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Abstract

Chaotic behaviours were first recognized in the early twentieth century while

attempting to understand the three-body problems. After chaos was accepted

as one of the intrinsic properties of nature, plenty of issues related to quantum

properties in classically chaotic systems have been raised and resolved. Through

intensive efforts in the field to unveil this quantum-classical correspondence in

chaotic systems, it was revealed that resonance spectra in chaotic systems are

very irregular and complicated compared to those in non-chaotic systems. This

spectral complexity comes from the fact that as a regular system is gradually per-

turbed into a chaotic one, mode splittings, breaking of degeneracies, and avoided

crossings take place in resonance dynamics. Motivated by these mechanisms,

we show that light absorption in chaotic nanowires in an array is remarkably

enhanced under the condition of a chaotic wire cross-section. According to our

results, this enhancement is proportional to the number of absorption modes,

which emerge as the deformation of cross-section increases. We numerically ver-

ify the light absorption enhancement by using finite-difference time-domain sim-

I



ulations and show that the increase in the number of modes is caused by mode

splittings and avoided crossings. The light absorption enhancement is experi-

mentally demonstrated by using fabricated samples of freestanding Si-nanowire

PDMS composites. Our results are applicable not only to transparent solar cells

but also to a CMOS image sensors to maximize absorption efficiency.

Keyword: Wave chaos, Avoided crossing, Chaotic nanowire, Free-standing

Nanowire arrays.
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I. Introduction

A nanowire is a quasi-three-dimensional nanostructure in which a quantum

(wave) mechanical interpretation is more relevant than a classical one. Based on

this nanowire framework, a wide range of devices, such as lasers [1, 2], sensors [3],

and photovoltaics [4, 5], have been developed. For semiconductor-nanowire-

photovoltaics, e.g., in solar cells [6] and CMOS image sensors [7], because the

improvement of light absorption efficiency is crucial in maximizing yield in real

applications, extensive efforts have been made to find an ideal structure of a

nanowire array. Once, in a cylindrical nanowire, parameters such as radius,

height, and pitch were controlled to optimize reflection, transmission, and mode

excitation [8, 9, 10]. Afterward, a more path-breaking approach was proposed,

such as the dielectric core-shell structure, which can achieve a balance between

the absorption enhancement induced by leaky mode resonances (LMRs) and the

anti-reflection effect of dielectric materials [11, 12, 13, 14]. In addition, trials in a

different direction were performed to manipulate configurations of a wire array,

such as square, triangular, Penrose, and random fashion structures [15, 16, 17].

As a totally different approach, there have been studies addressing deformation of

wire morphologies, such as diameter-modulated, nanocone, ellipse, dual-diameter,

randomly branched, and slanted nanowires [18, 19, 20, 21, 22, 23, 24].

Recently, it was shown that the average decay rate of modes converges to

a specific value improving the energy storage capacity [25] in chaotic resonators

whose cross-sectional shape is a stadium. In addition to the advantage in the

energy storage aspect of a chaotic resonator, here, we demonstrate another ex-

cellent chaotic effect of a nanowire in arrays: strong enhancement of light ab-
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sorption. The main cause of chaos in our system stems from the cross-sectional

shape of wires, which can be assumed to be the two-dimensional system. For

several decades, two-dimensional chaotic systems deformed from a circle have

been extensively studied in the quantum chaos community, and various interest-

ing topics have been discussed across the classical, semiclassical, and quantum

(wave) physical regimes. One essential property of chaotic (or non-integrable)

systems is that there are a bunch of complicated mode couplings resulting in the

Wigner distributions in the nearest-neighbor-spacing statistics of modes: break-

ing degeneracies of modes. Because this property is a dual face of classical chaos

reflected in wave dynamics due to mode interactions, it is referred to as the “wave

chaos” effect [26].

It is known that there are two types of mode coupling phenomena in a two-

dimensional chaotic cavity: mode splittings due to the breaking of degeneracy [27]

and avoided crossings [28]. As a consequence of these mode couplings, resonance

spectra in the chaotic cavity exhibit greatly complicated structures [26], which

provides augmented absorption channels for the strong light absorption enhance-

ment. To demonstrate our claims explicitly, we perform optical three-dimensional

simulations for a stadium-shaped cross-section nanowire in an array with the

finite-difference time-domain (FDTD) method. By comparing the number of ex-

cited resonance modes in the absorption spectrum and the total absorption rate

at each deformation parameter, we analyze the proportionality between them.

Through this analysis, we elucidate the fact that a larger number of modes can

get engaged in light absorption spectra of nanowires by means of mode splittings

and avoided crossings when the cross-sectional shape is deformed from a circle to

a stadium. Our discovery is experimentally verified in a silicon nanowire array

having a stadium-shaped cross-section, in which broadband absorption is higher

by 16.83% compared to that of a cylindrical nanowire. Moreover, it is revealed

– 2 –



that the wavelength-resolved absorption enhancement reaches almost 4-fold in

our work.

1.1 Chaotic Cross-Sectional Nanowires

The stadium shape is a representative of a fully chaotic two-dimensional

system, which comprises of two half-circles of radius R and two linear sections

of length 2L, as shown in Fig. 1.1(a). When a deformation parameter defined

as ε ≡ L/R is ε 6= 0, the classical ray dynamics in phase space are ergodic [29].

To show the effect of the chaotic cross-section of nanowires in an array, we set

a rectangular nanowire array structure with a height h and a pitch a, as shown

in Fig. 1.1(b). In nanowire arrays, the leaky waveguide modes in individual

nanowires dominantly govern the light absorption rate when the photonic lattice

constant is large enough [17, 30]. Furthermore, when the waveguide height is

much larger than examined wavelengths the electric fields in waveguides can be

expressed by the factorization form [31], as follows: E(x, y, z) = e(x, y)exp(iβz).

