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1.1
Introduction

Nanophotonics is a very active field of research. The understanding of funda-
mental phenomena and the progress in technologies have already made possible
numerous applications and a large number of new applications will certainly
come up in the near future. After a brief introduction, we will present some con-
crete examples using nanophotonics concepts to make performing opto-
electronic components and how this process has been implemented. Because of
wave—corpuscle duality, light’s nature and its propagation can be described with
a whole set of parameters. Amplitude, phase, wavelength, polarization concern
the wave part, when spin, orbital momentum, or energy are used to describe the
elementary quantum of light called photon. The nature of the photon is still in
discussion [1]. The spin angular momentum and the orbital angular momentum
of photons are linked to the polarization and the phase of the wave, respectively.
The number of photons and their energy are linked to the amplitude and the
wavelength of the wave. Thanks to both availability of numerical models and
progresses made in nanotechnologies, the control of one or several of these
parameters paves the way for numerous fields of applications. Optical properties
of materials can be now mastered with subwavelength structures with remark-
able performances. Components with still smaller size can be developed leading
to very compact complex systems in diverse industrial fields such as telecommu-
nications, optical interconnections, sensing, solar energy harvesting, imaging,
health, security, lighting, and so on. The development and research in this field
goes through the understanding of optical phenomena at a very small scale [2]. It
is then necessary to develop models and to analyze the properties of the nano-
structures. A remarkable progress has been achieved in the past two decades in
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terms of numerical tools becoming available to solve electromagnetic problems
and the formulation of nanostructures with plasmonics, quantum structures, and
so on. When materials are structured at the scale of the light wavelength or a
fraction of the wavelength, optical waves are diffracted and scattered, and the
multiple waves obtained can interfere together. The mastering of such structures
can be used to control the spatial distribution of the light and its phase, its polar-
ization, or its spectral distribution. Periodic structures diffract the incident light
that is then distributed in different discrete propagation directions. It is the wide
field of diffractive optics [3], which aims at making components capable of
changing the shape of an optical beam. The so-called photonic crystals can be
made by associating different materials with periodic structures [4]. Photonic
crystals have already a large number of applications such as chemical and biolog-
ical sensors, solar cells, controlled light emission, organic light emitting devices,
very small-dimension integrated optical circuits, low threshold lasers, optical
interconnections, and so on. Similar to electronic properties, the optical propert-
ies of PCs can be described with Bloch functions and band diagram. The optical
density of states can be engineered by designing PCs. With structures of small
portions of the wavelength, combinations of dielectric, semiconductor, or metal-
lic materials are used to design metamaterials with properties not readily availa-
ble in nature. The effective electric permittivity ¢ and magnetic permeability u of
metamaterials can be tuned, allowing the control of the propagation of electro-
magnetic waves. It is then possible to obtain unusual properties such as y=e=0
or a negative value for € and p [5], or materials acting on the orbital angular
momentum of light [6]. Today, potential applications of metamaterials concern
all waves. Of course, metamaterials can be designed not only for optical waves
and microwaves but also for ultrasonic wave, earthquake, and even tsunami.
Superlenses [7], sensors [8], invisibility cloak [9], efficient and compact RFID
antennas [10], and shielding from earthquakes or sea waves [11] are some of the
applications considered. Applications using the design of the orbital angular
momentum concerning optical tweezers [12], free space optical communica-
tions [13], and cryptography [14] have been already demonstrated in research
laboratories. When the surface structure is random, light is diffracted in different
directions of space. This light distribution can be controlled by choosing the sta-
tistic of the random surface, and this paves the way for new classes of optical
components. The surface between a metal and a dielectric can support the so-
called plasmon resonance. Such resonance of the electromagnetic field is also
possible with metallic nanoparticles of a few tens of nanometers. The scientific
field concerning this phenomenon is called plasmonics. The corresponding elec-
tric field enhancement can be used for numerous applications, such as subwave-
length photonics components, and processes, such as surface-enhanced Raman
scattering, light harvesting for solar cells, local heating, sensors, imaging, and so
on. Metallic nanostructures can also be seen as optical nanoantennas converting
freely propagating optical waves into localized field and vice versa [15]. Because
of the very small scale of such structures the field is in its infancy. By similarity
to radio waves and microwaves, rectifying structures can be designed at optical
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frequencies, but the interaction of light with the whole metallic nanostructures
and the strong local field generated makes the physics different and still needs
research. When one or several dimensions of semiconductor crystals are of a
few nanometers, below the thermal de Broglie wavelength, electron and hole
confinements occur at room temperature. Then, the electrons and holes can
take only discrete values of energy in the valence band and conduction band
that depend on the size. So, the electrons in a quantum dot (QD) behave like
in an atom with different discrete possible energies [16]. This has, of course,
direct consequences for the optical properties [17]. Quantum wells made of
semiconductor layers limited in 1D are widely used for many years to make
semiconductor lasers [18] or photodetectors [19]. QDs have many applications,
in particular, for single-photon generation, and they are used to enhance solar
cell efficiency [20], as biologic tags, and for light sources (QLED), emissive dis-
plays, QD laser, and so on.

