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1. Introduction
Nanostructures can be used to improve the performance of solar cell devices. The strong
scattering of light resulting from optical resonances of both metallic and dielectric
nanostructures can be used to efficiently couple and trap light in(to) a solar cell device
[1,2,3]. The nature of the optical resonance in metal and dielectric nanoparticles (NPs) is
very different due to the intrinsic difference in the optical constants of the two classes of
materials. Optically, metal NPs are characterized by localized surface plasmon resonances
(LSPRs), which originate from the collective excitation of the free electrons in the metal
by the electric field of the incident light [4]. At resonance, the field is confined at the NP
surface. Dielectric nanoparticles, on the other hand, possess geometrical resonances where
light is confined in well-defined geometrical modes inside the NP [5]. These latter are
usually referred as Mie resonances, after the German physicist Gustav Mie (1869-1957)
who first solved Maxwell’s equations for a plane wave incident on a spherical particle in a
homogeneous medium [6].
Despite the different physics behind the optical resonances in plasmonic and Mie resonant
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 characterized
by a scattering cross section larger than the NP area. It has been shown that this allows
full interaction of the NPs with the incident light even if an array with less than 30%
surface coverage is used [7,8]. Second, the scattered light is directed preferentially
towards the materials with higher refractive index, due to the higher density of optical
states [9,10]. This effect can be used to enhance the absorption of light in solar cells based
on high-index semiconductors.
The strong optical scattering allows improvement of the absorption of light in the solar
cell and thus photocurrent generation. This effect is beneficial for the cell short-circuit
current density (Jsc). Beside the enhanced current generation, nanostructures can also be
beneficial for efficient current extraction from the cell. For example, the use of
nanostructures instead of standard textures enables the realization of novel solar cell
design in which both surfaces are flat, and surface recombination is reduced [11]. This has
a beneficial effect on the cell open-circuit voltage (Voc). Moreover, metal nanostructures

can also be interconnected and be used as an electrode for the solar cell device. For
example, Ag nanowire networks can be used as a transparent conductive electrode as an
alternative to standard transparent conductive oxides (TCOs). The efficient current
extraction could also decrease the series resistance and improve the fill-factor (FF) of the
cell [12].
Various configurations of metal and dielectric nanoparticle have been studied for different
types of solar cells. They include designs in which NPs are placed at the front [13-16], at
the back [17-21] or inside the solar cell active layer [22-26]. Silicon substrates have been
the most used platform both to study the fundamentals of the resonant light scattering by
nanoparticle into a substrate and to show the improvements on cell performance.
However, the preferential scattering of light by resonant nanoparticles can be used to
enhance light in-coupling into any high-index material. This includes thin-film cells
devices such as GaAs, CdTe or CIGS solar cells. Furthermore, also solar cells based on
low refractive index materials (such as organic or perovskite solar cells) can benefit from
light gathering properties of nanoparticles. For example, the near-field enhancement
provided by metal nanoparticles embedded in organic layers has been shown to improve
the light absorption of the layer [22-24]. However, this usually comes at the expenses of
parasitic losses in the metal [27-28].

In this contribution, we give an overview of different ways by which resonant
nanostructures can be used to improve solar cells. We analyze the benefits and drawbacks
of applying front-side nanostructured coatings to a wide variety of solar cell designs. The
chapter is organized as follows:


In section 2, we present and compare different crystalline Si solar cell designs that
can benefit from nanostructured coatings, from the point of view of both light
absorption (Jsc) and surface passivation (Voc). A summary table of the properties
of different nanostructured coatings is provided.



In section 3, the application of resonant nanostructures to thin film solar cell
devices. The examples of high efficiency GaAs solar cells and inexpensive
polymer solar cells are presented.



Section 4 gives an overview of other nanostructures concepts that allow
improving the solar cell performance, including metal nanowire network
electrodes, rear-side nanostructured reflectors and new antireflection approaches
for module glass.

