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Insights into Backscattering Suppression in Solar Cells from the
Helicity-Preservation Point of View
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We show that the antireflection performance of nanoparticle arrays on top of solar-cell stacks is related
to two conditions: a high enough degree of discrete rotational symmetry of the array and the ability of
the system to suppress crosstalk between the two handednesses (helicities) of the electromagnetic field
upon light-matter interaction. For particle-lattice systems with a high enough degree of discrete rotational
symmetry 2π/n for n ≥ 3, our numerical studies link the suppression of backscattering to the ability of
the system to avoid the mixing between the two helicity components of the incident field. In an exemplary
design, we optimize an array of TiO2 disks placed on top of a flat heterojunction solar-cell stack and obtain
a threefold reduction of the current loss due to reflection with respect to an optimized flat reference. We
numerically analyze the helicity-preservation properties of the system, and also show that a hexagonal
array lattice, featuring a higher degree of discrete rotational symmetry, can improve over the antireflection
performance of a square lattice. Importantly, the disks are introduced in an electrically decoupled manner
such that the passivation and electric properties of the device are not disturbed.
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I. INTRODUCTION

Minimal reflection is an obvious design goal in solar-
cell technology, which attracts considerable research atten-
tion. Different approaches to antireflection (AR) range
from chemical texturing of the silicon wafer [1,2] to
sophisticated AR coatings [3–7] and plasmonic structures
[8–10]. Recently, the use of arrays of dielectric nanostruc-
tures is being investigated as a possible avenue to improve
AR properties of solar cells [11–16]. Due to the low pro-
files of the patterning nanostructures, this approach is suit-
able for ultra-thin-film solar cells. Clearly, understanding
the underlying physical principles behind backscattering
minimization is relevant for the AR aspect of solar-cell
design.

Much of the nanophotonics research on backscatter-
ing minimization stems from the 1983 article of Kerker
et al. [17]. This early work showed that a sphere whose
relative electric permittivity and magnetic permeability
are equal exhibits zero backscattering under plane-wave
illumination, i.e., there is no energy in the specular back-
reflection direction, independently of the polarization of
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the illuminating plane wave. Since then, the theoreti-
cal and experimental works on zero backscattering have
been numerous, see, e.g., Refs. [18–26]. On the theoreti-
cal side, the relationship between electromagnetic duality
symmetry and zero backscattering [18,20,27] has provided
a new point of view on Kerker’s result by connecting
the backscattering suppression to a fundamental symme-
try in electromagnetism. A system is symmetric under
duality transformations [[28], Sec. 6.11] if and only if its
electric and magnetic responses to incident radiation are
equivalent. This equivalence connects directly to Kerker’s
ε = μ spheres. In much the same way that translational
symmetry preserves linear momentum, and cylindrical
symmetry preserves angular momentum, duality symme-
try preserves the helicity (handedness) of any incident
illumination (see, e.g., Ref. [27]). That is, the interaction
of light with a dual symmetric object does not couple
the left- and right-handed components of the electromag-
netic field. In terms of requirements, duality symmetry
of the system is not enough to ensure zero backscatter-
ing, but duality plus cylindrical symmetry is [20,27]. The
two conditions together fully explain the effect reported
by Kerker et al. in ε = μ spheres. In terms of practical
application in solar cells, the ε = μ condition is an obvi-
ous roadblock, and full cylindrical symmetry is also not
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achievable by regular arrays of nanoparticles. However,
the work in Ref. [21] established that, for a general sys-
tem, a discrete rotational symmetry 2π/n for n ≥ 3 and
helicity preservation upon illumination along the symme-
try axis are sufficient conditions for zero backscattering.
This is a general result whose derivation does not depend
on the details of the system, only on its symmetries. The
importance of the result in the context of designing regu-
lar arrays of dielectric nanostructures for AR applications
is twofold. First, the n ≥ 3 requirement establishes which
paricle-lattice combinations are appropriate. Second, and
crucially, it relaxes the duality symmetry condition, which
implies helicity preservation for all illumination direc-
tions, into helicity preservation upon normal incidence.
While exact duality symmetry in macroscopic electro-
dynamics requires ε = μ materials, helicity preservation
under particular illumination conditions can be achieved
by geometrical optimization for systems where ε �= μ = 1.
The geometry of the structures needs to result in an equal
electric and magnetic response of the system under the
prescribed illumination. For a dielectric disk, the tuning
of its aspect ratio achieves the desired effect for on-axis
illumination at a particular frequency by aligning the elec-
tric and magnetic dipolar resonances of the disk [29–31].
This makes dielectric disks a suitable candidate for the
constituents of the AR arrays. Indeed, square and hexag-
onal arrays of optimized silicon cylinders showing almost
zero reflection have been reported in the solar-cell liter-
ature [13,14], and also in other applications where high
transmission is required [30,31].