1.2
Application of Photonic Crystals to Solar Cells

The production of renewable energy must be developed. Photovoltaic solar cells
are rapidly progressing since a decade. The goal is to make both low-cost and
high-efficiency solar cells, with environment-friendly materials. Different organic
materials are good candidates, but they generally lead to devices that are low on
efficiency. In particular, because of the small diffusion length of excitons and
charges, they are made of films of thickness no larger than 100 nm. The light
from the sun must be fully absorbed in this thickness on the largest spectra pos-
sible. A thin-film solar cell is made of a stack of different layers. Different
absorbing materials can be used. They are often associated with (6,6)-phenyl-
Ce1-butyric-acid-methyl ester (PCBM), which is used as a hole transport mate-
rial. The first approach to increase the efficiency is to optimize the structure for
an optical field enhancement in the thin active layer [21]. It is also possible to
use Bragg reflectors [22]. Some materials such as poly-3-hexylthiophene (P3HT)
exhibit a very high absorption in the visible but a weaker absorption in the near
infrared, above 600 nm. Two-dimensional photonic crystals (PCs) can be used to
enhance the near-infrared light path and to trap it in the small volume of the
active layer [23]. The design of PCs can be made using different numerical tools.
In Ref. [23], the finite difference time domain (FDTD) method is used to calcu-
late the band diagram of a 2D nanowire array made in the active P3HT/PCBM
layer by solving Maxwell equations versus time, with a discrete spatial grid. The
result of the calculation for the structure shown in Figure 1.1 is given in
Figure 1.2. The vertical axis corresponds to the electromagnetic wave frequency
and the horizontal axis is the propagation direction. M,I’, X represent high-
symmetry wave vector directions in the first Brillouin zone. As can be seen in
the part surrounded by a semicircle, the curves representing the Bloch mode
may exhibit a horizontal extremum at normal incidence I'. It corresponds to
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Figure 1.1 (a) P3HT/PCBM nanostructured in the form of a photonic crystal: ordered hetero-
junction composed of P3HT nanowires embedded in PCBM. (b) P3HT complex dielectric con-
stants. (c) PCBM complex dielectric constants [23].

light trapped in the layer in a leaky guided mode, so that the absorption is stron-
ger for the corresponding wavelengths (Figure 1.3). The optimization has also
been performed for the structure shown in Figure 1.4 with the photonic crystal
made in the blend heterojunction P3BHT/PCBM [24]. The thicknesses of each
layer composing a solar cell have also been optimized to obtain the largest
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Figure 1.2 Band diagram of the structure shown in Figure 1.1a [23].
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Figure 1.3 Absorbance of P3HT:PCBM blend (bulk heterostructure) (Ill) and of P3HT/PCBM
photonic crystal of Figure 1.1a (e) [23].
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Figure 1.4 Photonic crystal made in the blend heterojunction P3HT/PCBM [24].

optical field in the active layer and so the largest efficiency. The electrical con-
duction must also be optimized in particular by using a smaller PEDOT:PSS
layer thickness possible. The efficiency is increased from 3.7 to more than 4%
with the best design. It must be noticed that the photonic crystal nanostructure
can be made by nanoimprint (Figure 1.5). The interest of PCs has also been

Figure 1.5 Photonic crystal made by nanoimprint in a P3HT/PCBM blend (Laboratoire des
Technologies de la Microélectronique).
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shown for silicon thin-film solar cells [25]. An increase in the integrated absorp-
tion in the wavelength range of interest up to 45%, instead of 33% for the not
patterned, has been obtained with a 100 nm thick amorphous silicon layer.