In other words, the chaotic properties of a cross-section of the nanowire directly

affect the electromagnetic fields of the nanowire by perturbing e(x, y). Under this

condition, an ε-dependent absorption spectrum is obtained by using the FDTD

method. Over the entire calculation procedure, we preserve the cross-sectional

area of wires to compare the light absorption rate for the same volume at the

fixed height of wires. Because of this area preservation, the length of the linear

section L (ε) = ε
√
A/
√
π + 4ε increases, while the radius R (ε) =

√
A/
√
π + 4ε

decreases, as ε increases when the cross-sectional area of a cylindrical nanowire

is A = πR2
0 at ε = 0.0.
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Figure 1.1: Morphology of a chaotic-nanowire array. (a) The cross-section of a

circle (black-solid curve) and a stadium shape (red-solid curve), where 2L and

R are a length of linear section and a radius of half circle, respectively. (b) The

schematic illustration of a nanowire array structure consisting of a pitch a and a

height h.
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II. Numerical Simulation

2.1 Light Absorption Spectra

For investigating wave chaos in nano to micro size wire, we compute the

absorption spectra for R0 = 100nm and 200nm as a function of ε, 0.0 ≤ ε ≤ 1.0,

in the wavelength range, 400 ≤ λ ≤ 900 nm. Because the stadium shape has

mirror reflection symmetries with respect to both the major axis (i.e. parallel to

the linear section L) and the minor axis (i.e. perpendicular to the linear section

L), two linearly polarized light along these axes are considered.

In Fig. 2.1(a) of the spectra of R0 = 100nm, by tracing peaks in the absorp-

tion spectra, several branching curves are identified as the deformation parameter

increases from ε = 0 to 1.0. At ε = 0, there are only two absorption peaks which

are labeled by A and B. At ε = 0.3, now, four prominent absorption peaks la-

beled by A, B1, B2, and C are observed around 423.28, 509.92, 543.40, and 587.28

nm, respectively.

Here, let us remark several interesting observations in details. First, the

curve of peak C in Fig. 2.1(a) is a newly emerging one around ε = 0.12, which

was absent at ε = 0. Second, the HE12 mode labeled by B bifurcates into two

separate peaks moving in an opposite direction as ε increases (blue shift of peak

B1 and red shift of peak B2). Third, around ε = 0.48, the peaks on curve B2

and the newly emerging curve C repulse each other. Finally, curve B2 eventually

disappears around ε = 0.8.

In addition to spectral behavior, we define Total absorption rate as following,

Γ (R0, ε) ≡
1

N

∫ λmax

λmin

A (ε, λ) dλ = 1− T −R, (2.1)
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Figure 2.1: (a) A full spectrum of absorption rate in a silicon nanowire array for

R0 = 100nm depending on deformation parameter ε. An example of absorption

spectrum at ε = 0.48 (black-solid curve) is superimposed on the full spectrum.

At ε = 0, labels A and B denote absorption peaks of modes HE13 and HE12,

respectively. For ε > 0, B1 and B2 denote the bifurcated absorption peaks

from B. C marks the newly emerging mode. The tics at the bottom of (a) are

representative solutions of Eq.A1 in Appendix for β = 0 at ε = 0 . (m, l) under

tics are assigned by the azimuthal mode number m and the radial mode number

l of the solutions in the circle, i.e, ε = 0. (b) A total absorption rate Eq. (2.1) as

a function of ε.
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where N (≡ λmax − λmin), T , R, and A (ε, λ) are the normalization factor, the

transmittance, the reflectance, and the absorption rate at the parameters (ε, λ),

respectively. In Fig. 2.1(b), we can see that the total absorption rate Γ(100nm, ε),

computed by Eq. (2.1), increases monotonically from 0.265 at ε = 0 to 0.408

at ε = 0.48 and then decreases monotonically after this maximum point as ε

increases further. Surprisingly, the enhanced ratio of the total absorption rate

reaches even up to 54% at ε = 0.48. This dramatic increase in efficiency strongly

sheds light on potential applicability of chaotic nanowires to light-absorption

associated devices.

0.9

0.0

1.0

0.0

0.2

0.4

0.6

0.8

400 500 600 700 800

ε
(L

/R
)

Wavelength (nm)
400 500 600 700 800 900

Figure 2.2: The absorption spectra for R0 = 200nm as functions of ε ≡ L/R

and λ, when an incident light is illuminated along the negative-z direction with a

polarization along (a) the major and (b) the minor axis, respectively. The color-

code stands for the dimensionless absorption rate. Representative examples of the

bifurcations, emergences, and avoided crossings of absorption peaks are marked

by the dashed boxes, the dotted circles, and the dashed ellipse, respectively.

For R0 = 200nm case, Figs. 2.2(a) and (b) show the absorption spectra when

the polarization of the incident light is along the major and the minor axis, re-

spectively. In these two figures, one can see, roughly, three main absorption peaks
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at ε = 0.0 in both cases for λ < 700 nm. Because a circle is isotropic, the two

spectra at ε = 0.0 are the same. However, in a higher ε region, the complicated

absorption spectra of the two figures are very different. This difference can be

understood in terms of bifurcations (in dashed boxes), emerging of absorption

peaks (in dotted circles), and avoided resonance crossings (in dashed ellipses),

which depends both on the deformation and polarization.

400 500 600 700 800 900
Wavelength (nm)

0.1

0.5

0.9

0.7

0.3

A
bs

or
pt

io
n 

ra
te

Figure 2.3: The absorption spectrum of the Si nanowire array at ε=0.0 (black-

dotted curve) and 0.43 (red-dotted curve) for unpolarized light, i.e., the sum of

Fig. 2.2(a) and (b). The overlaid solid curves are the same spectra, but the FP

modes are excluded (see text).

In Fig. 2.3, to show the wave-chaos property engaging in absorption rate

more clearly, we compare the absorption spectra at ε=0 and 0.43. Because light

in nature is unpolarized, we obtain the total absorption rate by averaging the

absorption rate of the two differently polarized incident lights. The black-dashed

and the red-dashed curve in Fig. 2.3 are those for ε=0 and 0.43, respectively.

The separated absorption spectrum for each of the two polarized incident lights

is given in Appendix. Meanwhile, the short period fluctuations, which are con-
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sequences of the Fabry-Perot (FP)-type modes along the wire-axis, can be ob-

served more clearly in λ > 700 nm. These FP-type modes naturally appear in

a finite-length nanorod structure [17, 30] and do not primarily affect on total

absorption rate. Thus we analyze the spectra excluding short period fluctuation.

By removing these short period fluctuations with Fourier filtering, we can clearly

identify three major absorption peaks as indicated by the black-solid curve at

ε=0 for λ < 700 nm. According to the well-known ”Weyl-law,” the number of

states in physical systems is predominantly dependent on the system’s volume,

En/∆ = πA(νn/c)
2 + P (νn/c) where νn, A, and P are the eigenfrequency, area,

and circumference, respectively. Since cross-sectional area A in microwire arrays,

which have larger radius of cross-section, becomes wider than the nanowire ar-

rays, the number of states, which absorption peaks are formed, increases, and

degenerate modes in circle also increments.