2. Crystalline Si solar cells
The photovoltaic market is currently dominated by monocrystalline or polycrystalline Si
solar cells [29]. Furthermore, c-Si based modules have the highest efficiencies amongst
single-junction commercial modules [30]. The world record efficiency for c-Si solar cells
is currently 26.33% on a heterojunction-with-intrinsic-layer (HIT) interdigitated back
contact (IBC) solar cell made by Kaneka Corporation. This cell is an example of the
individually optimized characteristics necessary for solar cell efficiencies above the 25%
level and approaching the fundamental limitations of c-Si solar cell efficiencies. In order
to attain this efficiency, excellent surface passivation, as evidenced from the high Voc
(743.8 mV) is combined with excellent light trapping (42.25 mA/cm2) [30]. While this
cell was probably made without the use of nanostrucutres, advanced light management
with nanostructures make it possible to further enhance these characterstics of the cell and
beyond the 25.6% cell efficiency.
Conventional light trapping for c-Si solar cells, namely chemical texturing and application
of anti-reflection coatings, can already lead to effective light trapping performance,
achieving short circuit current greater than 42 mA/cm2 on the unshadowed (unmetallized)
portion of industrially manufactured cells. However, conventional texture has a number
of limitations to realizing inexpensive solar device at much higher efficiency.
The typical feature size of chemical texturing is in the range 3-10 μm [31,32]. On
conventional c-Si solar cells, with a thickness in the range 140-180 μm, the pyramidal
light-trapping texture, coated with a 80-nm-thick Si3N4 anti-reflection layer, is not
limiting. Despite providing excellent antireflection and light trapping properties for a 180μm-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 candidate 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. For example, it has
been shown that it is possible to make 10-μm-thick c-Si cells with 20% efficiency by
using a Si Mie coating [33]. Another potential limitation of conventional chemical
texturing is that the process inherently relies on surface defects to initiate etching and
increases the surface area; a dependence that results in surfaces that are more
recombination active and more difficult to passivate. Finally, chemical texture works very
well on mono-crystalline Si solar cells, but is less effective on less expensive multicrystalline Si wafers that now make up a large portion of the market. Mie resonant
nanoparticles could offer solutions for increasing the current on these wafers, as well as
other non-standard substrates that are now entering the market.

2.1

Integration of Mie coatings on c-Si cell architectures

Here we present and discuss the integration of surface Mie nanoscatterers to four different
c-Si solar cell architectures.
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Figure 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 1 shows the schematics of four existing c-Si solar cell designs on which Si [8] or
TiO2 [11] Mie coatings can be integrated. Figure 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 minority carriers, and a metal back contact (usually Al). 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
introduced by phosphorus diffusion to form a shallow junction. A Si3N4 layer with
thickness of 50 nm is finally applied to passivate the surface and serve as an antireflection
coating [34]. Screen-printed metallic (Ag) finger contacts can be used at the front. The
advantages of this configuration are the excellent antireflection and light trapping
properties provided by the Si Mie coating, compared to a standard texture [8], and the
absence of parasitic losses in the Mie scatterers, as they are part of the active material.
However, this geometry presents some drawbacks. It has been shown that the reactive ion
etching (RIE) used to fabricate the Si nanopillars creates additional surface area and nearsurface defects in the Si, thus increasing carrier recombination [11]. 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 [35]. A second drawback of the
geometry shown in Fig. 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 1(b) shows the schematic of a solar cell based on an n-type Si wafer. These wafers
present two important advantages with respect to p-type wafers for achieving higher
efficiencies: first, they do not suffer from light induced degradation due to boron-oxygen
centers; second, they are less sensitive to interstitial metal impurities [36,37]. The cell
configuration is similar to that of Fig. 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 built-in negative charge [38]. This cell configuration can therefore take
advantage of the TiO2/Al2O3 anti-reflection and passivation coating [11]. As in the case of
Fig. 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, the low parasitic losses in
the visible and infrared spectral range [11] and the good light trapping properties [33].
One drawback, as for the cell in Fig. 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 1(c) shows an application of the Si Mie coating to hetero-junction-with-intrinsicthin-layer (HIT) c-Si solar cells. These cells are based on an n-type c-Si wafer. An ndoped 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 pdoped 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, below the doped layers, to reduce the surface
state density thus improving surface passivation [39]. 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 [39]. The Si Mie coating may be integrated in the HIT cell,
as shown in Fig. 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 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 the
two designs above, front contact shadowing also limits the cell performance.

Figure 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. 1(c). The
back of the cell alternates highly p-doped Si regions (forming the junction) with highly ndoped 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 is an ideal antireflection and light trapping scheme. Al 2O3 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 [38]. 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
[11]. 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. 1(d) takes full advantage of the strong scattering properties of the
Mie coating, without any major drawback.

2.2

Nanostructures for improved surface passivation

Most of the discussion up to here has been focused on the use of nanostructures for
enhanced light trapping or increased short circuit current.

In the case of c-Si,

conventional light trapping methods of surface texture and anti-reflection coatings offer
very efficient light trapping for standard thickness and even very thin Si substrates (>100
μm). Nanostructures as discussed above, do not necessarily offer better light trapping
than the methods of conventional texturing [40].

