
Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
Dielectric Core-shell Optical Antennas for Strong Solar Absorption Enhancement

Permalink
https://escholarship.org/uc/item/1nb805qv

Author
Yu, Yiling

Publication Date
2012-06-11

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1nb805qv
https://escholarship.org
http://www.cdlib.org/


	   1	  

Dielectric Core-shell Optical Antennas for Strong Solar Absorption 

Enhancement 

 

Yiling Yu2, Vivian E. Ferry3, A. Paul Alivisatos3, Linyou Cao1,2* 

 

1Department of Materials Science and Engineering, 2Department of Physics, North Carolina 

State University, Raleigh NC 27695;  3Department of Chemistry, University of California, 

Berkeley, and Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, 

California 94720. 

 

* To whom correspondence should be addressed. 

Email: lcao2@ncsu.edu 

 

 

Abstract 

 

We demonstrate a new light trapping technique of dielectric core-shell optical antennas to 

strongly enhance solar absorption. This approach can allow the thickness of active materials in 

solar cells lowered by almost one order of magnitude without scarifying solar absorption 

capability. For example, it can enable a 70 nm thick a-Si:H thin film to absorb 90% of incident 

solar radiation above the bandgap, which would otherwise require a thickness of 400 nm in 

typical ARC-coated thin films. This strong enhancement arises from a controlled optical antenna 

effect in patterned core-shell nanostructures that consist of absorbing semiconductors and non-
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absorbing dielectric materials. This core-shell optical antenna benefits from a multiplication of 

enhancements contributed from leaky mode resonances (LMRs) in the semiconductor part and 

anti-reflection effects in the dielectric part. We investigate the fundamental mechanism for this 

enhancement multiplication, and demonstrate that the size ratio of the semiconductor and the 

dielectric parts in the core-shell structure is key for optimizing the enhancement.  By enabling 

strong solar absorption enhancement, this approach holds promise for  cost reduction and 

efficiency improvement of solar conversion devices, including solar cells and solar to fuel 

systems. It can generally apply to a wide range of inorganic and organic active materials. This 

dielectric core-shell antenna can also find applications in other photonic devices such as 

photodetectors, sensors and solid-state lighting.  
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Solar radiation is by far the biggest source for clean, sustainable energy. However, its extensive 

utilization has been seriously delayed by the high cost and low efficiency of existing solar 

conversion devices.1 Achieving simultaneous cost reduction and efficiency improvement of these 

devices is an important goal.  Enhancing solar absorption by light trapping is one promising 

strategy.2 Enhancement in the solar absorption can relax the restrictions on the quality and 

quantity of active (absorbing) materials. In a high performing solar cell, two constraints must be 

satisfied simultaneously: the active material must be optically thick so that every photon is used 

to generate electrons and holes, while the physical thickness should not be so large that these 

photo-generated carriers will recombine before being extracted. A typical way to satisfy these 

two constraints simultaneously is to make use of relatively pure, and therefore potentially 

expensive materials for the absorber layer. By enabling more sunlight absorption in a reduced 

volume of material, light trapping offers an opportunity to circumvent this key limitation, 

opening up new options for low-cost fabrication of high-performance solar cells.3   

Conventional wisdom for light trapping relies on textured surfaces and/or anti-reflection 

coatings (ARCs)3-6.  More recently, structures with sub-wavelength or wavelength dimensions 

have received considerable attention.7-31 These structures rely upon resonant light-matter 

interactions32,33  to concentration sunlight in a confined volume that may greatly enhance the 

absorption of a semiconductor. A plethora of metallic nanostructures has been exploited for such 

absorption enhancement by exploiting surface plasmon resonances (SPRs) of the metallic 

nanostructures.17-23,25,28 Similarly, semiconductor nanostructures including nanoparticles, 

nanowires, nanopillars and nanocones have also been demonstrated able to trap solar light and to 

enhance the absorption.7-16,27,29. Here we present a different approach to trap and absorb solar 
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light.   