Then we calculated the spectra that gradually increased the radius of the

nanowire arrays, as shown in Fig. 2.4. Observing changes in the spectra, the ab-

sorption peaks in small radius nanowires are red-shifted as increasing the radius,

which shows the tunable applications of the device. Because the stadium-shaped

nanowire arrays have more absorption peaks in the spectrum, it is more suitable

for multi-spectral engineered applications than the circular one. Comparing the

spectra in the radius R0 = 100nm and the R0 = 225nm, we can see that the case

of R0 = 100nm only has two bifurcations and two avoided crossings, while the

radius R0 = 225nm has numerous mode couplings. Thus we verify wave-chaos

effect with the number of absorption peaks in a large radius of nanowire arrays.

2.2 Leaky Waveguide Mode

In Fig. 2.5, for the case of R0 = 200nm, the mode profiles of circular nanowire

arrays, which are corresponding to maximum values of absorption rate, i.e. ab-
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Figure 2.4: The full absorption spectra of R0 = 100nm, 125nm, 150nm, 175nm,

200nm, and 225nm for pitch = 1000nm and height = 4µm as functions of ε ≡ L/R
and λ, when an incident light is illuminated along the negative-z direction with

a polarization along the major axis. The volume fraction stands for volume of

silicon in the device The color-code stands for the dimensionless absorption rate.
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sorption peaks, at ε = 0, have very regular pattern. By exemplifying spatial

distributions of selected modes in Fig. 2.5, we can clearly confirm that these

modes belong to the family of regular HE1l modes at ε = 0. Here, for HEml, the

subscripts m and l are the azimuthal and the radial mode number, respectively,

in the circle. Note that HEml represents the TM-associated hybrid modes, which

contribute dominantly to absorption when the incident wave vector is parallel to

the wire-axis in the cylindrical nanowire. Unless regular patterns of HE1l modes

in circular nanowire, the common structure of spatial distributions of chaotic

modes is well demonstrated in Figs. 2.6. In the figure, we can see that they ex-

hibit almost uncorrelated mode profiles with HE1l modes, i.e., regular modes at

ε = 0. Some mode profiles look nearly similar, but it is because that things are

originated from the family of HE1l modes.

Figure 2.5: The spatial distributions of absorption intensities in a circular (ε =

0) nanowire array for the wavelengths 429.082nm, 282.897nm, and 588.716nm,

respectively, at arbitrarily selected heights. The red color represents the high

intensity and the black, the low one, in arbitrary unit.

– 11 –



Figure 2.6: The spatial distributions of absorption intensities in a stadium (ε =

0.43) nanowire array for the wavelengths 455.696nm, 474.308nm, 491.132nm,

504.555nm, 517.613nm, 529.801nm, 416.667nm, and 441.176nm, respectively, at

arbitrarily selected heights. The red color represents the high intensity and the

black, the low one, in arbitrary unit.
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2.2.1 Avoided Crossings

A more detailed mechanism of light absorption enhancement is elucidated

with the absorption spectrum as a function of ε (radius R0 = 100 nm, height

h = 4 µm and pitch a = 1 µm are the same as before) in the range λmin =

400nm ∼ λmax = 700nm. Note that this smaller radius wire reveals the enhanc-

ing mechanism of light absorption more clearly than larger radius of nanowire.

Fig. 2.1(a) shows ε-dependent absorption spectra of the stadium-shaped cross-

section nanowire arrays. The spatial distributions of the excited LMRs in Fig. 2.1(a)

are displayed in Fig. 2.7 for the selected cases of ε. Fig. 2.7 are shown the electric

field intensities distributed on the wire cross-sections at a specific height (2µm).

At ε = 0, the fields of modes HE13 and HE12 labeled by A and B are shown in

Fig. 2.7(a) and (b), respectively. When ε = 0.2, while the mode of A maintains

its morphology as shown in Fig. 2.7(d), i.e., HE13, the mode of B is bifurcated

into two different ones as shown in Fig. 2.7(e) and (f). At the same time a new

mode begins to appear at C as shown in Fig. 2.7(g). At ε = 0.3, while the modes

belonging to A and B1 maintain their morphologies, the modes of B2 and C

change their morphologies. At ε = 0.48 and 0.7, the modes of A and B1 still

maintain their morphologies as shown by Fig. 2.7(l), (m), (p), and (q). However,

the modes of B2 and C exchange their morphologies at ε = 0.7 [Figs. 2.7(r) and

(s)] via superposed states at ε = 0.48 [Fig. 2.7(n) and (o)]. These superposed

states are caused by mode coupling through an avoided resonance crossing. It

should be emphasized that the maximized absorption rate takes place at the

avoided resonance crossing point. Note that we call these morphology variations

of the excited modes depending on ε as the ε-dependent mode dynamics.

Now, we will show that such a striking enhancement of light absorption

is supported by wave chaos effect: mode couplings due to deformed shape of
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Figure 2.7: Electric field intensities in a cross-section of wires for R0 = 100nm

at the fixed height 2µm for several deformations ε = 0, 0.2, 0.3, 0.48, and 0.7.

Labels A, B, C, B1, and B2 are local maximum peaks, the same as the ones in

Fig. 2.1(a).
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nanowire cross-sections serve as fertile fields for light harvesting. For this purpose,

first, we will demonstrate that the observed bifurcation of curves B1 and B2

around ε = 0.12 and the repulsion of curves B2 and C at ε = 0.48 are initiated

by mode couplings.

The interacting modes with the coupling v can be expressed in terms of

uncoupled basis modes. If we assume that this coupling v is introduced to a

well-isolated two-level system, Hamiltonian can read:

H =

e0 − δ v

v∗ e0 + δ

 (2.2)

whose eigenvalues are e± = e0±
√
δ2 + |v|2. e0±δ is the unperturbed energy

of basis state parameterized by a detuning ±δ from the median value e0 when

v = 0. Corresponding eigenstates (c1, c2)T of |Ψ〉 = c1|ψ1〉+ c2|ψ2〉 are

c±1
c±2

 =

[
|v|2 +

(
∓δ +

√
δ2 + |v|2

)2
]−1/2

∓δ +
√
δ2 + |v|2

±|v|

 , (2.3)

where |ψi〉 and ci are the corresponding initial basis eigenstate and the am-

plitude of superposition when v 6= 0 satisfying |c±1 |2 + |c±2 |2 = 1, respectively.

