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as a promising renewable energy for solving the energy cri-
sis. As one of the most efficient ways to utilize solar energy, 
crystalline silicon (c-Si) solar cells have received extensive 
attention due to their low cost in raw materials and high 
performance in photoelectric conversion [1, 2]. For planar 
silicon photovoltaic (PV) cells, over 30% of incident energy 
will be reflected on the interface of silicon and air because 
of the refractive index difference between these two optical 
mediums [3], resulting in significantly decreased photoelec-
tric conversion efficiency of PV cells. Therefore, a variety 
of methods of light trapping mechanisms on PV cells were 
proposed to reduce the reflection of incident light, including 
antireflection coatings (ARCs) [4–16], and textured nano-
structure surfaces [17–24].

Due to the limit of Si band gap, few researchers were 
concerned about the capture of light at wavelengths greater 
than 1100 nm. However, the solar radiation energy is mainly 
distributed at wavelengths between 300 and 2500  nm 
according to the AM1.5 solar spectrum [25], which means 
a considerable part of the solar energy is wasted without 
any utilization by silicon PV cells. In order to improve the 
utilization efficiency of solar energy, the photovoltaic-ther-
moelectric (PV-TE) hybrid system was proposed [26, 27], 
which is capable to utilize the full spectrum solar energy 
by coupling a TE device on the back side of a c-Si PV cell 
to absorb and convert the waste heat into electric energy. 
Thus, an efficient antireflection surface aiming for full spec-
trum (300–2500 nm) should be obtained on the top of the 
PV-TE hybrid system (as shown in Fig. 1). Besides, since 
the incident angle of sunlight varies over time during the 
day, a structure that possesses omnidirectional antireflection 
properties is necessary.

Recently, several researches indicated that structures 
possessing graded refractive indexes profile have great 
potentials on full spectrum and wide angle antireflection 

Abstract An advanced subwavelength composite struc-
ture (SCS) consisting of the hexagonally arranged silicon 
nanopillars and the misaligned  TiO2/SiO2 double-layer films 
was proposed on the surface of crystalline silicon (c-Si). 
After optimization through the finite difference time domain 
(FDTD) method, the SCS possesses omnidirectional ultra-
broadband antireflection properties (average reflectance 
< 1.8% within 300–2500 nm) which are suitable for a pho-
tovoltaic-thermoelectric (PV-TE) hybrid system to enhance 
the full-spectrum solar energy utilization. Furthermore, the 
antireflection mechanism was studied in detail. The compo-
sition of nanopillars and double-layer films has combined 
the effect of interference, interpillar scattering and wave-
guide resonance to realize outstanding antireflection proprie-
ties. The SCS was prepared on a 3 cm × 3 cm silicon wafer 
by ICP etching and magnetron sputtering, and the measured 
results matched well with the simulation results. Further, 
such antireflection concept can be applied to other materials 
for particular ultra-broadband spectrum regulation.

1 Introduction

With the gradually increasing energy consumption and the 
approaching exhaustion of traditional fossil fuel, finding new 
forms of energy sources has become one of the most urgent 
missions for the human beings. Being a sort of clean, inex-
haustible and inexpensive energy, solar energy is considered 
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[28–31]. For further application of these properties to 
reality, it is necessary to develop a structure that is con-
venient and controllable in fabrication. As two methods of 
photon management, nanopillars and thin-film ARCs have 
remarkable capabilities in spectrum tuning [13, 32], whose 
morphologies are controllable and convenient in fabrica-
tion. This indicates that a composite structure possessing 
gradient refractive indexes profile which is composed of 
nanopillars and thin-film ARCs may be a suitable candi-
date. A research paper by Spinelli et al. [33] has shown 
that the combination of Si nanopillars and a  Si3N4 ARC 
can provide excellent antireflection property on Si surface. 
However, in that work, researchers only considered about 
the antireflection for wavelengths at 400–900 nm, and the 
antireflection mechanism of the composition of nanopillars 
and ARC has only been simply discussed.