1.3
Antireflecting Periodic Structures

Inspired by the AR properties of moth eyes [26], surface structures have been
studied to reduce the reflection on large wavelength ranges. Such a nanostructure
can also be found on cicada wings to make them very transparent (Figure 1.6).
The structure not only helps the cicada to hide from its predators but also
exhibit hydrophilic, antibacterial, and self-cleaning properties. Silicon surface has
a reflection coefficient of around 30% in the near and medium infrared. Coatings
can be deposited to reduce this reflection, but the effect is limited to a small
spectral range. An artificial structure made of an array of nanopyramids of 1 pm
biperiodicity has been studied, because it is quite easy to obtain by conventional
chemical etching [27]. The basic principle underlying the effective index of lacu-
nar materials is that when the period is small in front of the wavelength, the
incident light will cross through a material of progressively changing density
from air to bulk, so that the Fresnel reflection is suppressed. However, it has
been shown [27] that even structures with a period close to the light wavelength
can have excellent antireflecting properties. The advantage of using truncated
pyramid (Figure 1.7) has been shown by FDTD simulation (Figure 1.8). The AR
effect of the structure is limited to the infrared band II, between 3 and 5pm. In
nature, as observed in moth eyes, antireflective surfaces exhibit two levels of
structure. One structure is made of a short-range subwavelength hexagonal peri-
odic pattern and a “quasi-crystalline” random arrangement of the hexagonal pat-
tern [28]. So, other artificial structures made of double-period pyramids, sand
castle like, have been studied (Figure 1.9) [29]. Calculation shows that, in this
case, the AR effect is extended below 3 pm, down to the visible. From an exper-
imental point of view, excellent results are obtained with top-flat and top-
patterned cone grating made by deep UV lithography and plasma etching in

Figure 1.6 (a) Transparency of a cicada wing. (b) Nanostructure of a cicada wing (antireflecting,
hydrophobic, autocleaning, and antibacterial).
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Figure 1.7 (a, b) Array of nanopyramids of P=1 pm biperiodicity made in silicon by conven-
tional chemical etching [27].
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Figure 1.10 TEM pictures of truncated flat-top (a), patterned-top (b), and rough-top cone
gratings (c) [30].

silicon [30] (Figure 1.10a and b). Instead of patterning the top of the cones with
periodic structure, the surface can be made rough (Figure 1.10c) [30]. The reflec-
tance spectra of flat-top, patterned-top, and rough-top cone gratings measured in
the visible by integrating sphere and in the IR by FTIR spectrometry are com-
pared in Figure 1.11.

14
Black Silicon

The silicon surface texturing has been studied in recent years to minimize the
optical reflectance of this semiconductor material used in many optoelectronic
applications, particularly in the field of photovoltaics [31] or CCD or CMOS
imagers. Structured surfaces can indeed reflect much less light than the polished
surfaces. If the results with periodic surfaces have certain limits, angular and
spectral, as well as some side effects (creation of diffraction orders), the use of
random rough surfaces allowed to improve further the quality of the antireflec-
tion (lower reflectance and better angular acceptance). This decrease of reflec-
tance is partly related to the height of roughness. Thus, many studies now focus

r (a) —— Flat top r (b) —— Flat top
41 - — - Patterned top 41 - — - Patterned top
...... Rough top ===« Rough top

Reflectivity (%)
Reflectivity (%)

045 05 055 06 065 07 075 3 35 4 45 5
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Figure 1.11 Reflectance spectra of flat-top, patterned-top, and rough-top cone gratings meas-
ured (a) in the visible by integrating sphere and (b) in the IR by FTIR spectrometry [30].
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Figure 1.12 Flash photographs of black silicon at various incidences. Beyond 50° incidence,
backscattering increases again.