If the two states are nearly degenerated, i.e., |δ| � |v|, the eigenstates of H in

Eq. (2.2) can be given as (c1, c2)T ≈ 1/
√

2(1,±1)T. This means that linear su-

perpositions of the initial basis states with equal amplitude of c1 and c2 are the

eigenstates of Hamiltonian under the sufficiently strong coupling strength v.

To verify the coupling effects in the absorption spectra given in Fig. 2.1(a),

the superposed states | (|ψ1〉 ± |ψ2〉) |/
√

2 are obtained as shown in Fig. 2.8, where

the wave functions |ψi〉 are the electric fields of modes in curves Bi and C at

ε = 0.2 and 0.48. By comparing these artificial superpositions with the genuine
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modes, we can confirm several aspects of the coupling phenomena. First, the

symmetric and the anti-symmetric linear superposition [shown in Fig. 2.8(a) and

(b)] of modes B1 and B2 at ε = 0.2 [shown in Fig. 2.7(e) and (f)] reveal the original

modes, which are HE12 and HE31 at ε = 0, i.e., in the cylindrical nanowire. Note

that the HE31 mode is not excited in a cylindrical nanowire when the incident

light is parallel to the wire axis while the transverse direction of incident light

can excite this mode as shown in Appendix. Second, as expected, the modes

in Fig. 2.8(c) and (d) which are the superpositions of modes B2 and C at ε = 0.48

[shown in Fig. 2.7(n) and (o) at the ARC point] resemble those in Fig. 2.7(s) and

(r) at ε = 0.7 (i.e., after ARC). Third, the modes of curves B2 and C exhibit

an exchanging of mode profiles over the short-ranged ARC from ε = 0.3 [shown

in Fig. 2.7(j) and (k)] to ε = 0.7 [shown in Fig. 2.7(s) and (r)]. This is the

representative property of “Landau Zener type” couplings, which take place along

a sharp ARC. In addition, we note here that the newly emerging absorption peak

C, corresponding to the mode in Fig. 2.8(d), is initiated by the coupling of modes

HE02 and HE21 (see Appendix).

Figure 2.8: Intensities of artificial symmetric (+) and anti-symmetric (–) linear

superpositions for R0 = 100nm, | (|ψ1〉 ± |ψ2〉) |/
√

2, of electric fields; (a) and (b)

are for B1 and B2 at ε = 0.2; (c) and (d) are for B2 and C at ε = 0.48.

– 16 –



It is worth mentioning that the coupling between the modes belonging to

curves B1 and B2 occurs at the very beginning of deformation and can be regarded

as the “Demkov type” (DT) coupling which is originally a term for describing a

nonadiabatic atomic collision process [32]. In this type of interaction, the original

features of the involved modes are not exchanged across the interaction process

rather the modes progressively superposed each other through a broad ARC

in contrast to the LZT couplings. Note that similar interactions were already

reported of as being observed in an elliptic and a chaotic cavity as well [33, 34].

Figure 2.9: The absorption rates of three selected wavelength regions. The FDTD

results in the regions 400 ≤ λ ≤ 470nm, 470 ≤ λ ≤ 520.5nm, and 520.5 ≤ λ ≤
630nm are the blue-squares, black-diamonds, and red-circles, respectively.

Eventually, we can now understand the mechanism of how the two interac-

tions support the enhancement of light absorption. A pair of modes HE31 and

HE12 satisfy the Fermi resonance relation (∆m,∆l) = (2, 1) [34]. Because of this

Fermi resonance, classical periodic orbits associated with these coupled modes are

“bouncing-ball” type periodic orbits along the vertical and the horizontal axis on
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the stadium-shaped cross-section plane. As already mentioned in the above, when

ε increases, the vertical axis decreases while the horizontal axis increases. Accord-

ing to this variation of the axes, the blue shift of curveB1 and the red shift of curve

B2 in Fig. 2.1 are induced by the resonant condition: Nλ ≈ q/2 where N is the

integer and q is the length of periodic orbit [35]. The two bifurcated modes of B1

and B2 from mode of B, as they are under the DT interaction process, maintain

two separated peaks in the absorption spectra over the entire deformation param-

eter and, hence, these peaks can contribute to the absorption enhancement con-

tinuously. On the other hand, the LZT interaction contributes to the absorption

enhancement only on the short-ranged ARC process between the modes of curves

B2 and C in 0.48−∆ε < ε < 0.48+∆ε with ∆ε ≈ 0.2. For more clear demonstra-

tions of the above arguments, ε-dependent total absorption rates, which are given

as a full summation of the entire wavelength region in Fig. 2.1(b), are analyzed

for three separate regions of [λmin, λmax] = [400nm, 470nm], [470nm, 520.5nm],

and [520.5nm, 630nm] in Fig. 2.9. Obviously, the last case exhibits a significant

local maximum near the LZT coupling of modes B2 and C at ε ≈ 0.48 whereas

the former two cases exhibit relatively monotonic behaviors. It means that the

emerging of the absorption peak of curve C is due to the LZT interaction with

mode B2 and that the absorption contribution of this newly emerging mode C

causes the maximum absorption rate.

2.2.2 Number of Absorption Peaks

When R0 = 100 nm, it is evident that the number of absorption peaks

increases as epsilon increases, because a new peak occurs by the Landau-Zener

type avoided crossing. In this nanostructure, we can easily calculate the number

of absorption peaks because a small number of modes are excited. As the radius

of the nanowire radius increasing, as shown in the Fig. 2.4, it is difficult to see
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the relationship between the number of absorption peaks and the absorption rate.

Therefore, we attempt to confirm that the number of absorption peaks increases in

a wire structure with a radius greater than 100 nm through quantitative methods

in this section.

In Fig. 2.10(a), for R0 = 200nm case, a black-solid curve shows the total

absorption rate (before the effect of FP-type modes is removed) as a function of

ε, which gradually increases to the maximum value at ε=0.43. After this point,

the ε-dependent value of Γ(R0 = 200 nm, ε) does not change significantly up to

ε=1.0. That is, the total absorption rate of a stadium-shaped cross-section is al-

ways higher than that of a circular one in nanowire arrays. In our computations,

we obtain Γ(R0 = 200 nm, ε = 0)=0.45 and Γ(200 nm, 0.43)=0.55, i.e. the total

absorption rate at ε=0.43 is 22% higher than that at ε=0.0. To emphasize, obvi-

ously, this remarkable enhancement is induced just by the deformation of the wire

cross-section; the deformation is the only parameter controlled in computations.

