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General introduction

Context and objectives

There is a strong demand for new solutions concerning light management for solar
cells. These last years, the photovoltaic research field has really become aware
of the importance this problematic. Among other axis of research, the strong
reduction (by a factor of 10) of the thickness of solar cells has be identified as
a promising solution to solve issues in terms of manufacturing, cost reductions
and terra-watt (TW) development of the solar cell technology. The challenge is
to provide the appropriate light management that is be able to keep up with this
ambitious objective. The efficient control of light is one of the current limiting
factors toward more efficient and cheaper solar cells and is a key to new concepts
in PV.

In response, the nano-photonic and plasmonic communities have offered solu-
tions to control light at the sub-wavelength scale. The task is vast due to the
variety of technologies, materials and devices already existing in the PV commu-
nity. Most of the propositions in the literature are dedicated to hydrogenated
amorphous silicon (a-Si:H) because this material has a high density of defects and
the device needs to be very thin to have an efficient collection of carriers. Some
designs have already shown their ability to confine light in very thin layers (thick-
ness = 100-200 nm) with photonic crystals [1] or a patterned metallic back contact
[2–4]. In both cases, the active layer is structured and is therefore reserved to
non-crystalline material. The strong reduction of thickness of the absorber has
been less studied in the case of crystalline materials and there is still a lot of work
to do (and therefore opportunities) to achieve ultra-thin crystalline solar cells.

The Laboratory for Photonics and Nanostructures (LPN) has been developing
for years expertise in nanophotonics and clean-room technologies for photodetector
devices in the near-infrared and middle-infrared region. In 2006, the Institut de
Recherche et Dévelopement sur l’Energie Photovoltaïque (IRDEP), specialist in
PV and chalcopyrite technologies, has approached LPN in the frame of the french
project ANR THRIPV (Très Hauts Rendements et Innovation Photovoltaïque) to
provide a new solution to increase absorption in ultra-thin crystalline GaSb layers
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for hot carrier solar cell application. In 2009, the collaboration continues with
the application to ultra-thin CIGS solar cells in the frame of the french project
ULTRACIS (ANR HABISOL) and in 2013 with ULTRACIS-M.

This PhD thesis, joint between LPN and IRDEP, has begun in the context of
these projects. Our goal was to develop one or several novel light management
schemes that can be universally applied to thin-film solar cells regardless of the
technology. The nature of this study is therefore exploratory. We have focused in
this manuscript on crystalline and poly-cristalline materials in particular: gallium
arsenide (GaAs - record conversion efficiency for single junction solar cells), gallium
antimonide (GaSb - application to hot carrier solar cells - ANR THRIPV) and
copper indium gallium diselenide (CIGS - low-cost, high efficient solar cell - ANR
ULTRACIS). The final goal of our study is to reduce the absorber thickness of these
devices to pave the way toward ultra-thin solar cells (thickness of 25-250 nm). The
philosophy of my approach has been influenced by both laboratories: in one hand
the will is to propose a novel light-trapping structure that breaks the standards
of PV in order to push toward the study of ultra-thin solar cells (25-100 nm) on
a mid/long term scope and on the other hand the necessity to develop structures
able to solve dedicated issues on existing PV devices on a short/mid-term scope.

Organization of this manuscript

This manuscript is structured is three parts:

• Part 1 includes three chapters providing an introduction to the study. In
Chapter 1, a general introduction on photovoltaics is given in order to mo-
tivate our study. In particular, we show that ultra-thin solar cells are a
promising solution to lower cost, to solve manufacturing issues and to allow
the development of novel concepts in PV. Chapter 2 provides an overview
of the strategies proposed in the literature to manage light in solar cells and
ultra-thin solar cells in particular. In chapter 3, we introduce the nanopho-
tonic tools and concepts used in this manuscript. Especially, we present the
metal/insulator/metal structure as well as the numerical code used in this
work

• In Part 2, we present an original light-trapping structure, called nano-cavity
array design, applied to an ultra-thin (25 nm) GaAs absorber layer. Chap-
ter 4 focuses on the numerical analysis, design rules and optimization of
the structure to achieve broadband, multi-resonant absorption inside the
semiconductor layer. Chapter 5 is dedicated to the fabrication and optical
characterization of GaAs proof-of concept samples.

• In Part 3, we propose solutions for GaSb and CIGS ultra-thin structures.
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Chapter 6 presents the adaptation and optimization of the nano-cavity array
design to both materials along with the results obtained in the frame of
ANR THIRPV and ANR ULTRACIS. For CIGS especially, two case are
studied: a 45 nm CIGS ultra-thin layer and a more complete 100 nm CIGS
solar cell. Alternatively, we propose a third CIGS design for flat solar cells
in the 100-400 nm thickness range based on a back metallic grating. The key
technological steps of the production of ultra-thin, nano-structured CIGS
solar cell are presented in Chapter 7. In particular, an innovative way to
process back metallic grating suitable for various flat solar cell structures is
presented in the case of CIGS solar cells.

Contributions

I would like to precise here my contribution to the work presented in this manuscript.
The numerical calculations have been performed by myself with the Reticolo code
supplied by Philippe Lalanne from LP2N and Christophe Sauvan from Laboratoire
Charles Fabry, IOGS (Institute of Optics Graduate School). Originally, the idea
of 1-dimensionnal MIM design for a 25 nm-thick GaAs layer had been numerically
proposed by Stéphane Collin (LPN). I have studied a 2-dimensionnal polarization
independent design with the support of the Reticolo code, added some function-
ality and proposed guidelines for the optimization of the optical response.

For the experimental work of Chapter 5, I have devoted a large amount of
time to the production of GaAs proof-of-concept demonstrators. By the end of
Ph.D I have the chance to be trained and independent on a large number of steps
of the process, except for the epitaxy of GaAs (Aristide Lemaitre and Elisabeth
Galopin, LPN) and electron-beam lithography (Nathalie Bardou, Edmond Cambril
and Luc Le Gratiet, LPN). I have of course to acknowledge several peoples from
the LPN clean-room for technological supports and trainings. In particular, I
must cite Nicolas Peré-Laperne, Christophe Dupuis and Andrea Cattoni (LPN)
for their precious help. The optical measurements have been realized by myself
(reflectometer, normal incidence if the λ = 200 − 970 nm range) or by Stéphane
Collin and Petru Ghenuche (LPN) on the FTIR setup described in Chapter 5.

For Chapter 6, I have conducted all the optical simulations and optimizations.
The theory and conversion efficiency evaluation of GaSb hot carrier solar cells have
been done by Arthur Le Bris and Jean-François Guillemoles (IRDEP).

In Chapter 7, the samples presented at the end of the chapter have been mainly
processed by myself, in collaboration of many people of the ANR ULTRACIS col-
laboration. The production of ultra-thin, nanostructured CIGS solar cell is an
ambitious and exciting objective, yet the process development has required the
time and skills of people from distinct origins. In my case, the growth of CIGS on
Mo/glass substrate has been realized by ZSW. I have realized the etching of the
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CIGS absorber with the collaboration of Dimitri Mercier and Isabelle Gérard at
the Institut Lavoisier de Versailles (ILV). Isabelle has realized also atomic absorp-
tion spectroscopy measurements on the samples. The polishing of CIGS surfaces
has been realized by Nicolas Peré-Laperne, Christophe Dupuis and I at LPN. I
have realized the CIGS superstrate transfer at IRDEP with the collaboration of
Zacharie Jehl and Benoit Fleutot. The cadmium sulfide chemical bath deposition
has been realized by Nicolas Loones and Valérie Bockelee (IRDEP). The zinc oxyde
sputtering has been realized by Gilles Renou and Marie Jubault (IRDEP). I have
participated in the development the nano-imprint lithography process of metallic
nanostructures (lift-off and back structure) with Andrea Cattoni (LPN). The IV
and EQE measurements have been realized by Enrique Leite and Laurent Lombez
(IRDEP) and atomic force microscopy by Gulnar Dagher and Ngoc Quach-Vu
(LPN).
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1.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.1 Overview of the photovoltaic situation

The energy transition has become a major concern of developed countries for
several years. To meet its energy needs, each country uses its available energy
in various proportions. Since the 19th century, the energy sources used to meet
global demand have been mostly fossil fuels. Nowadays, in a concern of long-term
supplies and environment consideration, the energy mix has to be diversified. The
challenge of society is to be able to supply low-cost, environmentally friendly energy
sources that can meet the growing demands and the terawatt level development.
On paper, photovoltaic power has the potential to meet these needs. The average
sun power density available at the earth surface is 198 W.m−2. This represents
885.000.000 TWh available per year, which is nearly 6.400 times the global human
energy consumption in 2008 [5].

However, the human needs of 140.000 TWh in 2009 are expected to grow to
200.000 TWh by 2030 due to world population growth, the increasing demand of
developing countries and assuming that energy policies remain the same [6]. Solar
energy is the fastest growing energy sector, yet it is still limited on the global
energy market. The total capacity installed worldwide has raised from 40 GW in
2010 to 100 GW in 2012.

The cost of photovoltaic, although relatively higher than other renewable and
non-renewable energy resources, is not the first challenge to face. As a matter
of fact, the grid parity has already been achieved in some regions and might be
reached worldwide by 2020 thanks to scale effects in industrial developments [7].
In a nutshell, the important factors are the following for the development of pho-
tovoltaic technologies: high throughput is essential for large scale development;
material consumption should be lowered to avoid shortages (CIGS, CdTe) and re-
duce materials costs; efficiencies have to be high to ensure low costs for the overall
system. To meet the two first requirements, a possible solution is to reduce the
thickness of solar cells. Thin and even ultra-thin solar cells (i.e. around 100nm for
direct band gap material) are hot topics in the PV research field today. The main
limitation however has turned out to be the light management. This problematic
is the subject of this manuscript.
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1.2 Inorganic photovoltaic conversion

The photovoltaic effect corresponds basically to the conversion of light into electric-
ity. It has been discovered in 1839 by Alexandre Edmond Becquerel [8]. However,
first solar cells made of silicon able to supply energy to electric load with an effi-
ciency of conversion of 5 % were obtained by the Bell Telehone company in 1954
[9]. The photovoltaic conversion consists of three steps: carrier generation by pho-
ton absorption, carrier separation and carrier collection. These steps are described
schematically in the next subsections. First, we present the sun as a optical source
for our study.

1.2.1 Solar spectrum and Standard Test Conditions

For solar panels testing, we refer to the solar spectrum with the notion of Air
Mass. The Air Mass is a measure of how far light travels through the Earth’s
atmosphere. Fig. 1.2.1 represents the schematic of the different solar irradiance
spectra received on Earth from the sun and the spectral irradiances AM0 and
AM1.5G as a function of the wavelength. Air mass zero (AM0) describes solar
irradiance in space, where it is unaffected by the atmosphere. One air mass,
or AM1, is the thickness of the Earth’s atmosphere. Air mass 1.5 (AM1.5) is
the absolute air mass at a solar zenith angle of 48.19 °. To make the standard
spectrum representative to as many PV applications as possible, it is not derived
from a particular measured spectrum, but it is calculated from the reference AM0
spectrum under representative geometric and atmospheric conditions (Rayleigh
scattering, particle diffusion, temperature, pressure, absorption of air and water)
[10]. Two standards are defined for terrestrial use. The AM1.5G (Global) spectrum
is designed for flat plate modules and has an integrated power of 1000 W/m2
(100 mW/cm2). The AM1.5D (Direct+circumsolar) spectrum is defined for solar
concentrator work. It includes the direct beam from the sun plus the circumsolar
component in a disk 2.5 degrees around the sun. The direct plus circumsolar
spectrum has an integrated power density of 900 W/m2.; the power density of
AM0 light is about 1,360 W/m2.

For PV testing (terrestrial use), the Standard Test Condition (STC) is to predict
the performance of a device defined at one sun, at 25 °C and with a solar spectral
distribution equivalent to global AM1.5G, by the standards ASTM G173-03 and
IEC 60904-3 [11]. For our solar cell performance simulation, we use AM1.5G solar
spectrum if not precised otherwise. More details, reference and tables can be
found on the website of the American Society for Testing and Materials (ASTM)-
Terrestrial Reference Spectra for Photovoltaic Performance Evaluation [12].
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Figure 1.2.1: (a) Schematic of the different solar irradiances received on Earth from
the sun. (b) Spectral irradiance AM0 and AM1.5G as a function of
the wavelength (tables from [12]). The values of the band gaps of
gallium arsenide (GaAs), copper indium diselenide (CIS) and gallium
antimonide (GaSb) are also represented by three dashed lines.

1.2.2 Photo-generation of carriers

The purpose of a solar cell is to convert incident sunlight to electrical power. A
single-junction photovoltaic device is a two band system device as depicted in
Fig. 1.2.2. In the case of inorganic solar cells made of semiconductors, the ground
state is the valence band and the excited state is the conduction band. The
two states are separated by an energy band-gap Eg, characteristic of the semi-
conductor.

When an incident photon of energy E = hc
λ

(h is Planck’s constant, c is the
velocity of light and λ the photon wavelength) hits a solar cell, there are several
possible outcomes. First, it can simply be reflected on the surface. Second, as
shown in Fig. 1.2.2, if the energy of the photon is lower than the band-gap of the
semiconductor (E < Eg ), it passes through the semiconductor without absorp-
tion. If the energy of the photon is higher or equal than the band-gap of the
semiconductor (E > Eg) then it can be absorbed by the semiconductor, excit-
ing an electron from the valence band to the conduction band and generating an
electron-hole pair. When the photon energy is higher than the band-gap, the car-
riers relax rapidly towards the band edges through electron-phonon interactions
and the excess energy is lost as heat. This thermalization process is classically
much faster than any electron-hole pair separation process. Therefore, we assume
in this manuscript that all the generated electron-hole pair has an energy equal to
the band-gap energy regardless the energy of the absorbed photon.

8



1.2 Inorganic photovoltaic conversion

In this first step of photovoltaic conversion, there is already three potential losses
limiting the efficiency: the reflection of photons on the surface of the cell, the non-
absorption of photons of energy E < Eg and the thermalization of photo-generated
carriers.

Excited state

Ground state

Eg

E < Eg E = Eg

E > Eg

Figure 1.2.2: Simplified schematic of a semiconductor system with two energy
states. If the incoming photon has an energy E < Eg (Eg is the
band gap value of the semiconductor), it is not absorbed by the ma-
terial. If E ≥ Eg, the photon can be absorbed and can give rise to
an electron-hole pair. The excess energy is quickly lost by relaxation
of the carriers to the band edges.

1.2.3 Carrier separation

After an electron-hole pair is generated, the electron and the hole must be sep-
arated and driven to collection at separate electrodes to prevent recombination.
The most common separation mechanism is the p-n junction. Such a junction
is formed when a n-type semiconductor is contacted to a p-type semiconductor.
When the two semiconductors have the same band-gap energy, this junction is
called an homo-junction by opposition with an hetero-junction. In the following,
we give a brief description of this homo-junction separation mechanism.

The n-type doped layer has a higher electron density. The p-type doped layer has
a higher hole density. As a consequence, the Fermi level of the n-doped/p-doped
layer is closer to the conduction/valence band than the Fermi level of the intrinsic
semiconductor, respectively. At equilibrium, the Fermi level must be the same in
the entire junction. It leads to a bending of the energy bands at the junction and
the creation of a potential barrier. The height of the potential barrier is equal to
qVbi , with Vbi the built-in voltage of the junction and q the electron charge. Vbi

is a function of the doping levels Na (density of acceptor atoms), Nd (density of
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donor atoms) and ni (intrinsic doping):

Vbi =
kbT

q
ln

(

NaNd

n2
i

)

(1.2.1)

where kb is the Boltzmann constant and T the temperature.
The asymmetry in the electronic structure of the n-type and p-type semicon-

ductors is the basic requirement for the photovoltaic energy conversion. Fig. 1.2.3
shows a schematic band diagram of an illuminated idealized solar cell structure.
The quasi-Fermi level for electrons, EF C , and the quasi-Fermi level for holes, EF V ,
are used to describe the illuminated state of the solar cell. Upon illumination, the
quasi-Fermi level splits, giving rise to a chemical potential ∆µ defined by:

∆µ = EF n − EF p (1.2.2)

The higher the light intensity the more they split. Close to the electrode both
quasi-Fermi levels collapse toward the majority quasi-Fermi level, where they are
connected to the metal Fermi level. According to the work of Peter Wurfel [13],
the driving force of charge separation is the gradient in the quasi-Fermi levels of
the carriers, or in other words, the chemical potential ∆µ. Electrons flow from the
p-type into the n-type region and holes from the n-type into the p-type region. The
flow of the photo-generated carriers causes the so-called photo-generation current,
Jph. The output power of the cell corresponds to the electrical potential energy
of the photo-generated carriers: ∆µ = qV with V the voltage drop across the
junction. The electrical work extracted depends on the quasi-Fermi level splitting
and thus on the semiconductor material used and the doping levels.

p-type layern-type layer

q(Vbi-V)

EF

Ec

Ev

EFp

EFn

Δμ

Figure 1.2.3: Schematic energy band diagram of a p-n homojunction under illu-
mination
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1.2 Inorganic photovoltaic conversion

1.2.4 Carrier collection and recombination processes

After charge separation, the carriers are collected at the electronic contacts, cho-
sen to form an ohmic behavior with the homo-junction. Several recombination
processes limit however the collection:

Radiative recombination: the radiative recombination process can be thought of
as the inverse of the generation mechanism. An electron in the conduction
band loses its energy by the spontaneous emission of a photon and recombines
with a hole in the valence band.

Auger recombination: Auger recombination occurs occasionally when two elec-
trons (or two holes) collide. One is excited to a higher energy level while
the other one loses its energy to recombine with a hole (or an electron) in
the valence (conduction) band. Auger recombination is a non-radiative re-
combination process. As it requires the interaction of three particles (two
electrons and one hole or two holes and one electron), it is more likely to
happen at high excess carrier densities (doped layers, high injection level).

Shockley-Read-Hall recombination: another non-radiative recombination process
is due to the presence of defects (or traps) in the band gap. The energy lost
is given up as heat.

Trap assisted recombination can be particularly important at surfaces and inter-
faces (for multi-crystalline materials and hetero-structures) because of the high
density of surface defects. Surface recombination can be limited by the use of
surface passivation. Generally, surface passivation is ascribed to two strategies:
reducing interface defect density (chemical passivation) or reducing either elec-
trons or holes concentration at the surface (field effect passivation).

1.2.5 Device operation and J-V characteristic

A solar cell can be described as an ideal current generator, delivering a current Jph

under an applied voltage V . The collection efficiency of the photovoltaic conversion
process is limited by several sources of losses that can be taken into account in the
electric circuit equivalent to a realistic cell as shown in Fig. 1.2.4:

Shunt resistance: leakage currents in the cell are modeled by a shunt resistance
Rsh in parallel with the current generator.

Series resistance: resistance that arises from the semiconductor resistance when
a current is flowing through the cell and from the contact. It is modeled by
a series resistance Rs. Series resistance is particularly important in the case
of high injection levels, as for concentrated light.
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Diode model: All recombination mechanisms are taken into account with a cur-
rent flowing through a parallel diode, which is the current in the solar cell
under applied bias without illumination.

The so-called dark current can be expressed as a function of the voltage:

Jd(V ) = J0

(

exp
(

qV

nkBT

)

− 1
)

(1.2.3)

where Jd is the current flowing through the diode, J0 saturation current, V the
applied voltage to the diode, kB the Boltzmann’s constant. n is the ideality factor
of the diode. Its value, between 1 and 2, reflects the recombination mechanisms
in the material. An ideal solar cell has an ideality factor equal to 1. A two diode
model can be used to take into account more accurately the different recombination
mechanisms.

Under illumination, the Eq. 1.2.3 becomes [14]:

J(V ) =

(

J0exp

(

q(V − RsJ)

nkBT

)

− 1

)

+
V − RsJ

Rsh

− Jph (1.2.4)

V

J

Rs

Rsh
Jph Jd

Figure 1.2.4: Diode model: equivalent circuit of a realistic photovoltaic device
including series and shunt resistances.

A standard characterization of photovoltaic devices is the current-voltage (I-V
or J-V curve) curve. As the generated photocurrent J depends on the illuminated
area, it is common to use the current density J , usually expressed in mA/cm2.
Fig. 1.2.5 shows a typical J-V curve. Working in the dark allows to determine J0

and n. Working under illumination, three points are of importance:

• when no current flows, the voltage is equal to the open-circuit voltage Voc.
The open-circuit voltage is limited by the band-gap of the material Eg.

• when there is no voltage, the current density equals the short-circuit current
density Jsc. We can consider that Jsc ≃ Jph.
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1.2 Inorganic photovoltaic conversion

• the maximum power point (Vmax, Jmax). It corresponds to the operating
point of the cell, which determines the conversion efficiency of the cell.

J

Voc

Jsc

Jmax

Vmax

Pmax

LightDark

Figure 1.2.5: Current-voltage characteristics of a solar cell in dark (dotted line)
and under illumination (solid line). The open circuit voltage (Voc),
short circuit current (Jsc) and maximum power point (Pmax) are in-
dicated.

The energy conversion efficiency is defined by Equation 1.2.5:

η =
VmaxJmax

Pin

=
VocJscFF

Pin

(1.2.5)

where Pin is the total radiation incident on the solar cell and FF the fill-factor.
High series resistance, high shunt conductance or high diode current result in poor
FF .

The external quantum efficiency (EQE) is defined as the probability that a
photon incident on the solar cell contributes to the external photo-current, as a
function of the photon wavelength. It can be regarded as the product of A(λ, x),
the wavelength- and position-dependent probability for absorbing a photon (or
thereafter the absorption spectrum in the active region of the solar cell) and a
parameter fc that is the probability that a generated electron-hole pair contributes
to the photo-current:

EQE(λ) =

ˆ

A(λ, x)fc(x)dx (1.2.6)
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An EQE measurement often provides valuable information on the optical prop-
erties of the solar cell. Moreover, it can be noted that the EQE can be used to
calculate the short-circuit current (expressed in mA/cm2):

Jsc = q

∞̂

0

φ1.5G(λ)EQE(λ)dλ (1.2.7)

where q represents the charge of the electron and φ1.5G(λ) the spectral irradiance
AM1.5G.

fc includes all the recombination processes likely to occur in a solar cell (Shockley-
Read-Hall, Auger, radiative, ...). Supported by experimentation and simulations,
we can also make the approximation that fc ≈ 1 for a optimized devices (such
as GaAs solar cells). A(λ) can be determined for each layer, in the frame of this
manuscript, with an electromagnetic simulations. With the previous approxima-
tions, the theoretical upper value of the short-circuit current (now noted Jth) can
be expressed:

Jth = q

∞̂

0

φ1.5G(λ)A(λ)dλ (1.2.8)

This theoretical value gives us a fair estimation of the effective short-circuit
current, or at least an upper limit. In this manuscript, we take Eq. 1.2.8 to estimate
the performance of our solar cell design and to compare different structures.

The voltage across an unloaded solar cell is called the open circuit voltage, Voc

(see Fig. 1.2.5). Voc corresponds to the separation of the Fermi levels between the
front and back contact. In the diode model of Eq. 1.2.4, the Voc can be expressed
as:

Voc =
kBT

q
ln
[

Jsc

J0

+ 1
]

(1.2.9)

Theoretically this separation is limited by the band gap of the active layer in
most of the case we are interested in. In practice, the Voc is lower than the band
gap because of the recombination processes (contained in J0).

1.3 Selective solar cell technologies overview

We propose here selective survey of the different solar cell technologies. In this
section, extra details are given in particular for the two technologies studied in
this manuscript: gallium arsenide (GaAs) and Cu(In, Ga)Se2 (CIGS). Table 1.1
lists the latest record efficiencies for cells and modules for each major technology.
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Technology Record cell efficiency Record module efficiency
c-Si 25 % (UNSW) 22.9 % (UNSW)

a-Si:H 10.1 % (Oerlikon) 10.5 % (LG Electronics)
CdTe 19.6 % (GE Global Research) 16.1 % (First Solar)
GaAs 28.8 % (Alta Devices) 24.1 % (Alta Devices)
CIGS 20.4 % (EMPA) 18.7 % (SolarFrontier)

Organic 11.1 % (Mitsubishi Chemical)

Table 1.1: Latest record efficiencies for cells and modules for each major technology
in PV. The values extracted from the solar cell efficiency tables of Green
et al. [15] and the latest efficiency chart from NREL (2013). Please note
that the record module efficiency for a-Si:H technology is for tandem
a-Si/Si-Ge/nc-Si cells.

1.3.1 Crystalline silicon solar cells

Over 90 % of the solar cell modules sold today is based on crystalline or poly-
crystalline silicon (Si). A number of reasons have led to this great success. High
performance and good long-term stability are probably the most important ones.
Also the huge available amounts of Si, which represents around 20 % of the earth
crust, are to the benefit of this technology. However, crystalline silicon solar cells
also have disadvantages, which lead to an increased cost for the generated electric-
ity. This is mainly due to the fact that Si is a relatively weak absorber, requiring
100 - 200 µm of semiconductor material to fully absorb the incident sunlight. This
c-Si must be high quality and defect free so that the generated carriers are not lost
before collection. There is therefore a very high energy demand for purifying SiO2
to Si, which in combination with a rather low material yield during fabrication
leads to a relatively high production cost. In the fabrication of crystalline Si solar
cells, a so-called wafer technology is used, which means that individual solar cells,
made from Si wafers, need to be soldered together to form a solar cell module. This
adds complexity to the production process and thereby increases the production
costs further. For c-Si approximately 50 % of the total cost is due to the cost of
the materials themselves [16].

However, the growing industrialization of crystalline silicon PV technology tends
to lower the costs of the overall process, making it still today the leading technology
on the solar energy market, although thin-film solar cells are gaining an increasing
market share.
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1.3.2 GaAs and III-V solar cells

GaAs has been extensively studied since the 50’s and now its growth, its process-
ing and its optical and electronic properties are for the most part mastered and
known. GaAs is a III-V compound with a direct band-gap of 1.42 eV, widely
used in infrared LED and LASERs, fiber optic drivers and receivers, high speed
microelectronics devices and high efficiency solar cells. GaAs has some electronic
properties which are superior to those of Si [17]: it has a higher electron satu-
ration velocity and a higher electron mobility. However, Si still has some major
advantages over GaAs, such as its cheaper price, larger substrate diameter (up to
12”), the possibility to use SiO2 as an insulator or as an excellent gate oxide and
higher hole mobility. Despite some drawbacks in the fabrication of microelectronic
devices, GaAs has far superior potential than Si in the fabrication of solar cells:
the direct band-gap of GaAs allows the absorption of the entire solar spectrum in
less than a thickness of 3 µm. Theoretical calculations [18, 19] have shown that the
optimum band gap that a single junction solar cell should have in order to reach
the best conversion efficiency is about 1.34 eV. This place GaAs solar cells as the
top of the list choice for single-junction solar cells.

Being much more difficult to grow and to optimize compared to Si, III-V semi-
conductors have experienced a slower development until the 1980’s and the extent
use of molecular beam epitaxy (MBE) and metalorganic vapour phase epitaxy
(MOVPE). Today, GaAs solar cell technology holds the record conversion effi-
ciency for single junction solar cells (28,8 % Alta Devices [20, 21]). Despite some
promising technological advances in terms of cost reduction and substrate recy-
cling (Epitaxial Lift-Off ELO [22, 23] and controlled spalling technology [24, 25]),
single-junction GaAs solar cells remain mainly at space applications or at the pre-
industrial state (Alta Devices). Nevertheless, given its ideal properties, it remains
a system of choice for research on solar cells in laboratories.

Currently, the great potential of III-V compounds in photovoltaic is their use
in multi-junction solar cells. Nowadays, III-V semiconductor devices have almost
completely replaced Silicon as the main component for space flat PV modules and
in terrestrial applications in concentrated PV thanks to their far greater efficiency,
low weight and better radiation resistance. Since substrate lattice matching is
yet another limiting condition, the material of choice for the realization of multi-
junction solar cells is represented by III-V arsenides (GaAs) and phosphides (In-
GaP). The record is hold by Sharp and its 37.7 % efficient InGaP/GaAs/InGaAs
multi-junction device [26].

16



1.3 Selective solar cell technologies overview

1.3.3 Thin film technology

As the name hints, thin film solar cells are normally composed of several thin films,
with total thicknesses in the order of 10 µm or less, deposited generally onto a low
cost substrate. One advantage with this technology is that a complete, large area,
solar cell module can be fabricated in “one piece” (so called monolithic integration).
In combination with the low amounts of active material needed, the production
cost of thin film solar cells can potentially be significantly lower, compared to
crystalline Si solar cells. The development of thin film solar cells started in the
1970s and almost since it has been said “within 5 years the thin film technology will
take over the solar cell market”. The fact is that in 2013, thin film solar cells still
had less than 18 % of the solar cell market, but with an ever increasing market
share. One major disadvantage with thin film solar cells is that the efficiencies
obtained are not as high as for crystalline silicon solar cells. Mainly three thin
film technologies are candidates for large-scale production. These are based on
amorphous silicon (a-Si), cadmium telluride (CdTe) and copper indium gallium
diselenide Cu(In,Ga)Se2 (CIGS). Additionally, we can mention dye-sensitized solar
cell (DSSC) and other organic solar cells.

a-Si solar cells have the longest commercial history in the thin film technology. It
has diversified in multijunctions including various other active layers such as micro-
crystalline Si (µc-Si) or hydrogenated amorphous silicon germanium (a-SiGe:H).
However, commercial single junction a-Si:H solar cells have low efficiencies, from
6 % to 7 % [27]. Combined with high capital costs, these lower efficiencies have
limited the implementation of thin-film Si modules to date, and improvements in
both efficiency and cost are necessary.

The industrial activity for CdTe-based thin film solar cells is carried by the
leader by far in thin film technology, First Solar. By 2013, CdTe had reached
recently extremely encouraging production costs as low as $0.64/W, with record
efficiencies of 16.1 % total area module efficiency [28]. However, except for First
Solar, the CdTe technology is not progressing in terms of market share. Besides
technical problems, a major reason for this is a lack of market acceptance related
to the relatively large amounts of the toxic element Cd and the rare element Te
included in these devices.

Cu(In,Ga)Se2-based solar cells are the thin film technology that results in the
highest conversion efficiency and is seen as the most promising solar cell technology
for the near future. It has the fastest growing market share and is expected to
be the leader in thin-film technology by 2016 according to Fig. 1.3.1, representing
the thin-film PV base forecast market value and production from a recent GTM
report [29].
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Figure 1.3.1: Thin-film PV base forecast market value and production from a 2012
GreenTech Media report [29]

1.3.3.1 Cu(In, Ga)Se2

First to use CuInSe2 (CIS) as a photovoltaic material were Wagner and co-workers,
who in 1973 fabricated a solar cell device with a single crystalline CuInSe2 absorber,
which had an efficiency of 12 % [30]. During the early 1980’s, Boeing Corporation
made large progress in the development of thin film polycrystalline Cu(In, Ga)Se2

(CIGS) solar cells. Efficiencies above 10 % were achieved using a three-sources co-
evaporation process [31]. To this date, the highest conversion efficiency for CIGS
based thin film solar cells is 20.8 % on glass substrate (ZSW 2013 [32]) and 20.4 %
on flexible substrate announced in 2013 by Tiwari’s group at EMPA[33].

The current industrial leader is Solar Frontier. They have recently announced
that they have achieved a world-record energy efficiency of 19.7 % for a cadmium-
free CIS solar cell (approx. 0.5 cm2), the world’s highest aperture area efficiency of
17.8 % for a 30 cm x 30 cm CIS sub-module and the 14.6 % conversion efficiency
certified record for a 1257 mm x 977 mm CIS module [34]. More recently, Han-
ergy Solar announced that Solibro’s Copper indium gallium (di)selenide (CIGS)
technology has taken a step forward by demonstrating 18.7% photovoltaic module
efficiency. The device involves a sub-module in 5x5 cm2 with an aperture area of
approximately 16 cm2 and consists of 4 serially connected cells [35].

1.3.3.2 Cu(In, Ga)Se2 device structure

A sketch of the conventional Cu(In, Ga)Se2-based thin film hetero-structure is
shown without anti-reflection coating (ARC) in Fig. 1.3.2a. Fig. 1.3.2b represents
a SEM cross section of a CIGS solar cell taken from Chirila et al. [36]. The
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structure consists of five thin layers deposited on a substrate.

ZnO:Al.(400nm)

CdS.(50nm)

Substrate

.(Glass,.SLG,.metal.foil,.plastic...)

Mo.(500nm)

Cu(In,Ga)Se2.(2500nm)

i-ZnO.(70nm)

MoSe2.

(a)

(b)

Figure 1.3.2: (a) Standard structure of a CIGS based thin film solar cell. SEM
cross section of a 2.5 µm CIGS solar cell taken from Chirila et al. [36]

Substrate: A large improvement of the device performance was observed when
the commonly used sodium-free substrates were replaced by soda-lime glass.
Indeed, the beneficial effect of sodium, diffusing from the glass to the ab-
sorber, is today well recognized. Soda-lime glass substrates are also suitable
because of their relatively low cost as well as its good surface quality. Re-
placing the glass with a flexible substrate, like a plastic or metal foil, is to
be advantageous in many ways. So far, excellent results have been obtained
by EMPA with record efficiency exceeding 20 % on flexible substrate [33].

Back contact: The criteria for a good back contact material in CIGS based solar
cells are, except for being conductive, that it should provide a good ohmic
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contact for holes as majority carriers and at the same time provides low
recombination for the electrons as minority carriers. It should also be in-
ert during absorber deposition and preferable have a high light reflectance.
Molybdenum is so far the best alternative, which also has the special quality
of allowing sodium to diffuse from the soda lime glass into the absorber layer
[37]. Sodium is an important element that diffuses to the grain boundaries,
catalyzes oxygenation and passivation of Se vacancies, favors the formation
of a MoSe2 layer [38] and plays the role in the growth of the absorber. The
thin MoSe2 layer found at this interface is one reason to explain the good elec-
trical behavior between the absorber and the molybdenum layer. However,
one disadvantage with this back contact is its relatively low light reflection
and high absorption (see Chapter 6).

Absorber : An absolute need for the absorber in a thin film solar cell is a high
absorption coefficient. This is one of the qualities that makes Cu(In, Ga)Se2

suitable as a solar cell absorber. The typical thickness of CIGS is ranging
from 1.5 µm to 2.5 µm. Due to the many including elements in ternary and
multinary compounds, CIGS have the disadvantage of being relatively com-
plex. However, ternary and multinary semiconductors also have advantages
over elementary and binary semiconductors like Si and GaAs to have an off-
stochiometric composition and still appear intrinsic. Cu(In,Ga)Se2 belongs
to the semiconducting I-III-VI2 materials that crystallize in the tetragonal
chalcopyrite structure [39]. A special quality of the CIGS material is its vari-
able band gap. By changing the x =Ga/(In+Ga) ratio from 0 to 1, the band
gap is increased from 1.0 to 1.7 eV. CIGS has a direct band gap. The bandgap
dependence on x in eV is of the form Eg(x) = 1.02+0.67x+0.11x(x−1) [40].
Among the large number of possible ways to deposit polycrystalline CIGS
layers there are three main approaches that have been more successful than
the others, co-evaporation [41, 42], sputtering [43, 44] and electrodeposition
[45, 46]. The co-evaporation is a physical vapor deposition technique, where
Cu, In, Ga and Se are evaporated in a high vacuum chamber from elemental
sources to a heated surface (up to 500-600 °) . The record CIGS devices
have absorbers that are made by three-stages co-evaporation [47, 48]. The
principle of these three stages is to create a gap grading in the absorber layer
that naturally creates a front and a back surface field that are favorable for
the device electronic properties.

Buffer layer : Cadmium sulfide (CdS) is the buffer layer so far yielding the highest
device performance. The effect of this CdS buffer layer is manifold but not
completely understood, which also is illustrated by the difficulty of replacing
it with a non-toxic buffer layer [49]. Surface passivation and junction for-
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mation are two important tasks fulfilled by this layer. The best results are
obtained if a 50 nm-thick CdS layer is deposited with a controlled solution
growth process often referred to as chemical bath deposition (CBD) [50, 51].
Devices with less toxic alternative buffer layers such as In2S3 and Zn(OH,S)
have recently reached similar efficiencies as devices with CdS. These layers
can also be deposited by a “dry” high-vacuum process like atomic layer de-
position (ALD), which in large-scale production might be beneficial over a
“wet” process like CBD in order to preserve the high vacuum chain between
absorber and window layer depositions [52]. An intrinsic zinc oxide layer
(i-ZnO) is commonly used as a second buffer layer.

Front contact: The front contact of a solar cell has the special requirement that
it should be both conductive and transparent as the lateral conductivity of
CIGS is rather low. A few different kinds of transparent conductive oxides
(TCO) exist, of which zinc oxide doped with aluminum (ZnO:Al) is the most
commonly used for CIGS-based thin film solar cells.

The Cu(In, Ga)Se2/CdS/ZnO solar cell is a hetero-junction, i.e. a junction between
semiconductors of different band gaps. The model for an ideal hetero-junction has
been developed by Anderson [53], which extends the p-n homo-junction model to
a defect-free abrupt hetero-junction. In this model the valence and conduction
band present discontinuities, due to the different band gaps.