In this paper, a subwavelength composite structure (SCS) is 
proposed on the front surface of silicon solar cells for a PV-TE 
hybrid system to enhance the solar energy utilization. The 
SCS combines a textured structure of hexagonal nanopillars 
array with the  TiO2/SiO2 double-layer ARCs, and possesses 
ultra-broadband antireflection properties for wide angles of 
incidence according to the simulation results, which are then 
confirmed by the experimental results. We found that the 
outstanding antireflection proprieties of the SCS are not only 
respectively due to the interference effect of the double-layer 
films and the scattering effect of the nanopillars, but also due 
to the gradient refractive indexes in the air/Si interface and the 
waveguide resonances stimulated by nanopillars and surround-
ing materials, which are caused by the composition of nanopil-
lars and double-layer films. Further, this antireflection concept 
can applied to other materials for particular ultra-broadband 
spectrum regulation.

2  Simulation method

2.1  Simulation model

A basic schematic of the SCS on the top surface of the PV 
cell is shown in Fig. 2(a). It consists of the periodic hexagonal 
array of silicon nanopillars formed on a c-Si substrate and the 
misaligned stacked double-layer antireflection coatings coated 
on both the top of the nanopillars and the substrate surface. 
Acting as the intermediate index optical medium between air 
and silicon, the double-layer ARCs is used for reducing the 
reflectance of the visible light that carries significant amount 
of solar energy according to the AM1.5 solar irradiation spec-
trum. In order to obtain a minimum reflectance at the adjacent 
range of the design wavelength λ0, the requisite index condi-
tion for the double-layer ARCs with equal optical thickness 
(n1h1 = n2h2 = λ0/4) is [34]: 
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Fig. 1  Schematic of the PV-TE system. The antireflection surface of 
the PV cells is designed for full spectrum (300–2500 nm) light cap-
ture. Some of the solar energy is utilized by the PV cells, and the 
unused energy would be utilized by the TE devices which are coupled 
on the back side of the PV cells

Fig. 2  a Schematic of the SCS. 
b Top view of the structure. 
c Structure profile along the 
dashed line
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where n0 is the refraction index of air, and ns is the refrac-
tion index of the substrate. n1 and n2 are refraction indexes 
of the top layer and the bottom layer, respectively. h1 and 
h2 are the thicknesses of the top layer and the bottom layer, 
respectively.

Since the substrate of the PV cell is crystalline silicon, 
whose refractive index n

s
 is nearly 3.93 at the wavelength of 

600 nm [35], and n0 (air) = 1, the required refractive indexes, 
determined by Eq. (1), are n1 = 1.58 and n2 = 2.49 at the 
design wavelength of 600 nm, respectively. Thus,  SiO2 and 
 TiO2 are chosen as the materials of the double-layer ARCs 
because of their excellent optical transmittance and suitable 
refractive indexes [n1  (SiO2) = 1.46 and n2  (TiO2) = 2.60 
at wavelength of 600 nm] [35] that are approximate to the 
required values. In this case, the thickness of each layer 
would approximately be h1 = 105 nm and h2 = 55 nm to 
meet the condition of equal optical thickness. Figure 2(b) 
gives the top view of the SCS, and Fig. 2(c) shows the struc-
ture profile along the dashed line. D and H represent the 
diameters and the heights of the nanopillars respectively, 
and P represents the pitches of the nanopillars.

2.2  Simulation method

The finite difference time domain (FDTD) method is used 
for solving a set of Maxwell’s curl equations [Eq. (2)] to 
simulate the propagation of incident light as well as the 
interactions between electromagnetic waves and the struc-
ture [30]: 

where E is the electric field, H is the magnetic field, D is the 
electric displacement field, B is the magnetic flux density, 
ε is complex permittivity, and μ is complex permeability. 
Since the ε is frequency-dependent, the frequency domain 
equation D(�) = �(�)E(�) should be transformed to the time 
domain by using the auxiliary difference equation (ADE). 
The central difference approximations are applied for both 
the temporal and spatial derivatives of Eq. (2). For ensur-
ing the convergence of algorithm, the time step should be 
Δt = �∕(2c), where δ is the smallest space step, and c is 
the speed of light in vacuum. For numerical calculation, 
the structured grid is used for discretization of the simula-
tion region, and corresponding electromagnetic parameters 
determined by initial and boundary conditions are assigned 
to each grid.