To examine the number of modes contributing to the total absorption rate,

we count the total number of dominant peaks in the two polarization cases for

21 sampled values of ε after removing the peaks of FP modes. The details of

this removing process is described in Appendix. Through this process, we can

suppress the small short-period peaks corresponding to the FP modes and obtain

clean spectra containing only LMRs, as indicated by the solid curves in Fig. 2.3.

The red-dots in Fig. 2.10(a) show the number of absorption peaks of which the

FP modes are filtered out as a function of ε. The correlation diagram between

the number of peaks and the total absorption rate is given in Fig. 2.10(b). In

this figure, one can see that they are under a strong positive correlation since

the number of absorption peaks increases as ε increases monotonically. We found

that the number of peaks and the total absorption rate are related by the Pearson

correlation coefficient of 0.8628.
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Figure 2.10: The absorption rate and the number of absorption peaks for R0 =

200nm depending on ε and λ. (a) The total absorption rate (black-solid curve)

and the number of absorption peaks (red-dots) as a function of ε. (b) The corre-

lation diagram between the total absorption rate and the number of absorption

peaks. The overlaid red-solid curve is a least square linear fit to show linear

dependency.
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Figure 2.11: (a) The fractional absorption rate for R0 = 200nm As(ε, λ)/Ac(ε =

0, λ), which is the absorption rate at (ε, λ) divided by the one at (0, λ). (b)

and (c) are the projection of (a) onto ε and λ planes, respectively. The blue-solid

(A) and red-dashed circles (B) mark the first two maximum values of As/Ac =

3.87 and 3.39 at (εA, λA) = (0.82, 696 nm) and (εB, λB) = (0.51, 659 nm),

respectively. (colorbar: As/Ac)

As is well demonstrated, the deformation-dependent total absorption rate

obtained above already exhibits extraordinary enhancement. However, it turns

out that the wavelength-resolved absorption efficiency can show even more sur-

prising improvement at specific values of (ε, λ). Fig. 2.11(a), (b), and (c) reveal

the fact that the wavelength-resolved absorption enhancement, which is given

by the fractional absorption rate [≡ As(ε, λ)/Ac(ε = 0, λ)] reaches even up to

almost ”4”: 3.87 at (εA, λA)=(0.82, 696 nm) and 3.39 at (εB, λB)=(0.52, 659

nm). Moreover, as is shown in Fig. 2.11, this wavelength-resolved absorption

enhancement manifests a high-contrast selectivity in absorption spectra, that is,

such specific wavelengths, as marked by A, B, and arrows, can absorb much more

light than other wavelengths. We believe this selectivity can be employed in

versatile applications operated by wavelength-resolved signal detections.
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2.3 Generality of Absorption Enhancement in Nano-

to Micro-wire

We obtain an increasing ratio of the absorption rate of the stadium shaped

cross-sectional wire array against to the circular one in percentage, as control-

ling two architectural parameters, pitch and diameter, with a fixed deformation

parameter ε = 0.5 and height h = 10µm. As a result, it turns out that the

absorption rate of stadium shaped wire arrays is much larger than that of the

circular ones for all parameters except only in bulk regime, i.e., a fraction of

summed area of individual wires to the total surface of the array is almost unity.

Fig. 2.12 shows the increasing ratio of the light absorption rate Γ in per-

centage as a function of the center-to-center pitch a and the cross-sectional area

A:

P (a,A) =
Γ(a,A)stadium − Γ(a,A)circle

Γ(a,A)circle
× 100, (2.4)

where Γ(a,A) is an averaged absorption rate. The first characteristic feature we

can catch in Fig. 2.12 is the fact that P (a,A) in the right-lower half triangular

parameter region is much higher than that of the left-upper triangular region.

This observation can be interpreted regarding two competing mechanisms. On

the one hand, as the area of an individual wire increases, for fixed pitch, the

area of both the circular and stadium cross-sectional wire arrays can cover the

almost entire surface of the array, in which their relative difference of absorption

rate becomes negligible. On the other hand, when the pitch is widened, for the

fixed area of an individual wire, the effects of a single wire becomes predominant

so that the difference between the circular and stadium shaped cross-section be-

comes prominent. Thereby, we can conclude that in the regime where the single

nanowire effect dominantly governs the absorption rate, much more light is ab-

sorbed than an array effect-dominant regime when wires have the stadium shaped

– 22 –



Figure 2.12: Increasing absorption rate ratio of Eq. (2.4) in unit of percentage

between a circular and a stadium nanowire with ε=0.5 where x-axis is a center-to-

center pitch and y-axis is a diameter of cross-section of circular nanowire. Inset

is a schematic illustration of stadium nanowire array. In the inset, R, 2L, h, and

a are a radius of circular section, a length of linear section, a height, and a pitch,

respectively. ~k is an wave vector of an incident plane wave in the inset. Dashed

line marks a border of bulk-like region in which Pitch = Diameter of circular

nanowires.
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cross-section. In here, we note that this light absorption enhancement under the

deformed single nanowire effect can be recapitulated toward the point, that the

LMR can play a crucial role in the light absorption enhancement as well.

2.4 Image Sensor Application

Currently, the photodiode of the pixel of a commercial image sensor gener-

ally has a silicon thin film structure. To date, to improve light absorption during

the development of the image sensor, various methods such as a microlens array,

a lightguide structure in the FSI structure, and a BSI structure instead of the

FSI have been used. In addition to these various methods, many attempts have

been made to improve the light absorption rate by utilizing a nanowire array

structure in a photodiode. The nanowire structure has the advantages of enhanc-

ing light absorption, minimizing dark current, minimizing optical crosstalk, and

engineering selective light absorption through changes in wire cross-section size.

We introduce designs that improve the absorption of light by using a chaotic

cross-section discussed in the previous chapter, which has a higher broadband

absorption rate than a typical circular nanowire in the nanowire array.

We designed two types of image sensor structures using chaotic nanowires.

In common with the designs, the material of the image sensor is silicon with

air-background, the pixel size (pitch) is 400nm, the height h = 1µm, and the

wavelength range 400nm ≤ λ ≤ 900nm. The first proposed structure is to op-

timize the absorption of light in the red, green, and blue wavelength regions by

constructing one pixel using three wires, as shown in Fig. 2.13. We will call this

design CIS1 in the thesis. Each wire was designed to have R1 =100nm, ε1 =0.5,

R2 =70nm, ε2 =0.5, R3 =65nm, and ε3 =0. We compare the absorption spec-

trum of CIS1 with the Si thin film structure having the same height in Fig. 2.13.