One of the unique features of

nanostructures as a replacement for texture or conventional light trapping methods, is that
they can be applies on flat surfaces and even made from a different materials than the
underlying active material, as suggested in the TiO2 structures in Figures 1b and 1d. [41]

Flat surfaces on absorber or active layers offer a number of possible advantages in
optimizing electrical behavior of solar cells especially in looking at the next generation of
high efficiency solar cell architectures. These advantages include: improved surface
passivation and reduced carrier recombination, less recombination active junction area,
thinner substrates, and less parasitic absorption by surface layers due to decreased
effective thickness.

All of these benefits can be exploited through the use of

nanostructures that replace the texture for light trapping.

2.2.1 Surface passivation
In cells with conventional light trapping, like random or inverted pyramids, the surface of
the actual semiconductor is etched and the area is increased. However, the same surface
is also in close proximity to the location where carriers are created and collected. This
surface is an area of high recombination within the device due to the doping, interface
properties, and surface defects.

In order to overcome the effect of these surface

properties, surface passivation, or reducing the rate of recombination at the surface of
devices is a main limitation of increasing cell efficiency [42,43]. Today, this requires
passivation of a textured surface.

Nanostructures for photovoltaic devices offer an

opportunity to decouple light trapping from surface recombination. Nanostructures can be
patterned in a layer or material separate that is electrically isolated from the electrically
active area of the semiconductor, minimizing the surface area and defect density. In this
case the improvement in surface passivation could be at a minimum a factor of 1.6 times
better due the inherent geometry of a pyramidal textured surface for high performance
surface passivation schemes [42]. For many passivation technologies, recombination on
polished surfaces has been shown to be 10-100 times better than on textured surfaces [43].

2.2.2 Thin Devices
Surface recombination also plays a more significant role in very thin devices. When the
diffusion length of the carriers is multiple times longer than the thickness of the cell, the
lifetime of minority carriers will be dominated by surface recombination. Advances in
surface passivation, development of new materials, and increased interest in
heterojunctions and passivated contact type solar cells have led to surface recombination
velocities less than 10 cm/s on textured wafers [43]. This also creates an opportunity for
realizing improved efficiency with thinner wafers. Assuming very low or no surface
recombination, excellent light trapping, and high lifetime material, the potential Voc of a
cell will increase as the thickness decreases. Figure 2 shows a PC1D [44] simulation of a
silicon device 3 ms bulk lifetime and 4 cm/s surface recombination velocity (J 0 model) as
a function of thickness, for both a textured and untextured cell. We assume that for the

untextured cell, the short circuit current is similar to that of the textured cell, as seen in
experiments and simulations for standard thickness Si substrates. The improvement in
open circuit voltage in this case is on the order of 13 mV for all thicknesses [42].

Figure 2 Simulated (PC1D) Voc as a function of thickness for a textured
and untextured cell assuming equal current at each thickness and 3 msec
lifetime substrate with 4 cm/s surface recombination velocity.

2.3

Properties of nanostructured coatings for Si solar cells

Table 1 compares the performance of different dielectric (Mie) or metallic (plasmonic)
resonant nanostructures with respect to several properties of Si solar cell. The results are
based on published literature (see references indicated in square brackets). 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 for c-Si solar cells. 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.

Solar cell properties

Antireflection

Si Mie
coating

TiO Mie
coating

Ag plasmonic
coating

Excellent
(R=1.3%) [8]

Excellent
(R=1.6%) [11]

Fair
(R~7%) [7]

2

Light trapping
(in 1–100 µm cell)

Excellent
(21.5% @20µm)
[33]

Good
(19.8% @20µm)
[33]

Fair
based on
[7,44]*

Surface passivation

Difficult
(τ = 10µs) [11]

Excellent
(τ = 4ms) [11]

Excellent
based on [11]**

Parasitic losses

None
(integrated) [8]

Low
(only <400nm) [11]

High
(>5%) [44]

AR effect with EVA
encapsulation

Excellent
(R<2.1%) [40]

Very good
(R<4.2%) [40]

Poor
(> std. ARC) [40]

Table 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. 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 1 clearly shows that overall the TiO2 Mie coating offers the best opportunities for
application to Si 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; it can be used in combination with EVA
encapsulation; the parasitic losses are small and limited to the spectral range below 400
nm [11].
The Si Mie coating can also be effectively applied to a variety of cell configurations 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 a good
surface passivation. Furthermore, absorption in the Si NPs becomes an issue when they
are applied to GaAs solar cells and polymer solar cells (not shown in table).
The plasmonic coating is strongly limited in all applications by substantial parasitic losses
due to Ohmic damping. A fairly good AR effect can be achieved for Si solar cells.
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 ref. [7] and [44], only a limited light trapping effect is expected. The effect of Ag
NPs on surface passivation was also not investigated in this work. 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 by or integrated with an Al2O3 passivation layer for better
surface passivation, as the two materials have similar refractive index (n = ~2).