on the highly rough materials. When the degree of roughness is sufficient, silicon
visually appears dark. The result is what is known as “black silicon,” whose
appearance becomes perfectly black and is, therefore, extremely absorbent of vis-
ible wavelengths, even for large angles of incidence up to about 50° (Figure 1.12).
The interest to fabricate black silicon is multiple. In addition to reduce the
reflectance, the use of black silicon in a photodetector allows to improve its sen-
sitivity. It is then possible to increase the photoresponse in spectral ranges of low
absorption, that is, for infrared wavelengths between 900 and 1100 nm. The ori-
gin of black silicon dates back to 1980. During plasma etching processes of sili-
con, dark spots appeared in some areas. After electron microscopic observation,
it was found that these dark areas were actually composed of a set of micromet-
ric needles. The first work that stresses the importance of black silicon dates
back to 1995 with the description of “the black silicon method” as a universal
method to determine the parameters for a profile control of trenches obtained
in silicon by etching in fluorine plasma [32]. In this work, the appearance of
black silicon, that is, nanowire-like structures on the surface of silicon, allowed
to demonstrate not only excellent setting parameters such as flow rate of SFg
and O, for engraving but also partial pressure of the gas and power injected to
the plasma. This excellent setting, complemented by a third CHF3 gas type,
allows for vertical walls to be obtained and controls the pattern profiles etched
into the silicon, which is an essential element for the density of components
made in the microelectronics industry. Beyond plasma etching techniques, other
methods provide also black silicon, each leading to a type of black silicon com-
posed of different structures. Three production methods by chemical etching, by
plasma etching, and by femtosecond laser are detailed in the following para-
graphs. The chemical etching of silicon can be obtained with different solu-
tions [33,34]. The detailed chemical process here is based on a given redox
reaction possible by the presence of a metal catalyst, in our case silver. The etch-
ing solution comprises an aqueous mixture containing hydrofluoric acid (HF)
and silver nitrate (AgNO3). Silver ions bind to the surface of the silicon, causing
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the creation of silver particles on the surface of silicon. This forms a layer of
SiO, in the area below the silver particle. This layer is etched by the hydrofluoric
acid solution. By oxidation and successive etchings, capillaries are etched in sili-
con. A 45 min etching allows the production of several micrometers high nano-
wires, such as those presented in Figure 1.13. The final step of removing the
remaining silver particles is necessary. It is performed using a HNOj bath.
Plasma reactive ion etching (RIE) is widely used in micronanoelectronics indus-
try [35]. Considered as adverse effects, early studies were designed both to
understand the formation mechanisms and to limit the appearance of black sili-
con structures. On the contrary, other techniques used to etch silicon by plasma
enabled the creation of black silicon [36]. Only two techniques are presented
here. These techniques are representative of the most commonly described
methods in literature. Both presented plasma etching processes that enable the
creation of black silicon are the Bosch process and the cryogenic process. Both
are commonly used for silicon etching in the microelectronics industry [37]. The
Bosch process was developed to meet the deep etching needs. It is one of the
processes of deep reactive ion etching (DRIE) allowing to obtain high form fac-
tors (e.g., 20/1). The Bosch process is based on the alternation of two steps. The
first step is to perform an etching using a specific gas (SF; for silicon). This iso-
tropic etching is performed in a short time. Passivizing the plasma is then per-
formed using C4Fg gas type allowing a polymer film of C,F4 or CyF4 or C4Fg
type to be deposited. A new plasma-based SFg step allows, then, to eliminate the
passivation in the bottom of the structure and to etch the silicon in depth. By
alternating the etching and passivation steps, it is possible to obtain high form
factors. However, alternating passivation and isotropic etching generates etching
width variations, which are all the more important in the sense that the etching
phases are long. Another drawback that may appear is the deposition of the pas-
sivation polymer on the walls of the etching chamber, which can lead to varia-
tion of the species present in the chamber and, therefore, etching parameter
drift. The Bosch process has, however, the advantage of being a feasible

T

‘l

Figure 1.13 Silicon nanowires obtained by chemical etching (IM2NP).
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Figure 1.14 Black silicon by cryogenic plasma process. Electron microscope images: inclined
view (a) and top view (b).