Assuming that the incident light is 1, the absorption rate of light of CIS1 is
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Figure 2.13: (a) The design of cross-section of CIS1 which is composed of three

nanowire in one pixel. (b) The absorption spectrum of CIS1 (Red solid curve)

and Si thin film (Black solid curve).
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0.582737, and the absorption rate of the thin film is 0.233767. Although the Si

volume of CIS1 is a 37.6% compared to the thin film, the absorption of light

is 2.49-fold. In the thin-film structure, light absorption rate fluctuation by FP

mode, but CIS1 shows relatively uniform light absorption.

The second proposed structure is a structure that optimizes the absorp-

tion of light by engineering three pixels to correspond to RGB pixels, as shown

in Fig. 2.14. Each wire was designed to have R4 =120nm, ε4 =0.48, R5 =100nm,

ε5 =0.48, R6 =80nm, and ε6 =0.48. We will call this design CIS2 in the the-

sis. The CIS2 structure shows a more uniform absorption rate of light in the

entire wavelength range compared to the Si thin film. The light absorption rate

is 2.02-fold. Although the structure of CIS1 shows a higher total absorption rate

than CIS2, CIS2 has a fabrication advantage because the minimum pitch be-

tween the wire and the wire is about 200 nm, and CIS1 is few tens on nm. Due

to this difference in light absorption compared to Si thin film, a photodiode can

be designed with smaller pixel sizes, or Si can be used in half compared to the

present to expect an advantage in terms of material cost with chaotic cross-section

nanowire.
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Figure 2.14: (a) The design of cross-section of CIS2 which is composed of three

nanowire in three pixels. (b) The absorption spectrum of CIS2 (Blue solid curve)

and Si thin film (Black solid curve).
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III. Experimental Verification

3.1 Transparent Si-PDMS Microwire Composite

For the experimental demonstration of the light absorption enhancement,

we fabricate free-standing Si nanowire-PDMS composites for ε=0 and 0.24, as

shown in illustrations in Fig. 3.1 and the Scanning-Electron-Microscope (SEM)

images in Fig. 3.2 and Fig. 3.3. In order to suppress undesired effects of boundary

defects, we set the parameters of the etching mask sufficiently large as a = 4 µm

and R0 = 1.24 µm for three etching depths of h = 10, 20, and 40 µm as shown in

Fig. 3.2. Brief schematic views of the fabrication processes are orderly given in

Fig. 3.3(a), (b) and (c), and in-depth detailed methods are explained in Appendix.

(a) (b)

Figure 3.1: (a) and (b) Schematic view of the circular and the stadium-shaped

Si nanowire-PDMS composite, respectively.

Fig. 3.4(a) and (b) are SEM images of the patterned cylindrical and stadium-

shaped nanowires in arrays for ε=0 and 0.24, respectively. To clearly demonstrate

the cross-section shapes of fabricated wires, here, we present SEM images of wires
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(a) (b) (c)

(d) (e) (f)

Figure 3.2: SEM images of fabricated Si nanowire arrays. (a), (b), and (c) are

circular nanowire arrays with h = 10, 20, and 40 µm, respectively. (d), (e), and

(f) are stadium-shaped nanowire arrays with h = 10, 20, and 40 µm, respectively.

taken before PDMS is coated. For constructing our sample structures as regularly

as possible with respect to the pitch of arrays, we take the hexagonal cell structure

for the array. Fig. 3.5(a) shows the experimentally measured absorption rate

[A (ε, λ) ≡ 1−T (ε, λ)−R(ε, λ)] of the circular (dotted curve) and the stadium-

shaped (solid curve) nanowires for three different heights. In the figure, one can

see that the absorption rate of the stadium-shaped nanowire is always higher than

that of the circular ones in the same height for all the cases of height. Because

a longer wire contains a larger volume of silicon, the absorption rate of a longer

wire is higher than that of a shorter one, as shown in the figure.

We confirm that the absorption rate of stadium-shaped nanowires is signif-

icantly higher than that of the circular ones: The total absorption rates of the

circle, Γ (R0 = 1.24 µm, ε = 0) for h = 10, 20, and 40 µm, are obtained as 0.4203,
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Figure 3.3: (a) Patterned Si nanowire arrays via dry etching (scale bar: 50 µm).

(b) Detaching of the coated Si nanowire-PDMS composite from the wafer sub-

strate (scale bar: 50 µm). (c) Final structure of the transparent composite of

free-standing Si nanowire arrays and PDMS (scale bar: 30 µm).
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(a)

(b)

Figure 3.4: The SEM images of the circular and the stadium-shaped nanowires

in arrays and the experimental absorption rate depending on the wavelength for

three cases of wire height h = 10, 20, and 40 µm. (a) and (b) are SEM images

of the circular and the stadium-shaped nanowires, respectively.
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Figure 3.5: (a) is the experimentally measured absorption rate of the nanowire

arrays as a function of wavelength λ. The black, red, and blue dotted (solid)

curves are for the circular (stadium) nanowires of heights 10, 20, and 40

µm, respectively. (b) The experimentally measured fractional absorption rate

As(ε = 0.24, λ)/Ac(ε = 0, λ) as a function of λ for the three wire height cases.

The dashed vertical line marks λc separating the strong and weak absorption

enhancement regimes.
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Table 3.1: Comparison of the total absorption rate of nanowire arrays

between experiments and simulations in the circular and stadium-

shaped cross-section cases when R0 = 1.24 µm, a = 4 µm, and ε = 0.24.

Height h = 10 µm h = 20 µm h = 40 µm

Shape of cross-section Exp. Sim. Exp. Sim. Exp. Sim.

Circle 0.4203 0.4059 0.5967 0.5161 0.6858 0.6414

Stadium 0.4910 0.4553 0.6457 0.5988 0.7161 0.7411

0.5967, and 0.6858, respectively, and those of the stadium Γ (1.24 µm, 0.24) are

0.4910, 0.6457, and 0.7161. Therefore, we can deduce that the enhancements of

the light absorption rate, Γ(R0=1.24 µm, ε=0.24)−Γ(1.24 µm, 0)
Γ(1.24 µm, 0) × 100%, are 16.83%,

8.22%, and 4.42%. These different values imply that the volume of silicon wires,

which grows as the wire height increases along z-direction. The experimental

absorption rate is summarized in Tab. 3.1 in comparison to FDTD simulations.