We demonstrate strong enhancements in the absorption of sunlight by exploiting a 

multiplication of enhancements in one-dimensional (1-D) core-shell nanostructures that consist 

of absorbing semiconductors and non-absorbing dielectric materials, such as ZnO and Si3N4. 1-D 

semiconductor nanostructures have been previously shown to support leaky mode resonances 

(LMRs).9,34,35 The nanostructures act as optical antennas that can effectively trap solar radiation 

to boost the absorption.  In this work, we demonstrate that the optical antenna effect in 1-D 

nanostructures can be delicately engineered by constructing core-shell structures to further 

enhance the solar absorption. Fundamentally, this improvement is due to the combination of 

enhancements contributed by LMRs in the semiconductor and anti-refection effects of the 

dielectric of the core-shell structures.  As a result, the key to optimizing the absorption 

enhancement is to design core-shell structures such that LMRs in the semiconductor part are well 

preserved and the dielectric layer acts as an effective anti-reflection coating for solar radiation.  

Building upon this fundamental understanding, we propose new designs of optical antenna solar 

absorbers for practical applications in solar cells. With only 70 nm of thickness in the 

semiconductor (hydrogenated amorphous silicon, a-Si:H) layer, our designed structures can 

absorb 90% of all incident solar photons above the bandgap, comparable to the absorption in a 

400 nm thick a-Si:H thin film enhanced by traditional ARCs. This core-shell optical antenna for 

efficient light trapping can generally apply to other semiconductors and organic materials. 

Our studies start with single 1-D circular nanostructures, nanowires (NWs).  

Mathematical solutions to Maxwell’s equations at circular cylinders have been well 

established.36 This makes single 1-D circular nanostructures an ideal platform to explore 

fundamental physics underlying the absorption enhancement. Without losing generality, we 
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focus on a-Si:H in this work, and set the refractive index of the dielectric material a constant of 2 

across the whole solar spectrum, approximately consistent with  real ZnO or Si3N4 materials.37  

We define an integrated solar absorption Jsolar as a figure of merit to evaluate the 

absorption capability of NWs for solar radiation. Jsolar is defined as an integral of the spectral 

absorption efficiency Qabs (λ) of the NWs with the spectral photon flux density in the AM 1.5G 

solar spectrum Fs(λ).38   

Jsolar = q ∫ Fs(λ)Qabs (λ) dλ  …… (1) 

where the absorption efficiency Qabs is the normalized absorption cross-section Cabs with respect 

to geometrical cross-section Cgeo (Qabs = Cabs /Cgeo) and is calculated with the well-established 

Lorentz-Mie formalism,32 and q is the charge carried by one electron. Jsolar bears a unit similar to 

short-circuit current density (mA/cm2). It is worthwhile noting that in the core-shell NWs only 

the semiconductor may absorb solar radiation, but in the calculation Cgeo is the geometrical cross 

section of the entire NW, including both semiconductor and dielectric components.   

We have studied three different core-shell NWs, including semiconductor core/dielectric 

shell (referred as C-S1 NWs), dielectric core/ semiconductor shell (referred as C-S2 NWs) and 

dielectric core/ semiconductor layer/dielectric shell (referred as C-S3 NWs).  In the calculations 

for the C-S1 and C-S3 NWs using Eq. (1), Cgeo would include the geometrical cross-section of 

non-absorbing dielectric (semiconductor is inside of dielectrics), but for the C-S2 and the pure 

NWs, Cgeo refers to the geometrical cross-section of absorbing semiconductor (dielectric is 

embedded inside semiconductor).  To compare the solar absorption of semiconductor materials 

on a common ground, we define a weighted Jsolar,w by multiplying the calculated Jsolar with the 

ratio between the geometrical cross section of the semiconductor part (Cgeo,s) and the total 

geometrical cross section (Cgeo),  Jsolar,w = Jsolar .Cgeo/Cgeo,s.  Figure 1 shows calculated Jsolar,w for 
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core-shell NWs. The calculation of pure semiconductor NWs is also given as a reference. 

