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10
Applications of resonant nanostructures to
solar cells

We present several new concepts and ideas for integrating metallic
and dielectric resonant nanoparticles on realistic solar cell designs.
We show that resonant nanostructures can be beneficial not only
for several crystalline Si solar cell designs, but also for GaAs and
polymer cells. Practical aspects such as the effect of polymer and glass
encapsulation of solar modules are also analyzed.

10.1 Introduction

In the previous Chapters we have presented several ways to use metallic and dielec-
tric resonant nanostructures to improve the solar cell performance. Most of our
study focused on understanding the fundamentals of light scattering by resonant
nanoparticles (NPs) placed on top of or embedded in a semiconductor substrate.
Despite the different physics behind the optical resonances in plasmonic and Mie
NPs, two key mechanisms governing the scattering properties of both kinds of NPs
are beneficial for solar cell applications. First, both kinds of resonant NPs are char-
acterized by a scattering cross section larger than the NP area. We demonstrated
that this allows full interaction of the NPs with the incident light even if an array
with less than 30% surface coverage is used. Second, the scattered light is directed
preferentially towards the materials with higher refractive index, due to the higher
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10 Applications of resonant nanostructures to solar cells

density of optical states. This effect can be used to enhance the trapping and ab-
sorption of light in solar cells based on high-index semiconductors.

In our studies, we have focused almost entirely on high-index crystalline Si (c-
Si) substrates. We have used c-Si wafers as a test platform to study both optical
properties (reflection, transmission, absorption) and electrical properties (surface
passivation) of different resonant nanostructures for c-Si solar cells. However, the
concepts shown in this thesis apply to a much wider range of solar cell materials
and designs. As mentioned, the preferential forward scattering and light trapping
can be used for all solar cells based on high index semiconductors, such as GaAs
or CdTe. The case of low-index solar cells has been studied in Chapter 5. There,
plasmonic NPs embedded in a polymer layer were used to enhance the absorption
of light in the polymer, due to the plasmonic near-field enhancement in proximity
of the NP.

In this Chapter, we discuss the application of the fundamental concepts studied
so far to practical devices. In particular, we analyze the benefits and drawbacks of
applying the resonant nanostructures proposed in this thesis to a wide variety of
solar cell designs. The chapter is organized as follows:

• In section 10.2, we present and compare four realistic crystalline Si solar cell
designs that can benefit from Mie nanoscatterer coatings.

• In section 10.3, the application of resonant nanostructures to high efficiency
GaAs solar cells is studied.

• Section 10.4 describes the use Mie scatterers to direct light towards low-index
polymer solar cells, by using the interference of magnetic and electric Mie
resonances.

• In section 10.5, we study the antireflection effect of plasmonic and Mie NP
coatings when the solar cell is encapsulated in a polymer protective layer.

• Section 10.6 compares and summarizes the results obtained for plasmonic
and Mie nanostructure schemes applied to different solar cells designs.

• Section 10.7 presents a nanostructured antireflection coating for glass, with
broadband and omnidirectional ultralow reflectivity, that can be used in solar
panel encapsulation.

10.2 Crystalline Si solar cells

As a first application, we consider crystalline Si based solar cells. The photovoltaic
market is currently dominated by monocrystalline or polycrystalline Si solar cells,
which account for ∼85% of the market [7]. Furthermore, c-Si based modules have
the highest efficiencies amongst commercial single-junction modules [36]. Stan-
dard c-Si solar cells currently have thicknesses in the range 140-180 µm [5]. They
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10.2 Crystalline Si solar cells

employ a pyramidal light-trapping texture coated with a 80-nm-thick Si3N4 anti-
reflection layer [2]. The typical feature size of the texturing is in the range 3-10
µm [43, 44]. Despite providing excellent antireflection and light trapping properties
for a 180-µm-thick cell, this scheme cannot be used for thinner cells in the micron
range, due to the large feature size. Surface Mie nanoscatterers are an ideal candi-
date to substitute the micron-sized pyramidal texture on thinner cells. In fact, due
to the high index of c-Si (∼3.5 at 1100 nm), the strong scattering of light mediated by
the Mie resonances in the nanoparticles can be used to preferentially couple light
into the c-Si. In Chapter 7, we showed that it is possible to make 10-µm-thick c-Si
cells with 20% efficiency by using a Si Mie coating. Here we present and discuss the
integration of surface Mie nanoscatterers to four different c-Si solar cell devices.
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Figure 10.1: Four crystalline Si solar cell designs that can benefit from a Si and TiO2
nanoparticle coating. (a) Si Mie coating applied to a standard p-type Si based solar
cell with diffused front junction. (b) TiO2 Mie coating on an n-type Si based solar
cell with diffused front junction. (c) a-Si:H/c-Si heterojunction with intrinsic layer
(HIT) solar cell with a Si Mie coating. (d) Interdigitated back contact (IBC) homo-
(or hetero-) junction solar cell with a TiO2 Mie coating.