A general description of the Cu(In,Ga)Se2 solar cell band diagram can be cal-
culated with SCAPS software [54] and the material parameters given in reference
[55]. Figure 1.3.3 shows the energy band diagram in the dark under zero applied
voltage. The absorber presents a band gap gradient, from 1.34 eV at the back
contact to 1.08 eV at the front contact.

In the case of CIGS, interfaces, because of their higher defect density, are often
region of high SRH recombination. Back contact recombination, occurring when
electron reach the metallic back contact, are often neglected for standard CIGS
solar cell due to the important thickness of the absorber. However, their influence
becomes of major importance for thinner absorber layer, particularly for low energy
photons that are absorbed deeper in the CIGS, and thus closer to the back contact.
Finally, recombination at the CIGS/CdS interface which are assisted by tunneling
can also occur, due to interface defects.
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Figure 1.3.3: Energy band diagram of the Cu(In,Ga)Se 2 solar cell according to
Petterson et al. [55] at zero applied voltage in the dark. Cu(In,Ga)Se
2 bandgap shows a gradient from 1.34 eV at the back contact to
1.08 eV at the front contact. An ordered defect compound layer is
included at the absorber surface.

1.4 Toward ultra-thin solar cells: opportunities and

challenges

Reducing the thickness of solar cells has been identified as a key issue for the
future development of solar cells. Let us get into details about opportunities and
challenges concerning ultra-thin solar cells.

1.4.1 A cost-driven research

Thinner layers naturally require fewer raw materials, making the cells less expen-
sive. For c-Si technologies in France however, the cost of the material is approx-
imately 30 % to 50 % of the cost of the total module fabrication cost, which is
only about 22 % of the total cost of installation and exploitation on a period 20
years [56]. These cost reductions are significant but not game-changing (although
it might be significant for gallium arsenide due to its price [57]). Ultra-thin so-
lar cells must then have other advantages over their thin-film counterparts to be
beneficial.
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1.4.1.1 Availability in raw materials

One of the main problems of certain current photovoltaic technologies, such as
CdTe and CIGS, is the use of rare elements such as Indium (In) and Tellurium
(Te). Since these elements are scarce they are usually isolated as by-products of
mineral purification for other more common elements; for example, Se and Te are
produced largely from Cu mining, and In is produced from Zn mining. As demand
increases for these elements in technological applications, such as the use of In for
digital displays, the market prices for these rare elements in rising, putting at risk
the wide-scale development of these technologies.

Several studies have examined the material abundance limits for the most com-
mon thin-film technologies [57–59]. All scenarios of these papers are not the same
as the assumptions made for the calculations are not similar (representative ef-
ficiencies of the solar cells, representative thickness, material utilization during
fabrication, material recycling, PV market growth, CIGS market share growth,
Indium price...). All agree though that there may be constraints for Te and In,
mostly due to increasing costs in the next few years. All studies are unanimous
in the following conclusions: increase cell and module efficiencies, reduce absorber
layer thickness (while maintaining the efficiency) and increase material utilization
during fabrication (material utilization rate of In in co-evaporation commercial
processes is only 34 % [59]).

In the paper of Fhtenakis [59], the probable thickness of CIGS solar cell in
2020 is 1 µm. In his scenario, the CIGS PV production may be limited to 13
to 22 GW/year, which represents a small growth compared to the actual pro-
duction rate (already 1 GW/year for Solar Frontier). Reducing the thickness of
absorber by a factor of ten while conserving the same efficiency with an efficient
light management would obviously release all the constraints in terms of feedstock
and production by the same factor. Ultra-thin film solar cells along with concen-
tration microcells [60] (providing selective deposition methods) ) and absorbers
based on abundant elements (such as kesterites) are top of list choices for dealing
with material abundance issues.

1.4.1.2 Throughput

Ultrathin-film solar cells, require much shorter deposition times as the layer thick-
ness is reduced, directly improving fabrication throughput and reducing the cost
at the industrial level. This is true for every technology, especially for those relying
on vacuum and high-vacuum deposition techniques (plasma-enhanced chemical va-
por deposition (PECVD) for high quality a-Si:H, co-evaporation for CIGS, epitaxy
for GaAs). These deposition techniques have low deposition rates (about 1 nm/s
for a-Si:H PECVD), and every factor of reduction in the layer thickness would
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improve the manufacturing of solar cells, even for abundant material-based solar
cells such as a-Si:H and GaAs.

1.4.2 Electronic transport

1.4.2.1 Carrier collection

Most collection-limited materials would benefit from ultrathin-film devices with
optically thick absorption. Materials such as organic polymers, quantum dots,
and polycrystalline or amorphous inorganic semiconductors could all benefit from
reduced layer thicknesses, particularly if the thickness can be reduced to be compa-
rable to the minority carrier diffusion length. Many cells made from these materials
face a trade-off between complete light absorption and carrier collection, limiting
the achieved efficiencies. Alternative device architectures have also been used for
these materials, including p-i-n drift based devices for thin-film Si and bulk hetero-
junctions for organic cells, although these devices still have some restrictions on
the thickness for complete carrier collection.

Alternatively, for crystalline materials with good electronic properties, what
if the thickness of the junction would become much lower than the mean free
path of the carriers? The average time between collision events for electron in
a semi-conductor can be expressed as [61]: τc = µnm∗

e

q
where q is the elementary

charge, m∗

e is the electron effective mass and µn the mobility of of electrons. For
undoped gallium arsenide (GaAs) at 300 °K, the mobility of electrons is µn =
8800 cm2V−1s−1 and the thermal velocity of electron is vc = 1.105 m/s [62] and
the electronic effective mass in GaAs is m∗

e = 0.067me [63]. The collision time is
therefore equals to τc = 34 ps. The mean free path is therefore l = vcτc = 34 nm.
For a GaAs junction thinner than 34 nm, we could face a change of paradigm in
electronic transport from the drift-diffusion model to a ballistic model. This is
still to be studied and may require different junction designs (and maybe higher
doping concentration). Yet, with ultra-thin solar cell, we could tackle new concepts
of electronic transport. In hot carriers solar cells for instance, ultra-thin layers
have been pointed out as a key factor for the extraction of hot carriers [64, 65]
(high-injection regime in a small volume for a sustained hot carrier population,
see Chapter 6). One could also think about:

• appropriate filling of intermediate bands for sub-gap absorption (Intermediate-
band solar cells).

• up-conversion or down conversion medium and exaltation of quantum cutting
effect and photon recycling [66].

On the other hand, if all these points are promising and exciting, the study and
realization of ultra-thin junctions are mainly yet to be done. Yet, in a very recent
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article, Bernardi et al. [67] from MIT have pushed the concept of ultra-thin solar
cells towards the nanometer limit. They have studied the feasibility of nanometer-
thin solar cells based on MoS2/graphene systems. They suggest that a stacking
of three graphene monolayers and three MoS2 monolayers with a back metallic
contact (for light trapping purposes) could reach 10 % efficiency with a 3 nm-thick
active layer. Even if this design is only a concept so far, it shows that research on
optoelectronics currently is constantly proposing novel architectures for ultra-thin
solar cells.

1.4.2.2 Open-circuit voltage

The open-circuit voltage of a cell can be expressed with the expression of Eq. 1.2.9.
The dark current depends proportionally on the volume of material, and so de-
creasing the thickness can also decrease the dark current. If the photocurrent can
remain high in an ultra-thin solar cell due to light trapping, then it is possible for
an ultra-thin device to be more efficient than a thicker device due to the increased
Voc. Another way to explain this phenomenon without referring to volume recom-
bination is the thermodynamical approach of Brendel and Queisser [68]. In their
paper, they claim that thinning the cell at constant short circuit current enhances
the minority carrier generation rate per unit volume and hence the steady state
carrier concentration. Thermodynamically, an increased carrier concentration is
equivalent to a reduction of the entropy production per photon, thus leading to
larger voltage.

However, one must also consider the shunt resistance and surface recombination
effects that become dominant issues in ultra-thin layers. This increase in Voc

can not be realized in all devices. Actually, in sub optimal devices, thinning the
absorber could lead to a decrease in Voc due to shunt issues (see the CIGS section
1.4.4).

1.4.3 Light absorption in ultra-thin solar cells

The main assumption in the opportunities in terms of performances and cost reduc-
tion listed above relies on the capacity to maintain the short-circuit current while
decreasing the absorber thickness. This is of course the most obvious challenge of
ultra-thin solar cells and the reason why efficient devices are yet to be produced.
A decreasing thickness of absorber leads to absorption losses that mainly affect
the short-circuit current. A useful parameter to estimate the thickness of material
needed to absorb all the light at a given wavelength is the absorption depth, de-
fined as the inverse of the absorption coefficient: absorption depth d = 1/α = λ

4πk
,

where λ is the wavelength and k the imaginary part of the dielectric constant of the
material. Table 1.2 lists the absorption depth for different materials to absorb all
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Chapter 1 Photovoltaics status and trends: toward ultra-thin solar cells

of the light available under the gap of the material in wavelength. The absorption
depth is calculated for a wavelength 50 nm under the band gap of the material to
have an idea of the order of magnitude of the typical thickness needed to absorb
of the light in a single pass. Reducing the thickness of absorber below this value
will increase the losses, especially for the long wavelength photon range. One can
note that these values of absorption depth are, for each technology, roughly the
thicknesses of the conventional solar cells

c-Si a-Si:H GaAs CIGS CdTe
Optical data

(n,k)
Palik [69] SOPRA

[70]
Palik [69] Orgassa

(x=0.23) [71]
SOPRA

[70]
Band gap

wavelength λBG

(µm)

1.100 0.730 0.870 1.180 0.86

Absorption
depth at

λBG − 50 nm
(µm)

670 0.48 0.800 2.1 0.2

Table 1.2: Absorption depth for different materials of band gap wavelength λBG,
calculated at λBG − 50 nm.

Of course, the absorption does not have to occur on a single pass of light across
the layer. The role of light trapping is to increase the optical path of light (upper-
most in the long wavelength range). This allows reducing the effective thickness
of the absorber while conserving constant short-circuit current densities. This
concept and its limits are be detailed in the next Chapter.

1.4.4 Case study: current status in thinning CIGS solar cells

When reducing the absorber thickness in the case of CIGS solar cells, the device
becomes more sensitive to various parameters such as the material absorption and
the increased recombination. In the following, we expose a general overview of
previous studies related to thinning the CIGS absorber.

Reducing the absorber thickness of CIGS solar cells has been pointed out as a
key priority. Since the late 1990’s, many groups have engaged both theoretical
and experimental studies on the subject. The first publications on the subject are
the papers of Shafarman et al. in 1997 [72] and Negami et al. in 1998 [73]. Since
then, the most active groups have been the NREL group [74–76] and the Uppsala
University group [77, 78] with extensive studies on this topic. Those two groups
submitted the same approach for reducing the absorber thickness, consisting in
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1.4 Toward ultra-thin solar cells: opportunities and challenges

directly growing the CIGS layer at a lower rate, thus adapting the existing process
to a lower thickness. Table 1.3 reports the record efficiencies of ultra-thin CIGS
solar cells overview from literature.

When reducing the absorber thickness of a photovoltaic device, the most ex-
pected problem is the reduction of the light absorption and therefore the decrease
of the photocurrent generation in the solar cell. Although the absorption coeffi-
cient of the CIGS material is very high, all the studies have shown that the amount
of light absorbed is strongly affected when decreasing the absorber thickness to
the sub-micrometer level.

Moreover, other problems may appear due to the ultra-low scale of the devices.
Negami [73] reported that the solar cells were electrically shunted when the ab-
sorber thickness became close to 0.5 µm; this was related to the natural roughness
of as-grown CIGS layers which was of the same order as the film thickness itself.
Shafarman et al. [72] also reported a strong decrease of the parallel resistance
when reducing the CIGS thickness, most likely related to an increased shunt effect
due to pinholes in the absorber. Gloeckler and Sites [82] also investigated on the
properties of very thin and ultra-thin absorber CIGS solar cells from a theoretical
point of view. Their simulations indicated that reducing the absorber thickness
leads to a reduction of the short circuit current due to a combination of a reduced
light absorption and increased back contact recombination. However, when the
absorber is fully depleted (thickness lower than the space charge region width),
the authors state that the back contact recombination becomes negligible and the
current of the cell depends only on the absorption in the CIGS.

In a nutshell, the conclusion of Ramanathan [74] (co-deposition, 3 stage process)
and Lundberg [77] is the following. With direct deposition of thin CIGS absorber,
it is possible to get down to 500 nm of CIGS without affecting the open-circuit
voltage (V OC) and the fill factor (FF ). Only the external quantum efficiency
and the short-circuit current (JSC) were to suffer a lot from the diminution of
thickness. For ultra-thin devices (<400 nm) however, shunting, front and back
surface recombination are to limit globally the performance of the device.

Nevertheless, it was noted that an absorber thickness of 1 µm (compared to
classic 2 or 2.5 µm-thick CIGS solar cell) was enough to perform excellent con-
version efficiency. For instance for Ramamanthan et al., the highest efficiency for
a 1 µm CIGS solar cell was achieved for a three stage process absorber with 17.1
% conversion efficiency (FF = 79.2 %, V OC = 678 mV and JSC = 31.9 mA/cm2
compared to 2.5 µm-thick CIGS solar cell FF = 80.3 %, V OC = 728 mV and
JSC = 31.87 mA/cm2). Remarkably, we note no difference in the JSC from 1.8 µm
to 1 µm of absorber thickness.

Instead of directly growing the absorber to a thinner scale, which may lead to
the problems previously reported, more fundamental studies can be performed by
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Reference CIGS
Thickness

(nm)

VOC (mV) JSC

(mA/cm2)
FF (%) η (%) Remarks

Ramanathan et
al. (2006) [79]

1000 678 31.9 79.2 17.1 Direct deposition (3-stage
process), no ARC

Ramanathan et
al. (2006) [79]

400 565 21.3 75.7 9.1 Direct deposition (3-stage
process), no ARC

Sharfarman et
al. (2006) [80]

400 560 23 74 9.5 Etched absorber, no ARC

Jehl et al.
(2012) [81]

400 630 25.5 63 10.2 Etched absorber, no ARC,
gold mirror

Jehl et al.
(2012) [81]

300 620 26.5 55 9 Etched absorber, no ARC,
gold mirror, shunts

Lundberg et al.
(2003) [77]

150 600 13.6 59 4.8 Direct deposition
(co-evaportation), no ARC,

shunts

Table 1.3: Record efficiencies of thin and ultra-thin CIGS solar cells overview from literature.
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1.4 Toward ultra-thin solar cells: opportunities and challenges

reducing the thickness of a standard absorber by chemical etching. The chemical
etching of CISe surface was first introduced by Birkmire and McCandless in 1988
[83], who realized specular CISe surface with this technique. This method was
adapted to obtain improved devices made with Cu(In,Ga)Se2 by Canava et al.
[84], by removing detrimental interfacial layers left after a bromine etch.

Following this trend, Shafarman et al. performed a systematic comparative
study between etched absorbers and as-deposited absorbers of the influence of the
reduction of the CIGS thickness on the photovoltaic parameters of the solar cells.
They reported an overall similar behavior, with a slightly better value for V oc of
chemically etched samples.

(a) (b)

Figure 1.4.1: (a) SEM image of the cross section of the 10.2 % efficient 400 nm-
thick CIGS solar cell on a gold back substrate. (b) Measured internal
quantum efficiency spectra for different configuration of CIGS solar
cells. From Jehl et al. [85].

In this dynamic, the french ANR HABISOL project ULTRACIS was launched
in 2009 [81, 85–88]. The goal was to test the feasibility of sub-micronic CIGS films
down to 100 nm while keeping the same efficiency through several milestones:

• The systematic production of non-shunted thin and ultra-thin (down to
100nm-thick) CIGS layer by chemical etching.

• A deeper comprehension and engineering of the front contact (for instance,
replacing the CdS by a ZnS layer).

• An optimization of the back contact (alternative back contacts).

• Suggest a new solution of photon management to prevent the drop in short-
circuit current for ultra-thin solar cells.
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Chapter 1 Photovoltaics status and trends: toward ultra-thin solar cells

One of the main achievements of the project was the development of a process of
substrate transfer of chemically etched CIGS layer on alternative substrate [81, 87].
This has led to a 10.2 % efficient 400 nm-thick CIGS solar cell on a gold back
substrate [85], the most efficient CIGS solar cell for this thickness range so far.
Fig. 1.4.1 shows an SEM image of the cross section of the cell and its measured
internal quantum efficiency spectrum. Among other results, this realization is an
example of a doubling of the optical path thanks to an efficient mirror (same IQE
spectra for 400 nm Au and 800 nm Mo).

The project has also lead to the characterization of solar cells of different CIGS
thicknesses in order to determine the influence of this parameter of the electronic
parameters of the solar cell [85]. The conclusion of this work in 2011 with etched
and transferred solar cell is the same as for ultra-thin grown CIGS solar cell:
the IV parameters are constant down to thickness of 400 nm (except the short-
circuit current) but below this limit, both shunts and increased recombination
limit the open-circuit voltage and the fill factor. Moreover, the project has led to
an optical characterization of the MoSe2 interface [86] and a solution to enhance
the absorption in CIGS through a theoretical electromagnetic simulation of the
CIGS solar cells [88]. One of the motivations of this manuscript is to pursue those
results and this process to fabricate proof-of-concepts of nano-patterned ultra-thin
CIGS solar cells.

In conclusion, not many papers report CIGS solar cell thinner than 500 nm.
This is due to the extreme complexity to obtain an non degraded device due to the
material property. For once, insufficient light-trapping is not the main limitation
to tackle 100 nm-thick solar cells, but still a close second. The main care should
be brought to the routine production of flat pinhole free layers.

1.5 Conclusion

Photovoltaic is a major actor of the energy mix. In particular, thin-film tech-
nologies have an increasing market share each year. For now, their efficiencies
are however lower than c-Si solar cells. A thickness reduction of a factor at least
10 compared to the standard commercial thickness for the considered technology
would unlock the issues of manufacturing cost and availability in scarce materials.
This tenfold reduction in thickness is our goal in this manuscript. A solar cell with
this thickness reduction is qualified in this manuscript as «ultra-thin».

Ultra-thin devices are both an exciting and a challenging topic. If the thickness
becomes close to the scattering length of the material for instance, we can reach a
new paradigm for electronic transport. Being ultra-thin has been pointed out to
be one of the milestones of several new concepts in PV such as hot carrier solar
cells for instance. On the other hand, many more studies are needed to reach an

30



1.5 Conclusion

optimized ultra-thin devices, in the case of CIGS for instance. Both requirements
are taken into account in this manuscript.

Another challenge lies in the light management of these ultra-thin solar cells.
We are aiming to thicknesses around ten times thinner than the absorption depth
of the absorbers. This issue is at the heart of this manuscript. In the next chapter,
we give an overview of the light management in solar cells and of novel solutions
aimed at ultra-thin devices in particular.

.
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Chapter 2

Light management in solar cells:
state-of-the-art

Outline
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2.5.2 Plasmonic scattering . . . . . . . . . . . . . . . . . . . . . . 42
2.5.3 Local absorption enhancement . . . . . . . . . . . . . . . . . 43
2.5.4 Coupling to waveguide mode . . . . . . . . . . . . . . . . . . 43

2.6 Review of novel light management in the case of GaAs and CIGS
solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.7 Conclusion and discussion . . . . . . . . . . . . . . . . . . . . . . . 48

2.1 Introduction

The main effects limiting an ideal absorption of light by a solar cell structure are
depicted in Fig. 2.1.1a. We consider a slab of material of thickness d, of refractive
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index n2 +ik2 and absorption coefficient α = 4πk2

λ
, where λ is the wavelength of the

incident light coming from a medium of refractive index n1 + ik1. The principal
optical losses are: reflection at the front of the slab and non-absorption of long
wavelength photons. Fig.2.1.1b represents two classic light trapping techniques
that are used to deal with those losses: anti-reflection coating (ARC), a scattering
element and a mirror. These elements are presented in the following paragraphs.

A=1-exp-  d α
 

d

Reflection

Transmission

n1+ik1

n2+ik2

(a)

Back contact/mirror

  
Light

scattering

ARC

(b)

Figure 2.1.1: Schematic of a slab of material of thickness d, of refractive index
n2+ik2 and absorption coefficient α = 4πk2

λ
, where λ is the wavelength

of the incident light coming from a medium of refractive index n1 +
ik1. (a) Main optical losses: reflection at the front of the slab and
transmission losses. (b) Classical light trapping techniques for solar
cells: anti-reflection coating (ARC), a light scattering layer and a
mirror. Note that the textured layer can be located at the front or
at the bottom of the solar cell.

2.2 Decreasing the reflection losses

Reflection losses can be calculated with the Fresnel coefficient of reflection of light
at a flat interface and normal incidence between two media of refractive indices
n1 + ik1 and n2 + ik2 respectively:

R =

∣

∣

∣

∣

∣

n1 + ik1 − n2 + ik2

n1 + ik1 + n2 + ik2

∣

∣

∣

∣

∣

2

(2.2.1)

For instance, at λ = 400 nm for an interface air/GaAs , the reflection coefficient
is R = 40 % (c-GaAs data are taken from Palik [69]). That means that only 60 %
of light effectively enters the active material due to a high contrast of the real part
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2.3 Interface texture

of the refractive index between air and GaAs. This phenomenon is true for any
solar cell.

Thin film anti-reflection coatings greatly reduce this light loss by making use
of phase changes (and the dependence of the reflectivity on index of refraction).
A single quarter-wavelength coating of optimum index can eliminate reflection at
one wavelength. The idea is that the creation of a double interface by means of a
thin film gives two reflected waves. If these waves are out of phase, they partially
or totally cancel. If the coating is a quarter wavelength thickness and the coating
has an index of refraction lower than the substrate then the two reflections are
180 degrees out of phase. Multi-layer coatings can reduce the loss over the visible
spectrum. Practically, ARCs in solar cell rarely stack more than 2 layers.

The challenge is to find the optimum ARC on the larger spectral range for each
PV material. For instance for silicon that already has a rather low refractive
index (n = 3.5 at λ = 500 nm), the most common ARC for silicon solar cell are
silicon nitride because of its attractive cost. New solutions have been studied such
as single layers of mesoporous silica nanoparticles with refractive indices as low
as 1.12 [89]. One of the most effective ARC on GaAs based solar cells is the
couple MgF2/ZnS [90–92]. For a-Si:H and CIGS, the front contact ZnO:Al can be
considered as an ARC along with MgF2.

Surface texture, either in combination with an anti-reflection coating or by itself,
can also be used to minimize reflection. Any "roughening" of the surface reduces
reflection by increasing the chances of reflected light bouncing back onto the sur-
face, rather than out to the surrounding air. Finally, one can use nano-textures
that provide a gradual change in the effective index of refraction, the latter being
inspired from natural moth eye textures [93].

2.3 Interface texture

Classically, following the Beer-Lambert law, the absorption of a media of fixed
thickness d is a decreasing function A = 1 − exp−αd. This means that low energy
photons tend not to be absorbed by the active media when one decreases the
thickness of the active material (see Fig. 2.1.1).

One would therefore try to increase the optical path of light in the structure (i.e.
the distance that an unabsorbed photon may travel within the structure before
it escapes). The first solution is to place a mirror at the back of the solar cell in
order to reflect the non-absorbed light and therefore to double the optical path.

In addition, the other main light trapping scheme used in solar cell is to texture
one or several layers of the solar cell (at the bottom or at the top of the structure)
to induce light scattering that increase the optical path. Ideally, the texture is
optimized so as the oblique scattered light is eventually «trapped» by total internal
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reflection inside the solar cell until it escapes the structure when reflected within
the escape cone. This is represented on Fig. 2.1.1b. In this case, the scattered
incident photon is reflected once at the top of the solar cell before escaping the
structure.

2.3.1 Ergodic limit

The limit of the ray-optic light trapping has been studied by Yablonovich [94] in
1982 in the case of thick (d ≥ λ/2n) solar cells. In the case of Fig. 2.1.1b, let’s
consider for instance a lambertian surface at the bottom of our system. A Lam-
bertian surface is a perfectly randomising surface that scatters light isotropically,
which means that all reflected angles have the same probability. For incident light
at normal incidence, the maximum enhancement ratio of the path length (and
therefore of the absorption) can be demonstrated to be e = 4n2

2 (with respect to
a planar structure) for the case of a Lambertian surface used as a back reflector.
This is known as the Yablonovich limit.

In the case of c-Si, the enhancement can reach a factor of 50 at normal incidence.
Textured c-Si can be obtained by anisotropic etching of a (100)oriented crystalline
silicon wafer using a diluted potassium hydroxide solution (KOH) which gives a
randomly pyramidal textured surface [95].

However, this ergodic limit is obtained under strict assumptions: low absorption
in the material (near the band edge for instance), a thick layer (compared to λ/2n)
to lose the phase coherence and wave-optics effects, perfect lambertian surface and
perfect back mirror. This limit is not relevant for the study of light management
in ultra-thin solar cells.

2.3.2 The case of thin-films

Obviously it is still possible to use a scattering layer to increase the absorption
in a thin-film layer. For a-Si:H solar, the front TCO can be randomly textured
either by a wet chemical etching [96]. Periodic textures have also been developed
with the possibility of using low-cost and large-area patterning processes such as
nano-imprinting [97] and nanomoulding [98]. The range of shapes and sizes of
random textures available being limited, this solution offers the possibility to de-
sign morphologies with a large-angle scattering. However, no experimental studies
have shown that periodic texture can outperform random texture [99].

For CIGS solar cell, the natural roughness of the CIGS layer plays the role of
effective and costless scattering texture. Interestingly, if a texture is applied on
the front contact, it also acts as a moth eye ARC, achieving two light trapping
techniques at the same time. Ultimately, the size of the grains can be optimized
[100] for the anti-reflection effect. Alternatively, more theoretical studies have
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been performed in the case of CIGS solar cells. For instance, a study of Dahan
et al. [101] has been done to quantify the absorption enhancement induced by a
Lambertian back reflector for a CIGS solar cell using radiative transfer equation
theory.

In the case of thin-films, the difference with the case studied by Yablonovich
is that we have to consider the light as a wave. If the coherence of the light is
maintain over the film thickness, it may experience interference effects, at least for
flat surfaces. The film can therefore act as a Fabry-Pérot cavity and light can be
resonantly absorbed.

Eventually, alternative solutions have been proposed as an efficient light trapping
in thin or ultra-thin solar cells: nanophotonic concepts in general and plasmonic
designs in particular. Considering these aspects, some teams have proposed or
reviewed some of the upper limits in terms of absorption enhancement that can
be found in the case of thin-films by contrast to the ergodic limit of Yablonovich.
We can cite for instance the work of the team of Shanhui Fan [102, 103], Harry
Atwater [104–106] or Kylie Catchpole [107] which provides review depending on the
assumptions and the analysis used. A condensed overview of these considerations
is given in the two next sections.

2.4 Periodic nanophotonic structures for PV

Recently, progress in solar cells as pointed out the need to control the light at
the wavelength scale (i.e. the nanometer scale in the visible). New solutions have
emerged from other communities to propose a panel of solutions such as diffraction
gratings [108, 109], photonic crystals [1, 110–115], or nanowires [3, 116].

1D or 2D dielectric diffraction gratings present a great potential for solar cells.
They can be used first as advanced back reflectors to diffract light that can be
coupled in quasi-guided mode inside the thin film. This increases both the path
length and the spectral density of optical modes a long wavelength [109, 117, 118].
They can be used also as front ARC to decrease the global reflection and to enhance
transmitted grating order [116, 119–121] Double-sided designs have recently been
proposed to obtain a broadband absorption enhancement [115, 120–122].

The next example is important for this manuscript as it tackles the rare prob-
lematic light management for ultra-thin crystalline materials at the center of this
manuscript: the broadband, wide-angle absorption in an ultra-thin (50 nm) layer
of GaSb. The sawtooth dielectric grating design proposed by Esteban, Laroche
and Greffet [123] and the plot of the absorption averaged over the numerical aper-
ture are represented in Fig. 2.4.1. The absorption is explained by resonant modes
that lead to very interesting performances: the layer absorbs 66 % of the incident
solar photons above the band gap for a concentration equivalent to a numerical
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aperture NA = 1/
√

2. Such features are very interesting for application to ultra-
thin solar cells. However, the geometry of the sawtooth dielectric grating makes
it difficult to fabricate with actual clean-room processes.
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Figure 2.4.1: (a) Sawtooth dielectric design proposed by Esteban, Laroche and Gr-
effet for enhance the absorption in a 50-nm thick GaSb layer [123].
(b) Absorption in the GaSb layer of (a) as the function of the nu-
merical aperture.

Photonic crystals (PC) [124, 125] are a structure in which the refractive index is
periodically modulated, with a lattice constant in the same range of the incident
wavelength. They have been proposed as a promising approach to enhance light
absorption in ultra-thin solar cells a few years ago [118]. The principle is to use
one, two or three dimensional (1D, 2D or 3D) periodic structures which exhibit a
wide variety of light control effects. Let’s consider for instance the structure fabri-
cated by Meng et al. in Fig. 2.4.2. It consists a ultra-thin (100 nm) hydrogenated
amorphous silicon solar cell designs with a 2D photonic crystal. The planar PC
is used to couple incident light into slow Bloch modes standing over the light
line in the amorphous silicon layer. This has been fabricated experimentally by
holographic lithography and an absorption enhancement of 28 % compared to an
unpatterned cell has been obtained [1]. This approach has also been successfully
applied to organic solar cells [126, 127].
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Figure 2.4.2: Design of a 2D-PC ultra-thin (100 nm) hydrogenated amorphous sil-
icon solar cell to control the photon lifetime in the case of a a-Si:H
solar cells (from Meng et al. [1]).

2.5 Plasmonics for photovoltaic

2.5.1 Introduction to plasmonics

The use of plamonics and metallic nano-particles can be retraced as early as the
4th century in the case of the Lycurgus Cup, identified as such in 1958. The field
of plasmonics has been theorized at the beginning of the 20th century and has
experienced a vast expansion with the development of fabrication and numerical
analysis methods in the late 90’s. The ability of plasmonic structure to control
and confine light at the nanoscale has open new perspectives in modern physics
[128].

Some recent articles have reviewed the application of plasmonics to photovoltaic
devices [105, 129–131]. Atwater and Polman [129] have proposed a classification
of solutions and guidelines for the use on metallic solutions to enhance the active
absorption. These solutions are depicted in Fig. 2.5.1, namely (a) scattering metal-
lic nanoparticles (b) metallic nanoparticles for local absorption enhancement and
(c) metallic grating and excitation of SPP guided mode. In the following, we first
describe the properties of surface plasmons and then evaluate the potential and
limitations of these solutions for photovoltaic application. Eventually, examples
in the case of GaAs and CIGS solar cells are described further and compared.

Plasmonics relies on the coherent oscillation of electrons of a metal, induced and
coupled to the incident light. We focus here on two forms of plasmonic interac-

39



Chapter 2 Light management in solar cells: state-of-the-art

a b c

Figure 2.5.1: The three solutions proposed by Atwater and Polman [129] for plas-
monics for photovoltaic: (a) scattering metallic nanoparticles in the
front of the solar cells (b) metallic nanoparticles for local absorption
enhancement and (c) metallic grating at the back of the solar cell to
couple incident light to waveguide mode.

tion: surface plasmon polaritons (SPP) and localized surface plasmon resonances
(LSPR).

2.5.1.1 Surface plasmon polaritons

A surface plasmon polariton is an electromagnetic wave that propagates at the
interface between a metal and a dielectric (or a semi-conductor), coupled to the
oscillation of the free electrons of the metal as sketched in Fig. 2.5.2. The existence
of these modes is directly linked to the negative sign of the real part of the dielectric
constant of the metal ǫ2 (with n2 =

√
ǫ2), the refractive index of the metal). These

modes conform to the dispersion relation kSP P (ω), where kSP P is the component
of the wave vector of the SPP in the direction of propagation and ω is the wave
frequency. At the interface between two semi-infinite dielectric and metallic media
of dielectric permittivity ǫ1and ǫ2, the dispersion equation of a SPP is:

kSP P =
k0

√

1
ǫ1

+ 1
ǫ2

(2.5.1)

with k0 = ω
c

= 2π
λ

the wave vector of light in vacuum. The effective index of the

propagating mode can be defined as neff = kSP P

k0

.
A SPP is an electromagnetic wave that is polarized transverse-magnetic TM

(or S-like), i.e. the magnetic field Hi in the medium i is parallel at the interface
metal/dielectric and can be written in the basis of Fig. 2.5.2 as:

Hi = H0iexp[i(kSP P x + kziz − ωt)]uy (2.5.2)

The wave vector kSP P in the direction ux is a complex number that can be
written as kSP P = k′

SP P + ik”SP P . In a metal, the real part of dielectric constant
is negative and from the Eq. 2.5.1:
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Metal (n2)

 

Dielectric (n1)
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 uz

 

ux

δ1

δ2
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Figure 2.5.2: Schematic of a surface plasmon polariton propagating at the interface
of two semi-infinite media (dielectric and metal).

|kSP P | > k0 (2.5.3)

The components of the wave vectors kSP P and kzi are linked by the relation:

kzi =
√

ǫik02 − kSP P 2 (2.5.4)

As kSP P and k0 are complex, kzi is complex and can be written kzi = k′

zi +ik”zi.
The amplitude of the magnetic field can therefore be written as:

|HSP P i(x, z)| = H0exp(−k”SP P x)exp(−k”ziz) (2.5.5)

The magnetic field of an SPP field is evanescent: because of the loss in the
metal, the field is also decreasing exponentially during the propagation. The Eq.
2.5.5 allows us to extract two important characteristics of the damping of the SPP:
its propagation length Λ along the axis x and its confinement δi along the axis y
in the medium i defined in amplitude as follows:

Λ =
1

k”SP P

(2.5.6)

δ1 =
1

|k”z1|
and δ2 =

1
|k”z2|

(2.5.7)

Characteristic values and properties about SPP in the particular cases of our
manuscript are discussed further in Chapter 3.

2.5.1.2 Localized surface plasmon resonance

On the other hand, localized surface plasmons are non-propagating excitations
of the electrons in the metal [132]. In the case of a metallic nano-particle, upon
application of an electromagnetic field, a resonant dipole moment is induced inside
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the nanoparticle. At its resonance wavelength, the nanoparticle dipole induces a
field enhancement in the vicinity of the particle as well as an enhancement of the
scattering and absorption efficiencies. The scattering and absorption cross-sections
can be expressed as follows [132, 133]:

σscat =
1

6π

(2π

λ

)4

|α|2 (2.5.8)

σabs =
2π

λ
ℑ [α] (2.5.9)

where α is the polarizability of the particle. The polarizability and resonance
wavelength are a function of the shape, the size and the nature of the particle. For
instance, for a spherical nano-particle, scattering and absorption cross-sections can
be expressed as a function of the radius r of the particle as σscat ∝ r6

λ4 and σabs ∝ r3

λ
.

For the smallest particles, the absoption mechanism is dominant. However, when
the size of the nanoparticle approaches λ, multipolar modes contribute mainly to
the particle’s scattering cross section

2.5.2 Plasmonic scattering

Fig. 2.5.1a represents the simplest architecture for a solar cell employing scattering
objects: a conventional thick device with a sparse array of sub-wavelength metal
scatterers deposited on the top and a mirror at the back. The scattered light
acquires an angular spread in the semi-conductor that effectively increases the
optical path length. Moreover, the light scattered at an angle beyond the critical
angle for reflection remains trapped in the cell. In addition light reflected towards
the surface couples to the nanoparticles and are partly re-radiated into the semi-
conductor by the same scattering mechanism.

The front scattering approach has already been applied to a-Si:H [134–136],
GaAs [137–139], quantum well [140] and even CIGS [141] solar cells. However,
the effect of the geometry (sphere, hemisphere, cylinder), the size, the nature (Cu,
Ag, Al, Au) and the density of the nano-particles on the efficiency of this light
trapping architecture is still studied theoretically today. The first requirement is
obviously to obtain σscat ≫ σabs even if metal nanoparticles placed at the front of
the solar cell always induce parasitic absorption losses. The second requirement is
to optimize the fraction of light scattered in the semi-conductor (instead of being
back scattered in free space). Eventually, one has to optimize the path length
enhancement induced by the metallic scatterers. Theoretical studies have shown
that hemispherical would be beneficial over sphere both for path length and a
fraction of light scattered in the semi-conductor enhancement [142].
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The advantage of this front approach offers the advantage of depositing the
metal nanoparticles at the end of the fabrication process. This advantage makes
this approach easily adaptable for various structures of solar cells. The deposition
method of the metal scatterers can be done either in a random way (ultra-thin
metallic film annealing [139] or pulsed laser deposition [141, 143]) or by large-area
patterning processes: self-assembly of metal islands [144–146], hole-mask colloidal
lithography [147] and conformal imprint-lithography (SCIL) [136, 148].

Another approach can be considered to avoid the parasitic absorption of the
particles on the top of the solar cell. The idea is to place the film of nano-particles
at the back of the solar cell, decreasing the parasitic absorption in the region of
solar spectrum that is absorbed through a single pass. This solution have been
used for a-Si:H [146, 149] and organic [150–152] solar cells. However, this geometry
generally implies that the active material is grown on the metal nanoparticles which
exclude crystalline materials and can induce defects that can be detrimental for
the VOC and fill factor of the device for a-Si:H solar cells [153]. Recent publications
have applied this concept to thin c-Si solar cells [154, 155].