Significantly, we can find that the solar absorption can be enhanced twice as much by coating the 

structures with a layer of non-absorbing dielectric materials, as indicated by curve 4 (pure NWs) 

vs. curve 2 (C-S1 NWs) or  curve 2 (C-S2) vs. curve 1 (C-S3). We can also see that substituting 

a substantial amount of semiconductor NWs at the center with dielectric materials may only 

cause a very trivial decrease in the solar absorption, as shown by curve 3 (C-S2) vs. curve 4 

(pure) NWs or curve 2 (C-S1) vs. curve 1 (C-S3). This indicates improved solar absorption per 

unit volume of semiconductor materials by the substitution.   

To investigate the strong solar absorption enhancement in core-shell NWs, we examine 

the integrated solar absorption Jsolar as functions of physical dimensions of the NWs (Figure 2 

and Figure 3).  For the semiconductor (core)-dielectric (shell) NW (C-S1), we find that a 

thickness of ~70 nm in the dielectric shell always gives the largest Jsolar.  This optimized 

thickness (~70 nm) varies little for cores of different semiconductor materials such as CdTe, 

GaAs and CuInxGa1-xSe2, and shows a more or less linear dependence on the refractive index of 

the dielectric material (see Figure S1-S2 in Supporting Information).  This thickness dependence 

is similar to the behavior of traditional ARCs shown in Figure 2b (the refractive index of the 

ARC is set a constant of 2, the same as the dielectric in core-shell NWs), and suggests that the 

dielectric shell of the C-S1 NWs acts as an anti-reflection coating. The anti-reflection role of the 

dielectric shell can be further confirned from examining the absorption spectra. We can find that 

the dielectric shell of the C-S1 NWs gives rise to a broad absorption peak (Figure 2c-d). The 

wavelength λ0 of the peak linearly depends on the thickness of the shell ds, approximately 

following ns.ds= λ0/4, with ns the refractive index of the dielectric material (Figure 2c).  For 

instance, the optimized thickness of 70 nm for this dielectric material (ns = 2) gives an absorption 
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peak at ~550 nm (Figure 2d upper), maching the regime with the highest photon flux in the solar 

spectrum.  Again, this linear dependence is consistent with the quarter-wave nature of traditional 

ARCs.39  

In addition to the dependence on the dielectric shell, the Jsolar of the C-S1 NW is also 

dependent on the size of the semiconductor core.  For a dielectric shell with the optimized 

thickness (70 nm), a semiconductor core in the diameter of 300 – 500 nm gives the maximum 

Jsolar (Figure 2a).  To find out more, we normalize the Jsolar of C-S1 NWs with the optimized shell 

(70 nm) with respect to that of pure NWs in the same size as the semiconductor core of the C-S1 

NWs.  As a reference, we perform similar normalization for ARC-coated thin films (70 nm thick 

ARC) with respect to bare thin films. This normalization is to elucidate how the role of the 

dielectric shell could change with the core size. Intuitively, besides from acting as an anti-

reflection coating as discussed in the preceding text, the dielectric shell may also perturb the 

intrinsic optical resonance ( LMRs ) in the semiconductor core as it changes the refractive index 

of the environment.34  The balance of both effects would dictate the overall contribution of the 

dielectric shell to the solar absorption. 