3. Nanostructured coatings for thin film solar cells
Solar cells based on c-Si are not the only PV technology that can benefit from the use of
nanostructures. In this section we analyze two thin-film PV technologies that can take
advantage of resonant nanostructures: high-efficiency GaAs solar cells and low-cost
polymer solar cells.

3.1

Application to 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 [30]. Due to close-to-unity quantum efficiency open-circuit
voltages up to 1.1 eV and efficiencies up to 28.8% have been demonstrated. GaAs solar
cells use no light trapping scheme as the active layer is thick enough 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 3. 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 2 μm 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 TiO 2 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).

Figure 3(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 avoiding surface
recombination.
Figure 3(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 height of 100 nm and diameter of 350 nm are used in a
square array with 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
absorption at 870 nm corresponds to the bandgap of GaAs. From simulations, it follows
that the 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 nm the absorption drops due to
incomplete light trapping. The oscillations in the absorption spectrum are due to FabryPerot 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 3(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. A
clear magnetic dipole Mie resonance is visible inside the TiO2 NP.
The absorption spectra shown in Fig. 3(b) can be used to calculate the fraction of photons
absorbed in the GaAs layer and the total generated photocurrent, assuming 100% photon-

to-carrier conversion efficiency. Figure 3(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 3(d)
shows that a 200-nm-thick cell with TiO2 Mie coating generates nearly as much
photocurrent as a 500-nm-thick 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 with respect to that of a TiO2 Mie coating is observed for all
thicknesses, due to parasitic losses in the NPs. For the case of Ag NPs, the parasitic losses
are so large that the cell is outperformed by a flat cell with a double-layer ARC.

3.2 Nanostructured coatings for organic solar cells
For Si and GaAs solar 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 cells, the
scattering is usually more isotropic. Therefore, alternative routes must be investigated. It
has been shown that plasmonic nanoparticles embedded in a polymer solar cell enhance
light absorption in the polymer due to the concentration of light in the near field of the
metal NP [44]. This absorption enhancement however comes at the expenses of strong
parasitic losses in the metal NP due to ohmic damping. In the following, an alternative
concept to direct light into low-index polymer solar cells is presented, based on lossless
(or low-loss) dielectric nanoparticles.
Dielectric NPs have electric and magnetic Mie modes [45,46]. 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 dielectric NPs affects
their scattering behavior [47]. 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 [48]. This phenomenon is similar to the scattering
behavior of a hypothetical ε = μ ≠ 1 particle predicted by Kerker et al. in 1982 [49]. In the
following the suppressed backscattering by high-index dielectric NPs will be referred as

“Kerker scattering”. Recently, experimental demonstration of “Kerker scattering” has
been shown for Si [50] and GaAs [49] 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.

P3HT:PCBM
TiO2
Back contact

4

6

Qf / Qb

5
3

4

2

3
Qb

2

1
0

1
400

500

600

700

Wavelength (nm)

800

7

5
Qf / Qb
4

Qb

5

Qf

3

6

4
3

2

Qf / Q b

TCO
PEDOT:PSS

Qf

Si nanosphere (r = 75 nm)

(c)
7

Qf / Qb

High-n
NP

TiO2 nanosphere (r = 100 nm)
5

Normalized cross section

(b)
Normalized cross section

(a)

2
1
0

1
400

500

600

700

800

Wavelength (nm)

Figure 4. 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 4(a) shows a schematic of a typical organic solar cell [51]. 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 (PEDOT:PSS, n~1.6) acts as a hole transport layer
(HTL). The back and front contacts are metal and TCO, respectively. A high-index
dielectric 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, the case of a spherical dielectric NP on top of a glass (n=1.46)
substrate is considered. 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 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.
Figure 4(b) shows the simulated forward (red) and backward (green) scattering 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 they refer to the graph left axis.
The forward SCS shows two resonances: a magnetic-dipole resonance at ~500 nm and an

electric-dipole resonance at ~400 nm. 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, axis on the right). 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. At the peak, the forward to backward SCS ratio is
larger than 6.
Figure 4(c) shows the simulated forward (red) and backward (green) normalized SCS
spectra (left axis) for a 75-nm-radius Si sphere on glass. 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 wavelengths below the electric dipole
resonance and above the magnetic dipole resonance. In this case, it can be noted that for
wavelengths in-between the two resonances, the backward SCS is larger than the forward
SCS. Nonetheless, in the broad spectral range 600–800 nm, the forward scattering is
strongly enhanced, with a forward to backward scattering ratio exceeding 4.
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.