Figure 10.1 shows the schematics of four existing c-Si solar cell designs on which
the Si and TiO2 Mie coating, presented in Chapters 6 and 9 can be integrated. Fig-
ure 10.1(a) shows the most widely used configuration in commercial c-Si cells. In
this configuration, a p-type c-Si substrate is used, in combination with a highly
doped p-type Si layer at the back acting as a back surface field (BSF) to repel mi-
nority carriers, and a metal back contact (usually Al). An n-type emitter is used at
the front surface. The Si Mie coating can be integrated (by reactive ion etching) in
the front surface of the p-type layer. A highly doped n-type Si layer at the front,
conformal to the Si NPs, can then be made by phosphorus diffusion to form a shal-
low junction. A Si3N4 layer with thickness of 50 nm is finally applied to serve as an
antireflection coating [137] and passivate the surface [152]. Metallic (Ag) finger con-
tacts can be used at the front. The Mie coating provides excellent antireflection and
light trapping properties (see Chapters 6 and 7). However, this geometry presents
some drawbacks. The reactive ion etching (RIE) used to fabricate the Si nanopillars
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10 Applications of resonant nanostructures to solar cells

creates additional surface area and near-surface defects in the Si, thus increasing
carrier recombination. As shown in Chapter 9, a standard Al2O3 passivation layer
is ineffective to fully passivate the Si Mie scatterer surface. A different RIE process,
based on chemical etching of Si rather than on physical etching, must be used to
yield Si surfaces that can be passivated with Al2O3 [148]. A second drawback of the
geometry shown in Fig. 10.1(a) is that the Mie resonances in the Si NPs enhance
the absorption of light in the NPs, i.e. close to the high-recombination region of the
highly doped emitter. Finally, the metal contacts are highly recombination active
and cause shadowing of light, thus limiting the efficiency of the cell.

Figure 10.1(b) shows a schematic of a solar cell based on an n-type Si wafer.
These wafers present two important advantages with respect to p-type wafers:
first, they do not suffer from light-induced degradation due to boron-oxygen
centers [153–155]; second, they are less sensitive to interstitial iron impurities [156],
so that high-quality n-type Si wafers with low bulk recombination rates can be
made using a more cost-effective process. The cell configuration is similar to
that of Fig. 10.1(a). A diffused heavily doped p-type layer is used in this case
to form the junction. For p-type Si, Al2O3 yields excellent field-passivation due
to the build-in negative charge [147, 157]. This cell configuration can thus take
advantage of the TiO2/Al2O3 anti-reflection and passivation coating presented in
Chapter 9. As in the case of Fig. 10.1(a), metallic finger contacts can be applied
at the front. The advantages of this configuration are the excellent antireflection
and passivation properties provided by the TiO2 Mie scatterers and by the thin
Al2O3 layer, respectively (see Chapter 9), the low parasitic losses in the visible and
infrared spectral range (see Fig. 9.4(b) in Chapter 9) and the good light trapping
properties, as shown in Fig. 7.6 in Chapter 7. One drawback, as for the cell in
Fig. 10.1(a), is that the TiO2 Mie scatterers slightly enhance light absorption in the
high-recombination p-type emitter at the front, due to the fact that the geometrical
Mie resonance overlaps with this region. Shadowing from the front contact also
limits the overall cell efficiency.

Figure 10.1(c) shows an application of the Si Mie coating to hetero-junction-
with-intrinsic-thin-layer (HIT) c-Si solar cells. These cells are based on an n-type
c-Si wafer. An n-doped hydrogenated amorphous Si (a-Si:H) layer is used at the
back, as a wider bandgap layer to repel the minority carriers from recombining at
the back surface. Similarly, a p-doped a-Si:H layer is used at the front, forming the
solar cell junction. An intrinsic a-Si:H intermediate layer is used on both sides, be-
tween the doped layers and the c-Si wafer, to reduce the surface state density thus
improving surface passivation [140]. Transparent conductive oxides (TCOs) such
as Indium Tin Oxide (ITO) are then used in combination with metal grid contacts
to extract the carriers from the cell. The separation of the active layer from the
highly recombination-active metal contacts provides a high open circuit voltage
and therefore a higher efficiency [140]. The Si Mie coating may be integrated in the
HIT cell, as shown in Fig. 10.1(c). By making an ultrathin junction conformal to
the Si NPs photocarriers generated inside the c-Si NPs can be efficiently extracted
from the cell. The HIT Si cell can thus take full advantage of the antireflection
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10.3 High-efficiency GaAs solar cells

and light trapping properties of the Si Mie coating. Possible drawbacks for this
configuration are the fact that it may be difficult to achieve good passivation of the
Si Mie scatterer surface. Moreover, the HIT design suffers from increased parasitic
losses in the front TCO and a-Si:H layers. As with the two designs above, front
contact shadowing also limits the cell performance.

Figure 10.1(d) is a schematic of an interdigitated back-contact (IBC) back-
junction c-Si solar cell. As the name indicates, this cell is characterized by the
fact that all metallic contacts and the junction are at the backside of the cell. The
junction can be either a c-Si homojunction, or an a-Si:H heterojunction similar to
the one described in Fig. 10.1(c). The back of the cell alternates highly p-doped
Si regions (forming the junction) with highly n-doped regions (forming a BSF),
in a interdigitated finger configuration. The front of the cell is usually textured
but can also be made totally flat, thus reducing surface recombination. For a flat
front-side configuration, a TiO2 Mie coating made on top of a thin passivation layer
provides an ideal antireflection and light trapping scheme. Al2O3 can be used as a
passivation layer also for n-type Si, as it creates an inversion layer near the surface
where holes become majority carriers [158]. Alternatively, an intrinsic a-Si:H layer
can be used as a passivation layer. The main advantage of this configuration is the
absence of any front shadowing element. The front can be fully patterned with
a TiO2 Mie coating, which is an excellent ARC and has no parasitic losses in the
spectral range above 400 nm (see Chapter 9). Another advantage with respect to
the previous geometries is that the enhanced light absorption in proximity of the
NPs due to the overlap of Mie resonances with the substrate is decoupled from the
highly doped region of the emitter (which is at the back). Overall, the configuration
in Fig. 10.1(d) takes full advantage of the strong scattering properties of the Mie
coating, without any major drawback.