The normalized Jsolar are plotted in Figure 2e as a function of the diameter of the 

semiconductor.  We can see that the normalized Jsolar of the C-S1 NWs rapidly increases with the 

size and approaches a constant of ~1.5 when the size is larger than 200 nm (red curve). The 

constant of ~1.5 is similar to the normalized Jsolar of ARC-coated thin films. (blue curve). This 

result suggests that, for a large semiconductor core (> 200 nm), the 70 nm thick dielectric shell 

primarily acts as an ARC, without substantially perturbing the intrinsic optical resonances 

(LMRs) in the core NW. However, the 70 nm thick dielectric shell may perturb the intrinsic 

LMRs in the core when the core is smaller than 200 nm. To confirm, we examine the absorption 
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spectra of typical NWs with and without the dielectric coating. We can find that for a 300 nm 

diameter semiconductor core, the dielectric shell gives a broad absorption peak around ~550 nm 

with trivial changes at the other wavelengths (Figure 2d upper panel), similar to traditional ARCs 

for thin films (Figure 2d lower panel).  However, for  a 100 nm core, it suppresses the absorption 

for some wavelengths (~ 600 nm) that can be strongly absorbed in a pure NW. The maximum 

Jsolar apprearing at the core size of 350 – 500 nm (Figure 2a) is due to the integration of 

enhancements from LMRs in the semiconductor core and anti-reflection effects of the dielectric 

shell.  

  Unlike the semiconductor (core)-dielectric(shell) structure (C-S1 NWs), the inverse 

structure (C-S2 NWs) typically does not provide greater Jsolar than pure NWs, but may generate a 

comparable value with reduced volume of semiconductor material. We consider the inverse core-

shell structure as a semiconductor NW with the central part substituted by non-absorbing 

dielectric materials, and plot the calculated Jsolar as a function of the size of the whole NW d and 

the size of the dielectric core dc (Figure 3a).  The Jsolar of the C-S2 NW can be found generally 

decreasing with dc increasing. To better understand this size dependence, we normalize the Jsolar 

of the C-S2 NW with respect to that of a pure NW in a size of d, and plot the normalized Jsolar as 

a function of the size ratio of the dielectric core (dc/d) in Figure 3b. The volume ratio (1- (dc/d) 2) 

of the semiconductor material in the C-S2 NW is also plotted (the dashed black line) to illustrate 

that the Jsolar does not scale with the volume of the absorbing material involved.  We can see that 

the Jsolar of the C-S2 NWs always show a slow decrease with the size ratio dc/d increasing and 

only quickly drop when the ratio increases up to 0.7 or higher (Figure 3b). Corroborating 

evidence can be seen in the spectral absorption of a typical C-S2 NW (380 nm diameter) that 

shows the absorption indeed does not decrease much until the ratio dc/d is up to 0.8 (Figure 3b 
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inset). These results suggests that the intrinsic optical resonance in the semiconductor NW may 

not be substantially interrupted by the substitution of a dielectric core until the core becomes a 

very substantial part of the NW.   

To fundamentally understand the solar absorption enhancement in the core-shell NWs, 

we study leaky modes of these NWs with a particular focus on the dependence of the modes on 

physical dimensions.  Leaky modes have been previously demonstrated to dominate the light 

absorption of 1-D semiconductor nanostructures.9,34  Knowledge of the leaky modes is expected 

to provide better understanding, prediction and guidance for optimization of the solar absorption.  

As illustrated in Figure 4, we arbitrarily set the refractive indices of the core, the shell and 

the environment as n2, n1, and n0, and the radii of the core and the whole NW as r2 and r1, 

respectively. For simplicity, here we only study transverse magnetic (TM) leaky modes that are 

defined with the electric fields parallel to the nanowire axis (the results for other leaky modes 

such as transverse electric (TE) modes are similar to the TM modes). By solving Maxwell’s 

equations in cylindrical coordinate and matching boundary conditions at the core/shell and the 

shell/environment interfaces, we can derive the TM leaky modes of the core-shell structure from 

a matrix as follows:  