In this Paper, we use full-wave numerical calculations to
show that helicity preservation and a high enough degree
of discrete rotational symmetry are the relevant require-
ments for the design of nanoparticle arrays for reflection
minimization in solar cells. We first use hypothetical mate-
rials with μ �= 1 to illustrate the effects of both conditions
on the AR properties of the array. For particle-lattice com-
binations with enough discrete rotational symmetry, our
numerical studies link the suppression of backscattering
to the ability of the system as a whole to preserve the
helicity (handedness) of the incident light. Then, we con-
sider a realistic heterojunction (HJT) layer stack and design
an array of TiO2 disks whose current loss due to reflec-
tion is improved three times with respect to an optimized
flat reference. We analyze the design in terms of helicity
preservation and consider both square and hexagonal lat-
tices, showing the advantages of the latter. Importantly,
the TiO2 disks are placed on the top face of the HJT
stack in an electrically decoupled manner, which avoids
the passivation difficulties brought about by placing dielec-
tric nanoscatterers directly on top of the Si wafer. The low
absorption of TiO2 in the spectral region relevant for solar
cells is one of the reasons for the choice of this material.

It is important to note that the generality of the helicity
preservation plus discrete rotational symmetry conditions

make them useful for understanding several apparently dif-
ferent techniques for AR improvement by means of the
same physical principles. For example, in standard silicon-
based solar cells, improvement of the AR properties is
often achieved by means of the chemical texturing of a sil-
icon wafer [1,2]. In this way, micron-sized pyramids can
be formed on the front and/or back surfaces of the wafer.
Another example are graded index multilayers [3,5]. Both
techniques can be understood with the symmetry princi-
ples described above. In a system composed by several
different materials indexed by r = 1, 2, . . ., including vac-
uum, the condition εr = μr is sufficient for duality and
hence for helicity preservation [27], and the amount of
helicity conversion can be tied to the magnitude of the gra-
dient of the impedance across the system ∇√

μ (r)/ε (r)
[see Eqs. (2.12)–(2.14) in Ref. [32] ]. In this context, the
good AR performance of the pyramids can be explained
because they provide a low-impedance gradient transition
between air and silicon when advancing from their tips
to their bases. With respect to the additionally required
degree of rotational symmetry, randomly positioned pyra-
mids achieve an effective cylindrical symmetry, while per-
fectly ordered pyramids have C4 symmetry. Both cases
meet the requirement. This explanation can be compared
with the common argument, which explains the backscat-
tering reduction by multiple reflections on the facets of the
pyramids. This argument typically involves the ray-optics
approximation, which is not really appropriate for sizes
of the pyramids in the order of a few wavelengths. The
symmetry-based explanation does not depend on any such
approximation. In graded index multilayers, the minimiza-
tion of the impedance gradient across interfaces is obvious,
and, as flat systems, feature cylindrical (C∞) symmetry.

The rest of the Paper is structured as follows. In Sec.
II, we start by using hypothetical materials with μr �= 1
in order to show the influence that the degree of rota-
tional symmetry and helicity preservation have on the
AR properties of a multilayer stack decorated with an
array of nanoparticles. We then consider natural materi-
als (μr = 1), and optimize the nanoparticle array on top
of a HJT solar-cell-layer stack. Later, we show how the
helicity-preservation properties of a single nanoparticle
response correlate with the AR properties of an array of
such particles. We finish with a more detailed analysis of
the effect of the lattice symmetry.

All numerical full-wave simulations are done with
the finite-element-based Maxwell solver JCMsuite. The
Appendix discusses reliability of the simulated results, and
contains details about the calculated quantities and the
refractive indices used in the simulations.

II. RESULTS AND DISCUSSION

A few introductory definitions are in order before we
start. The helicity operator � is defined as the projection of
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the angular-momentum operator vector onto the direction
of the linear momentum operator vector, which, for spa-
tially dependent monochromatic fields is simply the curl
operator divided by the wave number:

� = J · P
|P| ≡ ∇×

k
. (1)

Electromagnetic duality is a continuous transformation
that rotates electric and magnetic fields onto each other
(see [28], Eq. 6.151):

Ē = E cos θ + ZH sin θ ,

ZH̄ = ZH cos θ − E sin θ ,
(2)

where Z is the medium impedance. Helicity and duality
are related like angular momentum and rotations or linear
momentum and translations: helicity is the generator of the
duality transformations. Correspondingly, they are tied by
a conservation law. In the same way that a cylindrically
symmetric system preserves angular momentum or a trans-
lationally symmetric system preserves linear momentum,
an electromagnetically dual system preserves helicity. That
is, the light-matter interaction with a dual symmetric object
does not couple the left- and right-handed components of
the electromagnetic field, which are defined as

√
2G± =

E ± iZH: the Riemann-Silberstein vectors [32,33], which
are the eigenstates of the helicity operator with eigenvalues
±1. A general G+(G−) field can always be decomposed
into a linear combination of left- (right-) handed polar-
ized plane waves. In Appendix B, Eq. (B1) defines the
left- and right-handed polarization vectors as a function of
the wavevector direction. For example, for a wavevector
along the ẑ direction,

(−x̂ − iŷ
)
/
√

2 corresponds to the
left-handed polarization or helicity +1, and

(
x̂ − iŷ

)
/
√

2
corresponds to the right-handed polarization or helicity
−1. For a wavevector along −ẑ, the left- (+1) and right-
(−1) handed polarization vectors are

(
x̂ − iŷ

)
/
√

2 and(−x̂ − iŷ
)
/
√

2, respectively. Note that the +1 helicity
vector for ẑ is identical to the −1 helicity vector for −ẑ,
and vice versa. This illustrates well the meaning of helic-
ity in Eq. (1): the same sense of rotation together with an
opposite linear momentum direction results in an oppo-
site handedness. With this in mind, the main idea behind
the sufficient conditions for zero backscattering derived in
Ref. [21] can be summarized as follows. When a plane
wave with definite polarization handedness impinges on
a system with a high enough degree of discrete rotational
symmetry (Cn≥3), the light transmitted and reflected along
the symmetry axis must have the same angular momen-
tum as the illumination. This means that the reflected plane
wave must be of changed helicity since, while the angular
momentum is the same, the linear momentum is oppo-
site to the one of the incident plane wave. Therefore, if,

besides having the Cn≥3 symmetry, the system forbids
helicity changes upon normal incidence, the backscattering
will be zero. Since the same argument works for incident
plane waves of both helicities, and an arbitrarily polarized
plane wave can always be written as the weighted sum of
the two helicities, it follows that the system exhibits zero
backscattering independently of the incident polarization.