2.5.3 Local absorption enhancement

A second plasmonic architecture for enhanced absorption results from high near-
field intensities associated with the localized plasmonic resonance of the particle
embedded directly in the active material (Fig. 2.5.1b). Since the optical absorption
is proportional to the electric field intensity, high local fields lead to increased
absorption (see for instance a numerical study [156]). In this case, the metallic
nanoparticles are small (20-50 nm of radius) i order to have σscat ≪ σabs.

This solution has been tested in organic and dye-sensitized [157] and organic
[150–152] solar cells. The embedding of metal nanoparticles in the active layer is
however unthinkable in inorganic photovoltaics technology. Moreover absorption
also occurs in the metallic particles, limiting the efficiency of this approach.

2.5.4 Coupling to waveguide mode

The last approach is the use of metallic gratings. In the case of Fig. 2.5.1c for
instance, we consider an active material with a back metallic nano-structured
mirror. This solution is used to couple the incident light into wave-guided mode
inside the absorber layer.

A schematic vision of the mechanism is to consider that the metallic grating acts
as a diffraction grating as described above in this chapter: incident light can be
trapped in the active material if the periodicity of the array is chosen so the angle
of the diffracted light is superior to the critical angle of reflection at the upper
interface.
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When the solar cell becomes really thin, a wave behavior is required to describe
the light-trapping mechanism. For an array of period d shone by a plane wave
with an angle of incidence θ, the relation of dispersion of the diffracted light can
be written according to the Floquet-Bloch theory along the direction x of the plane
of the absorber as:

ℜ
(

k(p)
x

)

= k0sinθ + p
2π

d
(p = 0, ±1, ±2...) (2.5.10)

where k(p)
x is the component of the wave vector parallel to the interface of the wave

diffracted in the order p. In other words, the grating gives the extra momentum
in the plane direction needed for the excitation of a photonic mode than can
propagate inside the absorber layer with an effective index defined as neff = kx

k0

.
In this case, the path of incident light in the solar cell is rotated by 90 °. The light
trapping condition is in this case typically depending on the incident light angle.

The form of this photonic mode is generally complex, depending on the geometry
of the structure, as it can be the result of the superposition of different mode. For
instance, a metallic grating offers the possibility to excite SPPs modes at the back
metallic interface. Owing to the momentum mismatch between the incident light
and the in-plane SPPs (see Fig. 2.5.2), a light coupling structure must be integrated
in the metal/active material interface. A SPP mode can be excited along metallic
arrays with a plane wave with an angle of incidence θ when:

kSP P ≈ k(p)
x (2.5.11)

At normal incidence, the Eq. 2.5.11 and Eq. 2.5.10 gives a condition on the period
of the grating for the creation of the SPP mode.:

d = ℜ
(
√

1
ǫ1

+
1
ǫ2

)

pλ (p = 0, ±1, ±2...) (2.5.12)

This back metallic design has been principally used with a-Si:H structure (non-
planar layers) to increase both absorption and the short-circuit current. Fig. 2.5.3
represents for instance the 160 nm-thick, 6.6 % efficient a-Si:H of Ferry et al. [4,
158] with 46 % enhancement in short-circuit current. We can also cite the nanocone
design of Zhu et al. [3] or the study of Soderstrom et al. [2, 3, 159].

For GaAs, Ferry et al. [104, 105] have also proposed numerically subwavelength
ridges in the metallic back mirror to enhance the performances of GaAs solar cells
(thickness=50-200 nm). They have predicted numerically an absorption enhance-
ment factor between 1.4 and 1.6 near the band edge (880 nm) with respect to
absorption in a identical film without a groove.

The metallic grating can be placed on the front of a solar cell structure to couple
incident light to waveguide modes. The applications to c-Si plane layers [160, 161]
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(a) (b) (c)

Figure 2.5.3: (a) Example of a back metallic grating from Ferry et al. [158] for
ultra-thin a-Si:H solar cells; Compared measured EQE (b) and I-V
curves (c) of patterned and un-patterned 160nm-thick a-Si:H solar
cell [4]. The 46 % enhancement in short-circuit current (red part of
the EQE measurement) leads to a 6.6 % efficient solar cell.

or to to ultra-thin a-Si:H solar cells submitted by Massiot et al. [162, 163] at LPN
illustrate this possibility.

2.6 Review of novel light management in the case

of GaAs and CIGS solar cells

We focus in this section on the materials that are specifically studied in this
manuscript: gallium arsenide (GaAs) and Cu(In, Ga)Se2 (CIGS). The section tries
to review all available attempts of plasmonics design adapted to these technolo-
gies. The results of overall enhancements in photo-current and efficiencies of these
papers are reported on Table 2.1.

For CIGS solar cells, we can cite the structure of Baraldi et al. [141] where they
apply a pulsed laser deposition technique to the fabrication of plasmonic structures
made of Ag nanoparticles embeded in an Al2O3 layers in the case of CIGS solar
cells. The structure is depicted in Fig. 2.6.1a. The principle is to use a front
scattering approach to enhance the short-circuit current. In their case, no short-
circuit current enhancement have been experimentally observed compared to a
reference solar cell without nanoparticles. On the contrary, this extra Ag − Al2O3

contributes to the diminution the global performances.
The front metallic nanoparticles scattering approach has also been applied for

GaAs. Fig. 2.6.1b represents a 1.5 µm-thick GaAs solar cell «decorated» with size-
controlled Ag nanoparticles fabricated by masked deposition through anodic alu-
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Reference Material Technique Absorber
thickness

Best JSC

enhance-
ment

(relative
enhance-

ment)

Best
efficiency
enhance-

ment
(relative
enhance-

ment)

Remarks

Baraldi et al.
(2011) [141]

CIGS Ag nano-
particles

front
scattering

2.3 µm -
0.9mA/cm2

(-3 %)

-1.2 %
(-9 %)

Experimental, Cu/(In+Ga)
ratios of 0.62

Nakayama et al.
(2008)

[137, 138]

GaAs Ag nano-
particles

front
scattering

1.5 µm +0.9
mA/cm2
(+8 %)

+1.2%
(+20%)

Experimental,
enhancement in V OC and

FF due to annealing

Liu et al.
(2011)
[139]

GaAs Ag nano-
particles

front
scattering

150 nm +1
mA/cm2

(+14.2 %)

N/A Experimental

Grandidier et al.
(2012) [164]

GaAs Whispering
gallery

modes of
dielectric

nanospheres

100 nm +2
mA/cm2
(+11 %)

N/A Numerical

Table 2.1: Proposition of nano-photonic light-trapping for GaAs and CIGS solar cells.
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minum oxide templates (Nakayama et al. [137]). The strong scattering by the
interacting surface plasmons in densely formed high aspect-ratio nanoparticles ef-
fectively increases the optical path of the incident light in the absorber layers
resulting experimentally in an 8 % increase in the short-circuit current density of
the cell. The nanoparticle array sheet conductivity also reduces the cell surface
sheet resistance evidenced by an improved fill factor.

CIGSe layer

ZnO

Ag NPs

Ni/Al contact grid

CdS

Glass substrate

Mo

Ag:Al2O3

(a)

Au

Window 30 nm

Emitter 50 nm

Base 150 nm

BSF 500 nm

Buffer 1 μm

Substrate 350 μm

Cap 300 nm

200 nm

200 nm

Au

(b)

Figure 2.6.1: Example of a front metallic nanoparticles scattering approach to
enhance the short-circuit current in (a) 2.3 µm-thick CIGS solar cells
in the case of Baraldi et al. [141] and (b) for a 1.5 µm-thick GaAs
solar cell in the case of Nakayama et al. [137, 138].

For a similar approach but thinner GaAs solar cell, we can cite the work of Liu et
al. [139]. They performed a systematic study of LSPR on 150 nm-thick GaAs solar
cells with different sizes of Ag nanoparticles on the surface. The nanoparticles were
fabricated by annealing E-beam evaporated Ag films in a N2 atmosphere. They
report a best short-circuit enhancement of 14.2 % over that of the untreated solar
cell.

Different approaches have been proposed numerically for ultra-thin GaAs solar
cells. We have already cited the subwavelength ridges in the metallic back mirror
Ferry et al. [104, 105] to enhance the performances of GaAs solar cells (thickness
= 50-200 nm) leading to an absorption enhancement factor between 1.4 and 1.6
near the band edge.

Fig. 2.6.2 represents a schematic of an original dielectric nano-spheres structure
for in a 100 nm-thick GaAs layer and its simulated absorption spectrum in GaAs
weighted by the solar irradiance spectrum (Grandidier et al. [164]. The absorption
enhancement is explained by the use of whispering gallery mode in the spheres.
They have calculated a theoretical short-circuit current of Jth = 18.14 mA/cm2 for
their structure compared to Jth = 16.4 mA/cm2 for the flat structure composed
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of a DARC. The dielectric nano-spheres enhance the absorption very locally and
the enhancement compared the flat structure in terms of theoretical short-circuit
current is 10 % .

Figure 2.6.2: (a) Schematic of the dielectric nano-spheres structure of Grandidier
et al. composed of a 100 nm-thick GaAs layer and (b) its absorption
spectrum weighted by the solar irradiance spectrum [164].

2.7 Conclusion and discussion

In this chapter, we have presented the existing approaches for light trapping in thin
and ultra-thin film solar cells. The first observation is that most of the proposed
strategies have not been implemented for 100 nm-thick absorber layers yet. The
second observation is that most of the literature concerning novel light manage-
ment solutions for ultra-thin solar cells deals with materials that can be deposited
on non-plane surface (OPV, DSSC, a-Si:H, µc-Si). Very few paper reports design
dedicated to planar crystalline and poly-crystalline solar cells as they do not face
classically the same issue in efficiency compared to amorphous silicon solar cells
for instance. However, to go towards ultra-thin solar cells, new needs in light
management are required for these materials. This is the main motivation of this
manuscript.

Metallic gratings appear as one of the most promising candidate for absorber
layers thickness below 100 nm. This solution is at the center of this manuscript.
However, a certain number of constraints exist with this design, especially with
the SPP modes than can be induced with such structures:

• A part of the SPP wave decays in the metal, inducing parasitic losses. The
parasitic absorption losses should not be superior or equal to the absorption
enhancement in the active material to justify the investment.
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• The solar spectrum is broadband. The light-trapping scheme should be ide-
ally effective on the whole spectrum below the effective band gap of the
active material (in wavelength). If different geometries are available, one
should optimize the system and maximize the absorption where the maxi-
mum of photons are available in order to increase the short circuit current.

• The sun is an unpolarized source and light management approaches should be
independent of the polarization. However, SPPs do not exist for a transverse
electric polarization. This implies classically to use a 2D geometry which is
by definition independent from the incident polarization at normal incidence.

• AM1.5G spectrum takes into account light incoming from a large aperture
angle yet SPP modes induced by a metallic grating are dispersive and thereby
sensitive to incident light angles. One must try to propose the most angle
independent absorption spectrum, at least on average.

In this manuscript, we endeavor to propose light management schemes that keep
the ultra-thin absorber flat for application to crystalline materials. As stated
before, this approach to crystalline solar cells is relatively new and original in
literature. In particular, we are interested in three materials: GaAs for highly
efficient single-junction solar cells, CIGS for application to low-cost high efficient
solar cells and GaSb for application to hot carrier solar cells. Several studies are
needed since the band gap and the deposition/growth method of these materials
are very different from what exists in literature in the case of amorphous silicon.

Our first strategy is to use a combination of metallic grating and localized plas-
monic resonance. The base of our design is the so-called metal/insulator/metal
structure. This structure is described in the following chapter and adapted for
photovoltaic application in Chapter 4 and 6.
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Chapter 3

Nano-photonic and plasmonic: tools
and concepts

Outline
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Metal/Insulator/Metal (MIM) nano-cavity array structure . . . . . 52
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3.2.4 Critical coupling condition and achievement of perfect opti-
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ture and omnidirectional total absorption . . . . . . . . . . . 56
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3.4 RETICOLO code: exact Maxwell equation solver . . . . . . . . . . 58

3.4.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
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3.1 Introduction

The aim of this chapter is to describe the tools and concepts that are necessary
for the study of this manuscript. The first part of this chapter concentrates on the
fundamental aspects of the metal/insulator/metal structure. This structure and
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its properties are used several times in this manuscript to describe and analyze our
results. As it involves surface plasmon polariton, we present in a second part the
optical properties in the visible range of the of a GaAs/Ag interface. Considering
the dimension of the structures, the optical analysis requires a specific numerical
tool. The Reticolo code, at the origin of each simulation results in this manuscript,
is described in the last section of this chapter.

3.2 Metal/Insulator/Metal (MIM) nano-cavity array

structure

3.2.1 Presentation of the structure

In this section, we present the optical properties of MIM nano-cavity arrays through
the particular case of the paper of Cattoni et al. [165] at LPN. The structure is
represented in Fig. 3.2.1. It is made of a lower semi-infinite gold metallic mirror,
a dielectric layer made of silica of thickness tl = 20 nm and an upper gold metallic
nanoparticle or nanowire thickness tM = 20 nm and width w = 200 nm. This basic
element is assembled in periodic arrays of 1D wires or 2D nanoparticles (bottom)
with a period of p = 400 nm.

w

tl 

tm 

Dieletric

Figure 3.2.1: Schematic of the metal/insulator/metal (MIM) structure. Top: basic
element of the optical array. The MIM structure is composed by a
lower thick metal film, a thin dielectric layer of thickness (tl = 20 nm)
forming the gap of the structure and an upper thin metal film of
thickness tM = 20 nm and width w = 200 nm. It is assembled in
periodic arrays of 1D wires or 2D nanoparticles (bottom) with a
period of p = 400 nm. From Cattoni et al. [165].
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3.2.2 Optical response of MIM nano-cavity array

Reflection measurements (R) were performed in the 3-60 ° angular range in TM
polarization (magnetic field along the y direction) and are reported in Fig. 3.2.2a
as a (1-R) spectrum. The reflection signal was normalized with the reflection of
a flat gold mirror. The structure leads to a nearly perfect absorption at λ =
1280 nm, independent from the incident light angle. Another resonance is found
at λ = 700 nm, reaching its maximum at θ = 45 °. Fig. 3.2.2a also represents the
simulations showing the magnetic field intensity below the metal wires for both
resonances (λ = 1280 nm at θ = 0 ° and λ = 700 nm at θ = 30 °), under plane
wave illumination. Fig. 3.2.2d represents the angular diagram of the maximum
absorption of the two resonances between 3 ° and 60 °. The absorption peak at
λ = 1280 nm is nearly independent from the angle of incidence.
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Figure 3.2.2: Summary of the results obtained for the structure of Fig. 3.2.1. (a,
top): simulations showing the magnetic field intensity below the
metal wires for the fundamental (m = 1, θ = 0 °) and second-order
mode (m = 2, θ = 30 °), under plane wave illumination. (a, bottom):
experimental absorption spectra of the MIM resonators measured
under TM polarization (magnetic field parallel to the wires) at dif-
ferent angles of incidence. (b,c) Determination of the radiative and
non-radiative losses γr and γnr at several angles for m = 1 (b) and
m = 2 (c). (d) Experimental angular diagram of the maximum ab-
sorption of the two modes between 3 ° and 60 °. From Cattoni et al.
[165].

3.2.3 Resonance mechanism

When two dielectric/metal interfaces are close together, the two SPPs propagating
at each interface can couple together if the dielectric gap between the two metals
is small enough as sketched in Fig. 3.2.1. The upper metallic nano-particle of
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finite width w supports a localized surface plasmon resonance (LSPR) . We have
seen in Chapter 2 that such a single particle displays several LSPR resonance
modes, depending on the particle aspect ratio, volume, and surrounding medium
permittivity [166]. When brought close to a metallic interface, this LSP mode
couples to a plasmonic mode of the lower interface. Contrary to a plane interface,
this coupling from a plane wave to this plasmonic mode is possible and happens
independently from the angle of incidence for the fundamental mode [167, 168]. In
this case, the plasmonic wave propagates now along the x direction, and is reflected
at the ends of the wire [167, 169–171]. The nanostructure forms a horizontal cavity
of size w that resonates at a given wavelength. It is modeled has a Fabry-Perot
resonator and is referred to as the MIM resonator.

The excitation of the fundamental mode (m = 1) of the MIM resonator leads to
a resonant absorption peak at λ = 1280 nm, resulting in a completely localized
lobe on the magnetic field intensity map of Fig. 3.2.2a. The effective index of the
mode is calculated numerically with a finite element method and is found to be a
2-fold enhancement of the mode effective index (neff ≈ 2.9 + 0.07i at λ = 1.3 µm)
as compared to the optical index of silica (1.45). This is a key for the design of
optical antennas much smaller than the wavelength: w = λ/6.4 = λ/(2neff ). The
non-perfect agreement between the width of the cavity and the simple Fabry-Perot
model is attributed to phase shifts at the edges of the stripe. Hence, the resonant
wavelength is mainly determined by the wire width w and by the layer thicknesses
(tl) to a lesser extent.

The second order is also in good agreement with the Fabry-Perot model. We
can distinguish in the magnetic field intensity map the two lobs of a Fabry-Perot
mode. However, due to the symmetry of the structure, the second-order mode can
not couple to the structure at normal incidence.

3.2.4 Critical coupling condition and achievement of perfect
optical absorption

In the previous section, we have described the resonance mechanism. In this
section, we give an explanation of the perfect optical absorption at the resonance
wavelength. With a diffraction grating, diffracted light have maxima at angles
given by θm = arcsin(mλ

d
− sinθi) where m is the order of the diffracted wave, λ

the incident wavelength, d the period of the grating and θi the incident angle. For
a strongly sub-wavelength grating, all but the zero order wave are evanescent at
normal incidence. This means that a lot of potential loss channels (diffraction back
into the air) are suppressed. A way to explain the resonant total absorption is to
consider the temporal coupled-mode theory. This approach used in the following
for resonant modes coupled to plane waves was primarily developed by H. A. Haus
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[172] and extended by S. Fan et al. [173]. This is a powerful tool to analyze
resonant nanostructure array.

Let us consider first a resonant single mode optical system coupled to N in-
put/output channels (monochromatic input wave, time dependence eiωt). The
width of the resonance is assumed to be much smaller than the resonance fre-
quency. The temporal variation of the mode amplitude is written as a function of
energy dissipation (with a decay rate γ), a dephasing term (jω0) and of the input
wave amplitude In coupled to the system with the coupling coefficient αi

n as:

da

dt
= (jω0 − γ)a +

∑

n

αi
n.In

The amplitude a is defined such that |a| 2 is the energy in the resonant mode
and with this notation, the total decay rate of the energy stored in the system
is 2γ. Under illumination, our system can either absorb light (non-radiative loss
channel, radiative decay rate γnr) or scatter light in the whole upper half-space
(radiative loss channels). In ensembles of resonant nano-particles with subwave-
length period, all but one radiative loss channels are suppressed. Then the two
only loss channels are absorption (non-radiative decay rate γnr) and specular re-
flection (radiative decay rate γr). Following the derivation from S. Fan et al. [173],
the temporal coupled mode theory gives the absorption intensity in the slab as a
Lorentz function:

A(ω) =
4γnrγr

(ω − ω0)2 + (γnr + γr)2
(3.2.1)

Perfect optical absorption is achieved when the critical coupling condition γnr = γr

is fulfilled.
This theory can be applied to the asymmetric resonator (no transmission) case of

Cattoni et al. If we control the coupling of the incoming and out-coming waves, it
is possible to put these waves in phase opposition for the same amplitude, leading
to a perfect absorption. The free-space (radiative) coupling can be tuned by the
fill factor w/d in order to fulfill this condition.

The fundamental (m = 1) and second-order (m = 2) absorption resonances can
be fitted by the Lorentzian function of Eq. 3.2.1 and the radiative and non-radiative
decay rates can be determined for each angle of incidence. The experimental
results are plotted in Fig. 3.2.2b,c. For the fundamental mode (m=1), γnr and γr

are nearly equal. This illustrates the nearly perfect absorption achieved at any
incidence angle (3 °-60 °), as shown in the angular diagram. For the the second-
order resonance, the critical coupling condition γnr=γr is obtained between 45 °
and 50 °. The angular diagram shows the high-directivity absorption exhibited by
the second-order mode.

55



Chapter 3 Nano-photonic and plasmonic: tools and concepts

3.2.5 State-of-the-art: 2D - Metal/insulator/metal (MIM)
structure and omnidirectional total absorption

The experimental validation of omnidirectional, polarization independent optical
total absorption for 2D-MIM structures has been reported in the paper of Cattoni
et al. [165] but also in the paper of Liu et Giessen [167] for instance. Fig. 3.2.3b
and Fig. 3.2.3a represents their respective structures and the associated optical
response as the function of the angle and the wavelength. The structures display
very intense measured peaks of absorption (absorption superior to 90 %) that are
independent from the polarization and from the angle of incidence (in particular,
the results of the TE polarization are displayed in Fig. 3.2.3.
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Figure 3.2.3: Example of 2D-MIM structure (a) from Liu et Giessen [167] and its
absorption spectrum as a function of the angle of incidence and the
frequency in TE polarization; (b) from Cattoni et al. [165] at LPN
in inset, with the reflectivity spectrum as a function wavelength and
as a function of the frequency and the wave vector in TE polariza-
tion; (c) from Aydin and Atwater [174] and its calculated broadband
total absorption spectrum as the function of the polar angle and the
wavelength.

A 2D crossed-grating MIM design that displays a broadband absorption spec-
trum is the proposition by Aydin and Atwater [174] in Fig. 3.2.3c. In their case, the
structure is a 2D-crossed trapezoidal silver array (100 nm-thick) / SiO2 (60 nm-
thick) / silver mirror stacking. It features a high broadband absorption spectrum

56



3.3 Plasmonic in the visible for gallium arsenide and silver

in the visible range, independent from the polarization and the angle of incidence.
The broadband and polarization-independent resonant light absorption over the
entire visible spectrum has a measured average of 0.71 and simulated average of
0.85 in the λ = 400–700 nm. All the absorption occurs in the metal in this case
and the structure allows strong absorption in very small volumes. This structure
features properties interesting for solar cell application.

3.3 Plasmonic in the visible for gallium arsenide and

silver

In the previous section, we have detailed a certain number of properties of MIM
nano-cavity arrays. Let’s now take a closer look to the optical properties of GaAs
and silver in the visible range. The main difference compared to the previous
sections is that the dielectric (k ≃ 0) is replaced by a semi-conductor (a priori
absorbing). Now, while the SPP propagates, light is also absorbed in the semi-
conductor.

Let us consider the couple gallium arsenide and silver (GaAs/Ag). The refractive
indices are taken from [69] and [175], respectively. Fig. 3.3.1 represents the real
part of the effective index neff = kspp

k0

(kspp as defined in Eq. 2.5.1) as a function
of the wavelength for three cases: a vacuum/Ag interface, a GaAs/Ag interface
and a Ag/GaAs/Ag guide (this last case is calculated with the analytical formula
of [176] for a gap of t = 50 nm and t = 25 nm). The effective index increases
strongly from the vacuum/Ag interface to the a GaAs/Ag interface. For the GaAs
waveguide case, the smaller the waveguide, the stronger the plasmon coupling and
the higher the effective index. In the GaAs/Ag case, the plot displays a pike for
the real part of the effective index at λ = 600 nm. Practically, the SPPs do not
exist below this wavelength for the GaAs/Ag interface.

For the couple GaAs/Ag, Eq. 2.5.6 and Eq. 2.5.7 allows us respectively to cal-
culate the propagation length and the confinement of the SPP at λ =760 nm, the
values are ΛGaAs/Ag = 400 nm, δGaAs = 32 nm and δAg = 16 nm.
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Figure 3.3.1: (a) Three cases: a vacuum/Ag interface, a GaAs/Ag interface and a
25nm-thick Ag/GaAs/Ag guide (b) Real part of the effective index
(neff = kSP P

k0

) of the SPP mode as the function of the wavelength for
the three cases described in (a).

3.4 RETICOLO code: exact Maxwell equation solver

Electromagnetic simulation of sub-wavelength metallic grating takes a great space
in this manuscript. In our case, numerical calculations are performed with the
software developed by P. Lalanne and J.P. Hugonin at the Institut d’Optique.
This is a software written in the MATLAB language. Our version of Reticolo has
been provided by Philippe Lalanne and Christophe Sauvan for applications to 2D
MIM nano-cavity array solar cells.
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3.4.1 Principle

Reticolo software relies on the determination of electromagnetic fields from Maxwell
equations. In brief, the software implements a frequency-domain modal method
known as the Rigorous Coupled Wave Analysis (RCWA) developed by Moharam
and Gaylord [177–179]. The structure of the problem, represented in Fig. 3.4.1, is
defined by a stack of n layers on a substrate. Each layer can be structured in the x
and y directions. All gratings have all identical periods in the x- and y-directions.
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Figure 3.4.1: Schematic of the RETICOLO input structure.

The RCWA relies on the computation of the eigenmodes in each layers of the
grating structure in a Fourier basis (plane-wave basis) [180]. Once the eigenmodes
are known, the mode amplitudes in the different layers are calculated using a scat-
tering matrix approach. The Reticolo code then calculates the absorption fraction
in each layer of the system but it also provides electromagnetic field calculations
in each point of the structure [181].

The RCWA is a relatively straightforward technique for obtaining the exact so-
lution of Maxwell’s equations for the electromagnetic diffraction by grating struc-
tures. It is a deterministic technique utilizing a state-variable method that con-
verges to the proper solution without inherent numerical instabilities. The accu-
racy of the solution obtained depends solely on the number of terms in the field
space-harmonic expansion, with conservation of energy always being satisfied.
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3.4.2 Input parameters

Fig. 3.4.1 shows an example of a multilayer structure that can be simulated with
Reticolo. The first parameter needed is the number of layers n in the stack. For
the version of Reticolo code used during this thesis, n was limited between 1 and
6. Once the number of layers is defined, we have to enter the thickness of each
layer in the stack (h1, h2,..., hn).

Each layer can be structured or not. For each layer a, the optical constants na

and nam are required. The grating is also characterized by its geometry (1D or
2D) and its geometrical parameters (period p and diameter d of the structured
zone). The wavelength range, the incident light angle (from 0 to 90 °) in either
the (x,z) or the (y,z) plane as well as the polarization (TM or TE) are also input
parameters. Finally, we have to give the number of Fourier harmonics along x (Mx)
and y (My) axes retained for the computation. This parameter is very important
in particular for 2D structures where more Fourier modes are determinant for
the accuracy of the solution. An option allows to choose between the following
calculations: 1) total reflection (R0) only; 2) R0 and absorption fraction in each
layer; 3) electromagnetic field intensity calculation on each point of the structure.

3.4.3 Application to this manuscript

In our case, the principal use of RETICO is to simulate 2D MIM nano-cavity
array solar cells, similar in structure to Fig. 3.2.1. The most standard calculation
is to determine the absorption in each layer of the stack. In particular, it allows
to compute the absorption fraction within the semiconductor absorber layer as
the function of the wavelength and to calculate the predicted short-circuit current
density of the cell. The values of the absorption fraction in each material of the
system also enables an analysis of the absorption losses in the solar cell and to
distinguish the different sources of losses: spacing layers, doped layers, metallic
grating, back mirror.

In our study, we consider periods as small as 150 nm. RETICOLO is probably
one of the only code able to converge for this kind of structures. All the calculations
presented in this manuscript were made for 25 or more Fourier terms along the
grating direction(s) to ensure the convergence of the calculation. As implicitly
said in the previous section, we limit ourselves to geometries symmetric in both x
and y direction to accelerate the performance and the stability of the calculation
[182]. With my computer (8 core at 2.3 GHz, 24 Gb of RAM), the standard
absorption calculation with 25 Fourier terms take about 68 seconds per wavelength
at normal incidence. For a standard spectrum of 100 points, this means a bit
less than two hours per spectrum. It has two consequences. First, considering
the number of parameters, we can hardly use an optimization routine (genetic
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algorithm for instance) for our structures. Second, we limit ourselves to square
nano-particles and do not consider in a first intention exotic geometries such as
trapezoidal particle, although undoubtedly interesting for our application (see for
instance the paper of Aydin and Atwater [174]).

3.5 Conclusion

This chapter has highlighted some of the properties of the SPPs and the MIM
structure. This study is the building block for the construction of our designs and
for the Ag/GaAs/Ag metal/semi-conductor/metal structure studied in Chapter 4
in particular. The periodicity of the array is critical for the absorption mecha-
nism. For instance, the array should be strongly sub-wavelength to cancel the
propagation of all but zero-order diffracted light, an important aspect to fulfil the
critical coupling condition. The thickness of the semiconductor layer is also very
important, as it allows us to vary strongly the effective index of the coupled SPP
mode. For an Ag/GaAs/Ag, the effective index reaches interestingly high values
for low thickness of GaAs (typically 25 nm). In the next chapter, we apply the
MIM structure to an ultra-thin GaAs layer.
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4.8 Performances and comparison to literature . . . . . . . . . . . . . . 92
4.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.1 Introduction

To introduce the metal/semi-conductor/metal (MSM) nano-cavity arrays for light
trapping (in reference to metal/insulator/metal - MIM resonator of Chapter 3), we
use a model material to play the role of the active medium in our structure. In our
case, this material is gallium arsenide (GaAs). The main reasons being its ideal
character to make solar cell (low volume recombination rate, adapted band gap
for single junction solar cell) and the extent of data (both optical and electronic)
and expertise (technological knowledge in growth and process of III-V materials
at LPN) about GaAs.

The principle of our light management scheme is to use multi-resonant periodic
metallic arrays based on localized resonances. In this chapter, based on numerical
electromagnetic calculations, we are evaluating the potential of this MSM nano-
cavity array design in the case of a ultra-thin GaAs layer as a light management
for ultra-thin solar cell. The goal of the electromagnetic simulations in this chapter
are enlightening three main points:

• The performance of this design as an efficient light trapping for solar cells.

• The rules, models and guidelines to optimize this design.

• The unique properties in terms of nano-photonic concepts.

The nature of this study is ambitious, both from a solar cell application and from
a nano-photonic point of view. We focus here first on an optical point-of-view and
not on a complete device simulation. Therefore, the structures in the following
sections do not always describe actual solar cells as we aim deliberately towards
ultra-thin semi-conductor layers. This approach is against the tide of the classic
light management approach on solar cells. These structures give access nonetheless
to results, explanations, properties and rules of optimization about this broadband
absorption design that can be later adapted to real solar cells.

4.2 Optical indices and approximations

We need to select the refractive index of the different materials included in a
GaAs solar cell. These indices affect the electromagnetic fields in the structures
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and therefore the absorption mechanisms. Nevertheless, the choice is arbitrary as
we are not immediately trying to fit experimental measurements. For the following
paragraphs, common refractive indices are used to ease the comparison between
different studies:

• Gold (Au) and silver (Ag) from Johnson and Christie [183].

• Zinc sulfide (ZnS - cubic), magnesium fluoride (MgF2 - tetragonal, ordinary
index) and cubic gallium arsenide GaAs from Palik [69].

To simplify and to exploit efficiently an already optically complex structure, we
are considering a simple model for the GaAs solar cell. In this study, the GaAs
region is considered as a homogeneous intrinsic medium with no barrier layers nor
doped layers. The absorption in these layers do no contribute to effective carrier
generation and have optical data similar to GaAs (optically negligible change if we
do not consider in a first approximation the bandgap shift due to doping). Conse-
quently, the theoretical short-circuit current is here calculated from the absorption
in the GaAs layer.

Moreover, some electric contacts are absent of the described solar cell structure.
This last point however, is consistent with the fact that the typical periods of the
metallic arrays described below are much smaller than the period of a solar cell
grid. Hence, the two elements have a very limited interaction optically. Finally,
each component of the structure is considered as ideal and non-oxidized.

4.3 Reference GaAs solar cell

The purpose of this section is to build a reference for this study. The idea is
to simulate state-of-the-art record GaAs solar cell and to evaluate its theoreti-
cal short-circuit current. Afterward, the impact of a thickness reduction on the
theoretical short-circuit current is evaluated in order to give a basis for future
results.

The reference GaAs solar cell structure depicted in Fig.4.3.1 is considered: a
GaAs thin-film on a Au back mirror with an anti-reflection coating composed
of 109 nm-thick MgF2 and 63 nm-thick ZnS layers. The two last layers act as a
double-layer anti-reflection coating (DARC). Gold acts as an efficient mirror in the
visible range and as a good ohmic contact with GaAs.

65



Chapter 4 Metal/Semi-conductor/Metal (MSM) nano-cavity arrays for
broadband multi-resonant absorption in ultra-thin GaAs layer
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Figure 4.3.1: Structure of the reference GaAs solar cell. It is composed of an
active region of GaAs of thickness ranging from 1 µm to 25 nm. The
back mirror is composed of gold and the double-layer anti-reflection
coating (DARC) is composed of 109 nm-thick MgF2 and 63 nm-thick
ZnS layers.

The GaAs thickness is now taken from 1 µm (in reference to conventional GaAs
solar cell) to 25 nm and we compare the performance of the different structures.
Fig. 4.3.2a shows the absorption spectra in the GaAs for each absorption thick-
nesses. These simulations are compared to the external quantum efficiency of the
record GaAs solar cell from Alta Devices (dashed black curve, data extracted from
[184]). The table of Fig. 4.3.2b lists the calculation of the theoretical short-circuit
currents for each thickness of GaAs. Note that the DARC thicknesses have been
optimized for the thickest (1 µm-thick) GaAs structure in order to give the highest
short-circuit current. Each thickness of GaAs would naturally need a proper opti-
mization of the DARC. However, for comparison purpose, we keep this geometry
for all GaAs thicknesses.

1 µm of GaAs can absorb most of the light available under the maximum of the
solar spectrum (over 95% absorption in the 450-800 nm range). This is consistent
with the fact that the absorption depth for GaAs below λ = 870 nm is always
inferior to twice the GaAs thickness (2 µm, back and forth in the GaAs here) as
seen in Fig. 6.1.2. We note here also that the absorption in the GaAs layer strongly
decreases below λ = 450 nm. This is due to the parasitic absorption of the DARC.
The 1 µm-thick GaAs structure a calculated value of Jth = 30.5 mA/cm2. This
value is in the same range than the value of record GaAs solar cell [21, 23]. The
red simulated curve is also in quantative agreement with the EQE of the record
GaAs solar cell from Alta Devices. In GaAs solar cells, the collection of charges is
excellent. This legitimates the assimilation of the EQE to the absorption spectrum
for the calculation of the short-circuit current on our study.

When the thickness decreases to 500 nm, the absorption spectrum drops of an
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average 15 % for wavelength over λ = 750 nm but stays in average the same below.
The theoretical short-circuit current reaches value of Jsc = 27.7 mA/cm2. The gold
back mirror allows to double the optical path in the structure. Yet, some photons
in the red part of the spectrum are not absorbed.
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Figure 4.3.2: (a) Absorption spectrum in the GaAs region for the structure de-
picted in Fig. 4.3.1. Each colored curve represents an absorption
spectrum for a given GaAs thickness, ranging from 1 µm to 25 nm.
These simulation are compared to the external quantum efficiency of
the record GaAs solar cell from Alta Devices (dashed black curve,
data extracted from [184]) (b) Table of the theoretical short-circuit
current calculated from each absorption spectrum of (a).

The absorption spectrum begins to drop severely for thicknesses thinner or equal
to 100 nm. For a 25 nm-thick GaAs layer, the absorption reaches a maximum of
50 % and the short-circuit current has dropped down to Jsc = 9.5 mA/cm2. This is
diminution of 70 % in the short-circuit current value compared to the 1 µm-thick
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structure. For this range of thickness, the active region is simply too thin to absorb
light efficiently.

4.4 One-dimensional (1D) nano-cavity array

structure

4.4.1 Description of the structure

To demonstrate the multi-resonant absorption in a 25 nm-thick GaAs layer, the
structure depicted in Fig. 4.4.1 is considered. It is composed of a 25 nm-thick GaAs
layer on a silver mirror. The array is made of a periodic repetition of silver wires
(supposed infinite along their length and the y axis). In the following section,
a reference set of geometrical parameters is taken: period p = 200 nm ; width
w = 100 nm; thickness t =15 nm. The term «fill factor» of the grating is define
by: fill factor = width

period
. This set of array is the result of optimization, discussed

later in this chapter, whose objective is maximize the theoretical short-circuit
current. This 1D array is the first «brick» of our light trapping structure and is
the simplest design to explain. It is the first step to the comprehension of the
absorption mechanisms at stake. This structure is polarizing but it is generalized
to a 2D structure later in this chapter. First, we only consider the TM polarization.

Ag
GaAs 25nm

Ag

h : Active GaAs layer thickness
t :Silver dot thickness

p: Period  w :Width
z

xy

Figure 4.4.1: 1D MSM nano-cavity array structure. It is composed of a 25 nm-thick
GaAs layer, a silver mirror and a metallic array of one dimensional
(i.e. infinite along their length and the y axis) silver wires array. The
parameters of the array are: period p = 200 nm; width w =100 nm;
thickness t = 15 nm.