10.3 High-efficiency GaAs solar cells

GaAs solar cells currently hold the world record efficiency for single junction cells,
both on cell and on module level [36]. Due to close-to-unity quantum efficiency
open-circuit voltages up to 1.1 eV and efficiencies up to 28.8% have been demon-
strated for cells under 1-sun illumination [159]. GaAs solar cells usually employ
a flat TiO2/SiO2 double-layer ARC, but they use no light trapping scheme as the
active layer is thick enough (∼2 µm) to absorb nearly all light with wavelength up
to the band-gap. Surface Mie scatterers can be used in this case to reduce the
active layer thickness, and thus reduce the overall fabrication costs of the cell, while
maintaining the same absorption of light.

Figure 10.2(a) shows a schematic of a GaAs cell with a TiO2 Mie coating. The
cell comprises an AlInP/GaAs/AlInP layer stack, a metal back contact and a TiO2 NP
array coated with a thin SiO2 layer at the front. GaAs is used as the active layer of the
cell, while AlInP is used for the two window layers. Due to the wider bandgap with
respect to GaAs, the AlInP layers repel the minority carriers from the surface, thus
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10 Applications of resonant nanostructures to solar cells
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Figure 10.2: Application of Mie and plasmonic coatings to high-efficiency GaAs
solar cells. (a) Schematic of a GaAs solar cell with the TiO2 Mie coating. (b)
Simulated absorption spectra for a 2µm thick GaAs solar cell with double-layer ARC
(dashed black line), a 200 nm thick GaAs cell with double-layer ARC (solid blue line)
and for a 200 nm thick GaAs cell with TiO2 Mie ARC (solid red line). (c) Electric field
intensity distribution (color scale) in a vertical cross section of the GaAs cell with the
TiO2 Mie coating, for a wavelength of 800 nm. (d) Simulated photocurrent density
as a function of solar cell thickness for a GaAs solar cell with a standard double-layer
ARC (solid blue), a TiO2 Mie coating (solid red), a Si Mie coating (dashed green) and
a Ag plasmonic coating (dashed black).

avoiding surface recombination. Figure 10.2(b) shows the simulated absorption
spectra for a 2 µm thick GaAs solar cell with a flat double-layer ARC (dashed black
line), a 200 nm thick GaAs cell with a flat double-layer ARC (solid blue line) and
for a 200 nm thick GaAs cell with a TiO2 Mie ARC (solid red line). TiO2 cylinders
with a height of 100 nm and diameter of 350 nm are used in a square array with a
pitch of 700 nm. The 2 µm thick cell with a flat double-layer ARC absorbs almost
all the light in the spectral range 500-850 nm. The absorption drops below 500 nm
due to parasitic losses in the TiO2 and AlInP window layer. The drop in absorp-
tion at 870 nm corresponds to the bandgap of GaAs. From simulations, it follows
that the absorption losses due to reflection or incomplete light trapping amount to
less than 2%. The absorption of a 200 nm thick GaAs solar cell (solid blue) in the
spectral range below 500 nm is similar to that of a 2 µm thick cell, and it is limited
by parasitic absorption in the window layer. However, for wavelengths above 600
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10.4 Organic solar cells

nm the absorption drops due to incomplete light trapping. The oscillations in the
absorption spectrum are due to Fabry-Perot interference in the thin layer stack.
Applying the TiO2 Mie coating on the 200 nm thick cell strongly enhances light
absorption in the visible and near-infrared spectral range (solid red line). A 4-fold
absorption enhancement is observed for wavelengths close to the GaAs bandgap.
The absorption enhancement is due to the coupling of light to waveguide modes
in the thin GaAs layer through scattering by leaky Mie resonances in the TiO2 NPs.
Figure 10.2(c) shows an example of a waveguide mode in the GaAs layer. The Figure
shows the electric field intensity distribution (color scale) in a vertical cross section
of a GaAs cell with the TiO2 Mie coating, for a wavelength of 800 nm. A periodic
electric field pattern is observed in the GaAs layer, corresponding to a waveguide
mode in the layer [144, 160]. A clear magnetic dipole Mie resonance is visible in-
side the TiO2 NP. Note that no sharp peaks corresponding to waveguide modes are
observed in the absorption spectrum of the cell with Mie coating. This is because
the waveguide modes are very lossy, due to the strong absorption of GaAs.

The absorption spectra shown in Fig. 10.2(b) can be used to calculate the frac-
tion of photons absorbed in the GaAs layer and the total generated photocurrent,
assuming 100% photon-to-carrier conversion efficiency. Figure 10.2(d) shows the
photocurrent density as a function of GaAs layer thickness, for a cell with a flat
double-layer ARC (solid blue line) and a cell with the TiO2 Mie coating (solid red).
As can be seen, the photocurrent is strongly enhanced for all thicknesses due to the
TiO2 Mie scatterers. The photocurrent enhancement is more significant for thinner
cells where light trapping is more relevant. For a 100 nm thick cell the photocurrent
is enhanced by 30% due to the TiO2 Mie coating. For thicker cells, the photocurrent
of the cells with a flat coating and with the TiO2 Mie coating converge to the same
value, corresponding to full light absorption. Figure 10.2(d) shows that a 200-nm-
thick cell with TiO2 Mie coating generates nearly as much photocurrent as a 500-
nm-thick planar cell. Therefore, the TiO2 Mie coating allows a significant reduction
of material usage, and thus costs, while maintaining similar performance. The
graph also shows, for comparison, the simulated photocurrent obtained with a Si
Mie coating (dashed green line) and a plasmonic Ag NP coating (dashed black).
In both cases, a lower photocurrent is observed with respect to that of a TiO2 Mie
coating for all thicknesses, due to parasitic losses in the NPs. For the case of Ag
NPs, the ohmic losses are so large that the cell is outperformed by a flat cell with a
double-layer ARC.