 …… (2) 

where k is the wavevector in free space, Jm and Hm  are the mth order Bessel function of the first 

kind and Hankel function of the first kind, and the prime denotes differentiation with respect to 

related arguments. For simplicity, we set the refractive index of the semiconductor a frequency-
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independent constant of 4, which is a reasonable approximation for typical semiconductor 

materials (the imaginary part of the refractive index of the semiconductor is generally small, and 

can be ignored without substantially changing the result). The refractive index of the dielectric 

material is set to be 2 as in the preceding discussion. Numerical implementation of eq. (2) gives 

complex	  solutions	  for a normalized parameter kr1, kr1	  =	  Nreal + i Nimag. Each complex solution is 

the eigenvalue of a specific leaky mode. Leaky modes can	  be	  characterized	  by	  an	  azimuthal	  

mode	  number,	  m,	  which	  indicates	  an	  effective	  number	  of	  wavelengths	  around	  the	  wire	  

circumference	  and	  a	  radial	  order	  number,	  l,	  describing	  the	  number	  of	  radial	  field	  maxima	  

within	  the	  cylinder	  (for	  example,	  TMml).34	  The real part (Nreal) of the eigenvalue is related with 

the wavelength where the optical resonance (LMRs) takes place (λ=2πr1/Nreal), and the imaginary 

part (Nimag) dictates the spectral width of the optical resonance.  Typically, the resonant 

wavelength λ and the width of the resonant peak determine the solar absorption enhancement 

contributed by each leaky mode. For this reason, we focus on studying how the resonant 

wavelength λ and the imaginary eigenvalue Nimag of leaky modes evolve with the physical 

dimensions of core-shell structures.  

Figure 5 shows calculations for typical leaky modes in both core-shell structures.  The 

results are plotted as a function of the size ratio of the semiconductor, which is r2/r1 for the C-S1 

semiconductor(core)-dielectric (shell) structure and (r1-r2)/r1 for the C-S2 following the 

schematic illustration given in Figure 4. We find that the ratio of 0.5 emerges as a tipping point 

for the leaky modes in the C-S1 NWs. The resonant wavelength λ of a given leaky mode remains 

largely constant for ratios larger than 0.5, and rapidly increases (red shift) for smaller ratios.  

Additionally, the Nimag sees a rapid transition at the regime close to the ratio of 0.5 and remains 

virtually independent before and after the transition. This tipping point of 0.5 can be better 
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understood through examining the electric field distribution of the leaky mode.  Figure 5c shows 

the electric field distribution for a typical mode of TM51.  The electric field can be found 

concentrated in the core for a ratio > 0.6, in the dielectric shell layer for a ratio < 0.4, and 

distributed in both the core and shell layers for a ratio in between. Ideal solar absorption requires 

the optical field to be concentrated in the semiconductor layer. As a result, for a dielectric shell 

with the optimized thickness of 70 nm, the core should be larger than 210 nm in diameter (the 

core ratio > 0.6) for optimized solar absorption. In this case, leaky modes (such as the resonant 

wavelength λ and the Nimag) of the semiconductor core are left largely intact by the dielectric 

shell. This is consistent with the results shown in Figure 2, which indicates that, for 

semiconductor cores larger than 200 nm, the 70 nm thick dielectric shell primarily acts as an 

anti-reflection coating without strongly perturbing the intrinsic optical resonances in the core.   

The leaky modes in the C-S2 dielectric (core)-semiconductor(shell) structure also show 

strong dependence on the size ratio. Similarly, the resonant wavelength λ and the Nimag of these 

leaky modes remain constant for large semiconductor ratios, but subject to substantial changes 

when the ratio drops below a certain tipping point. This tipping point varies with different leaky 

modes, and is typically larger than 0.5. For instance, it is around 0.6 for the TM51 mode. This 

tipping point can also be understood from the electric field distribution (Figure 5d). We can find 

that the electric field tends to be concentrated in the region close to the outmost edge of the NW. 