4.4.2 Absorption spectrum for the one-dimensional array

The absorption spectra of the 1D GaAs structure is plotted in Fig. 4.4.2 in TM
polarization (magnetic field parallel to the y axis) and normal incidence. The
blue and the red curves represent the total absorption and the absorption in the
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GaAs layer, respectively. The difference between these two curves represents the
absorption in the other layers, i.e. in metal. It is compared to the absorption of the
reference 25 nm-thick GaAs solar cell of Fig. 4.3.1 (in black) and to the absorption
in a 25 nm-thick GaAs film on a silver mirror with no structures (dashed line).
The solar irradiance spectrum is plotted in gray. The electronic band gap of GaAs
is represented in gray at λ > 870 nm.

The absorption spectrum is multi-resonant. One can distinguish mainly three
absorption peaks at λ = 560 nm (resonance E), λ = 675 nm (resonance D) and
λ = 760 nm (resonance C). Here are listed the main properties of this spectrum:

• The absorption in GaAs is above 70 % in the λ = 500 − 800 nm range due
to the multi-resonant mechanisms, right under the maximum of the solar
spectrum. Despite their relative sharpness, three different resonances next
to each other to broaden and raise the absorption spectrum compared to the
reference solar cell.

• The absorption in the metal remains very low (maximum < 15 %) over the
whole absorption spectrum, even with the presence of metallic nanoparticles
on the front of the structure.

• Without any anti-reflection coating, there is almost no reflection at the res-
onant wavelength. This means that the structure allow an optimal coupling
of light from the free space to the structure.

• The low absorption occurring between λ = 300 nm and λ = 400 nm is mainly
due to the fact that the reflection coefficient between air and gallium arsenide
is high at this wavelength (R =

∣

∣

∣

nGaAs−nair

nGaAs+nair

∣

∣

∣

2 ≈ 0.50 at λ = 350 nm). In this
region, no mechanism is present to reduce the reflectivity, yet.

Moreover, in this process, compared to the reference solar cell, the maximum
of absorption has moved from λ = 450 nm to beneath the maximum of the solar
irradiance spectrum, yet still below the gap of the gallium arsenide. The maximum
of the structure match spectrally with the peak that appears on the dashed black
curve at λ = 650 nm. In the case of the sole GaAs layer on the silver mirror, this
resonant phenomenon is well known: the GaAs acts as a cavity that resonates
accordingly the thickness of the layer. The 1D GaAs structure displays however
two additional peaks that are not yet explained.

The design displays a surprising absorption spectrum. It offers a significant
increase in absorption compared to the reference GaAs solar cell and compared to
a simple GaAs layer on a silver mirror. We now look deeper in the analysis of the
absorption mechanisms to understand the origin of the multi-resonant absorption
mechanism.
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Figure 4.4.2: Simulated optical absorption in the 25 nm-thick GaAs active layer
design depicted in Fig. 4.4.1, in TM polarization and at normal inci-
dence. The blue and red curves represent the total absorption and
the absorption in GaAs respectively. The difference between these
two curves represents the absorption in the other layers, i.e. in the
metal. It is compared to the absorption in GaAs of the reference
25 nm-thick GaAs solar of Fig. 4.3.1 (in black) and to the absorp-
tion in a 25 nm-thick GaAs film on a silver mirror with no structures
(dashed line). The solar irradiance spectrum is plotted in gray. The
electronic band gap of GaAs is represented in gray at λ > 870 nm.

4.5 Resonant absorption mechanisms analysis

Let us analyze the origin and the nature of the three resonance peaks.

4.5.1 The Fabry-Perot model

To model this multi-resonant spectrum, we describe each resonance as a Fabry-
Pérot cavity of size h as depicted in Fig. 4.5.1. In this model, λ is the wavelength,
(n + ik) the complex refractive index of the mode, r1 and r2 are the reflection
coefficients at the boundaries of the resonator and φ1 and φ2 the phases induced
by these two reflections (φ1 = arg(r1), ...). The resonance condition for a Fabry-
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Pérot resonator can be expressed as follows: 1 − r1r2e
2ikfph+φ1+φ2 = 0 where kfp =

2π(n + ik)/λ is the wave vector. The resonance condition can be expressed as:
4πhn/λ+φ1+φ2 = 2πp where p is a integer ( p=0, ±1, ±2...). For a given resonance
wavelength λres, the size h of a resonator is therefore given by the expression:

h = λres
2πp − (φ1 + φ2)

4πn
(4.5.1)

For a symmetric non-absorptive Fabry-Pérot resonator, we have φ1 = φ2 = 0
for a resonator surrounded by air and φ1 = φ2 = ±π when surrounded with an
«ideal» metal. In these cases, the resonance condition gives h = λres

p
2n

.

Figure 4.5.1: Schematic of a Fabry-Pérot cavity of size h. kfp = 2π(n + ik)/λ is
the wave vector, λ is the wavelength, (n + ik) the complex refractive
index of the mode, r1 and r2 are the reflection coefficients at the
boundaries of the resonator and φ1 and φ2 the phases induced by
these two reflections.

We first consider a Ag/GaAs/Ag resonator. To resonate around λres = 700 nm
for an refractive index of n = 3.5 (GaAs), the size of resonator should be at least of
h = 100 nm for the first-order resonance (p = 1). This does not fit with our 25 nm-
thick GaAs layer. To explain this in the Eq. 4.5.1, we need either to increase the
refractive index or to take into account the real phase at the reflection to decrease
the size of the resonator.

Moreover, for a size of resonator of h = 100 nm, the first-order effectively res-
onates at λres1 = 700 nm and the second-order resonates at λres2 = 350 nm. We
see that the large separation between the two resonances of this mechanism cannot
explain the multi-resonant absorption spectrum of Fig. 4.4.2. There must be three
different cavities to induce such close absorption peaks.
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The first apprehension of this simple model has highlighted paradoxes in this
structure: a cavity that small should not resonate at this range of wavelength and
should not display such close resonance peaks in this range of wavelength. In the
next sections, some refinements are given to explain this phenomenon.

4.5.2 Resonance C: horizontal Fabry-Pérot MSM cavity

The resonance mechanism at λ = 760 nm is very similar to the MIM resonator
described in Chapter 3 and sketched in Fig. 4.5.2a. It is based on two surface
plasmons at the two GaAs/Ag interface that couple together. In this case, the
wave vector becomes high and we can define the effective index of this mode as
neff = kSP P

k0

with k0 = ω
c

= 2π
λ

and kSP P the wave vector of the plasmonic mode.
The closer the two metallic interfaces are, the higher the effective index. We can
compute the effective index neff of the coupled plasmons (in the configuration
Ag/GaAs/Ag) mode as a function of the wavelength to estimate the size of the
resonator (seen in Chapter 3 and recalled in Fig. 4.5.2b). At λ = 760 nm, neff ≈ 10
for this mode and stays very high (neff ≈ 6) in the near infra-red region. The
confinement and the coupling of the two plasmons increase the effective index of
the mode and therefore decrease the size of the cavity in Eq. 4.5.1.
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Figure 4.5.2: (a) Schematic of the horizontal Fabry-Pérot MSM cavity. (b) Effec-
tive index neff of the coupled plasmons mode (in the configuration
Ag/GaAs/Ag waveguide) as the function of wavelength for a 25nm-
thick GaAs film.

The coupled mode propagates along the interfaces and is partly reflected at the
end of wire, forming a cavity. The size of the wire is the size of the Fabry-Pérot
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resonator. Contrary to Chapter 3, the spacer is not a dielectric but a absorptive
media. Therefore, we expect to have a significant absorption in the GaAs layer.
In a first approximation, we take φ1 = φ2 = 0. For p = 3, Eq. 4.5.1 gives a size of
resonator of h = 110 nm at λres3 = 760 nm, which is consistent for our geometry
(the wire width is about 100 nm). The non-perfect agreement between the width
of the cavity and the simple Fabry-Perot model is attributed to phase shifts at the
edges of the wire. Using the same calculation the second-order (p = 2) and first-
order (p = 1) are expected at λres2 = 880 nm (for neff ≈ 8) and λres1 = 1540 nm
(for neff ≈ 7), respectively.
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Figure 4.5.3: Total absorption of the structure depicted in Fig. 4.4.1 at normal
incidence (plain black) and 30° incidence angle (dotted black). The
red curve represents the absorption in GaAs at normal incidence. We
can labeled two extra absorption peaks above the gap of the GaAs:
C2 at λ = 945 nm and resonance C1 at λ = 1590 nm.

There are indeed three similar MIM resonances in the structure. Fig. 4.5.3 repre-
sents a larger spectral view (in particular the region of energies below the gap of the
GaAs) of the absorption spectrum plotted in Fig. 4.4.2, for normal incidence and
a 30° incidence angle. In particular, two additional resonances are present above
the GaAs band gap: C2 at λ = 950 nm (only appearing at off normal incident
angles) and C1 at λ = 1590 nm. These values are coherent to those expected from
the Fabry-Pérot model. In Fig. 4.5.4, schematics of the different resonant mecha-
nism are presented for each resonance wavelength. Moreover, the |H|2 (magnetic)
and |E|2 (electric) field intensity map are represented at each resonant wavelength.
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Either |Ex|2 or |Ez|2 field intensity map is added depending on the vertical or hori-
zontal nature of the resonance, respectively. Each field intensity map is calculated
at normal incidence except for the C2 resonance, calculated at 30°. Additional
electromagnetic field intensity maps can be found in the appendix. We verify from
the magnetic field intensity maps in Fig. 4.5.4 that resonances C1 ,C2 and C3 fit
the description of the orders 1,2 and 3 respectively of the same Fabry-Pérot mode
(p = 1, 2, 3 corresponding to the number of lobes in the |H|2 field intensity map).
Moreover, the main contribution to the global electric-field is made on the vertical
direction (|Ez|2), indicating the horizontal propagation of the mode. Resonances
C1 and C2 are similar to the two resonance of the MIM structure described in
Chapter 3. Due to the mirror symmetry of the antenna in the x direction, the
resonant modes either have an even (m = 1) or an odd (m = 2) amplitude pro-
file. At normal incidence, the incident plane wave has an even amplitude profile
and cannot couple to the second-order mode: the radiative decay rate vanishes at
θ = 0 ° for m = 2.

c3

C2

C1

Figure 4.5.4: Schematic of the absorption mechanism (left column) and electro-
magnetic (|E|2 and |H|2) field intensity maps at the resonant wave-
length of each peaks plotted in Fig. 4.5.3. Either |Ex|2 or |Ez|2 field
intensity map is added depending on the vertical or horizontal nature
of the resonance, respectively. Each field intensity map is calculated
at normal incidence except for the C2 resonance, calculated at 30°.
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4.5.3 Resonance A et B: vertical Fabry-Perot cavities.

We group here the study of resonances A (at λ = 560 nm) and B (λ = 675 nm)
as their resonant mechanisms are similar. Even without the metallic array, the
absorption spectrum of a 25 nm-thick GaAs exhibits already a resonance around
λ = 650 nm (see the dashed line in Fig. 4.4.2 representing the absorption of a 25 nm-
thick GaAs film on a silver mirror). As stated before, the resonant absorption can
be modeled as a Fabry-Perot cavity inside the 25 nm-thick GaAs layer. However,
this is counter intuitive as we have seen that we expect the smallest resonator to
be classically of a size of 100 nm in order to resonate around 600/700 nm.

To explain this phenomenon, let us take a look at the phase shift calculated
analytically of the electric field a the GaAs/Ag interface, plotted in Fig. 4.5.5 as
a function of the wavelength. The phase shift value at λ = 600 nm is around
φ = −2π/3 instead of φ = −π that was taken before for an assumed ideal metal
(this assumption is true in the infrared region). In this case, if we assume no
changes for the other interface (Air/GaAs and φ = 0), the resonance condition
gives h = λ

8neff
for p = 1. At λ = 600 nm, a GaAs resonator thickness of about

h = 22 nm is found, matching with our current structure.
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Figure 4.5.5: Phase shift φ/π of the electric field at a GaAs/Ag interface as the
function of the wavelength.

With the metallic grating, this cavity is in principle still present. Around λ =
600 nm however, two distinct peaks can be observed. When we calculate and plot
the electromagnetic field intensity maps (see Fig. 4.5.4 for resonance A and B),
we observe that here is in fact two different behavior A (at λ = 560 nm) and B
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(λ = 675 nm) with a maximum of the electromagnetic field located in the GaAs
layer.

The first resonator correspond to the vacuum/GaAs/Ag cavity, located between
the metallic stripes at λ = 775 nm (as represented in the schematic of Fig. 4.5.4
labeled here resonance B). The mode is completely localized and confined and
displays one lobe as expected. The main contribution to the global electric-field
is the horizontal component (|Ex|2), justifying the fact that the mode resonates
vertically inside the GaAs layer.

The other resonance (A at λ = 560 nm) is of the same nature as resonance B
(see in Fig. 4.5.4). The maximum of the electromagnetic field is localized directly
below the metallic wires in an Ag/GaAs/Ag cavity. The resonator is modeled
schematically as before with a different upper boundary condition. This increase in
the phase value make the absorption peak blue-shift for the same size of resonator
according to the equation 4.5.1. This is indeed what we observe in the absorption
spectra between resonance B and A. The main contribution to the global electric-
field is also made on the horizontal direction (|Ex|2).

4.5.4 Influence of the wire width

To go further, the wire width w is varied to study the behavior of the resonance
peaks. In Fig. 4.5.6, the spectral position in energy of the maximum of each res-
onance peak is reported as a function of the silver wire width w. The blue peaks
(C1 ,C2 and C3) shift accordingly to the variation of the wire width (i.e. the size of
the resonator) contrary to resonances A and B. This is compatible with the model
of Fabry-Pérot MSM cavity mode that propagates horizontally in the GaAs film.
Higher orders of the MIM (p = 4, 5) also appear for larger wires (>140 nm).

The ratio of the spectral position of the peak C3 compared to the wire width
reaches in this case a maximum of τ = 5 nm/nm. This is a acceptable toler-
ance for future technological fabrication of the array by electron beam lithography
(nanometer resolution, see Chapter 5).

As expected, we see that resonance A and B are nearly independent of the wire
width. This parameter (coupled with the fill factor) only confines more or less the
mode of resonances, affecting slightly the spectral position of the peaks.

4.5.5 Influence of the GaAs thickness

Fig. 4.5.7 represents the spectral position of the maximum of the absorption peaks
as a function of the GaAs thickness. In this figure, the MSM resonances C1 ,C2

and C3 do no shift much with the variation of the GaAs thickness. The thickness
of the GaAs layer is not a parameter of the condition of resonance C but a thicker
GaAs thickness decrease the coupling of the two plasmons and the effective index,
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Figure 4.5.6: Parametric study. Spectral position of the maximum of the absorp-
tion peaks as a function of the silver wire width w at a fixed period of
p = 200 nm. The red and the blue curves correspond the resonances
A/B and C1/C2/C3/C4/C5 (p = 1, 2, 3, 4, 5 orders of the MSM reso-
nance), respectively.

leading to a blue shift of the resonance peak. If the gap between the two metallic
interfaces becomes too important (typically over twice 2δGaAs the confinement of
the plasmon in energy, so here twice 50 nm), the coupling of the two SPPs is
probably lost and the MSM resonance no longer exists.

On the contrary, the spectral position of resonances A and B shifts in accordance
with the GaAs thickness, that is the size of the resonator. The ratio of the spectral
position of the peak B compared to the GaAs thickness reaches in this case a
maximum of τ = 16 nm/nm. This gives also a good tolerance for further epitaxial
growing (molecular beam epitaxy resolution in thickness is below the nanometer).

4.5.6 Summary

The nano-cavity array structure induce the resonance of three distinct cavities:

• A plasmonic MSM resonance whose spectral position is defined by the wire
width.

• Two disctinct resonances in the GaAs layer, forming a cavity. Adding the
metallic array allows a splitting of a Fabry-Pérot resonant mode taking place
in the 25 nm-thick GaAs layer. This allows to broaden the absorption spec-
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Figure 4.5.7: Parametric study. The plotted curves correspond to the spectral po-
sition in energy of the maximum of the absorption peaks as a function
of the GaAs thickness. The red and the blue curves correspond the
resonance A/B and C1/C2/C3 (p = 1, 2, 3 order of the MSM reso-
nance), respectively.

trum locally and to achieve a higher absorption. The spectral position of
these peaks is defined by the GaAs thickness.

In conclusion, each cavity is dependent of a single geometrical parameter and is
weakly (or a least dependent at the second order) of the others geometrical param-
eter. With this simple model, it is possible to place each resonance to a desired
spot simply in order to build a broad absorption spectrum. This method allows
to design quickly a preliminary draft of the structure. Of course, the other geo-
metrical are also of importance. A discussion about the full optimization process
is given in the next section.

4.6 Fundamental properties of the structure

4.6.1 Critical coupling condition

In the previous parts, we have analyzed the different resonance mechanisms. In
this section we use the model of the temporal coupled-mode theory to understand
the nearly total absorption seen at each resonance wavelength. In section 3.2.4,
we have introduced this notion. Our array is sub-wavelength in the visible range,
which means that at normal incidence, all but the zero-order diffracted wave are
evanescent. We have therefore two loss channels in our resonant system: non ra-
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diative losses (absorption, decay rate γnr) and radiative losses (reflection, decay
rate γr). For a resonant system that has only two dissipation channels, the tem-
poral coupled mode theory provides the absorption intensity in the system with
the equation:

A(ω) =
4γ1γ2

(ω − ω0)2 + (γ1 + γ2)2
(4.6.1)

where ω is the frequency and ω0 the resonance frequency.
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Figure 4.6.1: Total absorption spectrum (blue) at normal incidence, TM polar-
ization of the structure depicted in Fig. 4.4.1. The additional curves
correspond to the Lorentz fits of Eq. 4.6.1 for each resonance (A,B,C3

and C1).

We can now try to fit the resonant absorption peaks of Fig. 4.5.3. In our case, the
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radiative and non radiative losses γ1 andγ2 play the same role within the equation.
Normally, the equation is only valid for spaced out resonances. This nevertheless
allows to have an idea of the decay rates of each loss channel.

Let us start first with the total absorption spectra, as we treat the system in
its totality (we do not distinguish the absorption in the metal and in the GaAs).
Fig. 4.6.1 corresponds to the four Lorentz fits for each resonance (A,B,C3 and C1)
compared to the total absorption spectrum of 25 nm-thick GaAs structure (normal
incidence, TM polarization) of Fig. 4.5.3.

Resonance wavelength λ = 2π
ω0

(nm) γ1 (ps−1) γ2 (ps−1)
Resonance A 561 205 133
Resonance B 675 140 113
Resonance C3 765 65 32
Resonance C1 1594 43 8

Table 4.1: List of parameters γ1, γ2 and ω0 of the Lorentz fits of Fig. 4.6.1 for each
resonance (A, B, C3 and C1).

First, we see that the resonant peaks are well fitted the coupled-mode theory
model. To have nearly perfect absorption for our three resonances means that
we are close to the critical coupling condition (i.e. γ1 = γ2) for each resonance.
Achieving this critical condition is a key element of our structure from a nano-
photonic point of view. To go further, we extract the decay rates of Eq. 4.6.1 for
each resonance (listed in Table 4.1). Acting on this decay rates with our geometry
is one of the goal of our structure.

To carry out this study to the end, we should distinguish γnr in two compo-
nents: absorption in GaAs and absorption in metal with decay rates γGaAs and
γAg respectively. If we focus on the absorption spectrum in the GaAs layer, the
absorption intensity in GaAs can be written as:

AGaAs(ω) =
4γGaAsγr

(ω − ω0)2 + (γnr + γr)2
(4.6.2)

The three different peaks can be fitted with Eq. 4.6.1 with the decay rates present
in Fig. 4.6.2. However, we need now the same type of analysis for the absorption
in the metal. However, the resonance in the metallic parts is very low and it is
difficult to fit the peaks properly. We lack therefore a method to discriminate the
different components of the non radiative decay rate and to finish this work.
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Figure 4.6.2: Absorption spectrum in GaAs (blue) at normal incidence, TM polar-
ization of the structure depicted in Fig. 4.4.1. The additional curves
correspond to the Lorentz fits of Eq. 4.6.1 for each resonance (A,B
and C3).
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Figure 4.6.3: Total absorption spectra of the 1D GaAs structure at normal inci-
dence and TM polarization calculated for different periods (190 nm
to 250 nm) of the array at fixed width of the particle w = 100 nm.

Anyhow, the dependence of the different decay rates as a function the different
geometrical parameters is crucial. For instance, modifying the fill factor have
also another consequence as seen in Chapter 3 as it allows to tune the free-space
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(radiative) coupling of the MSM resonance. This aspect is illustrated in Fig. 4.6.3:
the total absorption spectra of the 1D GaAs structure at normal incidence and TM
polarization are calculated for different periods of the array at fixed width of the
particle w = 100 nm. As the width of the particle is fixed, the spectral position
of the peaks are constant. However, modifying the period has an effect on the
maximum of the MSM resonance: with a shift of 50 nm in period, the maximum
of the resonance increases of 10 %. This is just an example of the possibilities. This
study would be a very interesting study to pursue. We would have a better control
on the critical coupling condition and we would be able to understand better the
optimization of total resonant absorption.

4.6.2 Absorption in metal

We have seen that we take advantage of mechanisms that induce extremely high
confinement of light (high enhancement of the electromagnetic field) near metallic
parts. Quantifying, understanding and controlling the losses in the metal is really
important. In the spectrum of Fig. 4.4.2, the absorption in the metal remains
constantly inferior to 15 % on the whole spectrum. This is a remarkable and
surprising result: in literature, plasmonic structures often absorb all the light in
the metal ([167, 174]).

Fig. 4.6.4 represents the absorption spectra in each region of the 1D GaAs struc-
ture and in the metallic parts in particular. In fact, the absorption in metal is
also multi-resonant even though the two components (array and mirror) compen-
sate somehow in an average value. Resonance peak A at λ = 560 nm for instance
has been modeled as a vertical cavity below the metallic wires (Ag/GaAs/Ag res-
onator). It is therefore logical to find a corresponding peaks of absorption in the
the array and in the mirror of the same amplitude for this particular wavelength.
Resonance peak B at λ = 675 nm on the contrary is localized between the metallic
wires. We can verify indeed that the absorption in the array does not display any
peak at this wavelength compared to the absorption in the mirror. Eventually,
it is harder to settle to a clear conclusion for resonance C at λ = 760 nm. For
an ideal infinite Ag/GaAs/Ag waveguide (i.e. semi-infinite Ag on both side), we
would have expected the same amount of absorption in both Ag regions. Here,
the absorption is superior in the array. A supposition is that, in our case, the tail
of the SPP of the upper Ag/GaAs boundary may be slightly affected by the edge
of the Ag wire, leading to an increased absorption in the array.
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Figure 4.6.4: Absorption spectra for the GaAs 1D structure depicted in Fig. 4.4.1
as a function of the wavelength. Blue: total absorption. Red: ab-
sorption in the GaAs. Magenta: absorption in the Ag array. Black:
absorption in the Ag mirror (substrate).

In this design, we take advantage of several factors to limit the absorption in the
metal. First, the coefficient of refraction of silver is very high in the 500-800 nm
range and the imaginary part of the dielectric permittivity of silver is remarkably
low for a metal leading to relatively low absorption (at least for the data of Johnson
& Christy [183]:ℑ(ǫ) ≤ 1.8 on the 300-1000 nm range).

However, let’s consider for instance a Ag/GaAs/Ag cavity. We can calculate
the losses at the reflection at the interface GaAs/Ag Arefl = 1 − R ≃ 10% at
λ = 600 nm with R the Fresnel coefficient of reflection given in Eq. 2.2.1. If we
compare this value to the amount of absorption during the travel of light through
t = 25 nm of GaAs: Atravel = 1 − exp−αt ≃ 10 %, which is approximately the
same value. This means that inside the resonator, the absorption of light in the
GaAs and the metal should be equal according to this simple calculation. This
is however not the case in our simulation of resonance B. The reason is not very
clear and would need a deeper study.

Second, concerning resonance C, we have seen in section 3.3 that the confinement
length of the plasmon in the GaAs is twice the confinement in the Ag (due to a
high index contrast). This tend to localize more the absorption in the GaAs and
to diminish the absorption in metal. Nevertheless, the absorption in the metal for
this resonance is surprisingly low.

Another surprising point, the absorption in metal at λ = 450 nm is almost equal
to 0. Fig. 4.6.5 represents the ǫ”. |E| 2 map (proportional to the absorption, where
ǫ” is the imaginary part of the dielectric constant) for the 1D-GaAs structure at
λ = 450 nm. We can notice that around λ = 450 nm, the absorption in metal
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is very low. This means that the array is almost transparent at this wavelength.
The reason of this low absorption in the metal is therefore not extremely clear and
further study are needed for a good comprehension. One hypothesis is that we use
a very thin array of silver on the front of our structure compared to other MIM
studies [174].

Figure 4.6.5: Absorption map ǫ”. |E| 2 for the 1D-GaAs structure at λ = 450 nm
calculated at normal incidence and TM polarization (arbitrary units).

However, using the data from Johnson & Christy [183] for silver is controversial
for applications to PV systems. As a matter of fact, they lead to sensibly less par-
asitic losses in the metal compared for instance to data from Palik[69]. Fig. 4.6.6
illustrates this issue by comparing the absorption spectra for the 1D GaAs struc-
ture for silver data coming either from Johnson & Christy or Palik. The index of
Palik slightly modifies the position of the absorption peaks. Therefore, we have
changed a little the geometrical parameters of the structure to re-align them on
to ease the comparison (GaAs thickness h = 24 nm; period p = 200 nm; width
w = 90 nm; thickness t = 15 nm for Palik data). This calculation shows that
the absorption in metal is doubled for Palik’s data compared to the Johnson &
Christy case. Consequently, the absorption in GaAs in the Palik case is sensibly
lower than for the J&C case (with no new optimization however) at the resonance
wavelengths. This is particularly true for resonance C3 where the electromagnetic
field is strongly confined.

For this particular peak however, the total absorption is also pretty low. This
is due to a poor coupling for this resonant mode. As a matter of fact, according
to achieve the critical coupling condition of Eq. 3.2.1, we ought to have γr = γnr.
γr is given by the geometry of the array and does not change much in this case.
However, the losses in the metal are increased in the Palik case. Therefore, the non-
radiative decay rate is increased, impacting the absorption intensity. A complete
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re-optimization of the geometrical parameters for the Palik case is necessary to
compare properly the two systems. Nevertheless, this stresses the importance to
have the less absorptive silver during fabrication. This problem is addressed in
Chapter 5.
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Figure 4.6.6: Comparison of the absorption spectra for the GaAs 1D structure with
either Ag data coming from Johnson & Christy [183] or Palik [69].
The blue and the red curve are the total absorption and the absorp-
tion in the GaAs, respectively, for Palik data and for the following
set of parameters: GaAs thickness = 24 nm; period p = 200 nm; width
w = 90 nm; thickness t = 15 nm. The magenta curve represents the
absorption in GaAs for the J&C data and for the set of parameters
of Fig. 4.4.1.

The conclusion of this section can be generalized to different metals. Gold and
aluminum are two candidates to replace silver in our system: the first to obtain
a electronic contact with GaAs and the other one for cost and stability reasons
(compared to silver). However due to higher imaginary parts of their dielectric
permittivity, their use increases the parasitic losses in the metal (at least 20%
more losses for gold). Silver is so far the best metal for our design, at least as far
as our simulations go. We give silver the priority in our experimental fabrication.
The replacement of silver, if inevitable for stability or electronic reasons, calls for
further development and optimization from the optical point of view.

4.6.3 Flexibility and optimization

We have seen with the parametric optimization of Fig. 4.5.6 and Fig. 4.5.7 that
it is possible to tune the position of each absorption peak by adjusting a single
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geometrical parameter (GaAs thickness for resonances A and B and the wire width
for resonance C). Moreover, we have seen that the two main absorption mecha-
nisms are relatively independent from each other. This means that we can place
the absorption peaks at our convenience, i.e right next to each other, under the
maximum of the solar spectrum and below the gap of GaAs. There are enough
degrees of freedom to carry out a efficient optimization.

There are nevertheless a few limitations. For instance, it is impossible to bring
the MSM resonances at low wavelengths. We have seen in Chapter 3 that for
the GaAs/Ag interface, no plasmonic mode can exist below the value of λ =
670 nm. Moreover, it is difficult to control resonances A and B independently as
they depend on the same geometrical parameter. We list a few parameters that
can help in controlling the splitting amplitude of the two resonance for a deeper
optimization:

• Replacing the surrounding medium (vacuum) by another material influence
in principle only the resonance B as the phase value of its upper boundary
varies.

• Changing the thickness of the wire width may affect the phase value at the
upper boundary for the resonance peak A, causing it to shift accordingly.
This parameter will also affect the MIM resonator as a plasmon propagates
as the Ag/GaAs interface of the wire. Anyhow, if the wire thickness is greater
than the evanescent tail of the plasmon in silver (confinement δAg = 16 nm),
we can consider that the plasmon is no longer affected.

• Modifying the fill factor tends to favor the resonance A or B and conversely.
If one of this two modes is strongly confined, it may cause a shift of the
resonance wavelength.

To improve the control over the resonances, the other geometrical parameters are
also of importance. The period for instance must be subwavelength and (at fixed
wire width) is essential to ensure the critical coupling condition as seen in the
previous sections.

We have shown that with a simple structure, we were able to induce a strong
enhancement of absorption in an ultra-thin GaAs layer. Here, we can add that
the design of the geometry can be done for the most part intuitively by using
the Fabry-Pérot model. The other geometrical parameters allow to go deeper in
the optimization as the resonance mechanisms are slightly interlocked with each
other. Anyhow, an effective optimization can be done very quickly and visually
with these few models and construction rules.

Practically, the set of parameter presented here-above is itself the result of an
optimization. If more absorption peaks could be induced (especially higher order
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modes of the MSM resonance), the main criteria is to obtain the largest theoretical
short-circuit current possible (i.e the broader and higher absorption spectrum in
accordance with the solar irradiance spectrum). There is always room for further
optimization. Here, the optimization has been realized by a sequential variation of
the geometrical parameters, mainly relying on the physical comprehension of the
mechanisms at stake to submit a simple model and guidelines for optimization. We
assume that a multiple parameter optimization with a specified routine (genetic
algorithm for instance) would give a better structure in terms of performance but
also a far greater calculation time.

The simplicity of the optimization process offers a welcome flexibility. This has
two consequences. We have seen that the structure is tolerant to potential varia-
tion of the geometrical parameters and of the refractive indices during fabrication,
for instance. Moreover, a re-optimization of the geometrical parameters can be
done quickly to take into account the potential variations during fabrication in
a second run. This is a very important property that leads to the second point.
If this structure is made of GaAs, the absorption mechanisms does not depend
fundamentally on the actual refractive index of GaAs as the fine tuning of the
absorption peaks is made by according geometrical parameters. This means that
it is possible to imagine this design for other materials (with refractive indices in
the same range of GaAs) by means of another optimization of the geometrical pa-
rameters. Further developments and application to GaSb and CIGS are presented
in Chapter 6.

4.6.4 Study of the angular dependence

We have stressed before the importance of angle independence for solar cell appli-
cations. One can investigate this attribute by calculating and plotting the GaAs
absorption of the 1D GaAs structure as a function of the incident angle in TM
polarization (see Fig. 4.6.7). The three absorption peaks are nearly independent
of the angle of incidence, up to at least 60 °. A small blue shift appears (40 nm)
for resonance A and B. One can also note the apparition of the second-order mode
of the MIM resonance (C2) at λ = 945 nm.

For incident light angles of 40/50 °, the absorption spectrum seems to broaden.
Fig. 4.6.8 represents the angular diagram of the theoretical short circuit current
(in mA/cm2) for the 1D 25 nm-thick GaAs structure in function of the incident
light angle (in degrees). As expected, the J th increases with the angle. Overall,
the performances of the solar cell are omnidirectional.
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Figure 4.6.7: Total absorption spectrum of the 1D 25nm-thick GaAs structure in
function of the incident light angle (rotating around the y axis) and
TM polarization.
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Figure 4.6.8: Angular diagram of the theoretical short circuit current (in mA/cm2)
for the 1D 25 nm-thick GaAs structure in function of the incident
light angle (in degree).

All the absorption mechanisms of the 1D GaAs structure are localized modes.
This property generally induces an omnidirectional behavior of the absorption. To
give a partial explanation of this phenomenon, let us take into consideration this
question: do we have to be ultra-thin to have this interesting property?

For resonance A and B for instance, we have considered the model of a 25 nm-
thick GaAs Fabry-Perot resonator only at normal incidence. For angle of incidence
θ, the structure of the Fabry-Perot can be depicted as in Fig. 4.6.9. In this model,
the difference of phase between two successive rays is given by:
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∆φ(θ) = k0 2 n t cosθ (4.6.3)

where k0 = 2π
λ

is the wave vector, n the refractive index of the layer (here GaAs),
t the thickness of the layer, and θ the angle of the ray inside the structure. Fur-
thermore, cosθ can be written as a function of θ0 with the Snell-Descartes law
as:

cosθ =

√

1 −
(

nvacuum

n

)

2(1 − cos(θ0)2) (4.6.4)

The resonance condition of Eq. 4.5.1 can therefore be simplified to the expression
λ=t8n

√

1 − (nvacuum

n
)2(1 − cos(θ0)2) for resonance A for instance. For a 25 nm-

thick GaAs cavity, the variation of θ0 from 0 ° to 80 ° only induces a blue shift of
∆λ = 35 nm. We can actually see this shift in Fig. 4.6.7 for resonance A and B.
With such a small shift, the resonance can be considered angle independent. Of
course, the spectral shift increases for larger cavity thickness.

Metal 
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Figure 4.6.9: Schematic of the basic principle of a Fabry-Perot resonator. n is the
refractive index of the layer, t the thickness of the layer, θ the angle
of the ray inside the structure and θ0the incident angle

For peak C, the mechanism is different and directly linked to the MIM structure.
The study of Cattoni et al. (reported in Chapter 3) have already reported that
a MIM resonance is mostly independent from the angle of incidence at least for
impair orders. This is due to the fact that the superposition of the incident plane
wave and the MSM mode is efficient regardless of the angle: the direction of
the magnetic field of the incident light remains unchanged with various incident
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angles and it can efficiently drive the circulating currents at all angles of incidence
as explained in references [167, 168]. The angle independence of this mode is
therefore guarantied as long as the mode exists, i.e. for ultra-thin layer thicknesses
with coupled plasmons.

4.7 From 1D to 2D structures: polarization

independence

Previously, we have only considered the TM polarization, i.e. half of the incoming
light because the structure is polarizing. Now, we study the 25 nm-thick GaAs two-
dimensional structure, depicted in Fig. 4.7.1a. The structure is the same as for the
1D structure, except that the metallic dots are square and the periodicities along
the two directions are equal. The parameters of the array are: period p = 180 nm;
width w = 108 nm; thickness t = 25 nm.

The comparison of the absorption spectra in the GaAs of the 1D (blue) and 2D
(red) structure is plotted in Fig. 4.7.1b. The absorption spectra are compared to
the absorption spectra in GaAs of the reference 25 nm-thick solar cell (black), to
the solar spectrum density (gray) and the gap of the GaAs (at 870 nm). The 2D
spectrum is similar to the 1D spectrum and displays the same three resonances.
A small peak appears nonetheless at λ = 730 nm.

The electromagnetic analysis of the different peaks confirms that three peaks are
identical to the 1D structure at normal incidence. The small peak however is yet
unexplained in our model, but harmless from a performance point of view. The
theoretical short-circuit current change from Jth−1D = 17.2 mA/cm2 to Jth−2D =
18 mA/cm2 (plus here, we consider the totality of the incident light).

The main difference from the 1D structure is that the optical is now polarization
independent and the electromagnetic field intensity maps are symmetric along both
directions. Fig. 4.7.2 represents the total absorption spectrum of the 2D GaAs
structure as a function of the incident light angle (rotating around the y axis)
with either (a) the magnetic field H parallel to the y axis (TM polarization) or
(b) the electric field E parallel to the y axis (TE polarization). Below the band
gap of GaAs, the two figures are very similar up to 50 °: all the peaks are angle
independent and the absorption efficiencies are stable. Above this value, for the
TM polarization, the behavior in 2D is similar to the 1D structure: resonances A
and B are broadening and slightly blue shifting.
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Figure 4.7.1: (a) Sketch of the 2D 25 nm-thick GaAs structure. The metallic dots
are square and the periodicity along the two directions are equal. The
parameters of the array are: period p = 180 nm; width w = 108 nm;
thickness t = 20 nm. (b) Compared absorption spectra in the GaAs
layer of the 1D (blue) and 2D (red) structure. The absorption spectra
are compared to the absorption spectra in GaAs of the reference
25 nm-thick solar cell (black), to the solar spectrum density (gray)
and the band gap of the GaAs (above 870 nm).

For the TE polarization, no shift can be noted and the absorption efficiencies
decrease. This is probably due to the fact that the magnetic field cannot drive
the circulating currents efficiently at large angles [168] in TE polarization for this
structure. We can also note that the second order of the MSM plasmonic resonance
C2 is absent for the TE polarization. From now on, we consider this 2D structure
as polarization and angle independent and for theoretical short-circuit current
calculation up to an angle of 50 °.
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Figure 4.7.2: Total absorption spectrum of the 2D GaAs structure as a function of
the incident light angle (rotating around the y axis) with either (a)
the magnetic field H parallel to the y axis (TM polarization) or (b)
the electric field E parallel to the y axis (TE polarization).