10.4 Organic solar cells

So far, Si and GaAs solar cells with a high refractive index have been considered.
For these cells, the plasmon-mediated or Mie-mediated scattering of light occurs
preferentially towards the high index substrate, mainly due to the higher density of
optical states. This yields ultralow reflectivities and strong light trapping properties.
However, when lower index substrates are considered, such as e.g. organic solar
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10 Applications of resonant nanostructures to solar cells

cells, the scattering is usually more isotropic. Therefore, alternative routes for light
absorption and trapping must be investigated. In Chapter 5, we have shown that
plasmonic nanoparticles embedded in a polymer solar cell enhance light absorp-
tion in the polymer due to the concentration of light in the near field of the metal
NP. This absorption enhancement however comes at the expenses of strong para-
sitic losses in the metal NP due to ohmic damping. In the following, we propose
an alternative concept to direct light into low-index polymer solar cells, based on
lossless (or low-loss) dielectric nanoparticles.

Dielectric NPs possess electric and magnetic Mie modes [150]. The magnetic
resonances stem from displacement currents excited by the incident light inside the
NP. The interference of magnetic and electric modes inside the high-index dielec-
tric NPs affects their scattering behavior. It can be shown that in dielectric NPs with
large refractive index (n ∼ 3-4), backscattering of light can be strongly suppressed
if the electric and magnetic dipoles oscillate in phase [161]. This phenomenon is
similar to the scattering behavior of a hypothetical ε = µ 6= 1 particle predicted by
Kerker et al. in 1983 [162]. In the following we will thus refer to the suppressed
backscattering by high-index dielectric NPs as “Kerker scattering”. Recently, ex-
perimental demonstration of “Kerker scattering” has been shown for Si [163] and
GaAs [161] NPs on glass. The “Kerker scattering” can be used to direct light into
a low-index substrate, and thus it can be used to enhance absorption in polymer
solar cells.
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Figure 10.3: A concept based on the “Kerker scattering” of high-index dielectric
NP for improving the absorption of light in low-index polymer solar cells. (a)
Schematic of a typical polymer solar cell with a dielectric nano-scatterer at the
front. (b) Forward (red) and backward (green) scattering cross sections, normalized
to the NP area (left axis), for a 200-nm-diameter TiO2 NP on glass. The forward-to-
backward scattering ratio is also shown (blue, right axis). (c) Same plot as in (b), for
a 150-nm-diameter Si NP on glass.

Figure 10.3(a) shows a schematic of a typical organic solar cell [164, 165]. The
active layer is a mixture of poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-
C61-butyric acid methyl ester (PCBM). The index of this polymer blend is n∼1.5.
A TiO2 (n∼2.3) layer at the back acts as an electron transport layer (ETL), while a
poly(3,4-ethylenedioxythiophene) and poly(styrenesulfonate) polymer blend (PE-
DOT:PSS, n∼1.6) acts as a hole transport layer (HTL). The back and front contacts
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10.5 Ethylene vinyl acetate (EVA) encapsulation

are metal and TCO, respectively. A high-index dielectric spherical NP is placed on
top of the TCO, in order to exploit the enhanced forward scattering of light due to
Kerker scattering.

In order to study this effect we simulate a spherical dielectric NP on top of a
glass (n=1.46) substrate. As explained before, a high-index NP needs to be chosen
in order to effectively suppress the backscattering. Si, GaAs or Ge are good materials
to achieve this. However, GaAs and Ge have high absorption in the visible spectral
range, and are thus less interesting for achieving large forward scattering. On the
other hand, TiO2 has a lower index (n∼2.3), but is lossless in the visible range. We
will thus consider in the following TiO2 and Si nano-scatterers.

Figure 10.3(b) shows the simulated forward (red) and backward (green) scatter-
ing cross section (SCS) spectra for a 200-nm-diameter TiO2 sphere on glass. The
SCS spectra are normalized to the geometrical cross section of the NP, and are
shown on the left axis. The forward SCS shows two resonances: a magnetic-dipole
resonance at ∼500 nm and an electric-dipole resonance at ∼400 nm [150]. At both
resonances, the forward SCS is more than 4 times larger than the geometrical area
of the NP. The graph also shows the forward to backward SCS ratio (blue line, right
axis). As can be seen, the forward SCS dominates the backward SCS over the entire
spectral range 350-800 nm. The forward SCS enhancement with respect to the
backward SCS is larger than 2 in the entire spectral range considered. The ratio
peaks at wavelengths below the electric dipole resonance and above the magnetic
dipole resonance, due to Fano interference [53, 88, 101]. At the peak, the forward to
backward SCS ratio is larger than 6.

Figure 10.3(c) shows the simulated forward (red) and backward (green) nor-
malized SCS spectra (left axis) for a 75-nm-radius Si sphere on glass (n=1.45). The
forward to backward SCS ratio is also shown (blue, right axis). Similarly to the case
of a TiO2 particle, the graph shows that the forward scattering is enhanced for wave-
lengths below the electric dipole resonance and above the magnetic dipole reso-
nance. In the broad spectral range 600-800 nm, the forward scattering is strongly
enhanced, with a forward to backward scattering ratio exceeding 4. Note however
that the total forward SCS in this spectral range is relatively low (less than 2 times
the geometrical cross section).

The strong broadband enhancement of the forward scattering may be used to
provide an AR coating for low-index polymer solar cells. Changing the NP size gives
some tunability of the spectral range over which the forward scattering is enhanced.