(2)
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Figure 3 shows a period unit cell of the SCS with a dashed 
frame representing the simulation region. Considering the SCS 
is periodic in the x- and y- directions, the periodic boundary 
conditions are applied in the x- and y- directions. In addition, 
assuming that photons trapped by the SCS are completely 
absorbed by the PV-TE hybrid system, the perfect match layer 
(PML) boundary conditions [36] are applied in the z- direction 
to set an infinite thickness substrate. Moreover, the direction of 
solar radiation is determined by the polar angle (�) and the azi-
muthal angle (�) which was supposed to be zero in this work.

3  Result and discussion

3.1  Optimization of the SCS

In order to study the effect of the nanopillars parameters on 
the antireflection properties of the SCS, the thicknesses of the 
ARCs are set as h1 = 105 nm and h2 = 55 nm. Therefore, the 
structure morphology of the SCS is related to the values of 
P, D and H as the thicknesses of ARCs (h1 and h2) have been 
determined. Hence, with a given value of P, the structure fea-
ture can be specified by two dimensionless numbers which 
are N1 = H/P and N2 = D/P. In order to identify the optimized 
parameters of the SCS in antireflection, the average reflec-
tance of a series of structures with different parameters over a 
broadband wavelength range of 300–2500 nm was calculated 
as [37]: 

(3)Rave =
∫ 2500 nm

300 nm
R(�) I(�) d�

∫ 2500 nm

300 nm
I(�) d�

Fig. 3  Schematic of one period of the SCS
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where R(λ) is the spectral reflectance, and I(λ) is the solar 
irradiance from the AM1.5.

Figure 4 shows the average reflectance of different mor-
phologies of simulation models which are modified by 
changing the dimensionless numbers (N1 = H/P = 0.2–0.9 
and N2 = D/P = 0.4–0.7) with four different value of pitches 
P. As can be seen from the figure, structures with the dimen-
sionless number N2 (D/P) of 0.6 always have the lowest aver-
age reflectance among all structures as the value of P varies 
from 300 to 600 nm. Furthermore, the dimensionless num-
ber N1 (H/P) of structures with minimum reflectance shifts 
from 0.8 to 0.5 over different values of P, indicating that 
the optimal height H of nanopillars is almost maintained at 
about 250 nm. That is to say, those structures with minimum 
average reflectance have the same coverage rate and height 
of nanopillars even though their morphologies are different.

3.2  Antireflection properties and discussion

For further study, we perform the simulation of the reflec-
tance spectrum of optimized SCSs with different P for 
wavelengths over 300–2500 nm along with the AM1.5 
solar irradiance spectrum, as shown in Fig. 5 The reflec-
tance of a bare flat Si surface and a flat Si substrate coated 
with  TiO2/SiO2 (55 nm/105 nm) double-layer ARCs are 
also shown for comparison. The data in Fig. 5 show that 
the optimized SCSs reduce the reflectance of the Si surface 
over the full spectral range, which obtain ultra-low average 
reflectance of 1.3%–1.8%, weighted with the AM1.5 solar 

spectrum. As can be noticed, the reflectance curves of the 
optimized SCSs with different P have the same tenden-
cies and are closed to each other at wavelengths greater 
than 1200 nm. This is due to the similar gradient effective 
refractive indexes profiles as the coverage rates and heights 
of nanopillars of these optimized SCSs are the same. The 

Fig. 4  Average reflectance of 
simulation models with differ-
ent parameters. a P = 300 nm; 
b P = 400 nm; c P = 500 nm; d 
P = 600 nm

Fig. 5  The reflectance spectrum of optimized SCSs with differ-
ent P for wavelengths over 300–2500  nm along with the AM1.5 
solar irradiance spectrum. The right arrow refers plotted data to the 
right vertical axis. The inserted picture shows the reflectance details 
of the SCSs for wavelengths from 400 to 1200  nm, where the zero 
reflectance appears at wavelength λ  =  675, λ  =  800, λ  =  950, and 
λ = 1075 nm are marked by arrows
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inserted picture in Fig. 5 shows the reflectance details for 
wavelengths from 400 to 1200 nm. It can be seen that 
the tendencies of reflectance curves for these optimized 
SCSs with different P do not match well with each other 
for wavelengths from 650 to 1200 nm. This indicates that 
the antireflection properties for short wavelength region 
are determined by the specific morphology of the SCS 
instead of the general approximate profile because of the 
wavelength of incident light are close to the feature sizes 
of the SCS.