Therefore, substituting part of the semiconductor NW at the center with dielectric materials may 

not touch and affect the field distribution unless the substitution is substantial (the size ratio of 

the semiconductor layer < 0.5). This matches the results given in Figure 3 that the Jsolar of the C-

S2 NW slowly decreases with the dielectric size increasing till the dielectric core becomes a 

substantial part of the NW. 
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This correlation between leaky modes and physical features can apply to more complex 

structures, such as dielectric core/semiconductor layer/dielectric shell (C-S3) NWs. Figure 6 

shows calculated Jsolar for C-S3 NWs as functions of r1, r2, and r3 (r1, r2, r3 are the radii of the 

NW, the semiconductor layer and the inner core as illustrated in Figure 6 inset). The C-S3 NW 

can be found responding to sunlight just as a simple combination of a C-S1 and a C-S2 

structures. For a given size in the semiconductor part (r2), a thickness of 70 nm in the outer 

dielectric shell provides optimized JSC (Figure 6a).  For an optimized dielectric shell, a 

semiconductor in radius of around 150-250 nm (r2) gives the maximum Jsolar (Figure 6b).  

Additionally, the Jsolar of the C-S3 NW depends on the ratio of the radius of the semiconductor 

layers (r2) and that of the inner dielectric core (rs) in a way similar to the C-S2 structure. The 

normalized Jsolar of the C-S3 NW slowly decreases with the ratio of the dielectric core (r3/r2) 

increasing (Figure 6a inset and Figure 6b). This result indicates that the understanding of basic 

core-shell structures (C-S1 and C-S2) can serve a useful guidance for the rational designs of 

more complex structures with optimized absorption enhancements.  

The fundamental understanding that we have developed from the studies of single core-

shell NWs can be a very useful reference for the rational design of large-scale solar absorbing 

structures. Our previous work demonstrated that the optical resonances in individual NWs in an 

array should be largely preserved in order to achieve optimized solar absorption in an array.9  To 

illustrate this notion, we herein demonstrate a design of an array of core-two-shell NWs similar 

to the C-S3 NWs. We use rectangular NWs instead of circular ones as building blocks for the 

array. Our previous research has demonstrated that all 1-D semiconductor nanostructures show 

similar solar absorption properties regardless the cross-sectional shape, such as circular, 

rectangular, triangular, and hexagonal.9 An array of rectangular NWs can be readily fabricated 
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using standard, scalable thin film deposition and patterning techniques, which is very important 

for practical applications.    

From the discussion of Figure 6, we learn that a core-two-shell structure may have 

optimized absorption with a dielectric shell in thickness of ~55-70 nm (Figure 6a) and a 

semiconductor layer (r2) in radius of ~150-250 nm (Figure 6b). Following this guidance, we 

design an array of core-two-shell NWs as illustrated in Figure 7a. For the ease of fabrication, the 

NW is designed to have a quasi-core-shell structure that consists of conformal coatings of 

semiconductor and dielectric materials on pre-defined 1-D dielectric nanostrutures. Without 

substantial efforts in structure optimization, the thicknesses of the outer dielectric coating and the 

semiconductor layer are set at 60 nm and 70 nm, respectively; the inner core is 240 nm in width 

and 310 nm in height. The period of the array is set to be 570 nm, which is designed to preserve 

the optical resonances in individual NWs. To keep the discussion as general as possible, we 

assume no substrate underneath the NW array. Our full-field FDTD simulations shows that this 

proposed NW array can strongly absorb sunlight (Figure 7a). With a thickness of only 70 nm in 

the semiconductor layer, it can provide a JSC of 20.3 mA/cm2, accounting for 90% of all the solar 

photons above the bandgap of a-Si:H (22.5 mA/cm2 , a-Si:H bandgap is 1.7 eV).38  It is 

worthwhile to note that adding a semi-infinite silica substrate underneath the array shows very 

negligible effect on the solar absorption.  As a reference, to absorb a similar amount of sunlight 

using conventional ARC-coated a-Si:H thin films requires a thickness of 400 nm in the 

semiconductor (see Figure S3 in Supporting Information).  We can find that the strong, broad 