technique at room temperature. The use of a cryogenic process is necessary for
the passivation and etching in a single step. Unlike the Bosch process, the passi-
vation effect is obtained during the etching step. The etching plasma is again
obtained using SF, but in this case, oxygen is added. Oxygen is used to create a
SiO,F, layer on the flanks of the structure. To create this passivation, silicon
must be cooled down to low temperatures, hence the name of cryogenic pro-
cess [38]. Compared to the Bosch process, the etching rate can be up to twice as
high (Figure 1.14) while allowing to obtain smooth profiles. The major drawback
of this technique is that the silicon surface temperature must be precisely con-
trolled. For this technique, the silicon has to be brought to a temperature typi-
cally approaching —100°C. Other plasma etching methods also allow the
production of black silicon. One can, for example, note the work of Inomata
et al. [39], which presents a RIE process under a Cl, atmosphere. More recently,
the Eric Mazur’s research team at Harvard was the first to study the fabrication
of very rough surfaces of silicon (Figure 1.15) by successive femtosecond laser
pulses in gas (SF6) [40—44]. Furthermore, this black silicon is doped at the sur-
face by the atoms present in the gas, especially sulfur. This surface doping signif-
icantly widens the silicon absorption spectrum in the near infrared, beyond the
1.1 pm wavelength. Indeed, by its manufacturing process, the Mazur group’s
black silicon contains trapped sulfur atoms at the silicon surface. If we consider

0025

Figure 1.15 Black silicon fabricated by femtosecond laser structuring (Mazur's team).
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an energy diagram of silicon, the valence band and the conduction band are sep-
arated by a 1.12eV energy gap. By the addition of another element in a high
concentration, an intermediate band can be created. This intermediate band
must be made of a material enabling absorption at energies lower than the band
gap. In low concentrations, the dopant shows discrete energy levels. When the
concentration increases and reaches concentration values close to the per cent,
the discrete levels become energy bands. This is the explanation proposed by
Mazur for sulfur integration into silicon. Energy levels at 0.371eV, 0.318 eV, and
0.188 eV would form an intermediate energy band allowing photons of energies
lower than 1.12eV to be absorbed. In the case of materials created by the
Mazur’s team, the infrared absorption of silicon offers the possibility to fabricate
photodetectors working at near-infrared wavelengths, that is, in a wavelength
range, which is covered by cooled detectors (InGaAs type). The Mazur’s team
has licensed its technology to SiOnyx, a startup, which sells imaging sensors
comprising black silicon for night surveillance applications. For applications
related to photovoltaics or imagers, black silicon has major advantages such
as the increase in photocurrent by a better photon harvesting for the solar
cells [31,45—47] or the improvement of sensitivity and the extension to infrared
wavelengths for the imagers [33,34]. Since 2010, the IM2NP and Thales Optro-
nique [48] explored the possibility of fabricating black silicon by a novel method
of random dry etching the silicon surface without photolithographic mask. This
work resulted in a patent application [49]. Since then, several research teams
around the world have evinced interested in black silicon in terms of fabrication
by etching [50—52] and modeling [53,54].

1.5
Metamaterials for Wide-Band Filtering

Complex optical wave filter functions can be made with metamaterials. We con-
sider here the example of a study on a filter having a reflectivity smaller than 15%
in the visible near IR and short wavelength IR, up to 2.5 pm, and a reflectivity more
than 90% in the mid-IR region and far IR, between 3 and 5 pm (Figure 1.16). There
are different applications of this kind of filter such as stealth vehicles or in thermo-
photovoltaics for which the wavelength up to 2.5 pm must be converted in elec-
trons while limiting the emissivity for longer wavelengths. Different structures
have been studied [55,56]. The best result is obtained with the structure shown in
Figure 1.16. It is made of inverted cone grating coated with a tungsten film on a
flexible substrate. The period is 1pm, the inverted cone depth is 1.8 pm, and the
tungsten thickness is of 200nm. The structure has been made by imprinting a
truncated cone grating made on a silicon surface in a PVDF polymer substrate.
The tungsten layer is then deposited by magnetron sputtering (Figures 1.17 and
1.18). The measured transmission of this filter is given in Figure 1.19. A simulation
made by the field mode-matching method has been performed for perforated
tungsten substrate with the same period.



1.5 Metamaterials for Wide-Band Filtering |15

0.9

0.8

0.7

—
T —

0.6

0.5

0.4

Reflectance

|

/
03 |
0.2 /

0.1

o 1 2 3 4 5 6 7 8
Wavelength (pm)

Figure 1.16 Targeted reflectance [56].
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Figure 1.17 Realization technique [56].
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Figure 1.18 (a) Metamaterial filter deposited on a flexible substrate, (b) inverted cones before
depositing tungsten, and (c) after depositing tungsten [56].
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Figure 1.19 Calculated reflectivity of a perforated tungsten substrate and measured reflectivity
of the inverted cone-structured PVDF coated with 200 nm of tungsten. The inset is a zoom in
the 4-2 um wavelength range [56].