10.5 Ethylene vinyl acetate (EVA) encapsulation

In all the studies presented so far, Mie- or plasmon-based coatings have been ap-
plied to substrates or solar cells in direct contact with air on the front side. This
assumption is useful as it simplifies understanding the fundamental physics of light
scattering by resonant nanoparticles placed at an interface. However, in a solar
panel, a solar cell is never directly in contact with air. In fact, in a solar module
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10 Applications of resonant nanostructures to solar cells

a polymer layer is used to encapsulate the solar cells (and modules) in order to
protect them from environmental degradation and to achieve mechanical rigidity.
Usually, ethylene vinyl acetate (EVA) is used for encapsulation. Glass panels are
then added on top of the EVA to add physical stability to the module.

The presence of a polymer at the front side of the cell changes the optical en-
vironment around the resonant NPs, and thus their scattering properties. In this
section we study the effect of EVA encapsulation on the scattering behavior of plas-
monic and Mie scatterers. We start our analysis by considering the plasmonic AR
coating presented in Chapter 4. This is made of a square array of spheroidal Ag NPs
with 180 nm diameter, 130 nm height and 450 nm array pitch, on top of a 50-nm-
thick Si3N4 spacer layer on Si.
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Figure 10.4: Effect of EVA encapsulation on a Ag plasmonic coating for c-Si solar
cells. (a) Simulated transmission spectra of the plasmonic coating in air (blue) and
in EVA (red). (b) Simulated transmission spectra of a standard 80-nm-thick Si3N4
ARC in air (blue) and EVA (red). (c) Average transmission in the Si wafer, weighted
with the AM1.5 solar spectrum, of a Ag NP array in EVA, as a function of the NP
radius. The average transmission using a standard Si3N4 coating in EVA is also
shown (dashed black line). (d) Average transmission for a Ag NP array in EVA, as
a function of the array pitch. The dashed black line is the average transmission for
a standard Si3N4 coating in EVA.

Figure 10.4(a) shows the simulated transmission into the Si substrate as a func-
tion of wavelength, for the plasmonic coating in air (blue) and in EVA (red). Simu-
lations were done using a semi-infinite EVA layer thickness. The plasmonic coating
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10.5 Ethylene vinyl acetate (EVA) encapsulation

in air shows a transmission larger than 90% for the entire 450-1100 nm spectral
range. We note two main features in the transmission spectrum: a sharp feature
at the wavelength of 450 nm and a broad S-shaped feature in the range 600-800
nm. The first is due to a Reyleigh anomaly of the [±1, 0] and [0, ±1] grating orders
of the grating formed by the Ag NP, and occurs at a wavelength equal to the array
pitch [132, 166]. Note that for wavelengths below 450 nm, the transmission drops
because the [±1, 0] and [0, ±1] grating order are allowed in air, and thus contribute
to the backscattering. The S-shaped feature at ∼700 nm is due to Fano interfer-
ence, i.e. the constructive interference between scattered and incident waves oc-
curring for wavelengths above the particle LSPR wavelength [88, 167]. When the
Ag nanoparticle array is embedded in EVA (red line), both features redshift. The
Rayleigh anomaly of the [±1, 0] and [0, ±1] grating orders redshifts to a wavelength
of 675 nm. A second Rayleigh anomaly, corresponding to the [±1, ±1] grating or-
ders appears at a wavelength of ∼480 nm. These wavelengths satisfy the Rayleigh
anomaly conditions: λR A = p·np

m1+m2
, where p is the array pitch, n the refractive

index of the surrounding medium (1.5 for EVA), and m1 and m2 are two integers
determining the [m1, m2] grating order. The redshift of the first order Rayleigh
anomaly from 450 nm to 675 nm is thus due to the increase of the surrounding
medium refractive index from 1 to 1.5. The Fano line-shape also redshifts to a
wavelength of ∼1000 nm when the EVA encapsulation is applied. This is also a
direct consequence of the large redshift of the LSPR when the particle is embedded
in a higher index medium [47]. Both effects drastically reduce the transmission of
light into the Si substrate for the 300-1000 nm spectral range. The average trans-
mission, weighted with the AM1.5 solar spectrum, drops from 91% to 80.7%. For
comparison, Fig. 10.1(b) shows the transmission spectra of a flat 80-nm-thick Si3N4

ARC in air (blue) and EVA (red). For flat ARC in air, perfect impedance matching
can be achieved for a single wavelength (λ = 640 nm) due to interference of light
in the thin layer, as the condition nARC = p

nSi nai r is nearly fulfilled (nSi3N4 '
2, nSi = 3.5). However, the transmission drops in the ultraviolet (UV) and near
infrared (NIR) spectral ranges. When the same layer is embedded in EVA (red)
perfect impedance matching is not achieved for any wavelength. However, overall
transmission in the UV and NIR spectral ranges is better than for a flat ARC in air.
The average transmission for a flat Si3N4 ARC in air and for the EVA covered ARC is
89.4% and 91.3%, respectively. Thus, while the plasmonic coating works better for
light coupling than a standard flat Si3N4 ARC in air, the opposite is true when an EVA
encapsulation is applied. The analysis of the transmission spectra in Fig. 10.1(a)
suggests that one way to improve the transmission into Si for a plasmonic ARC is
to blueshift both the LSPR of the Ag NPs and the Rayleigh anomalies. The first can
be achieved by using smaller NPs, the latter by reducing the array pitch. However,
small NPs have higher Ohmic losses (due to lower albedo, see Fig. 4.7 in Chapter 4);
and a smaller pitch causes an unwanted redshift of the particle LSPR due to near-
field coupling. Thus, a tradeoff of these competing mechanisms must be found.
Alternatively, Al NPs may be used, as Al has a plasmon resonance in the blue.