4. Other PV applications of resonant nanostructures
This chapter has focused mostly on nanostructured coatings for solar cells, in which
dielectric and metallic nanoparticles are placed at the front side of the solar cell. There are
however several other application of nanostructures in different configurations which are
also beneficial for solar applications. Here some examples are briefly discussed.
As already mentioned, plasmonic nanoparticles are limited by parasitic ohmic absorption.
However, they present also the advantage of being made of conductive metals. Recent
studies have shown that metal nanowire networks combine unique transparency and
conductivity properties. Using Ag nanowire networks, light transmission above 90% and
sheet resistance below 20 Ohm/sq have been achieved [12]. Ag nanowire networks can
thus be used as a transparent conductive electrode as an alternative to standard transparent
conductive oxides (TCOs). These nanostructures applied to standard HIT solar cells allow
to achieve better FF values than industrial ITO.
In addition to front side coating made of nanoparticles or nanowires, also rear side
nanostructures have shown promising results for application to thin film solar cells. Many
recent studies have shown that both plasmonic and dielectric nanostructures at the rear
side of thin-film a-Si solar cell enhance photocurrent generation due to coupling to

waveguide modes in the thin layer [52,53]. Also other thin film solar technologies such as
CIGS solar cells can benefit from nanostructures at the rear side [54]. Distributed Bragg
reflectors alternating layers of different dielectric material with nanometer thicknesses
have also been used to improve the rear side reflectivity of c-Si solar cells [55].
Finally, nanostructures are beneficial not only for application on solar cells, but also on
module level. The reflectivity of module glass is a well-known problem for photovoltaic
application. For light under normal incidence, standard PV glass reflects more than 4% of
the incoming light. The reflectivity is even higher for larger angles of incidence. In recent
studies nanostructured coatings for glass have been developed which allow to reduce
reflectivity significantly for all angles of incidence [56]. The nanostructured coatings can
be readily fabricated on large scale by nanoimprint techniques such as Substrate
Conformal Imprint Lithography (SCIL). [57] Developed in recent years, this technique
allows to control the nanoparticle geometry down to the nanometer scale and to reproduce
nanoparticle patterns with high fidelity over a large scale. It opens new perspectives to
realize nanostructured designs at the square km level. By using SCIL, a nanostructured
coating for glass has been realized with integrated reflectivity of only 0.9%, which
showed a relative increase of the power output of a solar mini-module by 2.8% (see
Figure 4, from [56]).

Figure 4. Nanostructured coating for module glass. The antireflection effect is shown
by the picture in (a). A 2.8% relative increase in power output was measured (b).
Figure reproduced with permission from Nanoletters.

5. Summary
The beneficial effects of using nanostructured coatings on different solar cell technologies
have been presented. From the optical point of view, nanostructures offer the possibility to
strongly enhance the absorption of light into the active layer (light trapping) due to the
strong interaction of the resonant nanoparticles with light. This results in enhanced
photocurrent generation in both c-Si solar cell and other thin-film technologies, such as
GaAs, CIGS or organic solar cells. Amongst the different materials that can be used for
the nanostructured coating, dielectrics with high refractive index (such as Si or TiO2) are
the most suited due to the strong light scattering behavior and the small parasitic optical
losses. Metal nanoparticles, while showing similar scattering properties, are less suited
due to the presence of significant parasitic losses.
Besides the enhanced optical effect, nanostructures also offer the possibility to enable new
solar cell designs that are beneficial in terms of reduced carrier recombination. For
example, TiO2 nanostructures can be readily integrated on c-Si solar cells with flat
surfaces, where the surface recombination is minimized. A flat surface allows a V oc gain
for c-Si solar cells of more than 10 mV with respect to standard textured surfaces.
Furthermore, carrier collection from the active material of the solar cells can also benefit
from front and rear side metal nanostructures. Silver nanowire grids, for example, allow
effective carrier transport and light transparency properties and are thus a valid
replacement of standard transparent conductive layers such as ITO.
Overall, the novel designs based on resonant nanostrucutres uniquely allow to decouple
light trapping architectures from surface passivation and carrier collection schemes, thus
enabling a separate optimization of each of these aspects. Furthermore, they can also be
applied on module level to improve the anti-reflection properties of glass modules. All the
nanostructure designs presented in this chapter can be realized at the square km level in a
practical way by using novel nanoimprint techniques such as SCIL.
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