4.8 Performances and comparison to literature

To conclude on this structure, the performance of this structure is evaluated and
compared to literature. Assuming a perfect collection of the photo-carriers, one can
compute a value of Jth = 18 mA/cm2 for the 25 nm-thick GaAs 2D structure. This
correspond to a very promising increase of 92 % compared to the reference 25 nm-
thick GaAs solar cell (Jth = 9.4 mA/cm2). It also corresponds to an increase of 45 %
compared to the same structure without the metallic array (Jth = 12.4 mA/cm2)

For GaAs, the only similar numerical structure (in terms of GaAs thickness) is
detailed in the paper of Grandidier et al. [164] (see Chapter 2). Our structure
allows to reach the same value of short-circuit current for a GaAs layer four times
thinner. This can be seen in the fact the dielectric nano-spheres enhance the
absorption very locally and that the enhancement compared to the flat structure
in terms of theoretical short-circuit current is only 10 % (compared to the 92 %
enhancement of our structure compared to the reference solar cell).

From a nano-photonic point of view, table 4.2 estimates the confinement ratio
of the structure. The absorption depth of GaAs (see Fig. 6.1.2) is compared at
each resonance wavelength to the actual GaAs thickness in the structure (25 nm).
This simple calculation shows that the confinement ratio reaches a very high value
of x24 for the MSM resonance. This confirms high confinement of light with a
relatively simple structure.
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Resonance wavelength 560 nm 675 nm 760 nm
GaAs absorption depth 15 0nm 300 nm 600 nm

GaAs thickness 25 nm
confinement ratio x6 x12 x24

Table 4.2: Comparison between the absorption depth of GaAs at the resonance
wavelength (see Fig. 6.1.2), the actual thickness of GaAs in the nano-
cavities array structure (25 nm) and their ratio.

4.9 Conclusion

So far in literature, very few papers have proposed nano-photonic solutions (and
use of metallic arrays in particular) for crystalline materials. Nano-photonics solu-
tions involving high confinement of light and metallic component have the reputa-
tion to induce too much losses induced by the absorption in metal. In this chapter
however, we have demonstrated that this type of design can be a remarkable so-
lution for an efficient light trapping with the nano-cavity array design.

In terms of pure absorption of light, this design has exploited the MIM designs of
literature (Cattoni et al.[165], Liu et al. [167] for instance) and had transposed it to
the visible range, adapting the geometries and adding the value of a multi-resonant,
broadband absorber design. Our design leads to a similar short-circuit current
compared to the structure of Grandidier et al. [164] but for a fourfold thinner
GaAs layer. Another design close to this work is the paper Aydin et al.[174] that
have demonstrated experimentally also a broadband super-absorber in the visible
range with a structure similar to a MSM design. We compare the performances
of our design to this paper in Chapter 5, after optical characterizations of our
samples.

From a nano-photonic point of view, the design is also very interesting. To
have a multi-resonant absorption spectrum in a very sub-wavelength structure is
extremely counter intuitive. The strength of these structures is to display several
absorption mechanism in a very small volume that are practically independent
from one another. The mechanism at stake has been well understood for the most
part and described in this chapter. The absorption in the metal, surprisingly low,
is also a very good surprise. The reason of this low absorption, however, is not
extremely clear and would deserve more study. It is moreover dependent on the
nature of the metal. Probably, concessions in the design, multiple re-optimization
and significant fabrication efforts are required to go further.

First, from a PV point of view, the design answers to every conditions imposed
by the solar irradiance spectrum. The absorption spectrum of the nano-cavities
array design is broadband, high below the maximum of the solar spectrum, and
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angle and polarization independent. Most important of all (and counter-intuitive),
the absorption in the metal remains extremely low, regardless the material and
the design concerned. This property is remarkable and imposes this design as a
solution of first order for solar cells. Globally, the design allow to reduce strongly
the thickness of the absorber and to consider even ultra-thin layers (one or two
order of magnitude below the absorption depth) while preserving a high absorption
and high theoretical short-circuit current.

From an engineering point of view, the rules of optimization are also easy to
establish. Constructing the absorption spectrum is very intuitive as we have en-
lighten several rules and guidelines to manipulate each absorption peaks. The
design can also be applied to different materials from the PV sector. Moreover, in
this design, the active media is kept perfectly flat, making it ideal for crystalline
materials. Finally, given the flexibility of the design, this solution is very robust
to potential fabrication fluctuations in the geometry. This is a very interesting
property for the future fabrication developments of chapter 5.

To go further, we could easily imagine some additional ways to improve the
absorption spectrum. Here is a small list of ideas to investigate in future develop-
ments:

• The structure as presented does not include any anti-reflection coating.
Even-though our structure allows total absorption at the resonance wave-
length, an ARC would give an extra degree of freedom in our design. A
single layer ARC solution is tackled in the next chapter. Yet more efficient
and refined inspired from literature could be considered.

• Adding a degree of complexity, we could imagine for instance rectangular
instead of square particles. With such particles exposed to depolarized light,
we predict the apparition of an extra absorption peak since we would have
now two cavity length for the MSM resonance. The optimization of this
design seem pretty intuitive as we would simply need to vary independently
the two sides of the particle to put the two resonance accordingly.

• Putting things into perspective, it is probable that we could benefit from
a break in the symmetry of our system. Our system of symmetry 4 is
convenient for relatively quick calculations but is in the end a limitation.
Trapezoidal particles, with varying size of the cavity size, would probably be
excellent candidates to broaden the MSM resonance. This have been shown
in the paper of Aydin et al.[174] and their broadband super-absorber (ab-
sorption in metal for other applications than PV). This is definitively a idea
to investigate, although more time demanding.

Eventually, we have stressed out the fact that the designs of this chapter were
mainly to propose optical solutions for solar cells. In fact, a lot a work is remaining
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to adapt this design to solar cells structure. We can list a few starting points: take
into account the several barrier layers from an optical point of view, use a metal
that is the compromise for optical/electronic performance, take into account a
real junction thickness. The only subject of ultra-thin junctions is a problem that
should be tackled on its own right. A coupling between optical simulations and
transport simulations [185, 186] would be a good starting point for the future of
the nano-cavities array design.

However, the fabrication and characterization of optical proof of concept is the
next step of our work. During this chapter, we have highlighted some points that
are to become real challenges to the fabrication of the nano-cavities array design:
the transfer of crystalline layers on alternative mirrors, the optical properties of the
fabricated silver, the technological development for clean-room process to CIGS.
In chapter 5, we tackle these problems encountered during the fabrication of our
samples and their characterizations.
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5.1 Introduction

The aim of this chapter is to demonstrate the broadband multi-resonant absorption
of the 25 nm-thick GaAs design presented in Chapter 4. The first section describes
the fabrication process of the GaAs samples, its constraints and the technological
approach. The second section reports the results of optical characterizations and
the comparison to numerical simulations. Discussions about further characteriza-
tions are presented in the conclusion.

5.2 Fabrication of GaAs demonstrators

The objective is to fabricate the structure of Fig.5.2.1. The structure is composed
of a 25 nm-thick crystalline GaAs layer grown by epitaxy and transferred on a gold
back mirror. The 2D silver array is fabricated by electron beam lithography and
embedded in a ZnO:Al layer. The process is described in the next section.

For technological reasons, the fabricated structure is an Ag/GaAs/Au stacking
instead of the Ag/GaAs/Ag design studied numerically. As seen previously, the
change of back mirror is going to change the optical response and increase the
absorption losses in the metal. We also add a encapsulation layer made of ZnO:Al.
The role and the thickness of the ZnO:Al layer is discussed later in this chapter.

5.2.1 Constraints of fabrication

The realization of nanophotonic and plasmonic structures requires the use of re-
fined techniques in order to approach the ideal structure of the electromagnetic
simulation (Fig. 5.2.1). The control of the geometrical parameters of the array
(period, length, thickness of the metal) and of the surfaces quality is critical.

It is important to be able to fabricate large patterned area. For now, we focus
on achieving at least 2*2 mm2 arrays, a surface that is mandatory for a proper
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Figure 5.2.1: Schematic of the fabricated structure. The structure is composed of
a 25nm-thick crystalline GaAs layer grown by epitaxy and transferred
on a gold back mirror. The 2D silver array is fabricated with electron
beam lithography and embedded in a ZnO:Al layer.

optical characterization on our experimental setup (reflectivity as a function of
the incident angle θ and a resolution of δθ = ±0.5 °).

The realization of large patterned areas implies an excellent control of the ho-
mogeneity of the sample (size of the dots, period). The process must be also very
reproducible and must allow a very low overall roughness (particularly of the metal
film). Furthermore, we would like to avoid the use of nucleation or adhesion layer
of metal on semiconductor that would change the properties of the modes propa-
gating at this interface (increase of the losses). We would like also to be able to
vary and control all the geometrical parameters in order to fit numerical spectra.

5.2.2 Process overview

The fabrication process is based on a layer transfer and a classic lift-off technique.
The different steps are represented on Fig. 5.2.2.

• Fig. 5.2.2a: the active region of GaAs is grown on a GaAs substrate by
molecular beam epitaxy (MBE) with an additional 300 nm-thick etch-stop
layer of Al0.85Ga0.15As. The active region is composed of an intrinsic GaAs
layer of nominal thickness 25 nm.

• Fig. 5.2.2b: a metal deposition Au/Ti/Al (200 nm / 20 nm / 200 nm) by
electron-beam assisted evaporation (PLASSYS MEB 550 SL) is performed on
GaAs layer after chemical deoxidation. For GaAs, the classical deoxidation is
composed of a 5’ HCl bath (concentration = 20 % of the commercial solution),
a 5’ deionized water rinse and a nitrogen drying. From an optical point of
view, only the gold has an optical role as it appears completely opaque to
visible light.

• Fig. 5.2.2c: substrate transfer. The sample is bonded to a Pyrex substrate
via anodic bonding with the aluminum layer.
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• Fig. 5.2.2d: substrate removal. The initial GaAs substrate is chemically selec-
tively wet etched in a ammonium hydroxide/hydrogen peroxide (NH4OH/H2O2)
solution down to the etch-stop layer (Al0.85Ga0.15As). The etch-stop layer is
then removed by chemical etching in hydrofluoric acid (high content of alu-
minum).

• Electron-Beam Lithography (EBL) and lift-off the mask:

– deoxidation of the GaAs surface.

– Fig. 5.2.2e: a 100 nm-thick commercial Poly(methyl methacrylate) (PMMA)
layer resist is spin-coated and cured for one hour at 160°. The resist is
insulated via electron beam lithography: the electronic beam draws the
pattern in the resist.

– Fig. 5.2.2f: the insulated resist is developed in a buffered methyl isobutyl
ketone (MIBK) solution. Residual resist is removed by an O2 reactive
ion etching.

– Fig. 5.2.2g: metal deposition of a 20 nm-thick silver film (electron-beam
assisted evaporation).

– Fig. 5.2.2h: lift-off of the resist in trichloroethylen solvent.

• Fig. 5.2.2i: a 55 nm-thick layer of ZnO:Al is sputtered to complete the struc-
ture. It acts as an encapsulation layer, a transparent conductive oxide and
as an anti-reflection coating.

I have fabricated the samples presented in the rest of this chapter following this
process by myself, except for the GaAs epitaxy and the EBL resource. Additional
details on some critical steps are discussed in the following subsection.

5.2.3 Details of the fabrication process

5.2.3.1 Anodic bonding

Since GaAs is grown by epitaxy on a GaAs substrate, we must perform a layer
transfer to obtain the structure of Fig. 5.2.1. There is a large range of techniques
to bond efficiently a sample to another substrate. The simplest solution is to stick
the sample on a flat substrate such as glass with an adhesive resist (deposited by
spin-coating for instance). However, EBL imposes a constraint: the sample to be
insulated must be globally flat on a centimeter area. To ensure high resolution, the
electron beam is dynamically focused on the surface by a control in height by laser.
This height focusing dynamic is limited for a fixed displacement (less than 100 nm
for a 10 µm displacement). This constraint imposes a strictly controlled bonding
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Figure 5.2.2: Overview of the GaAs sample fabrication process: (a) Molecular
beam epitaxy (MBE); (b) Metal deposition; (c) Anodic bonding on
Pyrex substrate; (d) GaAs substrate removal; (e) Resist spin-coating
(PMMA) and electron beam lithography (EBL); (f) Development of
insulated resist; (g) Metal evaporation of the 20 nm-thick metallic
array; (h) Lift-off; (i) ZnO:Al sputtering.
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technique. In this category, one can choose either eutectic bonding [187, 188] or
anodic bonding [189, 190]. The second constraint is the temperature. At LPN
the temperature of a Au/Au eutectic bonding is around 370 °C, far above the
temperature of diffusion of gold in GaAs for instance [191]. For this reason, a
relatively low temperature bonding is preferred: anodic bonding.

The anodic bonding is a technique used to perform metal on glass or semicon-
ductor on glass bonding. It has been developed at LPN during the PhD thesis of
H. Elfatimi [192] for a bonding between aluminum and Pyrex with strong efforts
to decrease the temperature during the bonding process.

In our setup, anodic bonding consists in slightly pressing a glass containing
a source of mobile ions (Pyrex Corning 7740) and a metal (Al) at a moderate
temperature (160 °C) and a high difference of potential, applied on both sides of
the interface (1700V). This potential has for effect to increase the electrostatic
forces between the two interfaces.

Pyrex is a sodium-rich glass. It contains sodium oxide Na2O that can release
sodium (Na+) and oxygen (O2−) ions. When the temperature increases, the mo-
bility of the sodium ions Na+ rises. The migration of sodium ions towards the
cathode induces a depletion region close to the Al/Pyrex interface. All of the
applied voltage is dropped in this space charge region. The high electric field in-
creases the electrostatic pressure applied on the two surfaces to be bonded. Once
the surfaces are in contact under a high electrostatic force, chemical bonds are
created leading to the strong anodic bonding between Al and Pyrex. The elec-
trostatic force intensity depends on the temperature, applied voltage and sodium
content in the Pyrex substrate.

The setup has been optimized at LPN over the years. Naturally, the bonding of
ultra-thin 25 nm-thick GaAs layers has required additional development to prevent
dislocations induced by stress relaxation or the perforation of the layer due to dust
particles. For instance, at the start of anodic bonding, only a few contact points
exist between the two interfaces. The high electrostatic pressure ensures a local
bonding and the process then «diffuse» from these particular points to seal the
whole sample. However, the electrostatic pressure also induces a strong local
surface deformation that can lead to dislocations. For these reasons, the interfaces
should be as clean as possible. Here are the details of current anodic bonding
processes at LPN:

• The GaAs surface deoxidized and carefully cleaned with successive thrichloroethy-
lene, acetone and isopropyl alcohol baths before deposition of the mirror. The
Pyrex substrate is cleaned with a Piranha solution (H2SO4 : H2O2, 2:1) for
15 minutes and rinsed.

• A 200 nm-thick Al layer is deposited on our chosen mirror. Because of the
bonding temperature, a gold mirror is chosen over silver due to the silver
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tendency to diffuse at a relatively low temperature in GaAs. For similar
reason, a 20 nm-thick Ti layer is deposited to prevent inter-diffusion between
gold and aluminum.

• An additional 50 nm multi-directional deposition of aluminum is performed
on the edges and the back of our substrate to allow the current to flow
between the cathode and the anode during the bonding without damaging
the GaAs stack.

• The bonding is performed with a substrate bonder (SUSS MicroTec), at
1700 V and 210 °C for 80 minutes.

5.2.3.2 Substrate removal

After the bonding, the GaAs substrate has to be removed. In our case, the sub-
strate dissolution is performed by wet etching.

The GaAs/AlxGa1−xAs selective etch is made with a ammonium hydroxide/hydrogen
peroxide (NH4OH/H2O2) solution. The selectivity of this etch solution, defined as
the ratio of the etching rates of GaAs to AlGaAs, is around 30 [193]. This means
that the AlGaAs etch-stop layer is etched at a rate of only 10 nm/min. Given
the thickness of the AlGaAs layer (300 nm), this etch process allows a controlled
etching of the GaAs substrate with a selectivity sufficient in our case.

The AlGaAs is then selectively etched by a hydrofluoric solution (HF, 10 %)
for a few second. In Fig. 5.2.3 is reported a (a) SEM cross section image (FEI
Magellan) of the 25 nm-thick GaAs layer reported on the Au miror and (b) an
optical microscope image of the GaAs surface. The bonding and substrate removal
can be successively achieved over 1 cm2 to 2 cm2 routinely with a very small amount
of defects.

The substrate is totally dissolved and the overall process is extremely costly.
However, this is not a priori a limiting step. Other substrate removal methods
allow to re-use the GaAs substrate for scale-up applications. For instance, the
Epitaxial Lift-Off (see for instance Ref. [22]) technique directly dissolves what is
in our case the etch stop layer with hydrofluoric acid. However, this technique
is currently incompatible with our anodic bonding process (and the presence of
aluminum). We would need a new stop layer that can be selectively removed with
respect to aluminum or a way to protect the aluminum layer. Another method,
the controlled spalling technique [24, 25], allows to separate the active region by
inducing a controlled stress in a sacrificial brittle layer especially designed for GaAs
based structures and flexible substrate.
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(a)
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Figure 5.2.3: (a) SEM image (FEI Magellan) and (b) optical microscope image of a
25nm-thick GaAs layer reported on a gold mirror by anodic bonding.

5.2.3.3 Electron Beam Lithography and lift-off process

The Electron Beam Lithography (EBL) is a common technique in most of techno-
logical processes that needs a sub-micron resolution. The other main techniques
are nano-imprint lithography (NIL), holographic lithography and bottom-up ap-
proach such as colloidal lithography. Schematically, the EBL consists of the scan-
ning of a focus electron beam on electron sensitive resists to draw patterns at the
nanometer scale (Fig. 5.2.2e). The setup is constituted of a column, similar to a
scanning electronic microscope, equipped with a magnetic or electrostatic refrac-
tion beam system. The quality of the setup is determined by the capability to
correct aberrations of the beam.

The writing field of the beam being limited to a few hundredths of microme-
ters, modern EBL setups are also equipped with a holder capable of nano scale
displacement assisted by interferometry. This allows an excellent control over the
position of the patterns and offers the possibility to obtain relatively large area up
to 6”.

The resolution of this technique depends essentially (1) on the diameter and
the energy of the electron beam and (2) on the resist. In our case, the resist
is PolyMethyl-MethAcrylate (PMMA). We use a commercial PMMA resist (A5
from MicroChem), spin coated at 4000 rpm during 30 s and prebaked in an oven at
160 °C during 80 min. In these conditions, the resist layer has a thickness around
250 nm. The sample is then exposed in a VISTEC EBPG 5000 equipment with
a dose of 500 µC/cm 2. The interaction between electrons and the resist causes
the rupture of chemical bounds, decreasing the average molecular mass in the
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exposed areas in order to dissolve them with to a specific solvent (the so-called
development, Fig. 5.2.2f). This type of resist is said positive (like PMMA for
instance). We use a mix of methyl isobutyl ketone (MIBK) and isopropyl alcohol
(IPA) solvents as a developer. The developer temperature is kept constant at
20 °C with a thermostatically controlled water bath. The resist is developed by
immersion in a 3:1 IPA:MIBK solution for 75 s and rinsed in IPA for 10 s.

The resist modification is not due to direct electrons, too energetic. Only the low
energy electrons can expose the resist. The electrons lose their energy by electron-
electron interaction in the resist and the substrate, deflecting their trajectory [194].
The first consequence is that secondary electrons can be back scattered from the
substrate to expose the resist. The size of the pattern is therefore often larger
than expected (see Fig. 5.2.4a). The solution is to adjust locally the dose of the
electron beam (expressed in µC/cm2) in order to limit the back-scattering at the
edges of the pattern. Commercial software can adjust the exposure automatically
according to the pattern and the substrate. However, enough knowledge about the
substrate and the resist is often sufficient to adapt the dose of the beam. Moreover,
a small downsizing of the mask can be enough to take into account the natural
over-sizing of the resulting pattern. In the facts, series of patterns are fabricated
on the same sample with different dose in order to chose the correct value after
SEM (FEI Magellan) observation.

To prevent charge accumulation, electrons must be driven out from the region
of the resist. This is achieved in most cases with a conductive substrate. In our
case where the sample is transferred on Pyrex, a thin film of aluminum (50 nm) is
deposited on the resist to enable charge evacuation and is then removed in a sodium
hydroxide solution. It also has another advantage. The focusing of the electron
beam is controlled in height by a laser beam. If the surface is not reflective enough,
some problems of focusing can appear, resulting at best to a loss of resolution or
to a system error.

A classic step of lift-off after lithography is performed to complete the fabrication
of the 2D metallic array. The metal is deposited anisotropically (see Fig. 5.2.4b) to
reach a thickness at least three times smaller to the resist thickness. The resist and
extra metallic parts are removed in an appropriate solvent (thrichloroethylene).
The natural undercut the resist is a strong advantage of the EBL over other forms
of nanometer-scale lithography (such as nano-imprint lithography for instance):
the side of the pattern is shaded during the metallic deposition by the resist edge
itself, allowing a good access for the solvent and an efficient lift-off.

The other reason we use EBL in our case is the following. Even-though the
lithography itself is relatively time (and therefore cost) demanding, the creation
of the mask in the case EBL is made by myself on a computer, i.e. costless, quick
and above all adjustable (potentially for each sample). In our case, the fabrication
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of sample is long, expensive and difficult due to epitaxy and substrate transfer.
EBL is very convenient to test rapidly a lot of different structures on a limited
amount of samples. The technique itself also allows a good adaptability in terms of
aspect ratios and amplitude of sizes for the patterns by contrast with nano-imprint
lithography, holographic lithography and colloidal lithography.

Note that once a suitable geometry is found, nano-imprint lithography is avail-
able at LPN for large and quick patterning in these GaAs samples in the optic of
process optimization and up-scalling. This technique is presented for the CIGS
case in Chapter 7.

Substrate

e- beam 

backscattered e-

real edge

mask

(a)

Substrate

metal deposition

(b)

Figure 5.2.4: (a) Proximity effect: back-scattered electrons increase the exposi-
tion dose and modify the flanks of the resist. (b) Anisotropic metal
deposition in the case of EBL.

5.2.3.4 Metal deposition and lift-off

The properties of metallic nanoparticles are often different from the bulk crys-
talline material. The geometry and deposition techniques are some of the factors
that can affect their optical response. Metal films deposited by evaporation are
inherently rough due to polycrystallinity. Our goal is to fabricate a 2D metallic
array with a thickness of 20 nm-thick. The EBL has a largely sufficient resolution
to realize squares of 100 nm x 100 nm. However, this is not the only condition for
a satisfactory realization.

Fig. 5.2.5 represents the same 2D metallic array of period 200 nm and particle
width 100 nm realized on a GaAs layer with the deposition of (a) a 20 nm-thick
titanium layer (Ti) (b) a 20 nm-thick silver layer and (c) a 20 nm-thick silver layer
with a 0.5 nm-thick germanium (Ge) nucleation layer. Ti allows to realize square
nanoparticles unlike Ag, although with the same process. This is due to the ten-
dency of silver to nucleate with large grains, resulting in deformed nanoparticles
and rough surfaces. The nucleation of silver and the difficulty to fabricate contin-
uous ultra-thin silver films have been addressed in the paper of Logeeswaran et al.

106



5.2 Fabrication of GaAs demonstrators

[195]. They proposed an ultra-thin (0.5-1 nm-thick) Ge layer to improve the nu-
cleation of silver on a SiO2 substrate. In our case, the same technique has allowed
to achieved the array of Fig. 5.2.5c that is much more uniform with well-defined
square nanoparticles. However, the 0.5 nm-thick Ge nucleation layer itself risks
to degrade the performances of the structure. It probably causes more parasitical
absorption being placed where the EM field is often the more intense. Similar
detrimental effects have been observed on Ti/Au (5/27 nm) MIM arrays in the
paper of Collin et al. [196]. In our case, the numerical analysis of this nucleation
layer is yet to be done.

(a) (b) (c)

Figure 5.2.5: SEM images of the 2D metallic arrays realized by EBL and lift-off
on a GaAs layer with the deposition of (a) a 20 nm-thick titanium
layer (Ti) (b) a 20 nm-thick silver layer and (c) a 20 nm-thick silver
layer with a 0.5 nm-thick germanium (Ge) nucleation layer

5.2.3.5 ZnO:Al deposition

The properties of ZnO:Al are very dependent of deposition parameters, in partic-
ular of the pressure, the temperature and the content of aluminum. For an ideal
TCO, there is a trade-off between a high conductivity and transparency. Another
factor is important in our case: the crystallinity of the layer. Fig. 5.2.6 represents
the SEM pictures of two types of ZnO:Al layers deposited by sputtering playing the
role of encapsulation for the silver array: (a) deposited at IRDEP (400 nm-thick)
and (b) deposited at LPN (55 nm-thick). In the case of Fig. 5.2.6a, the ZnO:Al from
IRDEP is optimized for CIGS solar cells. In the case of Fig. 5.2.6b, the ZnO:Al
has much smaller grains, which is probably better for an efficient encapsulation.
For these reasons, this ZnO:Al (55 nm-thick) is chosen for our samples.
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(a) (b)

Figure 5.2.6: SEM pictures of two types of ZnO:Al layers playing the role of encap-
sulation for the silver array: (a) deposited at IRDEP (400 nm-thick)
and (b) deposited at LPN (55 nm-thick)

5.3 Optical characterization setups

In this section, we describe the optical setups used to measure the reflection (or
transmission) of the samples fabricated following the process of the previous section
on a broad range of wavelengths, incident angles and for different light polariza-
tions.

First a Sentech reflectometer is used for the fast clean-room measurement of
specular reflection of the sample at normal incidence with unpolarized light with
respect to a reference sample. The wavelength range is 0.2-0.950 µm.

In depth measurements are performed with a Fourier Transform Infra Red
(FTIR) spectrometer (Brüker Equinox 70) with a homemade goniometer setup.
Fig. 5.3.1 represents the schematic of the GonioVISIR setup for angle-resolved re-
flection and transmission measurement. It is designed to measure transmission
and reflection spectra under polarized light as a function of the angle of incidence.
It was first developed by Cyrille Billaudeau during his PhD thesis [197]. The setup
is composed of three distinct parts: the FTIR (source and spectrometer) (A), the
achromatic focusing system (B) and the measurement and detection platform (C).

The principle of the FTIR spectrometer is based on a broadband light source
passing through a Michelson interferometer before imaging the sample. The in-
terferogram obtained contains the intensity measured. A Fourier Transform is
then performed by the software to obtain the final spectrum. FTIR spectrometers
allow to achieve a much higher spectral resolution than standard dispersive spec-
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trometers. In our case, the highest spectral resolution possible is δσ = 0.5 cm−1.
The diameter of the probe is φ = 1.7 mm in our configuration. The measure can
be done on a wide spectral range. Several sources and detectors are available to
cover the 0.4-17 µm range. The detection platform is composed of two mobile ro-
tation stages and the excitation and detection angles can be varied independently.
The angular resolution of the system is 0.5 °. For our samples, we approximate
the total reflection as the specular reflection (planar surface exclude diffusion and
sub-wavelength arrays exclude non-specular diffracted order).
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Figure 5.3.1: Schematic of the GonioVISIR setup for angle-resolved reflection and
transmission measurements; A: FTIR; B: Achromatic focusing sys-
tem; C: Measurement and detection platform.
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5.4 Optical characterization of Ag/GaAs/Au

nano-cavity array demonstrators

The goal of this section is to highlight experimentally the broadband multi-resonant
absorption spectrum of Ag/GaAs/Au nano-cavity array demonstrators sketched
in Fig. 5.2.1 without ZnO:Al layer. The sample presented is realized with pro-
cess described at the beginning of this chapter without a Ge nucleation layer.
The 2D array has a geometry close to the simulated 2D structure of Chapter 4.
The nominal dimensions of the array, fabricated on a 2*2 mm2 area, are: period
p =200 nm, thickness t = 20 nm and width w = 120 nm. Practically, the particles
are deformed because of the nucleation of silver (see Fig. 5.2.5b). The smaller the
particles the more deformed the shape is because of the fixed size of the grain. The
effective width of the particles is therefore slightly lower than the nominal value,
with an important dispersion in size.

We have performed reflectivity measurements on the fabricated samples 1) af-
ter the 25 nm-thick GaAs layer transfer and 2) after the fabrication of the 2D
dimensional array. The results are presented successively in the following sections.
The measured spectra are compared to numerical simulations in order to explain
the optical responses based on the observation and characterization of the sam-
ples. Numerical calculations are performed with the same indices as before for
the different materials. For Au, a comparison between Palik [69] and Johnson and
Christie [175] is made for the metallic mirror.

5.4.1 Optical response of planar GaAs/Au samples

We first measured the reflectivity (R) spectrum of the GaAs/Au stack at normal
incidence. The results are shown in Fig. 5.4.1 (blue line). The total absorption (1-
R) is compared to numerical calculation with different parameters. As explained
in Chapter 4, the main resonance peak at at λ = 680 nm is due to a Fabry-Perot
resonance in the GaAs layer.

First, the numerical calculation of Fig. 5.4.1a are carried out for different GaAs
layer thicknesses and for a permittivity of gold taken from Johnson and Christie
[175]. As expected, the resonance wavelength is in agreement with experiments
for h = 25 nm. A slight discrepancy is found for the absorption efficiency close to
the resonance maximum.

Second, the numerical results obtained with two different permittivity data for
gold are compared in Fig. 5.4.1b. The permittivity from Johnson and Christie
[175] gives a better agreement than data from Palik [69]. These results confirm
the very good optical quality of our samples made of 25 nm-thick GaAs samples
transferred on gold mirror.
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Figure 5.4.1: The 1-R spectrum measured on the 25 nm-thick GaAs layer on gold
mirror at normal incidence and under unpolarized light (in blue in
both figures) is compared to: (a) simulated 1-R spectra for a thickness
of 25 nm (red curve) and 26 nm (green curve) for the GaAs layer (gold
data: Johnson and Christie [175]); (b) simulated 1-R spectra for a
thickness of 25 nm for the GaAs layer and either Johnson and Christie
[175] (red curve) or Palik [69] (green curve) optical data for gold.

5.4.1.1 Measure of the multi-resonant absorption spectrum in ultra-thin
Ag/GaAs/Au nano-cavity array demonstrators

In Fig. 5.4.2a are plotted the measured 1-R (total absorption) spectrum at normal
incidence and under unpolarized light of the fabricated structure along to the
spectrum of the unstructured stack (same as Fig. 5.4.1). In the simulation of
Fig. 5.4.2b , the array is considered as ideal (perfectly square) and the particles is
equal to 120 nm.

The addition of the silver array has several impacts of the total absorption spec-
trum. First, below λ = 300 nm, the total absorption is 20 % higher with the array,
probably due to parasitic absorption in silver. Then, the unique absorption peak
(identified as a Fabry-Pérot) at λ = 620 nm is now divided into two peaks (A and
B). This effect is expected and can be seen as well in the simulated spectra. The
peaks seem to have a similar full width at half maximum (FWHM) compared to
numerical results. At λ = 680 nm, the absorption is almost total (97 %). However,
the two peaks do not have the same amplitude and are not as separated compared
to simulation. A third absorption peak appears around λ = 980 nm, in accordance
with simulations. Experimentally this resonance peak, identified as the C3 reso-
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nance, is larger and higher than expected numerically. This is beneficial as the
absorption spectrum is broadened. Unfortunately, it resonates also well above the
value expected by the calculation (λ = 980 nm instead of λ = 850 nm), and above
the band gap of GaAs.
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Figure 5.4.2: (a) Measured and (b) calculated 1-R spectrum of the structured
25nm-thick GaAs layer in inset (black line) compared to the 1-R spec-
trum (measured and simulated, respectively) of unstructured 25nm-
thick GaAs layer on gold. The simulation is made with the follow-
ing geometrical parameters: period = 200 nm, width of the parti-
cle = 120 nm, thickness of metal = 20 nm, thickness of GaAs = 25 nm.

Two effects can explain these disagreements. First, the dispersion in size of the
particles due to nucleation probably has an impact, especially in the widening
of the MSM resonance. This defect can not be simulated easily but one can
imagine that if each MSM resonator has a size scattered around a mean value,
each resonator has its own resonance wavelength, resulting in a broader peak.

Second, a strong uncertainty remains on the optical data of the silver array. A
difference in these values would affect resonances A and C3, but not resonance
B in first approximation according to the model of Chapter 4. The silver array
has been exposed to the atmosphere (tarnished). The silver sulfur Ag2S forms
rapidly a layer of 1-3nm when silver is exposed to air. Bennett et al. [198] and
other studies [199, 200] have measured the dielectric constants of the data Ag2S
in the visible. The real part for instance is completely different from the one of
silver (superior to 2.8 between λ = 300−1000 nm). According to Eq. 4.5.1, a higher
effective index (itself function of the index of the particle) would contribute to a red
shift of the resonance. Moreover, the silver film is very thin (20 nm, amorphous or
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nano-crystalline) and its dielectric constant of the nano-particle array is probably
different from the bulk material. The dielectric constant is however complex to
determine by ellipsometry and for now, this remains just a hypothesis.

In conclusion, the measurement displays a broadband, multi-resonant (3 peaks)
and polarization independent absorption spectrum, accordingly to the simulation.
The behavior of each peak can be explained and foreseen by the comparison with
the calculated absorption spectra. A few disagreements (potentially beneficial)
subsist however due to fabrication difficulties. Further studies are needed to char-
acterize the silver array in order to control perfectly the optical response of the
structure.

5.5 Study of the influence of an aluminum-doped

zinc oxyde (ZnO:Al) encapsulation layer on the

absorption spectrum

5.5.1 Role of the extra ZnO:Al layer

The results of the previous section are really important for the comprehension
of the nano-cavity array structure. However, the degradation of silver is a serious
candidate to explain one of the disagreements between simulation and experiment.
To solve this problem in the future, a 55 nm-thick aluminum-doped zinc oxyde
(ZnO:Al) layer is deposited on the samples characterized in the previous section.
ZnO:Al is a transparent conducting oxyde (TCO). There is a trade-off to find
between good transparency (absorption of light by the free carriers) and proper
conduction of the charge by adjusting the doping level. The role of this layer is to
act as a:

Protection layer: We have considered each material has ideal, i.e. non-oxidized or
non-sulfured. But GaAs and especially silver are subject to a quick chemical
reaction at the contact of air. The role of the ZnO:Al layer is to encapsulate
the silver array.

Front contact: If sufficiently conductor, ZnO:Al could play the role of a front
contact allow the carrier collection via a grid. This is why we are using a
doped window layer. Of course, for a proper transport, the TCO layer has
to be conductive and thick enough to display a low sheet-resistance. This is
however not the first selection criteria in our case

ARC: For our GaAs nano-cavity structure, about 50 % of the light is lost due to
reflection below λ = 450 nm (see the absorption spectra in Fig. 4.4.2). To
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reduce this effect, the extra ZnO:Al can be usefull as an ARC in this spectral
region.

The anti-reflection effect can be adjusted by a simple quarter wavelength anti-
reflection coating model. In this model, the thickness tARC of the anti-reflection
coating is chosen so that the thickness in the dielectric material is one quarter the
wavelength of the incoming wave. Therefore:

tARC =
λ

4nARC

(5.5.1)

where λ is the wavelength of the incoming wave and nARC the real part of the
refractive index of the ARC (here ZnO:Al). We therefore have an additional de-
gree of freedom in our optimization process of the nano-cavity array design. The
thickness of this layer allows to place a minimum of reflectivity (which can be seen
as a fourth resonance peak even though its nature is different) where needed with
a single geometrical parameter. This is extremely convenient for the simplicity of
our optimization process. Finally, for a cavity that thin, we have seen previously
in section 4.6.4 that the spectral shift of this peak is also very limited with the
variation of the incident angle.

5.5.2 Optical response of planar ZnO:Al/GaAs/Au samples

The aim of this section is to evaluate the effect of an extra ZnO:layer on the
structure. According to Eq. 5.5.1 for a quarter wavelength anti-reflection coating
efficient at λ = 400 nm, the thickness of the ZnO:Al layer should be tZnO:Al =

λ
4nZnO:Al

= 52 nm. Experimentally, a 55 nm-thick ZnO:Al layer has been sputtered
in the sample of the previous section. First, we study the influence of this layer
on the planar stack.

Fig. 5.5.1 represents a comparison between the measured (plain) and simulated
(dashed) 1-R spectra for a ZnO:Al/GaAs/Au stack at normal incidence and under
unpolarized light. The simulation is made for a 25 nm-thick GaAs layer on a
gold mirror and covered by a 55 nm-thick ZnO:Al layer (see inset). The optical
data of aluminum-doped zinc oxyde (ZnO:Al) from Ehrmann and Reineke-Koch
(Ehrmann2010) in the “bulk ZnO:Al” case. These spectra display both a reflection
minimum around λ = 400 nm that is absent in the case without the ZnO:Al layer
(see Fig. 5.4.1): this is the ARC effect. The agreement between simulation and
experiment is good around λ = 400 nm and legitimates the optical data chosen for
ZnO:Al.

The Fabry-Pérot resonance in the GaAs still present but resonates at λ = 750 nm
experimentally (instead ofλ = 680 nm in the case without ZnO:Al). Hypotheti-
cally, this red shift appears because the upper boundary of the resonator has
changed from air to ZnO:Al, increasing the phase of the reflection coefficient.
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Figure 5.5.1: Comparison between the measured (plain) and simulated (dashed)
1-R spectra for a ZnO:Al/GaAs/Au (55 nm/25 nm/substrate) stack
(see inset) at normal incidence and under unpolarized light.