Figure 10.4(c) shows the averaged transmission, weighted with the AM1.5 solar
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10 Applications of resonant nanostructures to solar cells

spectrum, of a Ag NP array in EVA, as a function of the NP radius. The pitch is
fixed at 450 nm. The dashed black line shows the average transmission of a flat
80-nm-thick Si3N4 coating in EVA (91%). The graph shows that the transmission
of the plasmonic coating increases as the NP radius decreases. This is due to the
blueshift of the LSPR and thus of the Fano line-shape which increases the overall
transmission (see Chapter 3). However, none of the geometries considered yields
higher transmission than the standard ARC. Particles with radius smaller than 40
nm are not worth considering, as the albedo is lower than 90% (thus the parasitic
absorption is larger than 10%) [53]. The effect of changing the array pitch is shown
in Fig. 10.1(d). Surprisingly, larger array pitches yield higher transmission into the
Si. Increasing the array pitch has two effects: it blue-shifts the LSPR, due to re-
duced interparticle coupling, and it red-shifts the Rayleigh anomalies. The first
effect increases the overall transmission, whereas the second reduces it. The fact
that a higher transmission is observed for larger pitches means that the first effect
dominates over the second. None of the geometries beats the standard ARC, as far
as light incoupling is concerned. Overall, the trends in Figs. 10.4(c) and 10.4(d)
show that a plasmonic coating cannot be better for light incoupling than a flat
Si3N4 coating when an EVA encapsulation is considered. Full parameter space
simulations confirmed this result. We note that, despite their slightly lower light
incoupling, metal NPs can lead to enhanced light trapping in thinner solar cells, as
was discussed in Chapter 4. To find out if Ag nanoparticles are effective the trade-
off between light incoupling and light trapping must be further investigated.

Next, we consider the case of a dielectric NP coating embedded in EVA. In di-
electric NPs light is mostly confined inside the particle into a geometrical (Mie)
mode. This is different from the case of a plasmonic NP, where light is confined
near the particle surface and in the near field outside the particle. For this reason,
the scattering behavior of a dielectric nanoparticle is less sensitive to changes in
the surrounding optical environment.
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Figure 10.5: Effect of the EVA encapsulation on dielectric Mie coatings. (a)
Simulated reflectivity spectra of a Si Mie coating in air (black) and in EVA (red).
(b) Simulated reflection of a Si Mie coating in EVA with geometry optimized for
minimal reflection (red). The reflection spectrum of a standard Si3N4 coating in
EVA is also shown for reference (blue). (c) Simulated reflectivity spectra of an
optimized TiO2 Mie coating (red) and a flat TiO2 coating (blue).

Figure 10.5(a) shows the simulated reflection spectrum for a Si Mie coating in
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10.6 Application of resonant nanostructures to solar cells: summary

air (black) and in EVA (red). The Si Mie coating has the same geometry as that
presented in Chapter 6, which yields black Si (250 nm diameter cylinders, 150 nm
height, 450 nm array pitch, 50 nm Si3N4 coating). The graph shows that Si Mie
coatings in air and in EVA both yield broadband ultralow reflectivities. The two
reflection spectra do not significantly differ from each other. A broadband dip in
reflectivity due to scattering of light through the leaky Mie resonance is present
in both spectra at wavelengths around 800 nm. The reflection spectrum of the Si
Mie coating in EVA shows a sharp feature at 675 nm, due to a first order Rayleigh
anomaly (similarly to Fig. 10.1(a)). The scattering from the grating also explains the
increase in reflectivity for wavelengths below 675 nm. Overall, the Si Mie coating
in air has an AM1.5-weighted average reflectivity of only 1.8%, compared to 3.5%
for the Si Mie coating in EVA. As discussed above for plasmonic NPs, we expect
that a smaller array pitch can further reduce the reflectivity in the UV and visible
range for the EVA covered geometry. However, differently from the case of plas-
monic particles, reducing the array pitch does not change the resonant scattering
of the single Mie NP, as the particles couple only very weakly through their near
field. Figure 10.5(b) shows the simulated reflectivity spectra of an optimized Si
Mie coating in EVA (red) and a standard flat Si3N4 ARC in EVA (blue). The Si Mie
coating shows ultralow reflectivity over the entire 300-1100 nm spectral range. The
AM1.5-weighted average reflectivity for the optimized Mie coating in EVA is 2.1%,
compared to 9% for the flat Si3N4 coating. The optimal geometry found with sim-
ulations was: 210 nm particle diameter, 260 nm particle height, 345 nm array pitch
and 65 nm Si3N4 coating.

Figure 10.5(c) shows the reflectivity spectra of an optimized TiO2 Mie coating in
EVA (red) and a flat single layer TiO2 coating in EVA (blue). Also in this case, the Mie
coating yields lower reflectivity than a flat dielectric coating. The AM1.5-weighted
average reflectivity for the TiO2 Mie coating is 4.2%, while the reflectivity of the flat
TiO2 coating is 6.4%. The simulated optimal geometry is this case is: 120 nm pillar
diameter, 80 nm pillar height, 200 nm array pitch on top of a 65 nm thick TiO2 layer.
Interestingly, we note that a flat TiO2 ARC gives lower reflectivity than a flat Si3N4

ARC when EVA is considered. This is due to the fact that almost perfect impedance
matching is achieved at λ= 600 nm, where nT iO2 =

p
nSi nEV A .

10.6 Application of resonant nanostructures to solar
cells: summary

Table 10.1 summarizes all results discussed in this Chapter regarding the applica-
tion of dielectric (Mie) or metallic (plasmonic) resonant nanostructures to different
solar cell designs. The table also summarizes the main results presented in the
previous Chapters of this thesis.