By comparing the reflectance curves of the SCSs with the 
double-layer ARCs, it can be seen that the reflectance of all 
optimized SCSs has been decreased to less than 1% around 
600 nm wavelength by the designed double-layer ARCs. For 
further explanations, the electric (E) field distributions in the 
x–z cross section of the structures with and without ARCs 
were calculated for 600 nm wavelength as shown in Fig. 6a 
and b, respectively. It can be found that the incident light is 
well captured by the SCS with the help of ARCs, while it is 
strongly reflected by the structure without ARCs. In addi-
tion, Fig. 6c and d illustrate the Poynting vector distributions 
(representing the energy density distributions) of these two 
structures corresponding to Fig. 6a and b. With the assis-
tance of ARCs, most of the energy of the incident light will 
finally enter the nanopillars and be absorbed by the Si, while 
some of the energy will outflow without ARCs.

Moreover, the inserted picture in Fig. 5 shows that sev-
eral zero reflectance appear at different wavelengths of 675, 
800, 950 and 1075 nm with different P of 300, 400, 500 
and 600 nm, respectively. For thorough investigations of 
this phenomenon, the E field distributions of the optimized 
SCSs were calculated as shown in Figs. 7 and 8. Figure 7 
illustrates the E field distributions in the x–z cross section 
of the SCSs for wavelengths where zero reflectance appears 
with different P. It can be found that the incident light is 
strongly scattered by nanopillars to adjacent ones, increas-
ing the optical path length of light that is unabsorbed in the 
initial moment of interaction between incident light and the 
structure. As a result, large among of the incident light is 
trapped and finally absorbed by the SCS instead of being 
reflected. 

On the other hand, Fig. 8 shows the E field distribution 
in the x–y cross section near the bottom of a single nano-
pillar with simulation parameters corresponding to Fig. 7. 
Although the diameters of these nanopillars are different, 
the similar E field resonances can be observed inside the 
nanopillars (as shown in Fig. 8a–d). In fact, the single nano-
pillar can act as a cylinder dielectric waveguide because of 
the higher refractive index in comparison to the surrounding 
medium, and the resonance is caused by the leaky waveguide 
modes, which are defined by (consider nonmagnetic materi-
als) [38]: 

Fig. 6  a E field distribution at wavelength of 600 nm in the x–z cross section of the SCS with ARCs and b without ARCs; c Poynting vector dis-
tribution at wavelength of 600 nm in the x–z cross section of the SCS with ARCs and d without ARCs
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where m is the order of the cylindrical Bessel (Jm) and first 
kind Hankel (Hm) functions, a is the radius of the cylinder, 
�cyl and �sur are the dielectric permittivity of the cylinder and 
surrounding medium respectively, k0 = 2π/λ is the free-space 
wavenumber, and

In this case, the material of the cylinder and surround-
ing medium is Si and  TiO2 respectively. The radii of the 
nanopillars in Fig. 8a–d are, respectively, 90, 120, 150, 
and 180 nm of the optimized SCS with different pitches 
of 300, 400, 500, and 600 nm. The resonance wavelengths 
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with  TM11 mode predicted by Eq. (4) are 667, 835, 1000, 
and 1180  nm for the geometry parameters defined in 
Fig. 8a–d, respectively. These values have a good agree-
ment with the reflectance valley, locating at 675, 800, 950, 
and 1075 nm. Therefore, the zero reflectance is due to 
the combined effect of waveguide and interpillar scatter-
ing. For further studies of the SCS’s antireflection prop-
erties, the reflectance spectrum of multi-angle incident 
light with TM (p) and TE (s) polarization for the specific 
parameters (i.e., H = 250 nm, D = 300 nm, P = 500 nm, 
h1 = 105 nm and h2 = 55 nm) were calculated. Figure 9a 
and b give the color maps for the reflectance spectrum 
of the SCS with TM and TE polarized light for wave-
lengths of 300–2500 nm at multiple angles of incidence 
(0°–60°). The omnidirectional ultra-low reflectance can 
be observed for both TM and TE polarization over a wide 