5.5.3 Multi-resonant and broadband total absorption
measurement on the encapsulated nano-cavity array

demonstrators

We are now analyzing the measurements of the structure, sketched in Fig. 5.2.1 and
pictured in Fig. 5.2.6b with the 55 nm-thick ZnO:Al structure. Note that for the
samples characterized in this section, the silver array has not been encapsulated
directly after lift-off and the silver is already tarnished. The dynamic of this
tarnishing is also hard to control, especially in the succession of steps in clean
room (metal deposition, lift-off, dielectric deposition).

Fig. 5.5.1 represents in red the (a) measured and (b) calculated 1-R spectrum of
the final structure under normal incidence and unpolarized light. This spectrum is
compared to the structure without encapsulation (plain black) and to the structure
without array and encapsulation (dashed black).

In Fig. 5.5.1, 4 distinct absorption peaks appear clearly on the red curve. Ex-
perimentally, this spectrum is independent of the polarization and has mean ab-
sorption value of 85 % over the range 200-1200 nm. This is a very interesting value.
Nevertheless, as before the 4th absorption peak at λ = 1050 nm resonates clearly
above the band gap of GaAs and need to be re-positioned.

The modification of the spectra with the addition of the ZnO:Al layer in the
experimental data is in accordance to the simulation. First, in both figures there is
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a decrease of reflectivity around λ = 400 nm in both spectra. Second, resonance A
at λ = 600 nm stays still while the two other absorption peaks (B and C3) red shift
with the ZnO:Al layer. In the case a the vertical resonances, the Ag/GaAs/Au
resonator (resonance A) is not affected by the ZnO:Al and does not shift. For
resonance B (vacuum/GaAs/Au), the addition of ZnO:Al modify the condition of
resonance and the peak shift like in the previous section. For the MIM resonance,
the EM field is extremely strong at the edge of the particle. This is why modifying
the environment cause such a difference in the resonance condition.

Resonance C3 is still experimentally larger than in calculations and resonates
about 100 nm red shifted compared to the expected value, probably due to the
tarnishing of silver. The quickest solution is therefore to downsize the size of the
particle. Another solution is to conceive the same design for another material for
a larger gap in wavelength (see for instance GaSb in Chapter 6).
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Figure 5.5.2: Comparison of the (a) measured and (b) calculated 1-R spectrum
of the final structure (red) under normal incidence and unpolarized
light to the structure without encapsulation (plain black) and to the
structure without array and encapsulation (dashed black).

5.5.4 Influence of the width of the particle on the total
absorption spectrum and discussion about fabrication

tolerance

One of the conclusions in Chapter 4 was that the width of the particle is the
key parameter to position the MSM resonance C3. The goal of this section is to

116



5.5 Study of the influence of an aluminum-doped zinc oxyde (ZnO:Al)
encapsulation layer on the absorption spectrum

evaluate experimentally the influence of this parameter.
Fig. 5.5.3 displays the comparison of the experimental 1-R absorption spectrum

realized on the 25 nm-thick patterned GaAs sample with an encapsulation layer
and different nominal width of the particle: w = 100 nm, w = 120 nm and
w = 140 nm

The first thing to see is that obviously the ARC peak and resonances A and B
do not shift with the variation of the width of the particle (we can assume that for
the w = 100 nm case, resonance B is included in resonance C3). On the contrary,
the MSM resonance C3 shifts towards higher wavelength with increasing width of
the particle, confirming both the Fabry-Pérot model and simulations of Chapter 4.

As hinted, a smaller width of the particle of w = 100 nm allows to brought the
C3 resonance at λ = 820 nm, below the gap of the GaAs. Unfortunately, in this
case the benefit of resonance B is lost and the absorption intensity a resonance A
is decreased. This results in an average absorption in the 200-870 nm range of 84 %
for w = 120 nm and only 81 % for w = 100 nm. The difficulty of optimization is
sensible here. A better uniformity of the square particles would be a good idea for
comparison to simulation (with a Ge nucleation layer) on to increase our control
on the optical response.

The precise statistic of the size of the particle is difficult to obtain. However,
if we consider the nominal sizes, the change from w = 100 nm to w = 120 nm
induces a shift of resonance C3 of δλ = 250 nm in Fig. 5.5.3. This value is smaller in
simulation (δλ = 125 nm), hypothetically due to silver tarnishing and the particle
homogeneity. We have an order of magnitude of the degree of tolerance for our
design (τ = 12.5 nm/nm). Fortunately, this tolerance is smaller than the FWHM
of our resonance peak. Moreover, a resolution of 1 nm is easily reachable for a
decently optimized EBL/lift off process, past the nucleation of silver problem.

5.5.5 Influence of the incident light angle on the total
absorption spectrum

With our setup, measuring the 1-R spectrum as a function of the incident light
angle is possible. Angle-independence is a important criteria for an efficient light
trapping structure. Fig. 5.5.4 displays the measured 1-R (total absorption) spectra
on the 25 nm-thick GaAs sample with w = 120 nm as a function of the incident light
angle. Remarkably, the absorption spectra is almost perfectly angle independent
up to 45 °, regardless of the polarization and in accordance with simulation. Above
this value, the size of the spot becomes too important compared to the size of the
array to have a correct measurement.
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Figure 5.5.3: Comparison of the measured 1-R absorption spectrum realized on
the 25 nm-thick patterned GaAs samples with an encapsulation layer
and different nominal width of the particle: w = 100 nm (cyan),
w = 120 nm (red) and w = 140 nm (blue).

Figure 5.5.4: Measured 1-R (total absorption) spectra on the 25-nm thick GaAs
sample with w = 120 nm as a function of the incident angle under
unpolarized light.
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5.5.6 Comparison to literature

For now, we have enlightened the faculty of our structure to absorb light on a large
spectrum in the visible region. The discrimination between total absorption and
absorption in GaAs is not done experimentally. In this section, we compare the
performance of our structure to papers of the literature.
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Figure 5.5.5: Comparison of the measured 1-R absorption spectra of Aydin and
Atwater [174] at normal incidence (blue) compared to the previous
spectra plotted in Fig. 5.5.3 (25 nm-thick patterned GaAs samples
with an encapsulation layer and different nominal width of the par-
ticle: w = 100 nm (cyan) and w = 120 nm (red).

As stated in Chapter 3, one of the paper closest in structure and principle
to our nano-cavity array design is the proposition of Aydin and Atwater [174]
represented in Fig. 3.2.3c. In their case, the structure is a silver array (100 nm-
thick) / SiO2(60 nm-thick) / silver mirror stacking. The structure is similar to our
own, except for the type of patterning (and therefore the type of nanophotonic
mechanisms) and for the fact that the absorption takes place exclusively in metal.
After fabrication and measurement, they have achieved a state-of-the-art average
measured total absorption between 400 and 700 nm of 71 %.

Fig. 5.5.5 represents comparison of the 1-R spectra of Aydin and Atwater at
normal incidence compared to the previous spectra plotted in Fig. 5.5.3 (w =
100 nm and w = 120 nm). In the 400-700 nm, our sample (w = 120 nm) displays
an average absorption of 80 %, (i.e. 9 % more than the state-of-the-art value). The
absorption is however locally lower around λ = 500 nm. On the other hand, our

119



Chapter 5 Experimental evidence of broadband multi-resonant absorption in
ultra-thin GaAs layers

sample displays a 85 % average absorption in the λ = 200 − 1200 nm range, that
is to say thrice the range of the measurement of Aydin and Atwater.

Our measurement also brought a new element as the structure already contains
(experimentally and theoretically) a semi-conductor that absorb light for potential
charge separation (although the amount of light absorbed in GaAs cannot be
determined by other means than simulation).

5.6 Conclusion

In conclusion, optical proofs of concept of the 25 nm-thick GaAs design have been
fabricated and characterized. Several process steps have been specially developed
and are now well mastered (transfer of a 25 nm-thick crystalline GaAs layer on gold
miror). Yet, the fabrication process is delicate and would probably need more op-
timization for a cleaner comprehension of the structure through confrontation with
simulation. In particular, the optical data of silver remains an uncertainty, either
because our sample is tarnished and need a quicker encapsulation or because the
properties of the nanoparticles are different from bulk Ag, or both. Second, a Ge
nucleation layer should be included in future runs. However, its effect (the degra-
dation, more likely) on the absorption spectrum needs to be carefully evaluated
numerically.

Still, the w = 120 nm sample displays impressive results in terms of broad-
band multi-resonant, angle and polarization independent total absorption spec-
trum. The average absorption is of 85 % in the 200-1200 nm range for incident
angle up to 50 ° in both polarization, a performance well above the state-of-the-
art in this domain. Moreover, the experimental behavior of the spectrum is in
quantitative agreement with the simulation, confirming the models and hypothe-
sis developed in Chapter 4. This optical proof a concept is extremely encouraging
in terms of novel solution light management for ultra-thin devices. The results
achieved in terms of comprehension and performances meet the needs and the
objectives of ultra-thin solar cells.

One could say that the absorption spectrum is in the end not extremely well
adapted to GaAs as one absorption peak resonates above the band gap of the ma-
terial. The structure could indeed benefit of a re-run and a slight re-optimization
of the geometrical parameters and an amelioration of some of the process steps.
However, these imperfections have led to beneficial effects such as the broadening
of the absorption peaks. In conclusion of Chapter 4, we have make the hypothesis
that the symmetry breaking of the structure and to have randomly shaped parti-
cles would be an improvement in terms of performances (see for instance the work
of Aydin et al. Aydin et al. [174] and trapezoidal particles).

Finally, GaAs was our ideal test material. In the present state of the GaAs PV
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technology, it is unlikely to conceive such ultra-thin devices that would sacrifice
to much the efficiencies. Nevertheless, this really broad absorption spectrum and
the possibilities it brings can be adapted to materials that have a larger gap such
as CIGS and GaSb (hot carrier solar cells) that have specific needs. This is the
subject of Chapter 6. The very promising performances of this structure in terms of
broadband absorption is also an additional motivation towards a more fundamental
study of truly ultra-thin devices, (new junctions for PV, photodetectors or thin-
film thermal emitters).

Still, many challenges remain to go further toward ultra-thin solar cells. First,
some technological aspects are to be optimized or developed: the simplest and
most robust layer transfer of each materials on a silver substrate if possible and the
control of the degradation and diffusion of silver for instance. However, the main
challenge lies now in the fact to have actual working devices and optoelectronic
characterizations of nanophotonic enhanced ultra-thin crystalline solar cells. From
the beginning of this manuscript, the ultra-thin structure was designed first for
its optical performances. The optimization have led to a geometry (thickness =
25 nm) not compatible with a correct functioning of a junction as we control it
today.

The tasks remaining to be done are a matter of compromise. What is the
minimal thickness for a working junction? Should we select a p-i-n junction or a
new, thinner design of charge separation? Is silver a viable option in a solar cell
structure from an electronic point of view? Many questions need to be answered.
Once the electronic structure is fixed, a re-optimization of the light-management
is necessary. A coupled optical and transport simulation would be a good start
to select the structure that is the best compromise between optical and electronic
properties (see for instance the work of Deceglie et al. [185] on the design of
nano-structured solar cells using coupled optical and electrical modeling).

We have attempted to go further on the understatement of this structure with
several optoelctronic characterizations. Amongst other, we have realized photo-
luminescence excitation measurement in order to evaluate the absorption in the
GaAs layer. However, no clear conclusion has emerged from these characteriza-
tions, probably because of the ultra-thin nature of our device. Yet, the study of
nano-structured improved ultra-thin GaAs devices continues at LPN. This study
now represents the most part of the Ph.D of Nicolas Vandamme, arrived 1 year
and half after the beginning of my own thesis.

In our case, in the dynamic of the ANR ULTRACIS, we have focused on ultra-
thin CIGS devices. In the next chapter, we propose an application of these light
management concepts to CIGS solar cells along with GaSb. In Chapter 7, we
are interested in the fabrication and characterization of working CIGS devices
improved by nanophotonic light management in the 100-200 nm thickness range.
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6.1 Introduction

With the knowledge about the nano-cavity array design developed in the case of
GaAs, a next step is to apply this idea to other materials of the PV technology. The
aim is to prove the versatility of the structure and to potentially solve dedicated
issues on specific solar cell technologies or concepts. To make use of the full
potential of the nano-cavity design, the thickness of the absorber should be ultra-
thin (< 100 nm) as seen before. Therefore, we investigate in this manuscript
materials of thin-films technology that displays absorption coefficient in the same
order of magnitude as GaAs. Here, we are interested in two different materials:
crystalline GaSb semiconductor for hot-carrier solar cell applications, and CIGS
poly-crystalline chalcopyrite for thin-film photovoltaic applications.

Fig. 6.1.1 compares the real part of the refractive index of GaAs, CIGS and
GaSb and Fig. 6.1.2 compares their absorption depth d = 1/α = λ

4πk
. We use here

the optical data of Palik for cubic GaAs and cubic GaSb [69] and Orgassa (x=0.23)
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for CIGS [201]. The refractive indices range from 3 to 5. The absorption depths
d = 1/α = λ

4πk
of the three materials are equal (d ≈ 50 nm) around λ = 450 nm.

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
2

2.5

3

3.5

4

4.5

5

5.5

Wavelength (nm)

n

GaAs
CIGS
GaSb

Figure 6.1.1: Comparison of the real part of the refractive index of GaAs (blue),
CIGS (red) and GaSb (black).
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Figure 6.1.2: Comparison of the absorption depth of GaAs (blue), CIGS (red) and
GaSb (black).

This chapter first presents a structure designed for broadband absorption in
ultra-thin GaSb layer in the frame of hot carrier solar cell. The second part of
this chapter provides solutions for CIGS solar cells, a thin-film solar cell technol-
ogy displaying very high efficiencies. In the case of CIGS, the MSM nano-cavity
structure is first studied for a sole CIGS layer and then for a more complete solar
cell. Eventually, considering the difficulty to conceive a CIGS solar cell thinner
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than 100 nm-thick, an alternative light management solution included in the back
contact is proposed for thicker and effective CIGS solar cell in the 200-400 nm
range: a back mirror nano-structure.

6.2 Application to GaSb and hot carrier solar cells

The aim of this section is to apply the nano-cavity design to gallium antimonide
(GaSb) solar cells that are a serious candidate for hot carrier solar cells (relatively
low band gap in energy) [64].

6.2.1 Motivation: opportunities and challenges in hot carrier
solar cells

In most efficient photovoltaic devices, at least 40 % of the incident power is lost as
heat dissipation. The hot carrier solar cell was proposed as a promising concept
to limit such losses by converting most of the residual heat into electricity. This
concept enables notably a conversion efficiency exceeding the Shockley-Queisser
limit [18]. Upon solar photon absorption, photo-generated electron-hole pairs gain
an excess kinetic energy over their thermal average. The efficiency enhancement
results from the conversion of this excess kinetic energy, normally lost as heat
because of carrier thermalization, into electrical work. In this case, the collected
energy per extracted electron-hole pair is larger than the band-gap energy, and the
conversion efficiency is increased. The dominant carrier energy loss mechanism in
polar semiconductors is the emission of longitudinal optical (LO) phonons that
occurs at a subpicosecond time scale. A reduction of the carrier cooling rate is
necessary to allow the formation of an out of equilibrium steady state carrier dis-
tribution. It has been demonstrated experimentally that the carrier cooling rate
could be reduced in high injection regime [202, 203], thanks to a LO phonon bot-
tleneck phenomenon [204]. Thus, an increased carrier density can lead to a higher
carrier temperature population and therefore to a higher cell efficiency. A small
material thickness would also be beneficial to allow very fast extraction of carriers
from the absorber before they interact with lattice vibrations. The importance of
an efficient light concentration in an ultra-thin GaSb layer is therefore extremely
important.

We present here the results on a hot carrier solar cell study with an architecture
with semi selective contacts (see Fig. 6.2.1) studied by Arthur Le Bris and Jean-
François Guillemoles [64, 65]. This manuscript focuses on the light-trapping part
of this study. This collaboration has been done is the frame of the THRIPV ANR.
We demonstrate here a mandatory milestone toward a feasible GaSb hot carrier
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solar cell: efficient absorption of light in an ultra-thin (25 nm-thick) GaSb layer to
reach a high injection regime.
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Figure 6.2.1: Schematic band diagram of a hot carrier solar cell. The non-
equilibrium photo-generated electron and hole populations at a hot
temperature TH in the absorber are extracted through energy selec-
tive contacts, having a transmission range δE, towards electrodes at
a cold temperature TC. The energy collected per extracted electron-
hole pair is Eext. The quasi Fermi level splitting in the absorber is
∆µH , and the output voltage is V. qV is limited by Eext and can be
larger than the absorber band gap EG. Figure from Le Bris et al.
[65]

6.2.2 Efficient light confinement in a 25 nm-thick GaSb
structure

6.2.2.1 Optimized simulated structure

We consider a design similar to the 2D GaAs structure. It consists in a 25 nm-thick
GaSb layer on a silver mirror, covered by a two-dimensional array of silver square
nanoparticles (thickness tarray = 26 nm, width w = 170 nm, period p = 300 nm)
and a 50 nm-thick n-type ZnO:Al window layer (i.e a 76 nm-thick ZnO:Al in total),
as described in Fig. 6.2.2. The selective contacts of the hot carrier solar cell are not
included in this optical simulation, but we can assume that they can be optically
decoupled from the sub-wavelength arrays.

For the upcoming simulations, we use the following refractive indices:
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• silver (Ag) from Johnson and Christy [183].

• Cubic gallium antimonide (c-GaSb) from Palik [69].

• Aluminum-doped zinc oxyde (ZnO:Al) from Ehrmann and Reineke-Koch
[205] in the “bulk ZnO:Al” case.

z

x
y

Figure 6.2.2: Schematic of the 25 nm-thick GaSb solar cell. It consists in a 25 nm-
thick GaSb layer on a silver mirror, covered by a two-dimensional
array of silver square nanoparticles (thickness tarray = 26 nm, width
w = 170 nm, period p = 300 nm) and a 50 nm-thick n-type ZnO:Al
window layer.

6.2.2.2 Absorption spectrum simulation

The absorption spectrum of the 2D 25 nm-thick GaSb structure is plotted in
Fig. 6.2.3. The blue and red curves represent the total absorption and the ab-
sorption in GaSb, respectively. The difference between these two curves represents
the absorption in the metal or in the ZnO:Al layer (mostly below λ = 400 nm
here). The gray curve represents the normalized spectral density of AM1.5G solar
spectrum. The black curve represents absorption in the a 25 nm-thick GaSb layer
with no silver array.

The absorption spectrum is similar to the experimental 25 nm-thick GaAs struc-
ture: there are four clear absorption peaks (λ = 550 nm, λ = 740 nm, λ = 900 nm
and λ = 1090 nm) that spread over the 400nm-1100 nm range. In this region, the
absorption is very high, above 70 %, and the absorption spectrum fit closely to the
maximum of the solar spectrum density. There is a very low absorption in the
metal in the whole wavelength range (< 15 %). The window layer absorbs almost
all the incident light below λ = 450 nm.

Compared to the black curve, the red curve displays a sensibly higher absorp-
tion above λ = 600 nm due to the array. The theoretical short-circuit current is
increased from Jth = 27.8 mA/cm2 to Jth = 36.7 mA/cm2 with the array at normal
incidence, representing a 30 % enhancement.
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Figure 6.2.3: Simulated absorption spectra of the 25nm-thick GaSb solar cell. The
blue and red curves represent the total absorption and the absorption
in GaSb, respectively. The black curve represents the absorption in
the same structure without the array. The gray curve represents the
normalized spectral density of AM1.5G solar spectrum.

6.2.2.3 Absorption peaks analysis

In this paragraph, we study the magnetic field intensity maps of the four peaks
of the 25 nm-thick GaSb absorption spectrum. In Fig. 6.2.4 is represented the
magnetic field intensity maps of the four peaks of the GaSb design:

• Resonance at λ1 = 550 nm displays a localized field in the ZnO:Al layer.
It corresponds to the ARC effect with a thickness of the ZnO:Al layer of
tARC = 72 nm according to Eq. 5.5.1. This in accordance with our structure.

• Resonance at λ2 = 740 nm displays a map a bit more complicated. We can
see the same feature than resonance 1 above the particle and than resonance
3 with the maximum of the magnetic field localized between (and not under)
the particle. If we remove the contribution of these two resonances, the
signature of this map is a maximum of the magnetic field localized below
the metallic particle. This is similar to resonance A of the 25 nm-thick GaAs
structure with a single horizontal lobe in the GaSb layer. The resonance is
tunable with the GaSb thickness and is attributed to a vertical Fabry-Perot
resonator in the GaSb layer.

• Resonance at λ3 = 900 nm displays a map that is very similar to resonance B
of the 25 nm-thick GaAs structure with a single horizontal lobe in the GaSb
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layer. The resonance is tunable with the GaSb thickness and is attributed
to a vertical Fabry-Perot resonator in the GaSb layer.

• Resonance at λ4 = 1090 nm displays a map with three vertical lobes below
the silver particle. It is spectrally tunable with the width of the particle and
matches the characteristic of the MSM resonance.

The maps and mechanisms display strong similitude with the corresponding peaks
(sorted in wavelength) in the 25 nm-thick GaAs design. Based on these observa-
tions, we assume that the mechanisms are similar. It remains a small uncertainty
for resonance 2. However, the global behavior is very similar to the GaAs struc-
ture and for further details about these resonances, refer to the 25 nm-thick GaAs
design. Additional electromagnetic field intensity maps are provided in the ap-
pendix.

(a) λ = 550 nm (b) λ = 740 nm

(c) λ = 900 nm (d) λ = 1090 nm

Figure 6.2.4: Magnetic field |H|2 intensity maps plotted in the plane perpendic-
ular to the magnetic field (TM polar) at (a) 540 nm (b) 720 nm (c)
900 nm and (d) 1090 nm, calculated at normal incidence for the figure
depicted in Fig. 6.2.2.
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6.2.2.4 Study of the angular dependence

Fig. 6.2.5 represents the GaSb absorption of the GaSb structure as the function
of the incident angle and the wavelength in TM polarization. Up to an incident
light angle of 45 °, the absorption spectrum is independent of the incident angle.
The only notable change is the expected apparition of the second-order of the
MSM resonator for non-normal incidence that now resonates under the gap of the
GaSb at λ = 1450 nm. This contributes to an additional increase of the short-
circuit current. This figure is once again very similar to the GaAs case (Fig. 4.6.7).
However, we know from the GaAs structure that the second order of the MSM
resonance does not appear in TE resonance. Nevertheless, the TE absorption
spectrum is also independent of the angle of incidence.

Fig. 6.2.6 represents the angular diagram of the theoretical short circuit current
(in mA/cm2) for the 2D 25nm-thick GaSb structure as a function of the incident
light angle (in degree), averaged over both TE and TM polarization. We can see
that when moving away from the normal incidence, the theoretical short-circuit
current increases a little (we have a short circuit current of Jth = 36.7 mA/cm2
at θ = 0 ° and a short circuit current of Jth = 37.7 mA/cm2 at θ = 45 °). The
theoretical short-circuit current is in average conserved up to a 60 ° angle.

Figure 6.2.5: GaSb absorption of the GaSb structure as the function of the incident
angle and the wavelength in TM polarization.

Hot carrier structures are to function under concentration. Determining the
highest angle of incidence conceivable without a drop in short-circuit current al-
lows to determine the highest possible concentration. The concentration is given
by (NA/sin(θ0))2, where NA is the numerical aperture of the lens, and θ0 = 0.26 °
is the half angle of the cone under which the sun is viewed from Earth without
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Figure 6.2.6: Angular display of the theoretical short circuit current (in mA/cm2)
for the 2D 25nm-thick GaSb structure in function of the incident
light angle (in degree) averaged over both TE and TM polarization.

concentration. We also express our results in terms of fraction of absorbed power
compared to the power available from the spectrum AM1.5D (Direct for concentra-
tion) under the gap of GaSb. Fig. 6.2.7 represents the fraction of absorbed power
as a function of the concentration. Our structure leads to an average absorption
of 68 % of the power up to a concentration factor of 35000 suns.
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Figure 6.2.7: Fraction of the concentrated AM1.5G spectrum power fluxes that is
absorbed with the nano-cavity array design 25 nm-thick GaSb struc-
ture, as a function of the concentration in number of suns. Values
are given for an unpolarized light.

6.2.3 Performances as a hot carrier solar cell and conclusion

We have seen that a large amount of photons is absorbed over the solar spectrum
and that regardless of the angle of incidence. As a result of design optimization,
about 60 % of the incident photons available above the gap of GaSb in energy are
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6.2 Application to GaSb and hot carrier solar cells

absorbed. It leads to an absorption of 68 % of the power available in the gap of
GaSb up to a concentration factor of 35.000 sun. The metallic array improves
therefore significantly (about 50%) the absorption compared to a simple 25 nm-
thick GaSb layer on a silver back mirror.

Le Bris et al. [65] have shown that, with the absorption calculated above for
the considered structure, one can simulate the potential efficiency of theoretical
hot carrier solar cells. For this particular solution of light trapping, the efficiency
could reach up to 38 % efficiency (the details of the calculations are given in ref.
[65]). This high value is obtained thanks to a very high absorption in a very small
volume (better extraction of the hot carriers before thermalization).
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Figure 6.2.8: Conversion efficiency as a function of the absorber thickness for a flat
absorber (filled circles) and in the Lambertian limit (empty circles).
The efficiency is found to monotonously decrease with the absorber
thickness in the case of a flat absorber, but an optimal thickness
of about 50 nm is absorbed, giving a maximal efficiency of 55%, in
the Lambertian limit. The efficiencies obtained with the dielectric
grating (filled star, from Esteban et al.[123]) and with the nano-cavity
array design («metallic grating», empty star) are also reported. This
figure is taken from Le Bris et al. [65].

Fig. 6.2.8, taken from the paper of Le Bris et al. [65], displays the comparison
of different light-trapping solution and the impact in conversion efficiency for a
hot carrier solar cell with semi-selective contact. Our 25 nm-thick GaSb design
with nano-cavities array design is compared in particular to a 50 nm-thick GaSb
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with dielectric grating (from Esteban et al.[123], see chapter 2) and to the perfect
lambertian limit. Our design displays a higher efficiency than for the dielectric
design despite similar optical average absorption: this is due to the twice thinner
GaSb layer. Moreover, our design has the advantage to be more practical from a
technological point of view (an even relatively simple) over the dielectric design
and the perfect lambertian limit. This is therefore a good choice to pursue the
study of ultra-thin hot carrier solar cells in GaSb and derivatives.

In conclusion, we have applied successfully the nano-cavity array design to a
25 nm-thick GaSb layer. The absorption spectrum behaves similarly to the GaAs
design. The excellent optical performances of this structure (68 % of the power
available absorbed) allow to conceive further experimental study of hot carrier
structures.

6.3 Application to CIGS and low-cost, efficient

thin-film solar cells

6.3.1 Introduction

Among potential candidates, CIGS is one of the most promising material in the
thin-film PV technology with the high achieved efficiency and relative low cost
compared to crystalline technologies. It is also a technology that needs a thickness
reduction due to the indium issue. However, novel light management research is
just beginning for CIGS as the priority is still given to material and device studies.
Nevertheless, the CIGS community is eager for new approaches considering the
stakes.

The study of structure of the complete CIGS solar cell is more complex to
replace the active material from GaAs to CIGS for instance. The hetero-junction
(classically CIGS/CdS/i-ZnO/ZnO:Al) is mandatory for the band alignment and
a correct extraction of the charges. However, it complicates our optical study
compared to the previous cases. In a (nano-)photonic point of view, having several
contrasts of optical indices in the same stack will complicate the understanding
of the electromagnetic modes. This is why, to have a progressive approach, we
are studying first in this part the potential of periodic nano-structures to confine
light absorption in a unique thin-film of CIGS. A similar study of a more complete
CIGS solar cell will be made later in Part 6.4.

6.3.2 Generalities about numerical calculations on CIGS

There is few available optical data for CuIn1−xGaxSe2. They are incomplete/imprecise
since the CIGS is hard to characterize (roughness complicating ellipsometry) and
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since there are several deposition conditions and methods. Here we are using the
following refractive indices: glass will be taken as a homogenous medium with
n = 1.5; CIGSe from Paulson et al. [206] in the case x = 0.31 below the gap in
wavelength and linear interpolation of the data of Orgassa and al. [201] in the
case x = 0.23 otherwise (therefore, we consider an optical gap for our CIGS ly-
ing around λ = 1200 nm); ZnO:Al from Ehrmann and Reineke-Koch [205] in the
“bulk ZnO:Al” case; i-ZnO is taken as an homogeneous medium with n = 2; CdS
is taken from Khawaja et al. [207] in the case “thin evaporated films of cadmium
sulphide”; Mo mirror (measured with the MoSe2 interface by ellipsometry) is taken
from Erfurth et al.[86]; gold and silver from Johnson and Christy [175]. We have
chosen this particular range of gallium content in our simulation as it is close to
the effective gallium content of our samples (see Chapter 7). A justification about
the optical indices and the calculation method can be found in the appendix.

The aim of this part is to simulate optically ideal ultra-thin CIGS structure
(< 100 nm). Therefore, we are assuming two strong approximations: we consider
here no gallium grading in the CIGS layer and assume that all interface are per-
fectly flat. This is imposed by the nature of the structure (no roughness greater
than the effective thickness of the CIGS layer for a continuous film). This lead
for instance to interference effects in the absorption spectra that are absent from
measurements and calculation assuming that the phase coherence of light is lost
in the structure. Further discussions on the technological feasibility are given in
Chapter 7.

6.3.3 Reference planar CIGS solar cell

We study here reference planar CIGS solar cells. The cell is modeled with a glass
encapsulation (upper medium), a 400 nm-thick ZnO:Al layer, a 70 nm i-ZnO layer,
a 50 nm-thick CdS buffer layer, a CIGS absorber layer with variable thickness and
a back contact. This simulated structure is depicted in Fig. 6.3.1. We first study
numerically the impact of the CIGS layer thickness and alternative back contacts
(from Mo to Au and Ag) on the performances of CIGS solar cells.

The absorption spectra of the planar reference solar cell with Mo back contact
are shown in Fig. 6.3.3a. The absorption spectrum in the CIGS layer (active ab-
sorption) is plotted for CIGS thicknesses varying from 2 µm to 0.045 µm. The Table
6.1 gives the value of the theoretical short-circuit current of each of these spectra.
When the thickness of the absorber decreases below 500 nm, the absorption and
therefore the theoretical short-circuit current density (Jth) drop significantly from
Jth = 39 mA/cm2 for 2 µm of CIGS to Jth = 12.5 mA/cm2 for 45 nm of CIGS
(meaning a drop of 210 %; see also Jehl et al.[81]). This is easily explained as the
light path diminishes and the non-absorption losses rise.
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CIGS 

Mo

ZnO:Al (400nm) & i-ZnO (70nm)

Glass

Ag  / Au

CdS (50nm)

Figure 6.3.1: Schematic of the reference planar CIGS solar cell. The simulated
solar cell is composed of a glass encapsulation, a 400 nm-thick ZnO:Al
layer, a 70 nm i-ZnO layer, a 50 nm-thick CdS buffer layer, a CIGS
layer with variable thickness and either a Mo, Ag or Au back contact.

300 400 500 600 700 800 900 1000 1100 1200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

WavelengthC(nm)

A
b

s
o

rp
ti
o

n
Ci
n

CC
IG

S 45nm
100nm
200nm
300nm
500nm
1000nm
2000nm

Figure 6.3.2

Figure 6.3.3: (a) CIGS absorption spectrum for conventional CIGS solar cells with
decreasing thickness of the CIGS layer and Mo back contact (as de-
picted in Fig. 6.3.1).

Molybdenum is a bad reflector for the visible wavelengths. Part of the light is
not reflected but absorbed in the metallic layer. To illustrate this, we calculate
the Fresnel coefficient for reflection (Eq. 2.2.1) for a CIGS/Mo interface with our
indices at λ = 800 nm (a wavelength where the absorption depth becomes im-
portant: d = 1.8 µm): RCIGS/Mo ≈ 14 %. This means, if the CIGSe thickness is
inferior to 2 µm, that 86 % of the light reaching the back contact is lost, absorbed
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at the Mo interface.
This value stresses the importance to change the back mirror for applications to

ultra-thin solar cells. However, it is interesting to point out that the absorption of
a 1 µm-thick CIGS solar cell remains relatively high, giving a short-circuit current
of Jth = 37.7 mA/cm2.

Fig. 6.3.4a shows the absorption spectra of the planar reference solar cell with
(a) silver back contact and (b) with gold back contact. Silver and gold are two
of the most reflective metal for CIGS in the visible range (RCIGS/Ag ≈ 80 % and
RCIGS/Au ≈ 76 % at λ = 800 nm respectively). Table 6.1 shows the calculated
theoretical short-circuit current for the spectra of these reference solar cells.
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Figure 6.3.4: CIGS absorption spectra for conventional CIGS solar cells with de-
creasing thicknesses for (a) Ag back contact and (b) Au back contacts
(as depicted in Fig. 6.3.1).

In that case, the absorption spectra for the 200 nm-thick CIGS solar cell is
for instance higher for silver than for molybdenum (Jth = 34.5 mA/cm2 vs. Jth =
27.5 mA/cm2) . Nevertheless, for the 45 nm-thick CIGS layers, the Jth still drops of
about 70 % for gold and about 60% for silver compared to 2 µm ot CIGS. If a good
reflector is a critical aspect for the light trapping in ultra-thin CIGS solar cells, it
is insufficient for thicknesses below 500 nm. The optical path is doubled in CIGS
with a good reflector. However, the absorption length in CIGS at λ =1 µm for
instance is about 400 nm (see Fig. 6.1.2). As for GaAs with ultra-thin thicknesses,
new solutions for light-trapping are needed.

6.3.4 Nearly perfect absorption in a 45 nm-thick CIGS layer
with a nano-cavity array design

We present here the nano-cavity array design in the case of CIGS. This new
structure is composed of a 45 nm-thick CIGS layer on a silver back mirror. The
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Thickness (nm) J th(mA/cm2)
for Mo

J th(mA/cm2)
for Ag

J th(mA/cm2)
for Au

2000 38.9 39.4 39.4
1000 37.7 38.7 38.6
500 35 37.2 37.6
300 30.8 34.7 34.5
200 27.5 34.9 33.7
100 19.2 27.4 26.6
45 12.5 24.3 22.9

Table 6.1: Table of the theoretical short-circuit current calculated from each ab-
sorption spectrum for the reference solar cell for Mo, Ag and Au mirror,
respectively.

CIGS layer is covered with a 2D silver nano-array (thickness t = 20 nm, width
w = 290 nm, period p = 530 nm) and embedded in a 50 nm-thick ZnO:Al window
layer (50+20 = 70 nm in total, see Fig. 6.3.5). Again, these geometrical parameters
were obtained after optimization of the theoretical short-circuit current.

Ag

CIGSW45nm

ZnO:Al
Ag

haW:WActiveWCIGSsWlayerWthickness

hZnOW:WZnO:AlWlayerWthickness

tW:WSilverWdotWthickness

pW:WPeriodW wW:WWidth
z

xy

Figure 6.3.5: Schematic of the 45 nm-thick CIGS structure: a 50 nm-thick ZnO:Al
window layer, a 2D silver nano-particles array, a 45 nm-thick absorb-
ing CIGS layer and a silver back mirror. The parameters of the array
are: thickness t = 20 nm, width w = 290 nm, period p = 530 nm.

6.3.4.1 Simulated absorption spectrum

The absorption spectrum of the 45nm-thick CIGS layer structure (depicted in
Fig. 6.3.5) is shown in Fig. 6.3.6. The blue and red curves represent the total
absorption and the absorption in CIGS, respectively. The plain and the dashed
black curve represent the absorption of the reference 45 nm-thick CIGS planar solar
cell with Mo and Ag back, respectively. The gray curve represents the normalized
spectral density of AM1.5G solar spectrum.
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The absorption in CIGS is multi-resonant (red-curve) and on average superior
to 80 % on a very large spectral range (400 nm-1100 nm). The loss in the metal,
which is the difference between the total absorption (blue) and the absorption in
the CIGS (red), remains extremely low (10 %). A very high short-circuit current
of Jth = 38 mA/cm2 can be calculated, assuming a perfect collection of the photo-
carriers. This is a strong enhancement compared both to the absorption of the
reference planar 45 nm-thick CIGS solar cell on molybdenum and on silver. It
also corresponds to the theoretical short-circuit current of the 1 µm-thick reference
solar cell on Mo and Ag.

We can distinguish clearly the apparition of four different absorption peaks that
are under the maximum of the solar illumination spectrum and below the gap
of the material (in wavelength) at λ1 = 490 nm, λ2 = 840 nm, λ3 = 999 nm and
λ4 = 1100 nm, similarly to the GaAs and GaSb case. The absorption enhancement
in the λ = 300 − 400 nm range compared to the reference cell is due to the fact
that we use here a significantly thinner layer of ZnO:Al and no CdS layer at all.
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Figure 6.3.6: Simulated absorption spectra of the 45 nm-thick CIGS structure. The
blue and red curves represent the total absorption and the absorp-
tion in CIGS (see Fig. 6.3.5) respectively. The plain and the dashed
black curve represents the absorption of the reference 45 nm-thick
CIGS planar solar cell with Mo and Ag back contacts depicted in
Fig. 6.3.1, respectively. The gray curve represents the normalized
spectral density of AM1.5G solar spectrum. We have labeled reso-
nances λ1 = 490 nm, λ2 = 800 nm, λ3 = 960 nm and λ4 = 1090 nm.
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6.3.4.2 Electromagnetic field intensity maps analysis

Even though the detailed analysis of the nano-cavity array design has been made
in the case of GaAs, we have studied the magnetic field intensity maps at the
wavelengths of the different absorption peaks for the CIGS structure at normal
incidence and TM polarization. These maps can be consulted in Fig. 6.3.7.