Three main kinds of resonant nanoscatterers have been considered: Si, TiO2

(Mie) and Ag (plasmonic) NPs. The first column of the table lists several properties
that are key to achieving high efficiency and different solar cell designs as analyzed
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10 Applications of resonant nanostructures to solar cells

in this work. The first 5 rows refer to c-Si solar cells, whereas the last two rows
refer to GaAs and polymer solar cells, respectively. The results regarding the Si,
TiO2 and Ag NP coatings are reported in the second, third and fourth column of
the table, respectively. Green color is used to indicate good or excellent results,
orange indicates that there are some limitations and red means that the NP coating
is unsuited for that purpose or solar cell design. The number reported in square
brackets in each entry indicates the Chapter of this thesis where more information
can be found about that entry.

Si Mie coating TiO2 Mie coating Ag plasmonic coating 

A
pp

lic
at

io
n 

to
 c

-S
i c

el
ls

 Antireflection Excellent 
(1.3%) [6] 

Excellent 
(1.6%) [9] 

Fair 
(~7%) [4] 

Light trapping 
(in 1–100 µm cell) 

Excellent 
(21.5% – 20 µm) [7,8] 

Good 
(19.8% – 20 µm) [7] 

Not explored 
(expected limited)* 

Surface 
passivation 

Difficult 
(τ = 10 µs) [9] 

Excellent 
(τ = 4 ms) [9] 

Not explored 
(expected good)** 

Parasitic losses None (integrated)  
[6,7] 

Low 
(only < 400 nm) [9] 

Relevant  
(> 5%) [4,5] 

AR effect with EVA 
encapsulation 

Excellent  
(R < 2.1%) [10] 

Very good 
(R < 4.2%) [10] 

Worse than flat ARC 
[10] 

Application to 
GaAs cells 

Fair 
(parasitic losses) [10] 

Excellent 
[10] 

Worse than flat ARC 
(parasitic losses) [10] 

Application to 
polymer cells 

“Kerker” scattering 
[10] 

“Kerker” scattering 
[10] 

Near field 
(parasitic losses) [5] 

Table 10.1: Summary of the effect for Si, TiO2 and Ag nanoparticle coatings for
several properties of solar cell designs that are key to achieving high efficiency. The
numbers in square brackets refer to the corresponding thesis chapter. Notes:
* because of parasitic losses in the metal
** because the Ag plasmonic coating can be applied to a flat, passivated solar cell
surface, similarly to the TiO2 Mie coating.

Table 10.1 clearly shows that overall the TiO2 Mie coating offers the best oppor-
tunities for application to solar cells, when compared to the Si and Ag NP coatings.
The TiO2 Mie coating provides excellent antireflection and passivation properties
for Si solar cells; it also provides very good light trapping properties for Si and GaAs
cells; it can be used in combination with EVA encapsulation; the parasitic losses are
small and limited to the spectral range below 400 nm. TiO2 NPs can also be used to
direct light into low-index polymer cell by exploiting the “Kerker scattering”.

The Si Mie coating can also be effectively applied to a variety of cell configura-
tions and for different purposes. The AR and light trapping properties for c-Si cells
are better than those of the TiO2, and there are no parasitic losses as the coating is
part of the active layer. However, the main drawback for the Si Mie coating is the
difficulty in achieving good surface passivation. Furthermore, absorption in the Si
NPs becomes an issue when they are applied to GaAs solar cells and polymer solar
cells. For the latter however, the “Kerker scattering” can be used as an antireflection
effect in the NIR spectral range.
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The plasmonic coating is strongly limited in all applications by substantial par-
asitic losses due to Ohmic damping. A fairly good AR effect can be achieved for
Si solar cells using Ag NPs. However, the high sensitivity of the plasmon-mediated
scattering to changes in the local optical environment makes the plasmonic coating
impractical in combination with EVA encapsulation. The light trapping properties
of plasmonic NPs for Si solar cells where not studied in this work. However, based
on the studies of AR effect and Ohmic losses carried out in Chapters 4 and 5, only a
limited light trapping effect is expected. The effect of Ag NPs on surface passivation
was also not investigated in this work. We note that the plasmonic coating can be
made on top of a Si3N4 dielectric layer, which is usually employed also for surface
passivation in c-Si solar cells. We thus expect the plasmonic coating to be easily
integrated with a passivation layer, similarly to the TiO2 Mie coating. The Si3N4

spacer layer can also be substituted with Al2O3 for better surface passivation, as the
two materials have similar refractive index (n∼2). Finally, the near-field enhance-
ment occurring near the surface of a plasmonic NP can be exploited to improve
the absorption of light in polymer solar cells, if the plasmonic NP are embedded
in the active organic layer. Ohmic losses, however, prevent the application of the
plasmonic coating to high-efficiency solar cells, such as GaAs cells.

As a final remark, note that in this work only resonant nanoscatterers placed
at the front of the solar cell device have been considered (with the exception of
Chapter 5). Placing scattering nanostructures at the back of the solar cell as well
can also improve the solar cell performance, as demonstrated by many recent stud-
ies [56–65] using patterned metallic back contacts. As shown recently, the light
trapping by corrugated metal back contacts mainly results from Mie scattering in
the dielectric layers that are conformally shaped over the metal [168]. This once
again demonstrated the power of dielectric Mie scatterers for light trapping in solar
cells.

10.7 Beyond solar cells: a nano-coating for glass

In this last section, we present a nanostructured antireflection coating for glass.
Glass is used for several everyday-use applications: windows, lenses, computer and
tv screens, portable electronic devices, and solar modules. A bare air-glass interface
reflects ∼4% of the light. This might seem a low number, however human eyes are
very sensitive to light in the visible spectral range and even this small reflection is
unwanted in many applications. For example, it is very difficult to read a text on a
standard liquid crystal display (LCD) screen in sunlight. Also, 4% reflection loss in
a solar panel is ideally avoided.