While interaction with perfectly dual symmetric systems
implies exactly zero coupling between the two helicity
components of the incident light, realistic designs intro-
duce some degree of coupling. For our purposes in this
Paper, it is important to have a measure of such degree of
coupling. In our simulations, the illumination is always a
plane wave of helicity −1 with a fixed intensity. A con-
tinuous measure of the helicity-preservation performance,
or the degree of helicity preservation, can then be obtained
by dividing the total outgoing power of changed helicity
by the incident power (see Sec. B). We use this normalized
measure throughout the Paper.

We now start by using hypothetical materials with εr =
μr to illustrate the influence that the degree of rotational
symmetry and helicity preservation have on the AR prop-
erties of the system. Figure 1(a) shows the wavelength-
dependent reflectance for two systems with rectangular
(C2) and square (C4) symmetries, respectively. The differ-
ent degrees of rotational symmetry are achieved by pat-
terning the top of the same base system with 2D arrays of
disks arranged in different lattices: rectangular and square.
The ratio of the disks’ surface area to the unit cell area
of the lattice is kept the same in both arrays. Except for
the εr = μr materials, the sequence of layers corresponds
to an HJT solar-cell stack. The illumination is a circu-
larly polarized plane wave whose momentum is normal
to the plane of the layer stack. The periodicity of the lat-
tices is always smaller than the free-space wavelength, so
only the 0th diffraction order is present. The results in
Fig. 1(a) show that, indeed, the system needs to have a high
enough degree of rotational symmetry in order to achieve
zero backscattering: while disks arranged in a square lat-
tice yield zero backscattering, a rectangular lattice does
not, despite the perfect electromagnetic (EM) duality of
the system. We now ask the question of how the violation
of perfect helicity preservation affects the reflection when
the rotational symmetry is sufficiently high. The answer
is provided in Fig. 1(b), where the reflectance from a C4
system with different εr/μr ratios is shown. The results
clearly show that the AR properties get worse as the mate-
rials become less dual symmetric. Figures 1(a) and 1(b)
show the design requirements for an antireflection coating:
a high enough degree of discrete rotational symmetry and
helicity preservation.

While the first requirement is readily met, the lack of
ε = μ materials in the relevant spectral region prevents
us from meeting the helicity-preservation requirement in
this way. Fortunately, helicity preservation under particular
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(a) (b)

FIG. 1. (a) Reflectance from dual-symmetric systems with rectangular (C2) and square (C4) rotational symmetries under normal
incidence. The systems are made of hypothetical materials with electric permittivities εr equal to those of natural materials and whose
magnetic permeabilities are set to μr = εr to achieve perfect duality symmetry. The natural materials and geometry are as follows: a
semi-infinite c-Si substrate, an absorbing 300-nm-thick film of c-Si, an 8-nm-thick layer of passivating a-Si (intrinsic and n+-doped),
an ITO layer of 50-nm thickness, and TiO2 disks with a height of 100 nm and a diameter of 300 nm. The C4 unit cell parameter is
a = 500 nm. The C2 unit cell parameters are ax = 806.5 nm and ay = 310 nm. The unit cells of the systems are schematically shown
in the inset. (b) Reflectance from the system with square (C4) rotational symmetry. Colors correspond to different ratios of relative
permeability with respect to relative permittivity.

illumination conditions can still be achieved for systems
where ε �= μ = 1 by geometrical optimization. The geom-
etry needs to result in an equal electric and magnetic
response of the system under the prescribed illumina-
tion. For dielectric disks, the tuning of their aspect ratios
achieves the desired effect for on-axis illumination at a
particular frequency [29–31]. We note that this is not

equivalent to duality symmetry, because duality would
imply that the disk preserves helicity for all illumination
directions. Electromagnetically small dielectric spheres
can actually be designed to achieve an omnidirectionally
high degree of helicity preservation at a particular fre-
quency [20]. Contrary to the disks, though, this does not
happen at resonant frequencies. The degree of helicity

(a) (b)

FIG. 2. (a) Reflectance versus wavelength for a standard flat HJT solar cell with optimized ITO thickness and for an optimized
nanocoated structure. The incident field is a normally incident plane wave with right-handed polarization (helicity −1). (b) Normalized
reflected powers of EM fields of both helicities P+ and P− for the square array comprised of TiO2 disks placed on the top surface of
HJT solar cell. The system is schematically shown in the inset; lattice constant a = 500 nm. The layers comprising the substrate are
as follows: a semi-infinite c-Si substrate, an absorbing 300-nm-thick film of c-Si, a 8-nm-thick layer of passivating a-Si (intrinsic and
n+-doped), an ITO layer of 50-nm thickness. The TiO2 disks have a height of 100 nm and a diameter of 300 nm.
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preservation in designs based on ε �= μ = 1 materials
depends on the frequency and, often, on the illumination
direction.

