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Abstract In this study, we examine the optical proper-
ties and unique features of a novel design of a parabola
nanocone consisting of a homogenous shell-like cover layer
of crystalline silicon (c-Si) and an Ag core which pro-
vides an enhanced absorption efficiency and significant
photocurrent conversion during exposure to an incident
light. Determining the geometrical sizes of the c-Si/Ag
parabola nanocone, we designed an antireflection nanos-
tructure based on certain arrays of investigated cone arrays
on a GaAs substrate. We proved that the examined nanos-
tructure shows a low percentage of reflectance of 6.24 %
and a significant short current density of ∼37.2 mA/m2 as
well as broadband antireflection facility. This understanding
paves the way for novel methods for using a simple and two
layer nanoparticle in designing efficient and high perfor-
mance antireflection layers of photovoltaics and solar cells
that are able to function over a wide range of the spectrum.

Keywords Parabola nanocone · Crystalline silicon ·
Antireflective layer · Short current density

1 Introduction

Photon management and light trapping have been con-
sidered as key factors in the efficiency of optical energy
conversion in photovoltaic (PV) devices [1, 2]. Considering
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the photon management utility, crystalline silicon (c-Si) as
an active substance plays a fundamental role in designing
PV devices which provide practical benefits in reducing the
usage of pure Si [3]. On the other hand, surface plasmon
resonances (SPRs) in nanosized noble metallic nanoparti-
cles (NPs) are one of the methods that have been applied
to improve the ratio of photon absorption in light trapping
applications [4, 5]. Several shapes of NPs with noble metal-
lic substances have strong potential to exploit and increase
the photocurrent conversion efficiency of Si-based PV
devices. Nanowires, pillars, cones, pyramids, and spheres
with Ag, Au, and Cu substances are some of the major
components in designing plasmonic PV nanostructures [6].
However, one of the major difficulties to enhancing the
absorption efficiency of PVs is approaching close to or
beyond the Yablonovitch limit (4n2 limit) by simple and
complex configurations that have scarcely been studied [7,
8]. Conventionally, both semiconductor and metallic NPs
have broadly been used to enhance the light absorption and
photocurrent conversion [9]. On the other hand, there has
been growing interest in designing antireflective ultrathin
layers based on c-Si solar cells and plasmonic NPs gratings
that can provide efficient and broadband light absorption
from the visible and infrared spectra [10]. Grating structures
based on subwavelength NPs in well-organized orientations
are required to suppress the Fresnel reflection at the air-
substrate interface [11, 12]. In this regime, the size of NPs
has a significant impact on the quality of light trapping and
absorption efficiency.

In this study, we show that utilizing an Ag parabola
nanocone as a core part of a given NP which is completely
covered by a homogenous shell-like layer of c-Si, provides
outstanding absorption and photocurrent efficiency over a
wide range of the spectrum. Utilizing this compositional
NP in an ordered array as a grating on a GaAs substrate,
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we propose a novel artificial ultrathin antireflective structure
which is able to provide noticeable broadband absorption of
optical energy with a high percentage of photocurrent that
is extremely close to the Yablonovitch limit.

2 Results and Discussion

Figure 1a is a schematic diagram of the Ag parabola
nanocone as a core and a shell-like c-Si layer. This pic-
ture also defines the geometrical parameters of the NP,
and accordingly, a simple parabola cone contains a bottom
radius and a finite height. Figure 1b shows a schematic
cross-section of the arrayed parabola nanocones on a GaAs
substrate which are decorated periodically and in a certain
proximity to each other. Employing an accurate composi-
tional configuration of metal-semiconductor structures can
help us to provide broadband and enhanced absorption of
incident light. This process includes the appearance of an
extra number of optical modes [13]. Earlier studies have
shown that a taller height of NPs in gratings provides an
enhanced broadband absorption of incident optical power,
such as nanotube arrays with a tip height up to 1 μm [14].
This regime in theoretical investigations is valid and can be
designed accurately, however, in practice, the complexity of
the fabrication processes impedes the production of gratings
with taller heights. Therefore, to solve this problem, a new
geometry of NPs must be employed with a minimum pos-
sible height as a subwavelength structure (SWS). Recently,
pure metallic parabola cones, truncated and tapered cones,

Fig. 1 a The schematic diagram of an Ag parabola nanocone covered
by a c-Si homogenous layer with the thickness of d, r is the radii of the
parabola cone, and h is the height of the structure, b c-Si/Ag parabola
nanocone arrays that are situated periodically on a GaAs substrate
which resembles an antireflective SWS

and Gaussian-bell shapes of NPs have been utilized in
designing antireflective SWSs [15]. For instance, Song et al.
[11] verified that simple Ag parabola nanocones in ordered
periodic arrays on a dielectric substrate as SWS with a
height of smaller than 400 nm provide an average of ∼19 %
reflectance in the wavelength range of λ ∼300–3000 nm. In
an analogous condition, simple tapered nanocones as a SWS
with a height of 600 nm yield ∼22.3 % of reflectance for a
similar bandwidth. Herein, first we examine the absorption
efficiency of a c-Si/Ag parabola cone and then, we utilize
this NP in periodic arrays to yield an efficient and ultrathin
antireflective nanostructure.