The wavelength-resolved absorption enhancement is given in Fig. 3.5(b) for three

height cases. In the figure, we can see that the enhancement can be higher by

above 20% in region, roughly, 600 nm < λ for h = 10 µm. Particularly, at the

longer wavelength of λ ∼ 800 nm, the enhancement reaches up to about 25%.

The height-dependent decreasing trend already observed in Fig. 3.5(a) is also

clearly visible in Fig. 3.6(a). Here we note the observation of regime change

around λc ∼ 480 nm (vertical dashed line), which separates the weak and strong

enhancement regimes in λ < λc and λ > λc, respectively. These experimental

results are well supported and reproduced by our numerical simulations carried

out by the same systems parameters used in the experiments, as shown by the

spectra in Fig. 3.6(a). In obtaining these spectra, we first apply the Fourier fil-

tering (Details in Appendix) then the running-average of the original spectra is

taken in order to make the comparison with the experimental results more visible.

After these spectral polishing techniques, the peaks with a small-amplitude and a

– 33 –



short-period can be suppressed, while the one with a large-amplitude and a long-

period can be moderated. The further numerical case-studies of the deformation-

dependent number of absorption peaks are given in Fig. 3.6(b). In these studies,

the constant height and the cross-sectional area that match the experimental pa-

rameters are used. As we can see in the figure, the number of absorption peaks

grows as the deformation increases, and this result is consistent with the others for

the cases of the smaller area of the cross-section with R0 = 200 nm in Fig. 2.10.

Therefore, we can conclude that the number of absorption peaks, i.e., absorption

channels, in nanowire arrays is augmented as the deformation increases regard-

less of the cross-sectional area, i.e, R0, and accordingly, the absorption rate is

enhanced.
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Figure 3.6: (a) The numerically obtained absorption spectra for the same struc-

tural parameters used in the experiments. The spectra in e) are polished by the

averaging process (see text). (b) The number of absorption peaks as a function

of the deformation parameter ε for the fixed height h = 10 µm.
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IV. Conclusion

In summary, we have revealed that the light absorption efficiency of nanowires

is dramatically enhanced when the cross-sectional morphology of the wires is

chaotic. As the deformation strength of the chaotic cross-section increases, more

and more absorption channels are opened, as LMRs exhibit bifurcations and

avoided crossings. These characteristic resonance dynamics depending on a de-

formation parameter, result in enriched peak structures in an absorption spec-

trum of chaotic nanowires. These complicated spectral structures contribute to

the enhancement of the light absorption rate by up to 54.0% (calculation for R0

= 100nm), 22.0% (calculation for R0 = 200nm), 16.0% (calculation for R0 =

1.24µm), and 16.8% (experiment for R0 = 1.24µm). Through the experiments,

a noticeable enhancement of the absorption rate in chaotic nanowires has been

confirmed. It is emphasized that there is no restriction on the size or materials

because our finding is solely concerned with the morphology (wave-chaos phe-

nomenon) of the wire cross-section. We believe that the findings in the present

thesis will provide invaluable knowledge for optimizing various wire-structure-

based devices requiring highly efficient light absorption.
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A. Fourier Filtering of Fabry-Perot Modes

In the absorption spectra, the small-amplitude short-period fluctuations im-

printed on the large-amplitude long-period oscillations are identified. This small

fluctuation originates from the FP modes while the large one, the LMR modes.

This fact can be easily verified by its free-spectral range because the regular

free-spectral range corresponds to the length of the wire height.

From the full absorption spectra of the nanowire arrays having the circular

(ε = 0) and the stadium-shaped (ε = 0.24) cross-section with R0 = 1.24µm, we

take the partial spectra in the range, 750 nm ≤ λ ≤ 810 nm, and the peaks of

the fluctuation in this range are marked by λi for i = 1, 2, 3 · · · 8. Note that

the peak positions in both the circular and the stadium-shape cross-sectional

wires are identical. The general length of the first order (one cycle of period)

Febry-Perot(FP) type orbit can be given by

L = 2π/∆nk , (1.1)

where L, n, and k are the orbit length, the refractive index, and the wave number,

respectively. Using this equation, we calculate the orbit lengths corresponding

to the obtained series of the free-spectral ranges in Tab. 1.1. Note that in the

calculations we implement the refractive index n given by the works [?]. As is

well demonstrated in the table, the orbit length is obtained as L = 2h ≈ 20 →

h ≈ 10µm that matches the simulated wire height. Shortly, since the small

fluctuations have no dependency on the cross-sectional shape and correspond to

the orbit length which is the same as the wire height, we can conclude that the

fluctuations originate from FP modes.

Now, the removing process of the FP modes in the absorption spectrum is
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Table 1.1: The table of procedure of solving FP type orbit length of

Eq. 1.1 between selected wavelength denoted in Figure A1a.
Wavelength (nm) k (m−1) n nk ∆nk ≡ n(ki − ki+1) L (µm) L/2 (µm)

λ1 754.40 8328719 3.7072 30876226 285229 22.03 11.01

λ2 760.14 8265826 3.7009 30590997 330556 19.01 9.50

λ3 767.26 8189121 3.6952 30260442 335142 18.75 9.37

λ4 774.53 8112256 3.6889 29925300 274222 22.91 11.46

λ5 780.57 8049483 3.6836 29651077 325187 19.32 9.66

λ6 788.09 7972675 3.6783 29325890 329245 19.08 9.54

λ7 795.76 7895830 3.6724 28996644 269013 23.36 11.68

λ8 802.14 7833028 3.6675 28727631 N/A N/A N/A

Average 306942 20.64 10.32

carried out in three steps. First, the spectrum is transformed from the wavelength

λ domain to the wavenumber k domain, by the relation k = 2π/λ. Then the spec-

trum is Fourier transformed to the length domain. This transformed spectrum is

referred to as the length spectrum [36]. Second, we truncate the spectrum up to

the length shorter than the length of FP modes (twice the height of wire). Third,

after applying the inverse Fourier transformation to the truncated length spec-

trum, we recover the original spectrum in the wavelength domain. As a result,

the small fluctuations are removed.