We now consider the C4 system in Fig. 1, this time with
μ = 1 materials (see Appendix E for information on the
refractive indices that we use). The system is now repre-
sentative of a nanocoated HJT solar cell. Figure 2(a) shows
the reflectance of the optimized system compared to an
optimized flat reference. The optimization target is to min-
imize the current loss due to reflection upon illumination
with a normally incident plane wave of right-handed polar-
ization. The height of individual disks and the thickness
of the ITO layer are varied in 10-nm steps; the radii of
the disks are changed in 25-nm steps. The lattice constant

is varied with 100-nm steps and is accommodated to the
radii of the disks such that the surface fill factor stayed
roughly the same. The optimization is done by fixing
three out of the four parameters and calculating the cur-
rent loss from reflectance per unit area as a function of
the fourth parameter. After finding the optimal value, the
parameter is fixed and another parameter is then varied.
Through such iterations the set of parameters correspond-
ing to the lowest possible current loss due to reflection
is determined. The optimum is obtained with a configu-
ration of a 500-nm lattice constant, ITO thickness of 50
nm, and disks of height equal to 100 nm and diameter
equal to 300 nm. For an incident spectrum according to
air mass (AM) 1.5, the optimal performance corresponds

(a) (b)

(c) (d)

FIG. 3. (a) Normalized specularly reflected powers of EM fields of both helicities P+ and P− for an isolated nanodisk on top of the
HJT solar-cell-layer stack under normal incidence of illumination with a right-handed polarized plane wave (helicity −1). The system
is schematically shown in the inset and has the same parameters as in Fig. 2 except that we consider here an isolated disk and not an
array. (b)–(d) Polar plots of the far-field intensities at wavelengths λ = 300, 500, and 600 nm, respectively. The far-field intensities are
computed in a plane that contains the cylinder axis of the disk.
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to a current loss per unit area of 1.7 mA/cm2 as calculated
with the procedure described in Appendix D. The results
are robust to change of the parameters’ values, includ-
ing both disk dimensions and ITO-layer thickness, up to
20%. The changes in height of the disks and thickness of
the ITO layer lead to slight shifts of the reflectance min-
ima. The variation of the disk radius shifts the minima
more significantly whilst keeping the integrated reflectance
over the whole frequency range almost unchanged. The
1.7 mA/cm2 performance number can be compared to the
flat reference, which is identical to the nanocoated one,
except that the disks are removed and the ITO layer is reop-
timized in 10-nm steps for minimal current loss. Such an
optimized reference cell achieves a loss of 5.1 mA/cm2

for an ITO thickness of 80 nm. The choice of a flat ref-
erence allows the direct assessment of the gain due to
the disk array. Additionally, it can also be argued that the
comparison with the flat reference is appropriate in the
following sense. The 100-nm height of the array would
allow its use in extremely thin solar cells, while tradi-
tional methods like pyramid etching become impractical
beyond thicknesses comparable to the height of the etched
elements [34,35].

Figure 2(b) shows the normalized total power that is
reflected back into the air hemisphere for each helicity. To
analyze the helicity content, the reflected field is decom-
posed into plane waves corresponding to negative and pos-
itive helicities. The respective normalized powers P+(k)

and P−(k) are calculated as P±(k) = |E±|2/ (2Z0Pin),
where E± are the field amplitudes corresponding to the
positive and negative helicity components, Pin is the power
of the incident plane wave and Z0 is the impedance of the
medium (see Appendix B for more details). The qualitative

behavior observed in Fig. 2(b) is the expected one. For
wavelengths above 500 nm, where the C4-symmetric array
is subwavelength, only the 0th diffraction order is allowed,
which means that only the specular reflection is allowed.
Then, as expected and, indeed, seen in the figure for
wavelengths longer than 500 nm, the C4 symmetry of the
array prevents the reflected light from having a compo-
nent with the same helicity as the illumination [21]. All
the reflected power is of changed helicity. In this regime,
the reflection suppression performance is equivalent to the
helicity-preservation performance. On the other hand, for
wavelengths shorter than 500 nm, higher diffraction orders
are present. The light scattered back into air is of mixed
helicity. This is also expected: the forced helicity flip on
backscattering off a Cn≥3 symmetric system applies when
the momenta of the incident and reflected plane waves are
aligned with the symmetry axis [21]. This is not met by
higher diffraction orders.

In order to get moretabw=30pc insight into the results
of the optimization, let us now analyze the helicity pre-
serving properties of the selected TiO2 disks in isolation.
We consider an isolated nanodisk on top of the layer-
stack system illuminated by a normally incident plane
wave of negative helicity. Figure 3(a) shows the results
for the specularly reflected powers corresponding to the
two helicities. We observe that only the values of changed
helicity P+ are nonzero. As previously discussed, this is
expected from the C∞ cylindrical symmetry of the sys-
tem, independently of its helicity-preservation properties.
The system achieves practically zero backscattering at
λ = 500 nm, where P+ ≈ 0. At this frequency, the sys-
tem as a whole is approaching perfect helicity preservation.
Figures 3(b)–3(d) show the far-field-intensity polar plots

(a) (b)

FIG. 4. (a) Reflectance from a nanocoated substrate for C4 (bold lines) and C6 (dashed lines) lattices under normal incidence. The
electric permittivity of the substrate and disks correspond to those of c-Si and TiO2, respectively. Colors correspond to different ratios
of relative permeability with respect to relative permittivity. (b) Reflectance from a c-Si substrate nanocoated with a TiO2 disk array
for different symmetries in the case of natural materials (μr = 1): rectangular (C2), square (C4), and hexagonal (C6) lattices. The lattice
constants are ax = 625 nm, ay = 400 nm for C2, a = 500 nm for C4, and a = 500 nm for C6.