(a) λ1 = 490 nm (b) λ2 = 800 nm

(c) λ3 = 960 nm (d) λ4 = 1090 nm

Figure 6.3.7: Magnetic field (Hy) intensity maps with the direction perpendicular
to the plane (xz) of the figure at (a) λ1 = 490 nm (b)λ2 = 800 nm (c)
λ3 = 960 nm and (d) λ4 = 1090 nm calculated at normal incidence
and TM polarization for the figure depicted in Fig. 6.3.5.

• For the first absorption peak at λ1 = 490 nm (Fig. 6.3.7a), the mode is lo-
calized in the upper ZnO:Al layer and almost homogeneous horizontally. It
indicates the classical an single interference effect in this layer that can be
understood with the quarter wavelength ARC model. To obtain a minimum
of reflection at λ = 500 nm, the thickness of the ARC must be according
to Eq. 5.5.1 tARC = 68 nm. We assume that the effect of the array is here
negligible (the area fill factor is only about 25 %). This is how the thickness
of the ZnO:Al has been optimized in our case.
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• For the absorption peak at λ2 = 800 nm (Fig. 6.3.7b), the situation is not
clear (and similar to the GaSb case). At this wavelength, the magnetic field
seems to be partly a superposition of the component of resonance 1 and 3
(with a reserve on the shape of the field above the nano-particle). Without,
these two components, we effectively observe a weak localization of the field
in the CIGS layer at the lower interface like for resonance A for GaAs (we
also observe the component of the MSM resonance). Past this observation,
it is hard to conclude clearly on the nature of this resonance without more
arguments.

• For the absorption peak at λ3 = 960 nm (Fig. 6.3.7c), the magnetic field is
strongly localized in CIGS, outside the region of the nano-particle. This
seems to be similar to the vertical resonator B behavior in the case of GaAs.

• The last absorption mechanism at λ4 = 1090 nm (Fig. 6.3.7d) is very similar
to the MSM resonance C3 of the GaAs case. Here, we observe the three
maxima in the magnetic field intensity map indicating the 3rd order of a
horizontal Fabry-Pérot resonance.

It seems that the behavior of the structure share some similarity with the GaAs
case. The situation is however a bit different than the previous case, in particular
for the second resonance. A parametric study is needed to confirm the identifica-
tion and the behavior of the absorption peaks.

6.3.5 Geometrical parametric study

The aim of this section is to verify if, like for the GaAs case, each resonance
peak seems to be tunable with a single geometrical factor depending on the nano-
photonic mechanism of the resonance.

• Fig. 6.3.8a represents the spectral position of the maximum of the four ab-
sorption peaks as a function of the thickness of CIGS. Resonances 2 and 3
seem to respond similarly to the variation of the CIGS thickness. They dis-
play also the strongest shift, confirming the hypothesis that these resonances
can be modeled as a vertical Fabry-Perot resonator in the CIGS layer. Res-
onances 1 and 4 are less impacted (the average value of the slope is more
than twice lower), accordingly to our description.

• Fig. 6.3.8b represents the spectral position of the maximum of the four ab-
sorption peaks as a function of the width of the metallic dots (fixed period
at 530 nm). Resonance 4 is shifting over 200 nm for a variation of the metal-
lic dots of 100 nm. This was expected with the MSM model. The other
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resonances stay still as expected by our modeling except for resonance 2,
indicating that the geometry of the particle as indeed an impact on this res-
onance (see Fig. 6.3.7b). This particular phenomenon is unexpected in our
analysis of this structure. This resonance 2 seems to be effectively slightly
different from resonance A.
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Figure 6.3.8: Parametric study: total absorption calculated for the 45 nm-thick
CIGS structure as a function of the wavelength and either of (a) the
thickness of the CIGS layer, (b) the width of the dots (at a given
period of 530 nm), (c) the thickness of the ZnO:Al window layer and
(d) the period of the silver array and the wavelength for a fixed fill
factor of value ff = 0.55 in TM polarization

• Fig. 6.3.8c represents the spectral position of the maximum of the four ab-
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sorption peaks as a function of the thickness of the window layer. The main
consequence is seen on resonance 1 as expected: the thickness of the ARC
determine the spectral position of the reflection minimum. The thickness of
the ARC also affects resonance 2 and 3 but not resonance 4, in accordance
with our description.

• Finally, Fig. 6.3.8d represents the CIGS absorption for the structure depicted
in Fig.6.3.5 as a function of the period and the wavelength for a fixed fill
factor of value ff = 0.55. In this figure, resonance 1 does not shift. This
peak is attributed to the ARC effect and has no reason to shift at a fixed
fill factor. Resonance 4 shifts linearly. This is in accordance with the MSM
behavior. However, resonances 2 and 3 are clearly dependent of the period
of the array. This is unexpected by our model and suggest potentially a
diffraction of light, coupled to the CIGS waveguide. However, the period
remains a degree of freedom for us as it allows to spread the different peak
across the visible range. As a matter of fact, each absorption mechanism
seems to have a different dependency (slope) regarding the period.

6.3.5.1 Study of the angular and polarization dependence

Having detailed the mechanisms of absorption, we test if this structure meets the
basic requirements of a solar cell. We have chosen a 2D structure in order to be
polarization independent at normal incidence. However, we investigate here if the
angle independence is preserved from the GaAs design.

The total absorption spectrum as a function of the angle of incidence is plotted
in Fig. 6.3.9a in TM polarization. We note θ the angle of incidence. In this plot,
resonances 1, 2 and 4 are angle independent. However, resonance 3 shifts with the
increase of the angle of incidence. This is potentially an evidence of a diffraction
mechanism. I did not manage however to fit this shift with a diffraction model. A
calculation of the exact effective index of the mode might help us in this task.

On the other hand, a diagonal perturbation line crosses the plot, starting at
λ = 500 nm at θ = 0 ° incident light angle. This perturbation is well described with
the dispersion relation of the first order of light diffracted into air by the metallic
grating (plotted as the the dashed line in the figure with ℜ

(

k(p)
x

)

= k0sinθ + p2π
d

with p = 1 and neff = kx

k0

= 1 for diffraction into air/vacuum). Below this
dashed line, the array is sub-wavelength and no diffraction order is permitted back
into the air. Nevertheless, the diffraction mechanism has nearly no effect on the
absorption efficiency. Remarkably, the metallic array is responsible for efficient
light confinement in the CIGS layer with 4 different resonances in the 400-1100 nm
range, but it has a very weak effect on light diffraction in free space.

The shift of resonance 3 causes a hollow in the absorption spectrum near λ =
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1 µm for angle of incidence above θ = 30 ° and therefore a diminution of the
short-circuit current. On the contrary, resonance 1 and 2 seems to collide around
θ = 40 °, party counterbalancing this drawback. The general shape of the spectrum
is preserved up to θ = 60 °, except for resonance 3.

Fig. 6.3.9b represents the total absorption spectrum as a function of the angle
of incidence in TE polarization. In this case, the spectrum is independent to the
angle of incidence.

The theoretical short-circuit current is preserved up to 60 °. Fig. 6.3.10 repre-
sents the angular diagram of the theoretical short circuit current (in mA/cm2) for
the 2D 45 nm-thick CIGS structure (even if there is no actual junction in this de-
sign) averaged over both polarizations. We see that the value of the short-circuit
current is practically angle-independent. It starts at Jth = 38 mA/cm2 at normal
incidence and is decreased by only 6% at θ = 30 °. At θ = 60 °, the short-circuit
current has lowered of 15 %.

(a) TM (b) TE

Figure 6.3.9: Simulated total absorption as a function of the angle of incidence and
the wavelength for 2D 45nm-thick CIGS structure in (a) TM polar-
ization and (b) TE polarization. The dashed line in TM polarization
represents the dispersion relation of the first diffracted order in air.

6.3.5.2 Performances and conclusion

We have shown here that it is possible to build a remarkably broad absorption
spectrum for the case of a 45 nm-thick layer of CIGS. With the nano-cavity array
design, we are able to confine light efficiently in the CIGS layer with 4 distinct
absorption peaks. The structure is built and behaves much like the ultra-thin GaAs
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Figure 6.3.10: Angular diagram of the theoretical short-circuit current (in
mA/cm2) for the 2D 45nm-thick CIGS structure as a function of
the incident light angle (in degree) averaged over both TM and TE
polarizations.

structure. Several points in the analysis of this structure are not as clear as for the
GaAs structure. However, the optimization process in both cases is very similar.
A deeper study is necessary to understand everything perfectly, yet our knowledge
in the nano-cavity array is sufficient to submit an efficient light-management for
ultra-thin CIGS structures.

In terms of performance, the increase is very important compared to an unstruc-
tured 45 nm-thick CIGS solar cell (see Fig. 6.3.6). If we could speak of collection
of the carriers, from an optical point of view this structure would lead to a very
high short-circuit current value (J th = 38 mA/cm2) for only 45nm of the CIGS.
This is a 180 % increase compared to the reference 45 nm-thick CIGS solar cell on
Mo and almost of 50 % increase to the reference cell on Ag. It also correspond the
same short-circuit current calculated for a 1 µm-thick CIGS solar cell.

This first numerical step has allowed highlighting very promising results and is
important toward the application to complete solar cells. In the next section, we
go further by applying this design to a more complete solar cell structure.

6.4 Toward a complete CIGS solar cell:

100 nm-thick CIGS nano-cavity array solar cell

The previous sections have demonstrated the potential of the nano-cavity array
design in the case of a sole CIGS layer. The aim of this section is to consider a
more complete solar cell and to give a first overview of the nano-cavity array design
in this case. We propose a potential structure for a 100 nm-thick CIGS solar cell
including a buffer layer to form the hetero-junction and a diffusion barrier at the
back contact. We investigate if the nano-cavity array design can still enhance the
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absorption in this more complex structure.

6.4.1 Presentation and discussion about the ultra-thin CIGS
solar cell

We study in this section the solar cell design described in Fig. 6.4.1. It is similar
to the 45 nm-thick CIGS structure but it incorporates two new layers that are
important for the electronic behavior of the device: a CdS buffer layer (50 nm) on
the front and a 50 nm-thick TCO layer (here ZnO:Al) between CIGS and the back
mirror to play the role of diffusion barrier.

Concerning the front contact, we have chosen the conventional CdS layer that
is widely used for the charge separation and the electronic transport in CIGS
solar cells. A different option using ZnS instead of CdS is considered later in this
chapter. We assume here that the silver does not diffuse through cadmium sulfide
but we could think of a design where the metallic array would be embedded in an
intrinsic window layer. Besides, there is no i-ZnO layer in this design. The real
part of the refractive index of i-ZnO is close to ZnO:Al, which is an advantage.
However, the thickness of the i-ZnO would change the ARC condition and a deeper
study is necessary to submit a proper structure.

Concerning the back contact, Matson et al. [208] have presented results about
the characterization of the interface between CuInSe2 and different metals. Highly
reflective metals such as silver (Ag) and copper (Cu) performed poorly whatever
the deposition method due to interdiffusion of the metal throughout the CIGSe
layer even at room temperature. Some teams have started to study transparent
back contacts (TCOs) between CIGSe and a metal that would block the diffusion
of metallic particles and allows benefiting from the high reflectivity of silver for
instance. The good optical properties of a hybrid ZnO:Al/Ag mirror was reported
in the paper of Campa et al. [209]. However, using a n-ZnO:Al contact at the p-
CIGSe extremity leads to rectifying behavior. However, interesting experimental
results were obtained in the team of Prof. Nakada [210, 211] using either SnO2 : F
(FTO) or SnO2 : In (ITO) as a back contact for bifacial CIGS solar cells. In this
dynamic, Rostan et al. [212] have reported the ohmic behavior of a CIGSe/MoSe2
(20 nm-thick)/ZnO:Al contacts. As an ideal candidate for efficient transparent
back contact has not emerged yet from literature, we select for now a ZnO:Al
(50 nm) layer. This study can be (and should be) start again with another TCO.

The structure is not complete from a electronic point of view but it is already
more complex optically speaking. We use here the same parameters of the metallic
array as for the 45 nm-thick CIGS structure: thickness t = 20 nm, width w =
290 nm, period p = 530 nm to see its effect on the absorption spectrum.
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Figure 6.4.1: Schematic of the 100 nm-thick CIGS solar cell: a 50 nm-thick ZnO:Al
window layer, a 2D silver nano-particles array, a 50nm-thick CdS
layer, a 100 nm-thick absorbing CIGS layer, a 50 nm-thick ZnO:Al
to prevent diffusion layer and a silver back mirror. The parameters
the array are: thickness t = 20 nm, width w = 290 nm, period p =
530 nm.

6.4.2 Broadband absorption enhancement in the 100 nm-thick
CIGS structure

The absorption spectrum of the 100 nm-thick CIGS structure is shown in Fig. 6.4.2a.
The total absorption is plotted in blue and the absorption in the CIGS is plotted
in red. These spectra are compared to the CIGS absorption of the 100 nm-thick
reference CIGS solar cell on Mo (black curve) and the solar irradiance spectrum
(gray).

The difference between the blue and the red curve represents the light lost in the
other layers. Above λ = 500 nm, this difference is never superior to 15 %. Below
λ = 500 nm, a large fraction of the light is absorbed both in the window and buffer
layer: at λ = 300 nm, the totality of the light is parasitically absorbed.

The red curve displays resonant absorption peaks and reaches perfect absorption
two times at λ = 540 nm and λ = 720 nm. At λ = 1050 nm, The red curve
represents a strong enhancement in absorption over the absorption of the reference
solar cell (at λ = 750 nm the absorption in doubled). It results in a 80 % increase
in photo-current from Jsc = 19.4 mA/cm2 to Jsc = 29 mA/cm2.

It is harder to differentiate clearly the different contribution of each element of
the structure on the red curve compared to the 45 nm-thick CIGS structure. The
electromagnetic field intensity maps (see the appendix) are very hard to interpret.
We are not showing here an analysis of the absorption mechanism as it would need
more study. The «visual» optimization of the absorption spectrum (positioning of
the peaks) is not really possible anymore. Here, only a simple, blind optimization
of the geometric parameters of the array have been realized in order to max the
calculated theoretical short-circuit current

Fig. 6.4.2b represents the comparison between the absorption spectra with two
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more adequate references. The CIGS absorption spectrum of the structure is
plotted in red. It is compared to the absorption spectrum of the same structure
with no metallic array (dotted red) and to the absorption spectrum of the 100 nm-
thick reference CIGS solar cell on silver. With this figure, we can identify the
contribution of the array on the absorption enhancement.

The main effect of the array is to increase the absorption at λ = 750 nm and
at λ = 1100 nm over the two references. It also reduces the absorption at λ =
950 nm, but partly in one of the atmosphere absorption band in the solar irradiance
spectrum. The peak at λ = 1100 nm is clearly a product of the array but is not
very efficient and would need to be optimized as it resonates in an interesting
region of the solar spectrum.

The absorption enhancement is not as spectacular as for the 45 nm-thick CIGS
structure for instance. Yet, the theoretical short circuit current calculated from
the red curve represents an increase of +3.5 mA/cm2 over the dotted red curve and
of +3.4 mA/cm2 over the dotted black curve. This increase is understandable as
the array leads to an increase in absorption in spectral regions where more photons
are available.
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Figure 6.4.2: (a) Simulated absorption spectra of the 100 nm-thick CIGS solar cell.
The blue and red curves represent the total absorption and the ab-
sorption in CIGS of the structure depicted in Fig. 6.4.1 respectively.
The black curve represents the absorption in CIGS for the reference
planar 100nm-thick CIGS solar cell with Mo back contact depicted in
Fig. 6.3.1. The gray curve represents the normalized spectral density
of AM1.5G solar spectrum. (b) Comparison of the simulated absorp-
tion spectra of the 100 nm-thick CIGS solar cell to the absorption
spectrum of the same structure without array and to the absorption
spectrum of the reference planar 100 nm-thick CIGS solar cell on Ag.
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6.4.3 Study of the angular dependence

Fig. 6.4.3 shows the absorption in CIGS of the 100 nm-thick CIGS structure as a
function of the incident light angle and the wavelength. The absorption spectrum
remains stable in the λ = 300 − 800 nm range up to an angle of incidence of 50 °.
Above λ = 800 nm, one can note the apparition of angle dependent mechanisms
that limit the absorption for angles superior to 35 °. This hints the presence of
diffraction induced modes that need to be properly discussed in a future study.

Nevertheless, Fig. 6.4.4 represents the angular diagram of the theoretical short-
circuit current (in mA/cm2) for the 2D 100nm-thick CIGS structure as a function
of the incident angle (in degree) averaged over both TE and TM polarization. The
theoretical short-circuit current is stable up to an angle of at least 60° for a value
of Jsc = 29 mA/cm2 at normal incidence to a value of Jsc = 28 mA/cm2 at θ = 45 °.
This is compatible for standard PV applications.

Figure 6.4.3: Simulated absorption in CIGS of the 2D 100 nm-thick CIGS struc-
ture as a function of the incident angle and the wavelength in TM
polarization.

6.4.4 Replacing the buffer layer: from CdS to ZnS

Zinc sulphide and by products are the most promising candidates to replace the
cadmium sulfide as the buffer layer in CIGS solar cells [213, 214]. It would allow
to get rid from cadmium and its high bandgap (3.6 eV), associated to a surface
passivation due to the incorporation of sulfur and short deposition times (<10
min) makes it an excellent alternative to CdS for carrier extraction.

From an optical point of view, ZnS has a much lower extinction coefficient than
CdS (below 0.1 in the λ = 300 − 500 nm range using the data of Siqueiros et
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Figure 6.4.4: Angular diagram of the theoretical short-circuit current (in mA/cm2)
for the 2D 100 nm-thick CIGS structure as a function of the incident
light angle (in degree) averaged over both TE and TM polarization.

al. [215] compared to 0.4-0.7 for CdS). It leads to less parasitic absorption in the
buffer layer (and minority carrier recombination). The two materials have however
roughly the same value for n (around 2 in the visible spectrum).

We replace CdS by ZnS in the 100 nm-thick CIGS structure of Fig. 6.4.1 with
the same thickness (50 nm) and keep the same geometrical parameters. Fig. 6.4.5
represents the comparison of the absorption spectra with either a CdS (red) or ZnS
(black) buffer layer of 50 nm. As expected, the absorption in CIGS is increased in
the 350-450 nm range. For longer wavelengths, the absorption spectra stay almost
the same. The theoretical short-circuit current is enhanced from J th = 29 mA/cm2
to J th = 30.2 mA/cm2. Despite the absorption enhancement, the increase of short
circuit current is limited due to the small amount of photons received from the
sun between λ = 350 nm and λ = 450 nm.

6.4.5 Conclusion

We have adapted the nano-cavity array structure to a CIGS solar cell and have
proposed a set of parameters that allow an enhancement of the absorption in the
active layer and of the theoretical short-circuit current compared to unstructured
references. To our knowledge, this is one of the first numerical propositions of a
light trapping involving nano-photonic concepts and metallic array for CIGS solar
cells.

In the case of the 100nm-thick CIGS solar cell with the ZnS buffer layer, we have
calculated a theoretical short-circuit current of J th = 30.2 mA/cm2. This is a 85 %
enhancement over the value of the reference planar 100nm-thick CIGS solar cell
on Mo. However, this represents only a +5 mA/cm2 absolute increase compared
the 100 nm-thick CIGS solar cell on Ag. The problems of indium and deposition
time make CIGS one of the most eager technology to reduce the thickness of the
absorber. We have proposed an optical solution that paves the way to future study
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Figure 6.4.5: Comparison of the absorption spectra in CIGS of the 100nm-thick
structure of Fig. 6.4.1 with either a CdS (red) or ZnS (black) buffer
layer of 50 nm. The theoretical short-circuit current is enhanced from
J th = 29 mA/cm2 to J th = 30.2 mA/cm2.

on ultra-thin CIGS solar cells. There is however several mandatory steps required
for a complete solar cell such as the integration of a i-ZnO layer and the passivation
of the silver grating. However, right now, the focus should be on producing high
quality ultra-thin, ultra-flat CIGS layers on alternative substrate. This process is
described in Chapter 7; along with the patterning process of CIGS structures.

Moreover, we see in this particular case the limitations of the nano-cavity array
structure. It is excellent to increase absorption in confined space but the drawback
is that, for increased thickness of the active absorber (100-300 nm), we are losing
the beneficial coupling of the array and the back mirror (in the case of the MSM
resonance). Moreover, the optimization and the comprehension of the resonance
are more complex due to the high number of layers. In the following of this chapter,
we are presenting an alternative way to enhance the absorption in solar cells in
the 100-400 nm thickness.

6.5 Back nano-structured CIGS solar cells

6.5.1 Introduction

Our first idea was to fabricate and characterize the nano-cavity array design sim-
ulated for ultra-thin CIGS layers. However, the conclusion of the previous section
was that the nano-cavity array design is truly optically interesting for thicknesses
inferior or equal to 100 nm and that further studies are required for its integration
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in working devices. For devices in the 100-400 nm range, we propose here an alter-
native light management design: placing a nano-structured mirror at the back of
a solar cell. The solution has two main advantages: to excite wave-guided modes
in the CIGS layer with the use of a metallic grating and to be integrated in the
back contact. The potential of this solution has been already demonstrated for
amorphous silicon solar cells [2, 3, 159] (see Chapter 2). Optically, the advantage
of this structure is to have no metallic particles on the front and thus to reduce
the parasitic losses compared to the previous structure in the spectral range where
the light is absorbed through in single pass in the CIGS layer. Therefore, we ex-
pect an enhancement of the absorption only in the red part of the spectrum. In
this section, we evaluate the potential of this structure for CIGS solar cells in the
100-400 nm thickness range. We start by studying in detail a 150 nm-thick CIGS
structure.

At the point in the manuscript, we pursue the change in our approach engaged
in the previous section: now, we focus on structures that can be applied to solar
cells in a short term range.

6.5.2 150 nm-thick Back nano-structured CIGS solar cell

6.5.2.1 Simulated structure

In the following section, we consider first the structure of Fig. 7.3.6. It is a 150 nm-
thick CIGS solar cell (the hetero-junction is formed with a stack similar to the
reference solar cell) with a patterned Au back mirror.

CIGSx150xnmx

ZnO:Alx(400xnm)x&xi-ZnOx(50xnm)

CdSx50xnmx

nx=x1.5Aux w p

t

Glass

z

xy

Figure 6.5.1: Simulated 150 nm-thick CIGS structure with a patterned Au back
mirror. The parameters the back mirror are t the thickness of the
structure, w the width of the structuration and p the period of the
structure (p = 600 nm, w = 300 nm and t = 100 nm). The medium
between the Au structure is considered as a homogeneous material
with a refractive index of n = 1.5. The incident medium is considered
also as a homogeneous material with a refractive index of n = 1.5
(glass).

152



6.5 Back nano-structured CIGS solar cells

The parameters of the back mirror are t the thickness of the structure, w the
width of the structure and p the period of the structure. The medium between
the Au structure is considered as a homogeneous material with a refractive index
of n = 1.5. To take into account a glass encapsulation, the incident medium is
considered also as a homogeneous material with a refractive index of n = 1.5.

The originality of this design is to create a structure while keeping a flat active
material, integrated in a hybrid back contact. Fabrication considerations and
potential advantages are discussed in Chapter 7. First, the design is simulated
with the Reticolo code in order to evaluate the absorption increase. To optimize
the short-circuit current, the optimal parameters of the array are p = 600 nm,
w = 300 nm and t = 100 nm.

6.5.2.2 Simulated absorption spectrum

Fig. 6.5.2 represents the simulated absorption spectrum for the 150 nm-thick CIGS
solar with a patterned Au back mirror of period 600 nm. This absorption spectrum
is compared to the absorption spectra of the reference solar cells (on Au and
on Mo). This absorption spectrum is independent of the polarization at normal
incidence.

Figure 6.5.2: Simulated absorption spectrum in CIGS (in red) for the 150 nm-thick
CIGS solar with a patterned Au back mirror of period 600 nm. This
absorption spectrum is compared to the absorption spectra of the
reference solar cells: Au (blue) and Mo (black). The AM1.5g nor-
malized spectral density is represented by the gray curve.
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The maximum absorption enhancement takes place in the red part of the spec-
trum (in the 700-1200 nm range). In particular, we can note specific absorption
peaks at λ = 1060 nm and λ = 1260 nm. The red absorption is expected for this
structure, as noticed in literature for a-Si:H solar cells. It only affects weakly the
blue photons as they are absorbed in CIGS through a single path. A notable ex-
ception is present around λ = 600 nm where the flat reference is superior to the
structured stack.

6.5.2.3 Balance of the optical losses in the cell

Fig. 6.5.3 represents the simulated absorption spectrum for the 150 nm-thick CIGS
solar in each layer, i.e. the balance of the optical losses in the cell. The main
source of optical loss in this system is the window layers, absorbing strongly below
λ = 450 nm and over λ = 1110 nm (absorption by the free carriers). The CdS
accounts for loss up to 30 % in the 300-500 nm wavelength range.

Interestingly, less than 10 % of the light is lost as absorption in the metal with
the back structure, except for the resonance peak at λ = 1260 nm. The absorption
in the metal is here not a limitation. In fact, the parasitic losses in the metal are
globally inferior to the absorption enhancement compared to reference solar cell
on flat Au mirror (an average of 4 % of the light is already lost in the back mirror
for the planar solar cell).
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Figure 6.5.3: Simulated absorption spectrum in CIGS (in red) for the 150 nm-thick
CIGS solar with a patterned Au back mirror of period 600 nm. This
absorption spectrum is compared to the absorption spectra of the
reference solar cells: Au (blue) and Mo (black).
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6.5.2.4 Magnetic intensity maps

To understand better the behavior the absorption spectrum, we have plotted in
Fig. 6.5.4 the intensity of magnetic field along the y direction at normal incidence
and in TM polarization at (a) 560 nm (b) 710 nm (c) 1060 nm and (d) 1260 nm.
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Figure 6.5.4: Magnetic field (Hy) intensity maps with the direction perpendicular
to the plane (xz) of the figure at (a) 560 nm (b) 710 nm (c) 1060 nm
and (d) 1260 nm; calculated at normal incidence and TM polarization
for the figure depicted in Fig. 6.3.5.

At λ = 560 nm, as expected, we witness the presence of interference effects in
all the layers leading the high absorption in CIGS. In this interference effect, the
structure has an effect of the shape of the field, resulting at this wavelength in
a diminution of the absorption in CIGS. The effect of the structure is even more
sensible at λ = 710 nm. Around λ = 1060 nm and λ = 1260 nm, the interaction
between the the structure and the CIGS layer seems strong, with maxima of the
magnetic field localized.
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6.5.2.5 Influence of the period

Fig. 6.5.4 represents absorption in CIGS as a function of the period of the back
structure and the wavelength in normal incidence. The variation of the period of
the structure creates straight dispersive lines in the 900-1200 nm range.

This linear behavior is coherent with the expected dependency of diffracted or-
ders in the CIGS layer according to Eq. 2.5.10. However, to fit properly these
dispersive lines and to go further in the comprehension of the light-trapping mech-
anism, we would need to compute the effective index of the wave-guided mode
propagating in the CdS/CIGS/Au slab.

Figure 6.5.5: Simulated absorption in CIGS as a function of the period of the
back structure and the wavelength and normal incidence. The black
horizontal line represents the optimal period in terms of theoretical
short-circuit current.

6.5.2.6 Influence of the angle of incidence

Fig. 6.5.4a represents total absorption of the structure as a function of the angle and
the wavelength in TM polarization for a period of p = 600 nm. Below λ = 1000 nm,
there is a small blue shift of the absorption peaks, in accordance with the facts
that the mechanisms in this spectral region are vertical cavities. However, with
the variation of the angle, the resonance at λ = 1060 nm (at normal incidence) red
shifts linearly. This is typical with the dispersion of mode coupled to the grating.

Fig. 6.5.4b represents the same figure in TE polarization. Below λ = 1000 nm,
the plot is similar to TM polarization. Above, dispersive lines still appears but the
resonance at λ = 1060 nm is no longer present, indicating that may be a plasmon
assisted resonance that does exists off normal incidence in TE polarization.
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(a) (b)

Figure 6.5.6: Total absorption of the structure as a function of the angle and the
wavelength in TM and TE polarization for a period of p = 600 nm.

Fig. 6.5.7 represents the angular diagram of the theoretical short-circuit current
(in mA/cm2) for the 150nm-thick CIGS solar cell with a back nano-structure as a
function of the incident angle (in degree), averaged over both TE and TM polariza-
tion. The theoretical short-circuit current is stable up to an angle of at least 60° for
a value of Jsc = 34.1 mA/cm2 at normal incidence to a value of Jsc = 33.8 mA/cm2
at θ = 45 °. This is compatible for standard PV applications.
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Figure 6.5.7: Angular diagram of the theoretical short-circuit current (in mA/cm2)
for the 2D 100 nm-thick CIGS structure as a function of the incident
light angle (in degree) averaged over both TE and TM polarization.

6.5.3 Optimization of the short circuit current for different
thickness of CIGS

In this section, we submit the results of the optimization of the geometrical pa-
rameters for CIGS thickness varying from 100 nm to 400 nm. In this design, the

157



Chapter 6 Light-trapping in ultra-thin crystalline solar cells: application to
GaSb and CIGS

main parameter we need to choose is the period of the grating. The thickness of
the grating does not have much influence on the optical response at the first order
(tested in our simulations). Moreover, we have a constraint concerning the aspect
ratio of the pattern in fabrication (see Chapter 7). The thickness is therefore taken
a constant at a value of 100 nm.

Several configurations have been tested for CIGS thickness varying from 100 nm
to 400 nm. For each thickness, the period p (from p = 100 nm to p = 1000 nm) and
the width of the structure are varied in order to achieve the highest theoretical
short-circuit current. Table 6.2 lists the best Jth results for each thickness, obtained
each time for a width value that is half of the period, compared to the Jth calculated
for the reference CIGS solar cell of Fig. 6.3.1.

Interestingly, regardless of the CIGS thickness (in the 150-300 nm range at least)
the best period seems to be around 500/600 nm. Moreover, if the enhancement
compared to the reference solar cell on Mo decreases with the increase of the
thickness (as expected), the enhancement compared to the reference solar cell on
a plane Au mirror is constant, equal to 11-12 %. This is a modest value compared
to the nano-cavity array design but is objectively interesting and original for CIGS
solar cell. This universal solution is well adapted, regardless of the thickness of
the CIGS thickness.

CIGS
thickness

(nm)

Best
period
(nm)

J th

(mA/cm2)
J th(mA/cm2)
of ref. cell

on Mo

Enhance-
ment

J th(mA/cm2)
of ref. cell

on Au

Enhance-
ment

100 300 29.9 19.2 55 % 26.7 12 %
150 600 34.1 23.8 44 % 30.4 12 %
200 500 36.5 27.5 32 % 33.7 11 %
300 500 37.4 30.8 22 % 34.5 11 %

Table 6.2: Best Jth results obtain for the simulation of the structure depicted in
Fig. 7.3.6a for different CIGS thickness. For each thickness, the period
is mentioned and the Jth is compared to the theoretical short-circuit
current calculated for the reference solar cell depicted in 6.3.1 with the
same CIGS thickness and either Mo or Au as a back mirror.

6.5.3.1 Conclusion on the back structure

In this section, we have evaluated the potential of a back metallic structure to CIGS
solar cells in the 100-400 nm range. The originality of this structure is to conserve
a flat absorber compared to literature [2–4]. As expected, the main absorption
enhancement can be seen in the red part of the spectrum. We have demonstrated
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that this solution can enhance the short-circuit current of a constant value of
11 % regardless of the thickness of the CIGS layer in the 150-400 nm thickness
range. Besides, This enhancement is rather independent of the angle of incidence.
Moreover, in each case, the best period seems to be be around 500/600 nm. This
is a real advantage for the fabrication of demonstrators: this solution is universal
for the thin CIGS solar cell study we are interested in. More work is needed to
fully understand the mechanisms at stake in the coupling of the incident light to
wave-guide mode, however. The performances of this structure are less spectacular
than the nano-cavity array structure but seems more adapted for the 100-400 nm
range CIGS range. Fabrication consideration of this structure are tackled in the
next chapter.

6.6 Conclusion and perspectives

In this chapter, we have first transposed the nano-cavity array design from GaAs
to ultra-thin GaSb and CIGS layers. With the addition of an ARC, the absorption
spectrum is even broader than the GaAs case with 4 distinct absorption peaks in
both cases. This allows taking advantage of higher band gap in wavelength of
the materials. Moreover, the absorption spectra are still polarization and angle
independent on average.

From a performance point of view, the GaSb design is a interesting alternative
to the dielectric grating design of Esteban et al. [123] that practically the same
optical performances, but has the advantage to be more feasible experimentally and
to use a twice thinner GaSb layer. This lead to a higher potential as a hot carrier
solar cell, as calculated by the Arthur Le Bris et Jean-François Guillemoles [65].
The same conclusion can be said about the 45 nm-thick CIGS structure: we can
achieve over 80 % average absorption in the CIGS layer of the 400-1100 nm range.
This a very promising results that could lead, if conceivable from an electronic
point of view, to theoretical short-circuit current densities comparable to a 1 µm-
thick CIGS solar cell on Mo. This is, in absolute terms, a 50 % enhancement
in theoretical short-circuit current compared to the same structure without the
metallic array.

In the second part, we have adapted the nano-cavity design to a more complete
CIGS solar cell structure, taking into account buffer and diffusion barrier layers.
We have seen for the 100 nm-thick CIGS design that the addition of the array is
certainly beneficial for absorption, but not in the same spectacular way as for the
45 nm-thick CIGS structure for instance. Nevertheless, this design leads numer-
ically to a +5 mA/cm2 absolute increase compared the 100 nm-thick CIGS solar
cell on Ag. Yet, increasing the thickness cause to progressively loose the benefit
of the high confinement of light. It would need a lot more study (numerically
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and experimentally) to conclude on this design. For instance, one would need to
take into account more the electronic properties of CIGS solar cells (buffer layers,
passivation, recombination due to the metallic array). Then we should re-optimize
this light-trapping design to conclude on its worth in terms of fabrication cost and
complexity.

Considering the immediate complexity of this study, we have proposed a alter-
native design CIGS solar cells in the 100-400 nm range: a back metallic structure
included in the back contact, yet applied for a flat CIGS absorber layers. This
structure is found to be optimal for a period of 500/600 nm, enhancing the short-
circuit current of a constant value of 11 % regardless of the thickness of the CIGS
layer. This solution is original, provides a constant short-circuit enhancement and
seems more adapted to CIGS solar cells in the 100-400 nm range.

In this chapter, we have proposed two structures able to enhance the short-
circuit current for CIGS solar cells: one for ultra-thin structures in the 25-100 nm
range (nano-cavity array) and one for thin structures in the 100-400 nm (flat back
mirror structure). The next chapter deals with the technological development and
the fabrication of the experimental nano-structured CIGS solar cells demonstrators
for both designs.
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Fabrication process of ultra-thin
nano-structured CIGS solar cells
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7.1 Previous results of the ULTRACIS project and

context of this work

As stated in Chapter 1, one of the main achievements of the early ULTRACIS
project was the development of a layer transfer of chemically etched CIGS absorber
on alternative substrate [81, 87]. This has led to a 10.2 % efficient 400 nm-thick
CIGS solar cell on a gold back substrate [85], the most efficient CIGS solar cell
for this thickness range so far (see Fig. 1.4.1). In this manuscript, we want to
go further lying on the knowledge accumulated at IRDEP. The aim is to apply
experimentally the light-management structures of Chapter 6 to enhance even
more the short-circuit current density in solar cells of comparable thickness or
thinner. CIGS, due to its poly-crystalline rough nature, is very difficult to process
and to manipulate in a clean room. In order to achieve this ambitious objective,
a heavy technological development is needed to manipulate and pattern CIGS
samples properly in clean-room.

The two first problematics tackled in this chapter are on a technological point of
view: (1) how to produce a flat ultra-thin (< 400 nm) CIGS layers on an alternative
substrate and (2) how to pattern at the sub-micron resolution a CIGS surface? The
collaboration of knowledge between IRDEP and LPN has led to the fabrication
of ultra-thin nano-structured CIGS solar cells. Preliminary characterizations are
presented and discussed at the end in this chapter.
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7.2 Fabrication of flat ultra-thin CIGS layer on

alternative substrate

7.2.1 Goal and context

To conceive geometries close to our simulated structures of Chapter 6, the CIGS
layer should be as thin, as flat and as continuous as possible. The two possible
solutions to produce such samples, as seen in Chapter 1, are either to grow directly
ultra-thin CIGS layers [72–74, 77] or to etch thick CIGS layers [81, 83, 84, 87].
Because roughness and shunt issues are becoming critical below thickness of 400 nm
[72, 73], our samples are produced with the second solution that gives for now
better results. The amount of material lost in the process is obviously to be taken
into account precisely for further development. Further details about etching and
polishing of CIGS layers are given later in this chapter.