1.6
Rough Surfaces with Controlled Statistics

In optical systems, surface roughness induces light scattering that generally
reduce their performances. However, when controlling the surface roughness,
statistic optical functions can be obtained [57,58]. As seen in the next paragraph,
a rough surface can improve silicon detector performances. Random rough opti-
cal surfaces have also been used to enhance the depth of focus of imagery sys-
tems [59]. When the statistic properties of a random structure are controlled,
the spatial distribution of the scattered light can be modified, for example, to
have light uniformity [60] or a defined spatial shape [61]. Rough surfaces are
generally composed of a large number of spatial frequencies. They can thus be
decomposed as a sum of periodic patterns [62]. The amplitude distribution of
the spatial frequencies corresponds to the autocorrelation function. The other
main parameter necessary to qualify the roughness is the depth distribution.
When making a rough surface by insolating a photoresist layer, these two
parameters depend on the statistic of the laser beam speckle used and on the
number of summed speckle patterns by multiple expositions. Goodman and
Dainty have shown that the probability density of intensity distribution P(J) of a
speckle pattern in far field follows a decreasing exponential law:

P(I) — e(l/<1>) ,

where <I> is the mean intensity and I the intensity of the scattered field. When
N speckle patterns are summed, the probability density of intensity follows a

(L.1)
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Figure 1.20 Setup used to illuminate a sample with speckle with a controlled statistic
distribution [64].

gamma law of order N:

JN-1INN

P() = me NI (1.2)
When putting a diffusing element in front of a convergent lens used in front of
the photoresist sample (Figure 1.20), Goldfischer [63] has shown that the corre-
lation function of the speckle statistic on the sample can be linked to the square
of the Fourier transform of the square of the intensity on the diffusing element.
In the setup shown in Figure 1.20, the intensity on the diffusing element can be
changed thanks to a computer-controlled micromirror matrix [64]. For example,
the incident light can be composed of two separated beams (Figure 1.21a). The
calculated 2D correlation function for the surface roughness of a photoresist
insolated with this kind of illumination is given in Figure 1.21b. After being

(@ (b)

Figure 1.21 (a) Two circles aperture and (b) the corresponding correlation function [64].
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Figure 1.22 (a) Photoresist surface and (b) the silicon surface after etching [64].

exposed seven times and revealed, the photoresist deposited on a silicon wafer
can be etched to transfer its structure to the silicon. Figure 1.22 shows the pic-
tures of the photoresist surface (a) and the silicon surface after etching (b). The
roughnesses of the surfaces are measured by chromatic confocal microscopy.
The height distributions of the photoresist (Figure 1.23a) and of the silicon
(Figure 1.23b) are in good agreement with a seven-order gamma function. With
such two-beam insolation the correlation functions for the two surfaces are also
in very good agreement with the theoretical one (Figure 1.24). This example
shows the feasibility of making rough surfaces with defined statistics able to con-
trol the scattered light distribution.
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Figure 1.23 Height distribution of the roughness (full line) on (a) a photoresist surface and
(b) on a silicon surface. Seven-order gamma laws are drawn in dotted line [64].
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Figure 1.24 Correlation function for the roughness of the photoresist surface and of the silicon
surface [64].