054003-6



INSIGHTS INTO BACKSCATTERING SUPPRESSION. . . PHYS. REV. APPLIED 12, 054003 (2019)

TABLE I. Integrated reflectance for different arrangements of nanoparticles.

C2 C4 C6 C6
ax = 625 nm, a = 500 nm a = 500 nm a = 537 nm
ay = 400 nm

Integrated reflectance (nm) 161.01 144.37 118.24 141.77

for three selected wavelengths. For λ = 300 nm and λ =
600 nm, light is scattered back into air. At λ = 500 nm,
practically all the scattering is towards the forward hemi-
sphere. Being the result of a geometrical optimization, the
degree of helicity preservation in designs based on ε �= μ

materials depends on the frequency and, for disks, also on
the illumination direction. With the current designs, the
degree of helicity preservation degrades as the frequency
deviates from the optimal one, causing an increase of the
backscattering. We can then ask the question of whether
the degree of discrete rotational symmetry can be used to
better cope with the currently unavoidable helicity change.

To that end, we now evaluate the response of a sim-
plified system excluding ITO and a-Si films. This allows
for a more straightforward assessment of the impact of
the lattice symmetry by isolating it from other factors,
like the optimization of the thicknesses of other layers.
We consider square and hexagonal lattices of identical
pitch for the disk arrays. First we resort to hypothetical
materials. The electric permittivity of the substrate and
disks correspond to those of c-Si and TiO2, respectively.
The magnetic permeabilities are varied from 60% to 90%
of the value of the corresponding electric permittivities.
Figure 4(a) shows that the hexagonal lattice produces a
smaller reflection across the entire band for all the rel-
ative mismatches between εr and μr. This happens even
significantly away from the duality condition. As one may
expect, the reflection grows with the mismatch. The results
in Fig. 4(a) motivate the study of hexagonal lattices in the
case of natural materials with μr = 1, which we also do.
Figure 4(b) shows the reflectance from rectangular (C2),
square (C4), and hexagonal (C6) lattices. The C2 array has
been included for illustration purposes. In the C2 case, we
matched the unit cell area to the one of a square array,
and for the hexagonal arrangement of the disks, the lat-
tice constant was first taken to be the same as for the
square array. For the square lattice, the cutoff wavelength
at which nonzero diffraction orders vanish is equal to the
array lattice constant a = 500 nm. In the case of the reg-
ular hexagonal lattice, the wavelength should satisfy the
condition λ < 0.5

√
3a to have nonzero diffraction orders.

For a = 500 nm this yields 433 nm. We observe that the
C2 lattice, which does not have enough rotational symme-
try, is a less effective AR coating. We also observe that
the higher symmetry of the hexagonal lattice improves the
AR properties of the system compared to the square lat-
tice. Instead of keeping the same lattice constant for both

hexagonal and square lattices, we can also keep the ratio
of the disks’ surface area to the area of the lattice unit
cell unchanged by increasing the lattice constant of the
hexagonal lattice. Then, the hexagonal lattice still allows
for more efficient suppression of reflection than the square
array, but the difference is much smaller. This can be seen
in Table I where all the considered disk arrangements are
quantitatively compared through the integrated reflectance
over the broad wavelength range (details in Appendix C).
The results show the reduction of integrated values with
increased rotational symmetry degree.

III. CONCLUSIONS AND OUTLOOK

We show that helicity preservation and a high enough
degree of discrete rotational symmetry are the relevant
requirements for the design of nanoparticle arrays for
reflection minimization in solar cells. For particle-lattice
systems with a high enough degree of discrete rotational
symmetry (Cn≥3), our numerical studies link the suppres-
sion of backscattering to the ability of the system to
preserve the helicity (handedness) of the incident field. In
an exemplary design, we use TiO2 disks placed on the
front surface of a flat HJT solar-cell stack in an electri-
cally decoupled manner, and achieve a threefold reduction
of the current loss due to reflection with respect to a flat
reference cell. We also show that a hexagonal lattice with a
higher degree of discrete rotational symmetry can improve
over the antireflection performance of a square lattice.