absorption of the array is very similar to that of single NWs, which indicates that the optical 

resonances in individual NWs indeed play a dominant role in enhancing the solar absorption of 

the array.  
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In conclusion, our studies demonstrate that core-shell nanostructures that consist of 

absorbing semiconductor and non-absorbing dielectric materials stand as a highly effective 

platform for enhancing the solar absorption. The extraordinary absorption enhancement of the 

core-shell structure is due to the multiplication of contributions from LMRs in the semiconductor 

part and anti-reflection effects in the dielectric part. Key to optimizing the absorption 

enhancement is to preserve the LMRs in the semiconductor part and to make the dielectric part 

an effective anti-reflection coating for solar radiation. As a general rule of thumb, it is necessary 

to have a dielectric shell with size optimized for the anti-reflection of solar radiation, and the size 

ratio of the semiconductor core in the core-shell structures need be larger than 0.5-0.6 to preserve 

the intrinsic LMRs. While focusing on a-Si:H in this work, this technique of dielectric core-shell 

optical antennas can generally apply to all other absorbing materials, such as other 

semiconductors and organic materials. The structure with quasi core-shell configuration as 

shown in Figure 7a can be easily fabricated with standard, scalable thin film deposition and 

patterning technologies. In addition to the great promise for solar energy, this technique may also 

find applications in other photonic devices, including photodetectors, sensors and solid-state 

lighting diodes.  
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Figure Captions 

 

Figure 1. Calculated solar absorption of core-shell nanowires that consist of absorbing 

semiconductor and non-absorbing dielectric materials.  The semiconductor is hydrogenated 

amorphous silicon (a-Si:H) and the refractive index of the dielectric is set to be a constant of 2 

cross the whole solar spectrum.  The results shown are weighted Jsolar,w. The weighted Jsolar,w is 

defined by multiplying integrated solar absorption Jsolar with the ratio between the geometrical 

cross section of the semiconductor part (Cgeo,s) and the total geometrical cross section (Cgeo),  

Jsolar,w = Jsolar .Cgeo/Cgeo,s.  The peaks shown in the absorption are indicative of the contribution of 

LMRs. Typical leaky modes are labeled in the calculation for the single nanowire. The result for 

semiconductor (a-Si:H) thin films is also given as a reference (dashed black line).  The red arrow 

to the upper right indicates the geometry of normal incidence used in the calculation.  

 

Figure 2. Solar absorption of standard core-shell structures (C-S1 NWs). a) Two-

dimensional plot of Jsolar of core-shell NWs as functions of the diameter of the semiconductor 

core (horizontal axis) and the thickness of the dielectric shell (vertical axis). b) Two-dimensional 

plot of Jsolar of planar thin films as functions of the thickness of the semiconductor layer 

(horizontal axis) and the thickness of the anti-reflection coating (vertical axis). The dashed black 

line indicates the optimized thickness in the dielectric layer for the solar absorption. For the 

convenience of comparison, the calculated Jsolar in a) and b) are normalized to their maximum 

values, respectively. c) Spectral absorption efficiency Qabs of C-S1 NWs with a 300 nm diameter 
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core as a function of the shell thickness (vertical axis). The dashed white line indicates the result 

re-plotted in d).  d)  (Upper) Absorption spectra of a C-S1 NW with  a 300 nm diameter core and 

a 70 nm thick dielectric shell (red curve) and of a pure 300 nm diameter semiconductor NW 

(blue curve); (Lower) Absorption spectra of planar semiconductor thin films in thickness of 300 

nm with (red curve) and without (blue cure) a 70 nm thick ARC. e) Normalized Jsolar of C-S1 

NWs with respect to pure semiconductor NWs in the same size as the core (red curve), and 

normalized Jsolar of planar thin films enhanced by the traditional ARC with respect to bare planar 

thin films. f) (Upper) Absorption spectra of a C-S1 NW with  a 100 nm diameter core and a70 

nm thick shell (red curve) and a pure 100 nm diameter semiconductor NW (blue curve);  The 

peak ~600 nm is from TM11/TE01 as indicated.  (Lower) Absorption spectra of 100 nm thick 

planar semiconductor thin films with (red curve) and without (blue curve) a 70 nm thick ARC. 