An absorption spectrum in which short period Fabry-Perot type modes are

not excluded is shown in Figure A1b. By excluding the Fabry-Perot type modes,

we can see clear LMR peaks, as shown in Figure A1c. Now, we can count the

number of LMRs in Figure A1c for each linear polarization. In the figures, the

blue-dotted and the red-dotted curves are the absorption spectra when the po-

larization of incident light is along the major and the minor axis, respectively.

The black-solid curve represents the average of the two polarization cases, i.e.,

unpolarized incident light.

Since path length L and wavenumber k are Fourier related variables, the

following length spectrum can be obtained, as shown in Fig. A2. Fig. A2(a)
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and (b) are the length spectra for polarization parallel to the long and short

axes, respectively. When the incident light incident was parallel to the long axis,

strong peaks were formed around the L = 2.2µm and 20µm. As the deformation

increases, the peak formed at L = 2.2µm shifts to a longer path length, and the

peak formed at L = 20µm does not fluctuate. In parallel to the minor axis case,

the peak formed at L = 2.2µm shifts to a shorter path length, and the peak

formed at L = 20µm remains almost at L = 20µm. The change in the length

spectrum corresponding to L = 2.2µm is consistent with the following relation,

L (ε) = ε
√
A/
√
π + 4ε

R (ε) =
√
A/
√
π + 4ε,

that we discussed in the section ”Chaotic cross-sectional Nanowires”. Besides,

it can be seen that the path length of 20m, which is not varied by deformation,

corresponds to 20m, which is twice the length of the wire. Thus we can conclude

the peaks are corresponding to FP mode.
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Figure A1: (a) The absorption spectrum of nanowire arrays with R0 = 1.24µm.

The black and red solid curves correspond to the ones of the circular (ε = 0) and

the stadium-shaped (ε = 0.24) nanowire arrays. The inset is a magification of the

selected range of spectra. The vertical blue dashed lines at λi in the inset mark

the small fluctuating peaks. (b) and (c) The absorption spectra for R0 = 200nm

nanowire arrays at ε = 0.43 including and excluding Fabry-Perot type modes,

respectively. The blue-dotted and the red-dotted spectrum are the absorption

spectrum when the polarization of the incident light is along the major and the

minor axis, respectively. The black-solid spectrum is the average of the two

dotted curves representing the case of unpolarized incident light.
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B. Methods

Fabrication of free-standing nanowire arrays

Followings are description of fabrication process of free-standing Si nanowire

arrays. Circle or stadium dot arrays are patterned by image reversal photolithog-

raphy with an AZ5214 (AZ Electronic Materials) on n-Si wafers (Czochralski-

grown, 525±25 µm thick, <111> orientation, Unisill Inc.). After deposition of

Cr (150 nm) on the patterned Si, the residue is removed by acetone, resulting in

Cr nanodot arrays as a metal mask for the Si nanowires. The Si is then etched

by deep reactive ion etching (DRIE) (Tegal 200). The DRIE process is carried

out using SF6 (250 sccm)/C4F8 (150 sccm) in a cyclic etching mode and pas-

sivation with a 1500-W source power, using 40-mTorr gas pressure and 100-W

stage power. The etching time is precisely controlled to get 10-, 20-, and 40-µm-

thick Si nanowire. The Cr metal mask is removed with a Cr etchant after the

DRIE process. Then, the nanowire arrays are coated with a solution containing

5.5 g hexamethylcyclotrisiloxane (Sigma Aldrich), 1 g PDMS (Sylgard 184, Dow

Corning), 0.10 g PDMS curing agent, and 5 ml dichloromethane. The solution is

spin-coated onto the samples at 600 rpm for 210 s and at 800 rpm for 10 s, and

cured at 100 ◦C for 20 min. After curing, 40 wt% of KOH solution is injected

to the bottom of the Si nanowire-PDMS to detach the composite film from the

parent substrate. The KOH solution etched the <100> direction of <111> Si

wafers, and thus the <111> wafer is laterally etched and the Si nanowire-PDMS

composites are naturally detached from the Si parent substrate.
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Optical characterization of circular and stadium-shaped

of Si nanowire

The morphologies of the Si nanowires and composites were characterized

by field-emission scanning electron microscopy (Quanta200 FE-SEM, FEI). We

measure the reflectance, R(ε, λ), and the transmittance rate, T (ε, λ) by using a

UV-vis-NIR spectrophotometer (Cary 5000, Agilent) with an integrating sphere

to account for the total diffuse and specular light reflected and transmitted from

the samples.

Simulation of Si nanowire arrays

Numerical simulation was performed with Lumerical finite-difference time-

domain (FDTD), which is the commercial software solving time dependent Maxwell’s

equations. We used material data of the refractive index information for Si from

the built-in database in the Lumerical FDTD. A plane-wave incident light, whose

propagation direction is parallel to the nanowire, was used for all calculations in

this work. The periodic boundary condition was used in x and y directions, and

the perfect matched layer boundary was used in z direction. For the absorption

and reflection spectra and for time-resolved reflected light of the nanowire, the

simulations were performed using the same parameters as those employed in the

experiments.
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요 약 문

반도체 혼돈 나노와이어 배열에서 빛의 흡수 향상: 투명태양전지, 이미지센서

응용

우리는 혼돈 원리를 이용하여 반도체 나노와이어에서 혼돈에 의해 빛의 흡수가

향상되는 현상에 대해 연구하였다. 결과에 의하면, 혼돈 현상에 의하여 나노와이어

공명 스펙트럼에 여기되는 빛의 모드의 개수가 늘어나고, 이렇게 늘어난 여기된 모

드의 숫자는 혼돈 나노와이어의 빛 흡수율과 비례 관계에 있다. 우리는 관련 현상을

시뮬레이션에 의한 계산, 실험을 통해 보였다. 그 중 유한 차이 시간 영역 방법을

이용하여 모드 분리와 교차 회피 현상으로 인해서 혼돈 시스템에서 여기된 모드의

개수가 늘어난다는 것을 수치해석적인 계산을 이용하여 검증하였다. 또한, 실리콘

마이크로와이어 폴리디메틸실록산 합성 샘플을 반도체 공정을 이용하여 제작하였

고, 광학적인 측정을 통해 혼돈 시스템에서의 빛의 흡수 향상에 대해 실증하였다.

우리는이러한빛의흡수향상이투명태양전지샘플뿐만아니라이미지센서에서도

응용할 수 있다는 것을 보였다.

핵심어: 카오스, 반도체, 나노와이어, 혼돈, 혼돈 나노와이어, 빛의 흡수 향상.
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