In light of the results contained in this Paper, solar-cell
performance can benefit from research directed towards
the design of nanoparticles with broadband helicity-
preservation properties. In the case of disks, coated disks
seem to be a plausible way to improve upon the helicity-
preservation properties of homogeneous disks. Such a
possibility is suggested by the fact that core-shell spherical
designs improve upon the helicity-preservation properties
of homogeneous spheres [36]. Additionally, coated disks
should also the enhancement of the response strength by
aligning together other multipolar resonances beyond the
dipoles [37]. The alignment of different resonances can
then increase the helicity-preserving bandwidth [26,38].
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APPENDIX A: NUMERICAL CONVERGENCE

All the numerical computations in the Paper are done
using the JCMsuite software, which is a finite-element-
method solver. Accuracy of the solution depends on the
mesh size h and the polynomial degree p of the local poly-
nomial ansatz functions on each of the different material
patches in which the layout is divided. The error of the
solution can be estimated as follows [39]:

error ∝
(

h
λ

)p

, (A1)

where λ is the local wavelength in each material.
In order to obtain converged results, we decrease the h

values for different material domains taking into account
the corresponding refractive indices until further reduction
did not influence the results. The final mesh sizes are 30 nm
for c-Si, a-Si, and TiO2, 50 nm for ITO and 80 nm for air.
The polynomial degree p is fixed to the value of 2, which is
appropriate to achieve sufficient accuracy of the results at
relatively low computational cost. To ensure convergence
of our simulations, we decrease final h values by 5 nm,
and calculate the reflectance at λ = 370 nm, where c-Si,
a-Si, and TiO2 have high refractive indices. The difference
in reflectance is 5 × 10−4, which is a 0.4% change with
respect to the result used in the Paper. Since the results
converge at shorter wavelengths, where finer meshing is
required, the simulations at longer wavelengths would not
be a concern in terms of accuracy.

APPENDIX B: DECOMPOSITION OF SCATTERED
POWER INTO HELICITY COMPONENTS

The decomposition of the scattered power into the
power in each helicity component P± can be done in the
following way.

For a plane wave of momentum k = [kx, ky , kz], the
polarization vectors corresponding to the ±1 helicity com-
ponents are as follows [[40], Sec. 2.2.4]:

ê±(k) = 1√
2

[ŝ(k) ± p̂(k)], (B1)

where

ŝ(k) = i
[
sin(φ)x̂ − cos(φ)ŷ

]
,

p̂(k) = − cos(θ) cos(φ)x̂ − cos(θ) sin(φ)ŷ + sin(θ)ẑ,
(B2)

and θ = arccos(kz/k), φ = arctan(ky/kz), with wave num-

ber k =
√

k2
x + k2

y + k2
z . The ŝ(k) and p̂(k) polarization

vectors of Eq. (B2) correspond essentially to the TE
and TM polarizations, respectively. For example, for k =
[0, 0, k] we obtain ê±(k) = 1√

2
(−iŷ ∓ x̂).

Each of the plane waves that compose the scattered field
can be decomposed into its two helicity components as
follows:

E(k) exp(ik · r) = [E+ + E−] (k) exp(ik · r), (B3)

where

E±(k) =
{[

ê±(k)
]† E(k)

}
ê±(k) = E±ê±(k). (B4)

Then, the normalized powers P+(k) and P−(k) corre-
sponding to positive and negative helicity, respectively,
can be computed as

P±(k) = |E±|2
2Z0Pin

, (B5)

where the normalization is the power of the incident plane
wave: Pin = |E0|2/2

√
ε0/μ0 = |E0|2/2Z0. Here, E0 is the

amplitude of the incident wave and Z0 is the impedance of
the medium.

In Fig. 3(a), P±([0, 0, −k]) is shown, corresponding to
the specular reflection direction. In Fig. 2(a), the powers
reflected back to the air hemisphere are obtained through
the integrals of P±(k) across the appropriate wavevectors.
The sum of the normalized powers of the two helicities
shown in Fig. 2(a) is exactly equal to the reflectance com-
puted using energy fluxes (see below), which constitutes a
sanity check of our calculations.

APPENDIX C: REFLECTANCE

The reflectance calculations are performed using the
total EM energy flux � computed via integration of the
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EM energy flux density (Poynting vector) across layer
interfaces as follows:

R = Re{�}
PinA

, (C1)

where A is the unit cell area, and PinA gives the EM power
density.

Integrated reflectance in nm is calculated as follows:

Rint =
∫ λ2

λ1

R(λ)dλ. (C2)

APPENDIX D: CURRENT LOSS PER UNIT AREA

The current loss due to reflection is calculated as fol-
lows:

Jloss =
∫ λ2

λ1

qe
F(λ)R(λ)

Eph(λ)
dλ, (D1)

where qe is the electron charge, F(λ) is the spectral irra-
diance, and Eph(λ) = hc/λ is the energy of a photon. For
this calculation, air-mass 1.5 global-tilted irradiance raw
data is taken from Ref. [41], and the simulated reflectance
R(λ) is interpolated accordingly.

APPENDIX E: MATERIAL PROPERTIES

Refractive indices of c-Si, ITO, and TiO2 are taken
from the literature ([42–44], respectively). Refractive-
index data for a-Si is obtained by means of ellipsometry.
The measurement for a composite layer of intrinsic and
n+-doped layers deposited on glass gave the following
result for refractive index n and extinction coefficient k
in Fig. 5.

( )

FIG. 5. Refractive index n and extinction coefficient k of a
passivation layer comprised of intrinsic a-Si and n+-doped a-Si.

[1] P. Papet, O. Nichiporuk, A. Kaminski, Y. Rozier, J. Kraiem,
J.-F. Lelievre, A. Chaumartin, A. Fave, and M. Lemiti,
Pyramidal texturing of silicon solar cell with TMAH chem-
ical anisotropic etching, Solar Energy Mater. Solar Cells
90, 2319 (2006).