 

Figure 3. Solar absorption of inverse core-shell structures (C-S2 NWs). a) Two-dimensional 

plot of Jsolar of C-S2 NWs as functions of the diameter of the semiconductor part d (horizontal 

axis) and the diameter of the dielectric core dc (vertical axis).  The unit of the Jsolar is mA/cm2. 

The dashed white lines indicate the results re-plotted in b). Inset, schematic illustration of the 

inverse core-shell NW with the definitions for d and dc indicated.  b) Normalized Jsolar of C-S2 

NWs as a function of the size ratio of the dielectric core dc/d. The Jsolar are normalized with 

respect to those of pure NWs in the same size as the C-S2 NWs.  The dashed black line indicates 

the volume ratio of the semiconductor materials involved in the C-S2 NWs.  Inset, absorption 

spectra of 380 nm diameter C-S2 NWs with different size ratios of the dielectric core.   
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Figure 4. Schematic illustration of core-shell NWs for the analysis of leaky modes.  The radii 

of the core and the shell are assigned as r2 and r1, respectively.  The refractive indexes of the 

environment, the shell and the core are assigned as n0, n1, and n2, respectively.  

 

Figure 5. Dependence of leaky modes on the physical dimension of core-shell 

nanostructures.  a) The resonant wavelength (Upper) and the imaginary eigenvalue Nimag 

(Lower) of typical leaky modes in the standard core-shell structure (C-S1 NWs) as a function of 

the size ratio of the semiconductor core r2/r1.  b) Resonant wavelength (Upper) and the Nimag 

(Lower) of typical leaky modes in the reverse core-shell structure (C-S2 NWs) as functions of 

the size ratio of the semiconductor shell (r1–r2) /r1. c) Electric field distributions of a typical 

leaky mode (TM51) in the C-S1 NWs with different size ratios of the semiconductor core. d) 

Electric field distributions of a typical leaky mode (TM51) in the C-S2 NWs with different size 

ratios of the semiconductor shell. 

 

Figure 6. Solar absorption in combined core-shell structures (C-S3 NWs). a) Two-

dimensional plot of Jsolar of the C-S3 NWs as functions of the thickness of the outer dielectric 

shell r1-r2- r3 (horizontal axis)  and the radius of the inner dielectric core r3 (vertical axis).  The 

unit of the Jsolar is mA/cm2. The radius of the intermediate semiconductor layer is fixed as r2 = 

250 nm.  The dashed lines indicate the results re-plotted in the inset.  Inset, (Upper) schematics 

illustration of the core-two-shell structures; (Lower) normalized Jsolar as a function of the size 

ratio of the dielectric core r3/r2. The Jsolar is normalized with respect to those of standard core-

shell NWs without the dielectric inner core (r3 = 0). b) Two-dimensional plot of Jsolar of the C-S3 

NWs as functions of the radius of the semiconductor layer r2 (horizontal axis) and the radius of 



	   18	  

the inner dielectric core r3 (vertical axis). The thickness of the outer dielectric shell is fixed as r1-

r2- r3 = 70 nm.   

 

Figure 7. Design of large-scale arrays of core-shell NWs for practical applications. a) 

Schematic illustration of the proposed design, the outer dielectric coating in thickness of 60 nm, 

the intermediate semiconductor layer in thickness of 70 nm and the inner dielectric core in width 

of 240 nm and in height of 310 nm. b) Spectral absorption efficiency of the NW array (red curve) 

and a standing-alone NW building block (blue curve).  The absorption of the standing-alone is 

scaled by a constant 0.8 for visual convenience.  
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