incident angle decrease to 70◦ and

the absorptivity of multiwall cylinders array structure can keep unchanged until

the incident angle decrease to 40◦.
Polarization-independence was shown in other nanostructures.4,5 Figure 3 ex-

hibits a polarization independent response in the multiwall cylinders array for the

same incident light angles. It can be seen that the absorptivity has no difference in

case of 90◦ incident light angles when polarization angle varies from 20◦ to 90◦. We

believe that the polarization is unnecessary to be considered here. In microscopic op-

tics, similar materials have similar conduction bands. It results to photons with the

Fig. 3. (Color online) Absorption spectra of the multiwall cylinder array under various polariza-
tion state.
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. (Color online) (a) Absorption spectra of the multiwall cylinder array under the optimal
condition of h = 0.7 µm, l = 0.2 µm, d = 50 nm. (b) For the different height h and fixed parameters
of l = 0.2 µm and d = 50 nm. (c) Electric field distribution at x–z plane under the condition of
h = 0.7 µm, l = 0.2 µm and d = 50 nm. (d) Electric field distribution at x–z plane under the
condition of h = 0.5 µm, l = 0.2 µm and d = 50 nm. (e) Electric field distribution on the bottom
whose height is 0.7 µm and (f) electric field distribution on the bottom whose height is 0.5 µm.

same energy to excite electron which has the same velocity from conduction band

to valence band. Meanwhile, with similar energy photons excitation, similar heat

can be produced as well. There is no contribution for polarization in the program.

Here we discuss the influence of parameters change, and optimization of the

parameters of nano-multiwall cylinders array. The absorption spectrum of the nano-

multiwall cylinders array can be calculated, as shown in Fig. 4(a). As can be seen,
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(a) (b)

Fig. 5. (Color online) (a) Absorption spectra of the multiwall cylinder array under different

thicknesses l when h = 0.9 µm, d = 50 nm. (b) Electric field distribution of the substrate.

the nano-multiwall cylinders array absorber can achieve an average absorptivity of

0.92 in the whole visible waveband, the absorptivity is much better than the bare

substrate. Figure 4(b) shows the normal incident absorption spectra under various

multiwall cylinder heights h, while all the other parameters are fixed. As can be

seen, when the height is 0.5 μm, the absorptivity is lower, and the height is larger

than 0.6 μm. The absorptivity can get a higher level. Figures 4(c) and 4(d) show

the electric field distribution for the cylinders with height of 0.7 μm and 0.5 μm,

respectively. As can be seen, most of the photons are trapped on top of the nano-

multiwall cylinders. And the absorption decreases while the monitor shifts from the

top to the bottom. Figures 4(e) and 4(f) show the electric field distribution on the

bottom of multiwall cylinder whose height is 0.7 μm and 0.5 μm, respectively. As

can be seen, the electric field for cylinder of 0.7 μm height is much weaker than

that of 0.5 μm height. It means that 0.5 μm is not high enough so that some light

is not trapped in the multiwall cylinders.

As the large refractive index contrast between the germanium and air, the

electromagnetic field can be coupled efficiently into the multiwall cylinders at reso-

nances, resulting in a significant light-trapping ability boost. For the nano-multiwall

cylinders array here with small filling factor, some incident light can be coupled into

the nano-multiwall cylinders, and some of the light is absorbed in the substrate. In

contrast, the nano-multiwall cylinders array with larger filling factor provides more

supported modes. Hence, the absorption is greatly increased when these modes are

well coupled and concentrated in the array. Figure 5(a) shows the influence of the

substrate thickness on absorption of the multiwall cylinders. As can be seen, optical

absorptivity has the same variation tendency when the substrate thickness varies.

When the substrate is thick enough, absorptivity is insensitive in the thickness of

the substrate. It can be seen from Fig. 5(b) that the nano-multiwall cylinders array

designed with small filling factor has high absorption.
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Fig. 6. (Color online) Absorption spectra of the multiwall cylinder array under different width
d when h = 0.9 µm and l = 0.2 µm.

It was investigated that the intensity and position of third-order nonlinear

susceptibility peaks depend on shell thicknesses in cylindrical nanoshells. The third-

order nonlinearity susceptibility is obtained as a function of wavelength for cylindri-

cal nanoshells structure and smaller thicknesses have peak susceptibility at shorter

wavelength.30 Figure 6 shows the effect of width of the multiwall cylinders. The

different widths match different allowed leaky mode resonances, and resulting to

different absorption tendency. When light matches them, the absorption peak ap-

pears. Therefore, different width has different peaks of absorptibity.

4. Conclusion

In conclusion, we have proposed a nano-multiwall cylinders array for the purpose of

acting as a perfect absorber. Our theoretical results demonstrate that it can achieve

an average absorptivity as high as 0.92 throughout the whole visible waveband.

The absorber is shown the novel properties of insensitive to the light polarization

state, and able to retain independent on different incident angles. We analyzed the

phenomena in physical mechanism point of view by means of leaky mode resonance.

With the vast demand of the sustainable and green energy nowadays, it is reasonable

to believe that the proposed absorber will find its potential applications in those

light harvesting related areas.
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