[2] K. Kim, S. Dhungel, S. Jung, D. Mangalaraj, and J. Yi, Tex-
turing of large area multi-crystalline silicon wafers through
different chemical approaches for solar cell fabrication,
Solar Energy Mater. Solar Cells 92, 960 (2008).

[3] S.-Y. Lien, D.-S. Wuu, W.-C. Yeh, and J.-C. Liu, Tri-layer
antireflection coatings (SiO2/SiO2 − TiO2/TiO2) for sili-
con solar cells using a sol–gel technique, Solar Energy
Mater. Solar Cells 90, 2710 (2006).

[4] Y. Du, L. E. Luna, W. S. Tan, M. F. Rubner, and R. E.
Cohen, Hollow silica nanoparticles in UV-visible antire-
flection coatings for poly (methyl methacrylate) substrates,
ACS Nano 4, 4308 (2010).

[5] H. Shimomura, Z. Gemici, R. E. Cohen, and M. F. Rub-
ner, Layer-by-layer-assembled high-performance broad-
band antireflection coatings, ACS Appl. Mater. Interfaces
2, 813 (2010).

[6] H. C. Barshilia, S. John, and V. Mahajan, Nanomet-
ric multi-scale rough, transparent and anti-reflective ZnO
superhydrophobic coatings on high temperature solar
absorber surfaces, Solar Energy Mater. Solar Cells 107, 219
(2012).

[7] L.-Q. Liu, X.-L. Wang, M. Jing, S.-G. Zhang, G.-Y. Zhang,
S.-X. Dou, and G. Wang, Broadband and omnidirectional,
nearly zero reflective photovoltaic glass, Adv. Mater. 24,
6318 (2012).

[8] K. Catchpole and A. Polman, Plasmonic solar cells, Opt.
Express 16, 21793 (2008).

[9] V. E. Ferry, L. A. Sweatlock, D. Pacifici, and H. A. Atwater,
Plasmonic nanostructure design for efficient light coupling
into solar cells, Nano Lett. 8, 4391 (2008).

[10] M. A. Green and S. Pillai, Harnessing plasmonics for solar
cells, Nat. Photonics 6, 130 (2012).

[11] V. E. Ferry, A. Polman, and H. A. Atwater, Modeling light
trapping in nanostructured solar cells, ACS Nano 5, 10055
(2011).

[12] P. Spinelli, M. Verschuuren, and A. Polman, Broadband
omnidirectional antireflection coating based on subwave-
length surface Mie resonators, Nat. Commun. 3, 692
(2012).

[13] P. Spinelli and A. Polman, Light trapping in thin crys-
talline Si solar cells using surface Mie scatterers, IEEE J.
Photovoltaics 4, 554 (2014).

[14] I. Kim, D. S. Jeong, W. S. Lee, W. M. Kim, T.-S. Lee, D.-K.
Lee, J.-H. Song, J.-K. Kim, and K.-S. Lee, Silicon nanodisk
array design for effective light trapping in ultrathin c-Si,
Opt. Express 22, A1431 (2014).

[15] K. Baryshnikova, M. Petrov, V. Babicheva, and P. Belov,
Plasmonic and silicon spherical nanoparticle antireflective
coatings, Sci. Rep. 6, 22136 (2016).

[16] A. Cordaro, J. Van De Groep, S. Raza, E. F. Pecora, F.
Priolo, and M. L. Brongersma, Antireflection high-index
metasurfaces combining Mie and Fabry-Pérot resonances,
ACS Photonics 6, 453 (2019).

[17] M. Kerker, D.-S. Wang, and C. Giles, Electromagnetic scat-
tering by magnetic spheres, J. Opt. Soc. Am. A 73, 765
(1983).

054003-9

https://doi.org/10.1016/j.solmat.2006.03.005
https://doi.org/10.1016/j.solmat.2008.02.036
https://doi.org/10.1016/j.solmat.2006.04.001
https://doi.org/10.1021/nn101033y
https://doi.org/10.1021/am900883f
https://doi.org/10.1016/j.solmat.2012.06.031
https://doi.org/10.1002/adma.201201740
https://doi.org/10.1364/OE.16.021793
https://doi.org/10.1021/nl8022548
https://doi.org/10.1038/nphoton.2012.30
https://doi.org/10.1021/nn203906t
https://doi.org/10.1038/ncomms1691
https://doi.org/10.1109/JPHOTOV.2013.2292744
https://doi.org/10.1364/OE.22.0A1431
https://doi.org/10.1038/srep22136
https://doi.org/10.1021/acsphotonics.8b01406
https://doi.org/10.1364/JOSA.73.000765


E. SLIVINA et al. PHYS. REV. APPLIED 12, 054003 (2019)

[18] I. V. Lindell, A. Sihvola, P. Yla-Oijala, and H. Wallen, Zero
backscattering from self-dual objects of finite size, IEEE
Trans. Antennas Propag. 57, 2725 (2009).

[19] M. Nieto-Vesperinas, R. Gomez-Medina, and J. J. Saenz,
Angle-suppressed scattering and optical forces on submi-
crometer dielectric particles, J. Opt. Soc. Am. A 28, 54
(2011).

[20] X. Zambrana-Puyalto, I. Fernandez-Corbaton, M. Juan,
X. Vidal, and G. Molina-Terriza, Duality symmetry and
Kerker conditions, Opt. Lett. 38, 1857 (2013).