1.7
Enhancement of Absorption in Organic Solar Cells with Plasmonic Nano Particles

A surface separating a metallic material and a dielectric can support optical wave
propagation (Kretschmann, Raether and Otto in the 1960s) [65—-67]. Such elec-
tromagnetic wave is called surface plasmon. With metallic nanoparticles (NPs),
plasmon resonance depends on the particle size and is redshifted in front of the
surface plasmon. When considering a periodic arrangement of NPs, coupling
may occur and the electromagnetic field can be strongly enhanced between the
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Figure 1.25 Field enhancement between metallic nanoparticles for two wavelengths.
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NPs, breaking the diffraction limit for the localization of light into subwave-
length dimensions. FDTD calculation results for 70 nm biperiodic grating made
with 40 nm diameter NPS in an organic layer for PV are shown on Figure 1.25.
The fields are shown for a wavelength of 450 nm and for the resonant wave-
length of 600 nm. The use of metallic nanoparticle is well known to tremen-
dously enhance the Raman spectroscopy signal [68]. The single-molecule
enhancement factor (SMEF) that quantifies the increase in signal intensity per
molecule varies from 10* to 10'>. Metallic NPs have also been studied to
increase the light absorption in organic solar cells since 2000 [69]. Different
positions of silver NPs’ structure have been investigated. A detailed study on the
particle size, grating period, and positioning in the active organic layer has been
led by Savin et al. [70]. Both calculation and experiment show that a strong
increase in the absorption can be obtained in a wavelength range for which the
active material alone is only weakly absorbing (Figure 1.26).

1.8
Quantum Dot Solar Cells

In semiconductor nanocrystals of a few nanometers, the electron states are dis-
crete and the band gap can be tuned not only by changing the semiconductor
material but also by changing the size. When the nanocrystal is a sphere, one
speaks about quantum dots (QDs). The use of colloidal QDs [71] to make solar
cells with low-cost process shows a great potential. These concentrated nano-
particle solutions are stabilized by long hydrocarbon ligands that keep the nano-
crystals suspended in solution. With core—shell structures, the photogenerated
charges are trapped in the QDs leading to high-efficiency luminescent materials.
They can be used in front of solar cells to give down conversion frequency
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changing UV wavelengths into more efficient visible light [72]. However, charge
transfer is then limited to the use of such core/shell structures for charge gener-
ation. Colloidal QDs without shell have a surface covered with organic ligands.
The ligand can be suppressed or their length can be engineered to optimize
charge transfer to an organic matrix. Electronic and optical properties of the
hybrid QDs/organic materials must be modeled both to optimize both charge
generation and band alignment and to maximize the optical field in the generally
thin hybrid active layer [73]. The electronic properties of QDs can be calculated
with rigorous ab initio theory like the semiempirical pseudopotential
method [74] and the function density theories [75]. As these calculations are
complex and computer time-consuming. they are not well adapted to design
structures. Approximate calculation techniques such as multiband kp [76] can
give excellent approximation but are still too computer time-consuming and
needs numerous parameters. Effective mass approximation (EMA) allows simple
and very fast calculation techniques with few parameters. In a solid, charge
behavior depends on the local fields. To take into account this dependence, it
has been proposed to replace the mass of a charge by another mass that leads to
an equivalent behavior of the charge. Then, the material can be considered as
homogeneous. In very thin semiconductor films, called quantum wells, the reso-
lution of static Schrodinger equation gives the wave function of the electrons or
holes and their possible discrete energies. The solutions can be found by differ-
ent techniques such as the transfer matrix method (TMM) [77] or by the ballis-
tic method [78]. The EMA have its own limits, but it can be extended to take
into account the nonparabolicity of the electronic properties by using a modified
mass formulation [79]. This approach allows to explain very accurately the
measured band gap of most semiconductor nanocrystals of different sizes. An
example of such a calculated result and the measurement of conduction and
valence band edges measured by cyclic voltammetry [80] are given in
Figure 1.27. It is also well adapted for multiquantum well calculation. The
method can be extended to nanowires and core/shell quantum spheres. The
optical properties of quantum structures depend on the electronic properties.
Each possible transition between two electronic levels gives a resonant frequency
of absorbance. The value of these frequencies depends on the energy levels con-
cerned, taking into account the shift induced by the binding energy of the exci-
tons. It can be interband transitions, between the conduction and the valence
bands or intraband transitions. A single frequency resonant system can be mod-
eled with a harmonic oscillator. The absorption level depends both on the den-
sity of states, which can be evaluated from thermodynamic considerations, and
on the associated oscillator strength. Thermal and size dispersion effects enlarge
each absorption band. The electronic states can also be coupled. In QDs, surface
traps or recombination centers can be important. Impurities and structure
defects must also be considered. So, it appears to be quite difficult to fully model
the spectral absorption of quantum structures and so is the dielectric function.
However, the complex refractive index can be determined from the measured
absorption spectrum. Solar cell efficiency depends on the absorbed spectrum