Fig. 7  The E field distribution in the x–z cross section of the SCSs for wavelengths where zero reflectance appears with different P 
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range of wavelengths. In order to demonstrate the antire-
flection capability of the SCS at different incident angles 
and polarization modes of light, the reflectance spectrum 
of Si with  TiO2/SiO2 double-layer ARCs for TM and TE 
polarized light were plotted as Fig. 9c and d, respectively. 
The reflectance of ARCs varies from 0 to 40% for TM 
polarized light and 0–60% for TE polarized light with 
incident angle ranging from 0° to 60°. In comparison, the 
reflectance of SCS remains less than 5% in wavelength 
range of 400–2200 nm with incident angle varying from 
0° to 40° for TM polarized light, and the reflectance is 
less than 10% in nearly full spectrum over 0°–50°. For 
TE polarized light, the reflectance of SCS stays less than 
5% for wavelength of 400–2200 nm and incident angle of 
0°–40°, which is similar to the TM polarized light condi-
tion. The reflectance increases slightly in full spectrum as 
the angle of incidence increases, which is still much less 
than the reflectance of ARCs. Remarkably, for wavelengths 
of 300–1100 nm, the reflectance almost stays unchanged 
with incident angle varying from 0° to 60° for both TM 

and TE polarized light. To sum up, the SCS possesses 
excellent omnidirectional antireflection properties in full 
spectrum with polarization insensitivity.

3.3  Experimental method

To support the result of simulation, the optimized SCS 
with the same parameters was fabricated and characterized. 
The SCS was fabricated on a 3 cm × 3 cm, 300-μm-thick 
monocrystalline silicon wafer (p-type). The wafer was first 
cleaned in a 3:1 solution of  H2SO4:H2O2 for 60 min, rinsed 
with DI water. After that, as shown in Fig. 10, the ultrasoni-
cally dispersed solution of polystyrene spheres (PS) with the 
same diameter of 500 nm was injected onto the surface of 
DI water slowly by a syringe so as to form close-packed 
PS arrays by their self-assembling properties, and then the 
close-packed PS arrays were deposited on the cleaned silicon 
wafer by slowly lifting up.

The diameters of the PSs were then reduced after a 
reactive ion etching (RIE) process with  O2 plasmas to 

Fig. 8  The E field distribution in the x–y cross section near the bottom of a single nanopillar for wavelengths where zero reflectance appears 
with different P 
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a diameter of 300 nm as shown in Fig. 11a. Afterwards, 
the nanopillars were form by means of inductively cou-
pled plasma (ICP) etching as shown in Fig. 11b. The PSs 
were then dissolved in chlorobenzene, leaving behind on 
the silicon wafer surface a nanopillars array as shown in 
Fig. 11c. Finally, the ARCs of  TiO2 and  SiO2 were depos-
ited on the structured surface of the silicon wafer layer by 
layer with a magnetron sputtering procedure as shown in 
Fig. 11d and Fig. 10e respectively.

For characterization, the morphology of fabricated 
samples were observed by a field emission scanning 
electron microscopy (FESEM), and the ref lectance/
absorptance spectrum were obtained by the Agilnet Cary-
5000 UV–Vis-NIR spectrophotometer.

3.4  Experimental results

Figure 12 gives the multi-angle absorptance of the fab-
ricated SCS with non-polarized light for wavelengths 
from 300 to 2500 nm. The inserted picture is the FESEM 
image with 20° tilted view of the fabricated SCS. The 
SCS on the 300-μm-thick Si wafer obtains an ultra-high 
absorptance at wavelengths of 400–1000 nm for wide 
range of incident angles, especially achieving an aver-
age absorptance of ~ 96.7% for incident angle θ = 20°. 
Moreover, the absorptance curves alter slightly as the 
angle of incidence changes from 0° to 60°, but the average 
absorptance remains higher than ~ 95.8% for wavelengths 
of 400–1000 nm. This perfectly matches the simulation 