Glass has a refractive index of about 1.5. A single layer coating with index 1.23
would be needed for optimal antireflection properties. Unfortunately, there are no
dielectrics with such a low refractive index. Materials whose index comes close to
the optimal value are MgF2 (n = 1.38) and fluoropolymers (n = 1.3) or nano-porous
dielectrics [169]. MgF2 on a glass surface reduces the reflectance from 4% to about
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1%. Multiple-layer coatings made by alternating low- and high-index dielectrics
can reduce the reflectivity down to 0.1% [113]. These AR coatings however are
more difficult to make and work only for illumination at normal incidence at a fixed
wavelength. Here, we present a nanostructured broadband and omnidirectional
AR coating for glass, which was inspired by the Si Mie coating presented in Chapter
6. The coating is is comprised of a periodic or random array of glass nanocylinders
with dimensions of 150 nm (diameter) and 100 nm (height). In the case of a periodic
array, the pitch is 400 nm. The random array has the same surface coverage as the
periodic one. From now on, we will refer to this nanostructured coating for glass as
nano-glass.
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Figure 10.6: Nanostructured coating for glass (nano-glass). (a) Simulated
reflectivity spectra of uncoated glass (black) and periodic nano-glass (red). The
reflectivity calculated with an effective medium approximation is also shown
(dashed blue). (b) Reflectivity spectra of uncoated glass (black), random nano-
glass (red) and an effective medium geometry (dashed blue). (c) Reflectivity as a
function of angle of incidence for uncoated glass (black), periodic (solid blue) and
random (solid red) nano-glass. The dashed lines represent the specular reflectivity.
The incident light has wavelength of 600 nm. The data are an average of s- and p-
polarization.

First, we consider the case of periodic nano-glass. Figure 10.6(a) shows the sim-
ulated reflectivity spectra for uncoated glass (black, ∼4%) and for periodic nano-
glass (red). This latter shows a broadband reduction in reflectivity over the spectral
range 400-800 nm. In the spectral range below 400 nm, the reflectivity is as high
as that of a flat uncoated glass. The sudden step in the reflectivity spectrum at a
wavelength of 400 nm is due to scattering from the grating. As shown before, for
wavelengths below 400 nm the [±1, 0] and [0, ±1] grating orders are allowed in
air, and thus contribute to the reflectivity. In order to understand the broadband
ultralow reflectivity in the spectral range above 400 nm, we calculate the reflectivity
using an effective-medium layer with thickness equal to the glass particle height
(100 nm). The effective-medium index is calculated by a weighted-average of the
index of glass and air, calculated using the volume filling fractions of the two media.
The calculated reflectivity of the effective medium layer is shown by the dashed
blue line. Despite being a coarse approximation, the effective-medium reflectivity
matches very well the reflectivity of the periodic nano-glass in the spectral range
450-800 nm. For wavelengths below 450 nm, the scattering is dominated by grating
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10.7 Beyond solar cells: a nano-coating for glass

effects. From this analysis we can conclude that the nano-glass coating creates
a layer with an effective index (n = 1.25) that effectively acts as an interference
ARC. This is different from the case of the Si Mie scattering, where the leaky Mie
resonances in the Si nanoparticles played a crucial role in reducing the reflectivity.
Overall, the AM1.5-weighted average of the periodic nano-glass is only 0.4%.

Figure 10.6(b) shows the simulated reflectivity spectrum of random nano-glass
(red). The reflectivity of uncoated glass is also shown for reference (black). As for
the case of periodic nano-glass, the reflectivity is reduced over the entire 300-800
nm spectral range. In this case however, the spectrum does not show the sharp
step originated from the scattering by the grating. In contrast, the reflectivity in-
creases smoothly for shorter wavelengths. The graph also shows the reflectivity
of an effective-medium layer, calculated as described above (dashed blue line).
The nano-glass and effective medium reflectivity spectra have very similar spectral
shape. This suggests once again that the physical mechanism behind the reduction
of reflection is the creation of a layer with an effective index of 1.25. The small
discrepancy between the two spectra can be due to the fact that the random par-
ticle configuration creates macroscopic areas with different effective indices. The
average reflectivity for the random nano-glass is 0.5%.

Next, we study the angle-dependent reflectivity of nano-glass. Figure 10.6(c)
shows the total reflection (solid lines) as a function of angle of incidence (AOI), for
uncoated glass (black), and for periodic (blue) and random (red) nano-glass. In all
cases, the wavelength of the incident light is fixed at 600 nm and the average reflec-
tivity for s- and p- polarization is calculated. Both periodic and random nano-glass
reduce the reflectivity of uncoated glass for all angles of incidence. In both cases,
the reflectivity increases up to 4%, for an AOI of 60◦, compared to 8% for uncoated
glass. The reflection of the periodic nano-glass shows a sudden step at an AOI of
30◦, due to the reflection of non-specular grating orders for AOI larger than 30◦.
The periodic nano-glass performs better for smaller angles of incidence, whereas
the random nano-glass yields lower reflecivities for larger angles of incidence. The
graph also shows (dashed lines) the specular reflection of the periodic (blue) and
random (red) nano-glass. Specular reflection is what causes the unwanted glare
on a smartphone or laptop screen in sunlight. The graph shows that the specular
reflection of both a random and periodic nano-glass is below 1% for AOI up to 50◦, a
major improvement over standard glass. The nano-glass can thus be used to reduce
unwanted glare effects on glass surfaces. Moreover, it is an ideal geometry to reduce
the reflectivity of the solar panel glass encapsulation. Furthermore, the nano-glass
geometry can also have hydrophobic properties [170], which is beneficial for many
applications.

Finally, we note that the optimal nano-glass design presented here can be read-
ily made using soft imprint lithography.
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