The quality of optical modes and absorption cross-
sectional diagrams for a nipple shape Ag parabola nanocone
covered by a c-Si layer, is examined numerically. It is well
understood that a finite c-Si nanowire (NW) reflects two
kinds of optical modes during illumination by incident light.
Fabry-Perot (FP) and plasmon resonance modes are two
major kinds of optical modes that have extensively been
reported in various PV structures [15, 16]. Recently, it has
been shown that a truncated nanocone covered with a layer
of c-Si can support three kinds of optical modes, and as
a result, FP, plasmonic, and hybrid modes are the unique
modes that have been detected in this structure. In other
words, hybrid modes contain both of the FP and plasmonic
specifications. In spherical structures, FP modes can be con-
sidered as circular structural resonances which are cycling
about the outer active material (c-Si) with internal reflec-
tion at both of the semiconductor-air and semiconductor-air
interfaces. All of these modes have arisen for the simple
nanocone with a height of 600 nm which is a high value for
antireflective SWSs fabrication. To resolve this challenge
and provide a NP with a smaller height, a c-Si/Ag parabola
nanocone is employed. We illuminated the proposed NP by
a plane wave to study the quality of optical modes that arise
in the absorption cross-sectional profile. To this end, we
quantify the absorption ratio of parabola nanocones and also
draw the spectra for transverse magnetic and electric (TM
and TE) modes. Considering the absorption of the c-Si cover
as an active material [17]:

ηc−Si
abs = Cabs

Cstr

(1)

where Cabs and Cstr are the absorption and structural cross-
sections of the examined parabola nanocone. Considering
the averaged amount of the Air Mass 1.5G (AM1.5G) solar
spectrum standard, the normalized absorption efficiency is
obtained as [18]:

AM1.5G :
〈
ηc−Si

abs

〉
=

∫
ηc−Si

abs (λ)P (λ)dλ∫
P(λ)dλ

(2)
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Fig. 2 Calculated absorption efficiency for an Ag parabola nanocone
covered by c-Si semiconductor layer for two different radiuses, a,
b absorption cross-sectional diagrams for TE and TM polarizations,
respectively. The FP, plasmon resonance, and hybrid modes extremes
are indicated inside the diagram

whereP(λ) is the photon flowing density in the AM1.5G
solar spectrum standard. The absorption cross-sectional
diagrams for the parabola nanocone based on numerical
investigations by the finite-difference time-domain (FDTD)
method are illustrated in Fig. 2a and b. These pictures

exhibit the absorption spectra for the TE and TM modes,
respectively, for two different geometrical dimensions of the
parabola cone. The height of the NP in these series of sim-
ulations has been considered as an infinite parameter. We
modified the radius (r) of the parabola cone from 35 to
65 nm to deduce the absorption spectra, and as a result, the
peak amplitude for appeared optical modes of the structure
with bigger radius is superior. It is well accepted that local-
ization of surface plasmon resonances (LSPR) and EM field
enhancement in metal structures are produced in a close
proximity to the metal surface <10 nm, hence, the thick-
ness of the active substance (c-Si) around the Ag parabola
core is considered as d = 14 nm to provide an effective
distance for an enhanced and maximized EM field. Note
in Fig. 2a and b, there are two FP peaks at shorter spectra
(FP1 and FP2) mainly at λ ∼400–650 nm, and a middle
extreme in both of the polarizations as a hybrid mode (H)
is detected at λ ∼650 nm. This mode includes both of
the plasmonic and FP modes which are excited and reso-
nant at the cross-sectional area of r = 40 nm at the stated
wavelength. Two last extremes at longer spectra (λ ∼750–
1150 nm) correspond to the plasmon resonance modes that
are experienced in both of the TE and TM polarizations
with different amplitudes. As already discussed the optical
properties of a plasmonic NP strongly depend on the sub-
tle modifications in its geometrical parameters. We examine
the effect of alterations of the parabola cone radii and the
height of the absorption cross-sectional diagram. Figure 3
exhibits the numerical results of these variations for both of
the TE and TM polarizations. Considering the height of the
structure as a finite quantity, Fig. 3a shows that increasing
the height of the c-Si/Ag parabola nanocone enhances the
absorption efficiency, and the maximum possible absorp-
tion coefficient has been obtained for the height of h =
290 nm. Figure 3b proves that increasing the parabola cone
radius enhances the absorption efficiency for the composi-
tional NP. Therefore, for a parabola cone with the radius