21



22

1 Nanophotonics: From Fundamental Research to Applications
5.0 T T r r
CdSe
T [l e P |
5
o 4
a0t > ]
' 3
=
g ot O
< 35} & i
2 2 a3 4 5 &6
LI? a0l Quantum dot diameter (nm)
2.5+ b
2.0 b
0 2 4 6 8 10 12
Quantum dot diameter (nm})
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experimental data (circles) from the

that is directly related to the band diagram of the semiconductor used and, with
QDs, on their size. As already explained, the control of this band diagram, and
thus that of the quantum dot, allows us to get a large absorption spectral scale by
mixing different materials. Depending on the colloidal QD absorption coeffi-
cients value (either high or low in the solar spectral range), light management is
one issue to provide a path for enhanced current collection in QD solar cells.
Indeed, in these kinds of devices, a compromise between absorption and extrac-
tion must be found. In this way, different photonic approaches can be consid-
ered in order to enhance the absorption in quantum dot solar cells, such as
nanophotonics for designing light-trapping schemes [81] or surface plasmon res-
onances by using metallic nanoparticles [82]. Newly mastered fabrication meth-
ods make possible the realization of these photonic structures, which could be
realized either on single junction or on other solar cell concept. Among the lat-
ter, the QDs can be integrated for using in the multijunction, either in multi-
exciton generation (MEG) or in hot carrier solar cells. The aim of these two is to
overcome one of the limiting mechanisms of a single-junction solar cell, by using
the energy excess of the generated exciton. For instance, the MEG concept
occurring in a quantum dot allows the generation of several charges from one
UV photon [81]. The best results are obtained with low band gap QDs such as
PbS, PbSe, or InP. Different sizes and materials can be associated with harvesting
different parts of the solar spectrum in multijunction structures. Coupled QDs
change discrete energy levels into energy bands. Associations of several layers of
QDs of different sizes are studied to make multi junction solar cells [82].
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Theoretically, such solar cells may have up to 48% efficiency for three active lay-
ers. A first proof of concept of a tandem structure (Figure 1.28) shows the possi-
bility of using two different band gaps (PbS quantum dots with two different
sizes) in such architecture. Although the open-circuit voltage is good enough,
the critical issue is the optimization of the recombination layer for the matching
and the collection of the photocurrent. In this frame of multijunction solar cells,
we can also imagine the use of just one QD layer in order to get the requisite
band gap for optimizing the complete stack of the cell, absorbing in a large spec-
tral part. Another concept using QDS is the hybrid quantum dot solar cells.
Hybrid solar cells, whose active layer is a blend of a polymer material and
inorganic nanoparticles, have benefited in recent times from substantial work,
allowing better assessment of the mechanisms occurring at the interface
organic/inorganic nanoparticle. Indeed, different effects can limit the perform-
ances of hybrid QDSCs [62]. The QDs may have surface traps and they have to
be passivated; QDs coupling changes discrete energy levels in energy bands; the
electrons and holes must be efficiently transferred to the electrodes and they are
separated by associating n-type and p-type semiconductors with percolated
paths; band alignment is also mandatory to be considered by choosing materials
with appropriate electronic affinity [83]. However, very rapid progresses are
being made, giving great expectations for this kind of solar cells. These studies
can also be transferred to different materials, such as the CIS or CZTS (Se),
which have the advantage of being “without Pb and Cd free,” and whose energy
gap is particularly well suited to the solar spectrum.
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Figure 1.28 Tandem solar cell made of two different PbS QD layers, proposing optimized band
gap [82].
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1.9
Conclusions

From displays to imagery for biology, from fluorescent enhanced observation
techniques to light trapping for solar cells, and from optical stealth to optical
filters, nanophotonics is already a key technology for a very large variety of appli-
cations. We have seen through a few examples how the collaboration between a
public research laboratory and a private company concerned with basic research
for high-technology applications can lead to important progresses. A lot of
research has still to be done in this field with very exciting emerging fundamen-
tal areas that the continuous progresses in nanotechnologies allow. For example,
the mastering of the assembly of nanoparticles in more complex nano-objects
will pave the way for the control of most of the properties of matter. If the sup-
port of research is as high as the stakes, this will lead to huge advances in health,
telecommunications, clean energies, environment safety, and so on.
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