Fig. 9  Simulative reflectance spectra of optimized SCS 
(H  =  250  nm, D  =  300  nm, P  =  500  nm, h1  =  105  nm and 
h2 = 55 nm) a with TM polarized light b with TE polarized light; c 

Simulative reflectance spectra of the Si with  TiO2/SiO2 double-layer 
ARCs with TM polarized light d with TE polarized light

Fig. 10  Procedure of deposit-
ing the closed-packed PS arrays 
on a silicon wafer surface
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results plotted in Fig. 11a and b of the excellent omni-
directional antireflection performance for wavelengths of 
400–1000 nm with both TM and TE polarized light. On 
the contrary, the incident light for wavelengths greater 
than 1100 nm is barely absorbed due to the limit of the sil-
icon’s bandgap. This part of light is assumed to be entirely 
utilized by other components of the PV-TE hybrid system 
in the simulation with a semi-infinite Si substrate. How-
ever, the smooth untreated back surface of a 300-μm-thick 
Si wafer would reflect a portion of unabsorbed light, as a 

result, influence the measurement of antireflection abili-
ties of the SCS on front surface. Therefore, for quantita-
tive analyses of the difference between experimental and 
simulation results, the reflectance for wavelengths greater 
than 1100 nm is unnecessary to be involved.

Figure 13 shows the comparison of reflectance spec-
trum between simulation and experiment results at wave-
lengths from 300 nm to 1100 nm for incident angle of 
30° and 60° with TM and TE polarized light, respectively. 
The experimental data agree well with the simulation 
results with wavelengths less than 1000 nm because the 
Si wafer is still not thick enough to absorb the light of 
1100 nm wavelength. The differences of reflectance spec-
trum around 300 nm wavelength are mainly caused by the 
rough surface of the fabricated sample comparing to the 
ideal surface of simulation model. Further, the differences 
around 450 nm wavelength are attributed to the different 
refractive indexes between bulk material (for simulation) 
and the film (for experiment), which cause a slight disa-
greement to the double-layer ARCs matching conditions. 
Nevertheless, the average reflectance difference between 
simulation and experimental results for wavelengths of 
300–1000 nm still maintain at low values of 1.66, 2.84, 
1.51 and 1.39% corresponding to Fig. 13a–d respectively. 
To sum up, the SCS that we have designed in this work is 
applied to crystalline Si substrate, but the concept of the 
design method can be applied to other material for ultra-
broadband spectrum regulation.

Fig. 11  Diagram of the SCS forming procedure. a The diameters of 
the PSs were reduced after reactive ion etching (RIE); b the nanopil-
lars were formed by means of ICP etching; c the PSs were dissolved 

in chlorobenzene; d, e the ARCs of  TiO2 and  SiO2 were deposited by 
magnetron sputtering

Fig. 12  Multi-angle absorptance of the SCS with non-polarized light 
obtained by UV–Vis-NIR spectrophotometer. The inserted picture is 
the FESEM image with 20° tilted view of the fabricated SCS
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4  Conclusions

In conclusion, a subwavelength composite structure (SCS) 
has been proposed for full-spectrum omnidirectional 
antireflection, which is designed for a PV-TE hybrid sys-
tem to enhance the utilization of solar energy. It consists 
of the periodic hexagonal array of silicon nanopillars and 
the misaligned stacked double-layer antireflection coat-
ings (ARCs). After simulation researching by FDTD, it 
is found that the outstanding antireflection proprieties of 
the SCS are not only respectively due to the interference 
effect of the double-layer ARCs and the scattering effect 
of the nanopillars, but also due to the gradient refractive 
indexes in the air/Si interface and the waveguide reso-
nances stimulated by nanopillars and surrounding materi-
als, which are caused by the composition of nanopillars 
and double-layer ARCs. Afterwards, the SCS is fabricated 
by ICP etching and magnetron sputtering, and character-
ized by FESEM and UV–Vis-NIR spectrophotometer. 
The experimental results match well with the simulation 
results, which confirm the outstanding abilities for photons 
management of the SCS. Overall, this work paves the way 
to full-spectrum solar energy utilization suitable for the 
PV-TE hybrid system, and this antireflection concept can 
be applied to other materials for particular ultra-broadband 
spectrum regulation.
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