Fig. 3 The influence of
dimensional modifications (h
and r) on the absorption
efficiency of a parabola cone
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Fig. 4 a Measured reflectance as a function of wavelength for the
designed periodic c-Si/Ag parabola nanocone arrays on a GaAs sub-
strate which is compared with the performance of the similar structure
composed of pure Ag nanocone arrays, b two-dimensional snapshots
in xy and yz-views that shows the results for the optical mode excitation
inside the particles arrays

of r = 65 nm and the height of 290 nm the absorption
efficiency reaches up to approximately 31 % that will be
utilized in designing an antireflection SWS. Comparing
analogous NPs in pure metal and semiconductor-metal com-
positional regimes, we established the superior performance
of the c-Si/Ag parabola nanocone in absorption efficiency
and photocurrent conversion. This dominant behavior of
the proposed structure is discussed further during designing
antireflective layers. Next, considering the schematic dia-
gram of the proposed antireflection layer based on arrays of
Ag/c-Si parabola nanocones (Fig. 1b), proximal nanocones
have been situated at 195 nm distance away from the cen-
ter of each other (intercenter distance). All of the NPs are
deposited on a GaAs layer with a thickness of 600 nm. Illu-
minating the SWS by a plane wave with a variable angle
from 0◦ to 90◦, we draw the reflectance diagram for a
wide-range of the spectrum (300–2200 nm) in Fig. 4a. Com-
paring the proposed SWS based on c-Si/Ag parabola cones
with the other analogous configuration based on a pure Ag

parabola cone at the same spectra, the dominant behavior
of the proposed antireflective layer based on the reflectance
percentage diagram is evident. The average reflectance for
a c-Si/Ag parabola nanocone SWS is calculated as 6.24 %
and for the pure Ag parabola nanocone SWS it is 7.95 %.
Figure 4b exhibits the two dimensional snapshots of the
excited optical modes and resonance inside the NPs in xy
and yz-views. In order to examine the photocurrent effi-
ciency of the proposed SWS, we defined the short current
density (Jsc) based on the generated electron-hole contribu-
tion to the photocurrent in c-Si/Ag parabola nanocones as:

Jsc = e

hc

∫
ληc−Si

abs (λ)P (λ)dλ (3)

Fig. 5 a Spectral short circuit current density (Jsc) for the opti-
mized ultrathin nanostructure for unpolarized light, and incident TE
and TM polarizations. The spectra has been calculated based on
AM1.5G solar standard illumination, b integrated Jsc for four differ-
ent subwavelength structures. This comparison indicates the superior
performance and enhanced photocurrent for the proposed c-Si/Ag
parabola nanocone array on a GaAs substrate
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Quantifying the short circuit current percentage for the
AM1.5G solar spectrum standard, we plotted the cross-
sectional diagram for this parameter in Fig. 5a. Accordingly,
the current density for the SWS composed of c-Si parabola
cones is determined as 37.2 mA/cm2, which is extremely
close to the Yablonovitch limit. We compared calculated
short circuit currents for analogous plasmonic SWS in
Fig. 5b. This evaluation proves the superior photocurrent
efficiency of the proposed SWS. Therefore, our proposed
ultrathin SWS with the thickness of approximately 1 μm
yields efficient absorption and enhanced photocurrent.

3 Conclusions

In this work, we demonstrated a simple and novel technique
to design efficient antireflective structures based on plas-
mon nanoparticles. Employing a Ag parabola nanocone in
a nipple shape which is covered by a c-Si covering shell-
like layer as an active material, we proposed a particle that
is able to provide efficient light absorption. Decorating the
examined compositional parabola nanocones in a periodic
array and depositing the organized array on a GaAs sub-
strate, we designed an ultrathin antireflective nanostructure,
which is able to provide 6.24% reflectance percentage in the
wide range of the spectrum from visible to the near infrared
region. We calculated the photocurrent for the proposed
configuration as 37.2 mA/cm2 which is a highly significant
value in comparison to analogous thin and thick SWSs.
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