[21] I. Fernandez-Corbaton, Forward and backward helicity
scattering coefficients for systems with discrete rotational
symmetry, Opt. Express 21, 29885 (2013).

[22] T. Coenen, F. Bernal Arango, A. Femius Koenderink, and
A. Polman, Directional emission from a single plasmonic
scatterer, Nat. Commun. 5, 3250 (2014).

[23] R. Alaee, R. Filter, D. Lehr, F. Lederer, and C. Rock-
stuhl, A generalized Kerker condition for highly directive
nanoantennas, Opt. Lett. 40, 2645 (2015).

[24] J. M. Geffrin, B. García-Cámara, R. Gómez-Medina, P.
Albella, L. S. Froufe-Pérez, C. Eyraud, A. Litman, R. Vail-
lon, F. González, M. Nieto-Vesperinas, J. J. Sáenz, and F.
Moreno, Magnetic and electric coherence in forward- and
back-scattered electromagnetic waves by a single dielectric
subwavelength sphere, Nat. Commun. 3, 1171 (2012).

[25] S. Person, M. Jain, Z. Lapin, J. J. Sáenz, G. Wicks, and
L. Novotny, Demonstration of zero optical backscattering
from single nanoparticles, Nano Lett. 13, 1806 (2013).

[26] M. Ismail Abdelrahman, C. Rockstuhl, and I. Fernandez-
Corbaton, Broadband suppression of backscattering at opti-
cal frequencies using low permittivity dielectric spheres,
Sci. Rep. 7, 14762 (2017).

[27] I. Fernandez-Corbaton, X. Zambrana-Puyalto, N. Tischler,
X. Vidal, M. L. Juan, and G. Molina-Terriza, Electromag-
netic Duality Symmetry and Helicity Conservation for the
Macroscopic Maxwell’s Equations, Phys. Rev. Lett. 111,
060401 (2013).

[28] J. D. Jackson, Classical Electrodynamics (Wiley, New
York, 1998).

[29] A. B. Evlyukhin, C. Reinhardt, and B. N. Chichkov, Multi-
pole light scattering by nonspherical nanoparticles in the
discrete dipole approximation, Phys. Rev. B 84, 235429
(2011).

[30] I. Staude, A. E. Miroshnichenko, M. Decker, N. T. Fofang,
S. Liu, E. Gonzales, J. Dominguez, T. S. Luk, D. N. Neshev,
I. Brener, and Y. Kivshar, Tailoring directional scattering
through magnetic and electric resonances in subwavelength
silicon nanodisks, ACS Nano 7, 7824 (2013).

[31] K. E. Chong, L. Wang, I. Staude, A. R. James, J.
Dominguez, S. Liu, G. S. Subramania, M. Decker, D. N.
Neshev, I. Brener, and Y. S. Kivshar, Efficient polarization-
insensitive complex wavefront control using Huygens
metasurfaces based on dielectric resonant meta-atoms, ACS
Photonics 3, 514 (2016).

[32] I. Bialynicki-Birula, Photon wave function, Prog. Opt. 36,
245 (1996).

[33] I. Bialynicki-Birula and Z. Bialynicka-Birula, The role of
the Riemann-Silberstein vector in classical and quantum
theories of electromagnetism, J. Phys. A: Math. Theor. 46,
053001 (2013).

[34] M. L. Brongersma, Y. Cui, and S. Fan, Light manage-
ment for photovoltaics using high-index nanostructures,
Nat. Mater. 13, 451 (2014).

[35] X. Tan, W. Yan, Y. Tu, and C. Deng, Small pyrami-
dal textured ultrathin crystalline silicon solar cells with
double-layer passivation, Opt. Express 25, 14725 (2017).

[36] A. Rahimzadegan, C. Rockstuhl, and I. Fernandez-
Corbaton, Core-Shell Particles as Building Blocks for Sys-
tems with High Duality Symmetry, Phys. Rev. Appl. 9,
054051 (2018).

[37] Z. Ruan and S. Fan, Superscattering of Light from Sub-
wavelength Nanostructures, Phys. Rev. Lett. 105, 013901
(2010).

[38] M. I. Abdelrahman, H. Saleh, I. Fernandez-Corbaton, B.
Gralak, J.-M. Geffrin, and C. Rockstuhl, Experimental
demonstration of spectrally broadband Huygens sources
using low-index spheres, APL Photonics 4, 020802 (2019).

[39] JCMsuite parameter reference, https://jcmwave.com.
[40] I. Fernandez-Corbaton, Ph.D. thesis, Macquarie University,

2014, arXiv:1407.4432.
[41] C. Gueymard, SMARTS2: A Simple Model of the Atmo-

spheric Radiative Transfer of Sunshine: Algorithms and
Performance Assessment (Florida Solar Energy Center
Cocoa, FL, 1995).

[42] C. Schinke, P. Christian Peest, J. Schmidt, R. Brendel, K.
Bothe, M. R. Vogt, I. Kröger, S. Winter, A. Schirmacher,
S. Lim, H. T. Nguyen, and D. MacDonald, Uncertainty
analysis for the coefficient of band-to-band absorption of
crystalline silicon, AIP Adv. 5, 067168 (2015).

[43] Z. C. Holman, M. Filipič, A. Descoeudres, S. De Wolf,
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