Concerning the alternative substrate, studies have showed that the high tem-
perature deposition process (co-evaporation) of the CIGS on Mo leads to a repro-
ducible ohmic contact formation [216, 217] via the formation of an intermediate
MoSe2 layer at the metal/semiconductor interface [218]. Over the progress of the
research on CIS/CIGS based solar cells, Mo has become the reference back contact
metal for CIGS, meeting both the low cost requirements and the electrical compat-
ibility with CIGS. The high temperature substrate based process complicates the
use of alternative materials (interdiffusion) [216], and the different studies could
not take advantage of the best candidates materials for light-trapping purpose
(such as Au and Ag). As a consequence, we use in this study high-quality Mo
grown CIGS layers that we have to transfer on another back contact.

Among the studies dealing with a variety of different back contact metals applied
specifically to thin CIGS solar cells (< 1 µm), we can cite the work of Orgassa et
al. [216] (W, Mo, Cr, Ta, Nb, V, Ti, Mn) and Malmström et al. [219] (ZrN).
In particular, silver does not form a ohmic contact with CIS and tend to diffuse
in CIS at room temperature [208]. On the contrary, in a publication from 1988,
Moons et al. showed that the best ohmic contact on CIGS can be achieved using
Au [220], thanks to the high work function and chemical compatibility of CIGS
with Au. We have seen previously that gold is one of the most reflective metal for
CIGS in the visible range (see also Jehl et al. [81]).

The «lift-off» process that has been used for flexible solar cells by Minemoto
and Anegawa [221, 222] in order to separate the CIGS layer from its Mo growth
substrate. We use in this manuscript this interesting idea to process the alternative
back contact at room temperature (and therefore to prevent diffusion). We refer
to this process as a «substrate transfer» process in order not to confuse with the
lift-off clean room process seen in Chapter 5.
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In our case, the CIGS samples were supplied by ZSW as a soda lime glass / Mo
/ MoSe2/ CIGS (≈ 2.5 µm-thick, no gallium grading) stack. The samples were
deposited on their pre-production line [223] and we had practically no inputs on
the process parameters. In the following, we present the different steps of the
substrate transfer process.

7.2.2 Substrate transfer process

The substrate transfer process for CIGS solar cells have been mainly developed at
IRDEP by Zacharie Jehl Li-Kao [81, 85, 224] and optimized by Benoît Fleutot.
Fig. 7.2.1 represents the simplified steps of the substrate transfer process and the
fabrication of ultra-thin CIGS solar cells used. For additional details please refer
to the references linked above.

• 7.2.1a: Co-evaporated CIGS sample as received from ZSW (≈ 2.5 µm-thick,
no gallium grading). The roughness of the samples are variable, though in
average around 200 nm RMS.

• 7.2.1b: Front CIGS wet etching and polishing down to a CIGS thickness of
about 500 nm. We use a etch solution of the bromine family [84, 87].

• 7.2.1c: Cyanide solution (KCN) etch that cleans the surface from elemental
Se and eventual CuxSe binaries [84, 225] and window layer deposition (CdS
50 nm via chemical bath deposition; i-ZnO 70 nm and ZnO:Al 400 nm via
sputtering). After this step, a 110 nm-thick Ni grid is sputtered with a
physical mask on the window layers in order to contact the front of the cell
(not shown).

• 7.2.1d: Substrate transfer: the sample is bounded on a soda lime glass (SLG)
superstrate with a transparent epoxy (Araldite 2020) and is separated from
the old substrate by a mechanical cleaving (at the weak MoSe2 interface).

• 7.2.1e: Back CIGS wet etching down to the a few hundredth of nanometers.
The purpose of this step is also to get rid of the old interface impurities and
defects (Mo/MoSe2 residuals, cracks, holes). The atomic force microscope
AFM measured roughness of this interface is rather low (about 20 nm RMS)
but not perfect as the bromine solution tends to roughened flat CIGS surface
(different kinetics at the grain boundaries).

• 7.2.1f: Deposition of the alternative mirror/substrate (gold by evaporation
at LPN for instance).
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The substrate transfer process can be realized on rather large surface (2*2 cm2),
enough to perform standard solar cell tests. The process of our samples reported
below was made at IRDEP except for the CIGS etching (made at ILV). I have fab-
ricated the samples of this manuscript following this previous process and putting
additional efforts to obtain thinner and flatter CIGS layers. Precision about these
specific points are developed in the next section.
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Figure 7.2.1: Overview of the CIGS substrate transfer process: (a) Co-evaporated
CIGS sample as received from ZSW; (b) Front CIGS etching and pol-
ishing; (c) KCN treatment and window layers deposition; (d) Sub-
strate transfer: the sample is stuck on a SLG superstrate with a
transparent epoxy (Araldite 2020) and is separated from the old sub-
strate by a mechanical cleaving (at the weakMoSe2 interface); (e)
Back CIGS etching; (f) Alternative mirror/substrate deposition.

7.2.3 Etching and polishing

In this manuscript, the CIGS is etched by a HBr/Br2 solution thanks to the knowl-
edge of IRDEP and the Institut Lavoisier de Versailles on Br2 based etching process
(described in Refs. [84, 87]). The etching rate of this solution depends of the tem-
perature, the [HBr]/[Br2] concentration ratio and the spin speed of the vertical
rotating-disk system used to homogenize the etching over the sample (typically 40
rpm in our case).

HBr is preferred to KBr as a stabilizing additive for Br2: previous experiments
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in our collaboration [226] have shown that although the dissolution rate and the
asymptotic roughness remain the same between the two solutions, the surface
roughness decreased significantly faster when using HBr instead of KBr. Moreover,
some In and Ga oxides on the etched CIGS surface have been observed when using
a KBr/Br2 solution; using HBr instead of KBr allows the dissolution of these oxide
and leaves the CIGS surface almost unchanged compared to a non-etched surface.
However, HBr based solutions have an acid pH that can dissolve both CdS and
ZnO window layers if exposed. This can be an issue during the back etching of
ultra-thin CIGS layers where pin holes can appear. KBr based solution can be
buffered with KOH to achieve a neutral pH if needed.

In order to conserve a high control on thickness, the etching rate is kept as
low as possible (temperature close to zero degree Celsius) in order to be able to
react and stop the etching process. The [HBr]/[Br2] concentration ratio is main-
tained constant to a value of 125 to adjust the average etching rate, determined by
titration using graphite furnace atomic absorption spectrometry (GF-AAS) for the
quantification of the Ga, In and Cu dissolved during the etching treatment. This
etching rate is accurate for a bulk material and for a given sample area. However,
the determination of the front etch rate is more difficult when the sample displays
a high roughness (different etch kinetic, impossibility to determine precisely the
amount of material etched). Moreover, native CIGS samples from ZSW displays
an average roughness greater to 200 nm RMS and an average peak-to-valley of
about 500 nm (AFM measurement, LPN) in our case. It is therefore impossible
to determine precisely (i.e. at the 10 nm or less) the thickness of the sample. The
uncertainties about the roughness, the CIGS thickness and the etching rate lead
to a global uncertainty on the CIGS thickness layer of about 100 nm after the
front etch. To measure the CIGS thickness, a destructive solution is to cleave
the sample to realize a SEM cross section measurement afterward. However, the
consequence is that it is very difficult to aim to 100 nm thick CIGS layers during
the back etch without shunting the device or worse, piercing the CIGS layer and
dissolving the front contact. Today, the success rate to obtain 200/300nm -thick
CIGS solar cells on alternative substrate is correct. However, this process is not
reproducible enough to conceive 100 nm-thick or thinner CIGS devices.

The second problematic is the roughness of the CIGS layer, critical for the future
patterning of the layer. The bromine etching solution can decrease the surface
roughness of the ZSW samples down from 200 nm RMS to an average plateau
value of 50 nm RMS during the front etch [87, 226]. On the contrary, during the
back etch, the solution tends to increase the roughness of the flat CIGS surface up
to this same plateau of 50 nm RMS [224]. In our case, we want to go beyond this
value in order to ease the patterning of CIGS layers. The constraints concerning
this specific problem are addressed in the next section. A mechanical/chemical
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etching was developed at LPN to reduce further the roughness. The principle is
to rub homogeneously and softly a HBr/Br2 soaked cleanroom wipe on the CIGS
surface. This homemade technique has allowed to reach record RMS values for
CIGS down to 6 nm RMS (10*10 µm2 AFM measurements). Fig. 7.2.2 represents
the SEM image of a polished CIGS surface. One can note the different grains
constitutive of the layer. This is interesting for our purpose and for advanced
surface characterizations. Anyhow, achieving such a low roughness is not very
reproducible and depends strongly on the initial sample parameters co-evaporated
at ZSW. Moreover, we can not control precisely the etching rate of this process so
we are limiting this step to a minimum. We estimate the roughness of our samples
to be 30 nm RMS in average.

Eventually, we have to take another difficulty into account in our process. Both
with chemical etching and chemical-mechanical etching, the resulting thickness of
the CIGS layer is not homogeneous on the whole sample: the sides of the sample
are etch preferentially. This has a consequence on the patterning of CIGS layers.

Figure 7.2.2: SEM image of a chemically polished CIGS surface with a measured
roughness of 20 nm RMS.

7.3 Patterning CIGS layers

7.3.1 Goal and problematic

The original goal of this chapter is to fabricate the ultra-thin CIGS solar cell
numerically studied in Chapter 6. Two designs were proposed for CIGS:
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1. The nano-cavity array design for a 100 nm-thick CIGS layer of Fig. 6.4.1.
This design requires to pattern a metallic array at the front of the cell,
either directly on CIGS or CdS, or even embeded in i-ZnO. This point has
to be determined from an electronic point of view. To produce the metallic
grating, we have here to have recourse to a lift-off process, similar to the
process of Chapter 5. This step adds an additional difficulty compared to a
classic patterning and impose a constraint on the lithography technique used
(shape of the resist).

2. A back mirror structure for CIGS solar cells in the 100-400 nm thickness
range (sketched in Fig. 6.5.1). The fabrication process of this structure is
potentially simpler than the previous case. At the state of Fig. 7.2.1f, before
the metallic mirror deposition, we just need to pattern a resist layer.

The question is now the following: which kind of lithography technique is com-
patible with the inhomogeneities of CIGS samples? The issue is to pattern at a
sub-micron scale a surface that is rough and inhomogeneous both at the local scale
(grains, defects) and at the global scale (defects, uneven sample surface).

The control of the resist thickness is a critical point during sub-micrometer
lithography. Both local and global inhomogeneities of the CIGS layer are typically
likely to cause inhomogeneity of the resist thickness during a spin-coating. This
may cause definitive problems depending on the lithography technique. This is
the first motivation to have the flattest and perfect surface possible.

Moreover, large scale inhomogeneities of our CIGS samples (inhomogeneity in
thickness over the sample, planarity of the transfer) are typically the type of con-
straints incompatible with EBL because of the limited focus dynamic of the elec-
tron beam. This was our motivation to use anodic bonding for GaAs samples
in Chapter 5. This limitation forces us to focus on alternative lithography tech-
niques. At LPN, nano-imprint lithography (NIL) is a resource developed over the
last decade and we naturally have decided to use this adaptable and attractive
technique for uneven substrates. Holographic lithography could also been consid-
ered.

7.3.2 Degassed-assisted patterning soft-UV nano-imprint

lithography (DAP NIL)

The principle of nano-imprint lithography (NIL) has been introduced by Chou in
1995 [227, 228]. The original principle is to fabricate a hard mold and to press it
into a thin film of polymer at a controlled pressure thereby creating a thickness
contrast in the polymer. The pattering is usually realized in a NIL equipment
to control the pressure and the temperature. The advantages of this technique
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are the rapidity of the process (a couple of minutes) and the possibility to re-use
several times the same mold for several samples (the number of re-use depends on
the nature of the mold). This process has rapidly become an excellent alternative
to achieve fast and relatively cheap sub-100 nm scale lithography on large surface
in the semi-conductor industry. The several points below retrace the different
historical types of NIL and the principal changes (nature of the mold, reticulation
of the resist):

• T-NIL for temperature assisted NIL [227, 228]. The mold is made of Si that
is pressed at high temperature and high pressure on a thin-film polymer.

• UV-NIL for ultra-violet assisted NIL [229]. The mold replaced by a transpar-
ent mold (glass, quartz...) and pressed on a liquid precursor, cured by UV
light through the mold. The process has replaced T-NIL because it can be
achieved at room temperature and at comparatively low pressures. It shares
however a problem with T-NIL: the removal of the hard mold is delicate and
often leads to the breakage of the mold, limiting the re-use potential of the
technique. This is particularly problematic when using costly quartz mold.

• Soft-UV-NIL for soft mold, ultra violet assisted NIL [230, 231]. The hard
mold is here replaced by a soft transparent stamp made of poly(dimethylsiloxane)
(PDMS) that is simply casted or spin-coated on a master hard mold. Soft
UV-NIL has thus several advantages among which: (i) dozens of cheap PDMS
stamps can be easily prepared from one expensive EBL silicon master mold,
(ii) the flexible stamp ensures a conformal contact without applying high
external pressure even on non-planar substrates, and finally, (iii) the mold
can be easily peeled off without cracking contrary to a rigid mold. However,
due to its low Young’s modulus, soft PDMS leads to resolution losses cannot
be used for replication at the sub-100 nm scale.

• Degassed assisted patterning (DAP) Soft-UV-NIL: to improve this resolution
problem, we use at LPN composite bi-layer mold of hard-PDMS/PDMS in
order to extend soft UV-NIL for resolution down to 20 nm. The soft PDMS
low Young’s modulus confers flexibility to the stamps while the hard PDMS
high Young’s modulus (less deformation) allows a better resolution. More-
over, Andrea Cattoni has developed new method call degassed assisted pat-
terning. This technique can be realized without any NIL specific equipment
and is particularly adapted for non-conformal substrates.

Fig. 7.3.1 represents the simplified steps of the DAP Soft-UV-NIL. This technique,
inspired by Luo et al.[232], has been developed by Andrea Cattoni (LPN). Further
details can be found in Cattoni et al. [233, 234], especially on the fabrication of the
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HSQ master and on the replication of the composite bi-layer mold (or stamp) made
of hard-PDMS/PDMS. We have tested at LPN sizes of the stamp (and therefore
the patterned area) up to tens of cm2 areas.

• Fig. 7.3.1a: Before the process, the surface is cleaned and deoxydized ac-
cording to the nature of the material. For the NIL process especially, it is
important to remove any organic elements from the surface that could pre-
vent the correct removal of the stamp in step (g) and if possible to make the
surface as hydrophilic as possible in order to achieve a perfect spin coating
of the amonil liquid precursor (step b - For CIGS, the process that is closer
to a deoxidization is a KCN treatment that is unfortunately not available
at LPN. A 2’ oxygen plasma is applied on the surface in order to remove
organic pollutant). Simultaneously, a trichloromethylsilane (TMCS) anti-
sticking treatment is applied to the stamp in order to ease the removal of
the mold.

• Fig. 7.3.1b: The porous PDMS stamp is degassed for at least 10’ in a dessica-
tor. Amonil (M4) is spin coated in the surface to reach a thickness of about
150 nm in a UV-free room.

• Fig. 7.3.1c: Immediately after the spin-coating, the stamp taken from the
dessicator is applied progressively on the amonil in order to avoid bubbles.
The sample is kept for 1’ in a UV free room.

• Fig. 7.3.1d: Potential trapped micro-bubbles are sucked by the porous and
degassed PDMS stamp.

• Fig. 7.3.1e: The holes of the stamp are filled with liquid amonil thanks to the
depression induced by the porous PDMS stamp. Here, no external pressure
controlled by a specific equipment is needed, simplifying extremely the NIL
process.

• Fig. 7.3.1f: The sample is exposed to a UV lamp for 20’ for the reticulation
of the amonil layer.

• Fig. 7.3.1g: The mold is removed carefully from the sample and stocked to
be re-used. A residual layer remains after the imprint.

• Fig. 7.3.1h: The residual layer is removed by reactive ion etching (RIE:
CHF3,O2). The duration of the etching depends on the thickness of the
residual layer.
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Figure 7.3.1: Overview of the DAP soft-UV NIL process: (a) The surface to pat-
tern is cleaned by a plasma oxygen; (b) The stamp is degassed and
a thin-film polymer (Amonil) is spin-coated on the surface; (c) The
stamp is applied progressively and carefully ; (d) Degassed assisted
patterning: micro-bubbles are sucked by the PDMS; (e) Degassed
assisted patterning: holes are filled with amonil without any applied
pressure ; (f) Amonil is cured by UV exposition; (g) The PDMS
stamp is peeled off the sample; (h) The amonil residual layer is etched
by reactive ion etching (RIE: CHF3,O2).

The removal of the mold is the stamp critical step of the process. To prevent the
sticking and the damaging of the mold, the pattern and the sample, the process
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is made if possible at the same room temperature and at the lowest air humidity
possible for higher success rate (in addition of the TMCS treatment). Moreover,
the aspect ratio of the stamp pattern is usually limited to values w/t ≥ 1 to limit
the PDMS deformation (even more so for w ≤ 150 nm).

Fig. 7.3.2 represents the cross section SEM image of a DAP NIL processed with
a amonil resist on a silicon substrate with a square pattern of period 400 nm. For a
flat substrate, the residual layer thickness is constant at a value of about 20/30 nm
(measured on the SEM image). A successful etching of the residual layer relies on
its constant thickness.

We sense here the difficulty of the NIL on uneven samples like CIGS layers. If
the residual layer is not homogeneous, it is difficult to converge toward the optimal
etching time in order to remove this layer on the whole sample. A solution is to
over etch the residual layer but this it comes with a degradation of the shape of
the patterns and therefore, a degradation of the resolution.

For the samples presented in this chapter, I have adapted this DAP NIL process
to CIGS samples, taking advantage of both the flexibility of the mold and the
DAP process. As we have seen in the previous paragraph, the application to
uneven samples remains tricky because of the thickness of the resist. To have a
homogeneous spin-coating, we select the flatter and less damaged CIGS surfaces
available after polishing. We have also chosen the liquid precursor with the lowest
viscosity possible.

Figure 7.3.2: Cross section SEM image of a degassed assisted patterning NIL pro-
cessed on a amonil layer on a silicon substrate with a square pattern
of period 400 nm. For a flat substrate, the residual layer thickness is
constant at a value of about 20/30 nm.

172



7.3 Patterning CIGS layers

7.3.3 Lift-off process on a flat CIGS surface

The first goal of this approach is to produce 2D-metallic nano-particle array on
a CIGS surface, similarly to what have been done on GaAs in Chapter 5. Nano-
imprint patterning is not compatible immediately with a classic lift-off technique.
The first reason is that amonil can not be efficiently selectively wet etched or
dissolved. Second and more fundamentally, on Fig. 7.3.2, we can see that the flanks
of the patterns are exposed to a metal deposition, contrary to the EBL case. This
configuration leads to a continuous metallic thin film during anisotropic metal
evaporation (see Fig. 7.3.3a) that makes the lift-off impossible.

To enable the lift-off, a bi-layer configuration is used (see Fig. 7.3.3b). An ad-
ditional PMMA layer that can be dissolved in thrichlorethylen and that can be
selectively etched in RIE (O2) in relation to the amonil layer is deposited on the
substrate before the amonil layer. After the NIL, the residual amonil layer is
removed (RIE: CHF3,O2) and then the PMMA is etched by isotropic RIE (O2)
in order to create an undercut. This way, the lift-off of the PMMA is possible.
The O2 RIE etching rate of CIGS is pretty low, ensuring a good selectivity of the
bi-layer etch.

Sample to pattern Sample to pattern

Au

(a)

Sample to pattern Sample to pattern

Au

PMMA

Sample to pattern

RIE

(b)

Figure 7.3.3: (a) Simple layer soft UV-NIL: impossible lift-off. (b) Bi-layer soft
UV-NIL: the lift-off of PMMA is possible after isotropic reactive ion
etching.

Fig. 7.3.4 represents the 45 ° tilted SEM images of the nano-structured metallic
(Au) array processed on a CIGS surface. The period of the array is 400 nm, the
width of the particles is 200 nm and the thickness is 20 nm. We see that the
particles are well defined and that the resolution is sufficient for our application
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(and similar to the GaAs demonstrator fabrication). Moreover, we can see that
the process is very robust: a few squares are missing but the Au nano-squares can
even be deposited at the junction between two grains. The process is successful
on a relatively large area even on rough substrate (roughness about 50 nm RMS in
this case, patterning over 0.25 cm2 for now, limited by the available CIGS surface
and not by the NIL technique). Each defect on the CIGS surface leads to a defect
on the gold array. However, this perturbation is very localized and does not extend
over large surfaces (< 1 µm2).

(a) (b)

Figure 7.3.4: 45 ° tilted SEM images of gold array (period = 400 nm, width =
200 nm and thickness = 20 nm) realized on CIGS surfaces by nano-
imprint lithography.

7.3.4 Back nano-structured mirror

The second goal is to produce a back nano-structured mirror sketched in Fig. 6.5.1.
In order to realize this, we have developed a process taking advantage of the super-
strate configuration of the sample after the layer transfer. The idea is to replace
the process step of Fig. 7.2.1f by only a few additional steps: directly on the CIGS
layer, we pattern an amonil layer with DAP NIL and remove the residual layer.
Fig. 7.3.5 represents the SEM cross-section image of the 300 nm-thick of the struc-
ture amonil layer on a CIGS surface after the DAP-NIL process and the removal
of the residual layer. After that, a thick (> 200 nm) gold back contact/mirror is
deposited on the pattern. If the residual layer is correctly removed, then the gold
particles are in contact with the CIGS layers.
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Figure 7.3.5: SEM cross-section image of the 300 nm-thick of the structure amonil
layer on a CIGS surface after the DAP-NIL process and the removal
of the residual layer.

Fig. 7.3.6 represents the SEM cross-section image of the fabricated structure for
a 400 nm-thick CIGS layer. The period of the array is 400 nm in this case. In this
picture, the ZnO:Al/i-ZnO/CdS/CIGS stack is flat. The thickness of the structure
is about 100 nm. The CIGS seems to lay directly on the gold nano-structure
although the gaps are filled by amonil (insulator, electrically inert). Note that the
amonil can be replaced by TiO2 sol-gel in the NIL process if needed. This is also
the first realization of ultra-thin (400 nm-thick on the picture) CIGS solar cell with
nano-structured back contact.

This structure is extremely interesting from two aspects. First, from an optical
point of view, the light sees the back contact as a 2D nano-structured diffraction
grating. According to the simulation of Chapter 6, this geometry should lead to
an increase in short-circuit current of at least 10 % for a CIGS thickness between
100-400 nm. It is important to note that the CIGS layer is kept flat in the process
and that the back surface is not degraded by uncontrolled etching or roughening
that may lead to increased surface recombination. From a collection point of
view, the contacts between the CIGS and the back contact are now localized
(200*200 nm2 in the picture). We have decreased the contact area of a factor 4,
therefore decreasing the surface recombination, while conserving a high density
of contacts (no increase of the parallel resistance). Potentially, we have here a
structure that may increase both the short-circuit current and the open-circuit
voltage compared to an unstructured cell of the same thickness.
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Figure 7.3.6: SEM cross-section image of the 300 nm-thick CIGS solar cell with
nano-structured gold back contact by nano-imprint lithography and
punctual contacts.

7.3.5 Conclusion

In this section, we have demonstrated the possibility to pattern CIGS layers at the
sub-micron scale with an original DAP soft-UV nano-imprint lithography with a
good resolution. In our range of thickness, the difficulty to produce reproducible
samples adds challenge to the task. This to our knowledge the first realization of
this kind for CIGS solar cells. Both patterning (followed by a etch for grooves for
instance) and lift-off processes have been validated for moderately rough (50 nm
RMS) surfaces with a relatively high numbers of defects. The technique is relatively
robust and can pave the way to other studies requiring the fabrication of nano-
structures on CIGS devices (or any moderately rough samples).

Validating the lift-off process on a CIGS surface is a key step toward the fabrica-
tion of nano-cavity arrays demonstrators for ultra-thin CIGS layers. However, due
to the difficulty to produce homogeneous < 100 nm-thick CIGS layers, we have not
pushed the development is this design too far. The efficiency of the nano-cavity
array design is arguable for CIGS thicknesses superior to 100 nm. Either way, the
CIGS thickness should be controlled precisely as it is a critical parameter of the
optimization, which is not the case actually for our process. Moreover, the inte-
gration of nano-particles embedded in the front contact and its potential influence
on the increased recombination need to be studied precisely.

The aim of our application CIGS was really to focus on actually working devices.
That is why we have developed an original process to fabricate a back mirror nano-
structure for CIGS solar cells that takes advantage of the superstrate configuration
of the sample after the layer transfer. The advantage of this design is to integrate
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the light-trapping scheme at the back contact (no need for passivation and less
parasitic absorption in metal compared to the front structure approach). Accord-
ing to simulation and literature, this back grating should raise the short-circuit
current by 10 % by trapping red-photons in waveguide modes inside the CIGS
layer, regardless of the CIGS thickness. This is a good point as the uncertainty of
the CIGS thickness is at stake in our process. First optical characterizations are
presented in the next section.

Moreover, the point contacts formed with this back structure also allow to reduce
the contact area by a factor 4 while conserving a high density of contacts. This
could lead potentially to enhanced open-circuit voltage. The property of this
hybrid contact is to be studied theoretically, numerically and experimentally in
order to validate its potential, however.

This design can be adapted to any crystalline solar cell design as all the layers
are kept flat. The universality of this method is a very good point as for similar
experimental nano-photonic schemes has been proposed for crystalline solar cells
technologies yet.

7.4 Optical characterization of back nano-structured

CIGS solar cells

To verify the simulations of Chapter 6 , reflection measurements were carried out
on the samples fabricated through the substrate transfer process and the NIL
back mirror structure (see for instance Fig. 7.3.6). The optical setup used for
the measurements is the same as for Chapter 5: a Sentech reflectometer and the
Gognio-VISIR FTIR setup. The measure is made on a CIGS sample of estimated
thickness 300 nm and for a back structure of optimal period (period p = 500 nm,
width w = 250 nm, thickness t = 100 nm) processed on several samples with
different thicknesses.

For comparison purposes, the measured reflection spectra are compared with
numerically simulated reflection spectra obtained for the corresponding 300 nm
ideal structure (refer to Chapter 6).

Fig. 7.4.1 represents the specular reflectivity spectra measured at normal inci-
dence on a 300 nm-thick (estimated) CIGS solar cell with (red) and without (blue)
back nano-structure. The simulated R spectra of the structure with and without
nano-structure are plotted in black for comparison (see Chapter 6).

As expected by the simulation, the back mirror structure decreases the reflec-
tivity in λ =700-1200 nm range of the whole samples as it enhances the absorption
in CIGS. The simulated R spectra seem to be in a qualitative accordance with the
measure although it displays interference effects absent in the measure because of
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the residual roughness of the sample.
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Figure 7.4.1: Measured specular reflection spectrum measured at normal incidence
on a 150 nm (estimated) CIGS solar cell with (red) and without (blue)
structure. These spectra are compared to the simulated R spectra of
the corresponding stack with and without nano-structure.

7.5 Conclusion and perspectives on optoelectronic

characterization of ultra-thin nano-structured

CIGS solar cells

In this chapter, we have first presented technological developments centered around
two key points: achievement of ultra-thin CIGS solar cells and pattering of CIGS
surfaces. Our objective was first to fabricate and experimentally validate the
potential of the metallic nano-structures studied in Chapter 6. Yet, the encour-
aging results obtained go beyond the scope of this manuscript and pave the way
to further studies on ultra-thin CIGS solar cells such as advanced CIGS surface
characterizations and novel light management by patterning CIGS solar cells (or
inhomogeneous devices).

In our case, we have proposed an original way to pattern robustly the back
surface of an ultra-thin CIGS solar cell on a large area and minimal equipment
through DAP soft-UV nano-imprint lithography. This process allows to fabricate
an optical back nano-structured metallic mirror that enhances the absorption in
the structure (validated experimentally) with all the more reason an increase in
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short-circuit current (see simulations of Chapter 6). On an electrical point of view,
this hybrid back contact is also interesting: reducing the contact area by a factor
4 while conserving a high density of contacts, leading potentially to enhanced
open-circuit voltage.

The first optoelectronic characterizations of approximately 300 nm-thin CIGS
samples fabricated from thick ZSW layers unfortunately to heavily degraded de-
vices (0.5 cm2 patterned area with for instance: Jsc = 7.6 mA/cm2, Voc = 350 mV,
FF = 25 % and a conversion efficiency of 1 %), due to shunt issues.

Currently, we are re-runing the process on new samples with more a higher
density of smaller diodes to prevent shunts and to enable a statistical study of the
device. Moreover, the samples are now fabricated from 300 nm CIGS layers grown
by co-evaporation at IRDEP. The increased control over the CIGS growth leads
to a better success rate in the sample fabrication. For now, encouraging rectifying
dark IV measurements have been obtained with a satisfying dark current density.

The perspectives at short-terms are obviously to perform further characteriza-
tions of these new devices (EQE, 1 sun IV) after a few setup developments. Then,
the potential of the back structure with point contacts has to be evaluated prop-
erly from an optical (EQE measurement) and a electronic point (IV curves) point
of view, compared to an unstructured solar cell.
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General conclusion

In the frame of this thesis, we have proposed original light-management schemes
for crystalline ultra-thin solar cells through numerical and experimental studies.
We have seen in Chapter 1 that a strong reduction of the solar cell thicknesses is
a promising way to lift constraints on the large scale development of the photo-
voltaic technology. One of the main challenges is to be able to confine and absorb
efficiently light in very small volumes. The literature overview of Chapter 2 demon-
strates the actual ferment in the research field of nano-photonics applied for solar
cells. Our goal was to offer new solutions for ultra-thin crystalline solar cells in
particular.

First, we have followed an uncommon approach by proposing an ultra-thin struc-
ture, motivated more by the optical performances than the device property. In
particular, we have drawn our inspiration from plasmonics and metallic gratings
and their unique ability to control light at the nano-scale. In Chapter 3, I have
introduced the metal/insulator/metal structure for omni-directionnal absorption
in very small volumes along with the numerical code used in this manuscript.

Nano-cavity array design for broadband multi-resonant absorption in ultra-thin
GaAs layer

The first important result of this manuscript is the proposition of the nano-
cavity array design to enhance the absorption in ultra-thin semiconductor layers.
This is especially adaptable to crystalline materials as it keeps the stack flat. In
a first step, this structure has been demonstrated in the case of GaAs. In Chap-
ter 4, we have proposed an in-depth numerical analysis of this design, inducing a
broadband multi-resonant absorption spectrum in 25 nm-thick layer GaAs layer.
This spectrum is obtained with the combination of Fabry-Pérot resonances (clas-
sic and plasmonic). In the 2D-design, the average total absorption value on the
range λ = 550 − 800 nm is 81 %, with a 100 % absorption peak at λ = 670 nm.
According to our simulation, 85 % of the light which is absorbed by the stack is
absorbed in the semiconductor area. Beyond performances, we have highlighted
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several important properties: 1) its insensitivity to incident polarization and an-
gle; 2) the limited absorption losses in the metal (<15 %) despite the presence of
the grating on the front surface of the cell; 3) the multi-resonant behavior in very
small volumes; 4) the total absorption at resonant wavelength. We have proposed
a detailed analysis of the mechanisms at stake and provided guidelines for the
optimization of its performances.

We have reported the fabrication of first ultra-thin GaAs demonstrators in
Chapter 5. First, the optical characterizations of the samples have shown a good
agreement with the numerical analysis of the absorption mechanism. Absorption
enhancement due to Fabry-Perot resonances has been evidenced. Second, the ad-
dition an extra ZnO:Al coating for encapsulation, front contact, and anti-reflection
coating purpose has allowed to broaden even more the absorption spectrum. An
average total absorption of 85 % in the λ = 200 − 1200 nm range has been mea-
sured on a θ = 0 − 50 ° range, a performance well above the state-of-the-art in this
domain. However, the experimental devices have shown several differences with
the numerical structure, such as the spectral position of the MSM resonance.

Application to GaSb and CIGS structures

After validating experimentally the nano-array cavity design for GaAs, an ad-
ditional proof of its versatility was to adapt this design for other materials.

In the frame of ANR THRIPV, the high-injection of carriers in very small vol-
umes has been identified has a key point to achieve the extraction of un-thermalized
carriers. We have therefore proposed a design for a 25 nm-thick GaSb idealized
layer in the context of hot carrier solar cells. It results in a very broad, multi-
resonant absorption spectrum harvesting 68 % of the power available regardless of
the numerical aperture. The metallic array improves therefore significantly (about
50 %) the absorption compared to a simple 25 nm-thick GaSb layer on a silver back
mirror. The result has been used in theoretical simulation of hot carrier solar cell
conversion efficiency, resulting in an evaluation as high a 38 % [65]. Moreover, our
design turns out to be technologically feasible and motivates future prospects and
developments in the field of GaSb hot carrier solar cells at IRDEP.

Alternatively, CIGS solar cells are a technology that displays amongst the high-
est efficiencies of the second generation but has to face the shortage of one of
its constitutive element: indium. This has motivated several projects such as
the french ANR project ULTRACIS whose objective is to reduce drastically the
thickness of CIGS solar cells from 1 µm down to 100 nm. In this manuscript, we
have demonstrated the potential of the nano-cavity array design for a 45 nm-thick
CIGS layer by achieving a very promising absorption in CIGS above 80 % on the
λ = 400 − 1100 nm range. We have also successfully implemented this solution
to a more complete idealized 100 nm-thick CIGS solar cell with +5 mA/cm2 abso-
lute increase in theoretical photo-current compared to the flat 100 nm-thick CIGS
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solar cell on Ag. Although ambitious, the nano-cavity array structure display im-
pressive results in term of absorption enhancement in ultra-thin semi-conductor
layers. These results paves the way to the future study of ultra-thin to GaAs,
GaSb and CIGS solar cells allowing a strong reduction of the absorber thickness
while keeping a high short-circuit current density.

Alternatively, we have demonstrated numerically the potential of a back nano-
structured mirror design to enhance absorption in flat solar cells in the 100-400 nm
thickness range. For the CIGS case, the short-circuit current enhancement is
constant at a value of 11 %, regardless of the thickness of CIGS and for a constant
period of 500-600 nm.

Fabrication and characterization of ultra-thin CIGS solar cells in the frame of
ANR project ULTRACIS

Although presented briefly in this manuscript, the experimental results on ultra-
thin nano-structured CIGS solar cells of Chapter 7 has represented a large amount
of work for me and the collaboration. The first result of this chapter was the
development of a robust, large area patterning for CIGS systems through polishing
and nano-imprint lithography. This result represents a promising opportunity for
further prospects in either front or back nano-structured CIGS solar cells.

The ULTRACIS collaboration is today able to produce routinely working 300 nm-
thick CIGS solar cells transferred on alternative mirrors/contacts. However, with
this technique or with direct growth of the absorber, it seems for now impossi-
ble to produce consistently un-shunted devices thinner than this value. Although
all technological steps have been developed, the nano-cavity array design is not
applicable until at least 100 nm-thick devices are produced.

However, in this manuscript, an innovative fabrication process of thin back nano-
structured CIGS solar cells is presented. From an optical point of view, simulations
and first characterization have confirmed absorption enhancement at long wave-
lengths. However, in literature, this solution was limited until now to amorphous
solar cells. The originality of our approach is to process a back nano-structure to
a planar solar cell, taking advantage in our case of the superstrate configuration of
our CIGS samples after the layer transfer. From an electronic point of view, the
point contacts also allow to reduce the contact area by a factor 4 while conserving
a high density of contacts, leading potentially to enhanced open-circuit voltage.

Perspectives

From broadband absorbers to ultra-thin crystalline solar cells with nano-cavity ar-
ray design

Our results on ultra-thin metal/GaAs/metal absorbers are very promising. Nev-
ertheless, some points in the numerical and experimental studies still remain to be
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clarified. First, the numerical results of Chapter 4 have shown that the absorption
mechanism is complex and some of its properties are not fully understood yet. In
particular, the absorption in the metal is very low and this remains a surprising,
yet beneficial, property. Moreover, a deeper analysis of the effect of the geomet-
rical parameters on the critical coupling condition would be interesting to pursue
to go further in the optimization of our structure. We can also think of other
refinements to optimize further the performances of our structure. For instance,
a more efficient anti-reflection coating should allow to maximize even more the
absorption in the semiconductor layer. In the same way, the symmetry breaking
and the trapezoidal shape of the particles are undoubtedly an interesting track to
pursue to broaden the MSM resonance. Moreover, this same resonance is already
broaden in our experiment compared to simulation. This aspect should be inves-
tigated further to take advantage of it. This would require a better control during
fabrication and further studies. From a fabrication aspect also, a few points are
to be improved, such as the control of the properties and the tarnishing of our
silver grating. An interesting short-term idea is also to replace the gold mirror by
a silver mirror. According to simulation, this should allow to reduce the optical
parasitic losses in our structure.

However, the most limiting factor in this study is the impossibility to realize fur-
ther optoelectronic characterizations. Indeed, the very next step is the integration
of this design to a working device. In this perspective, 25 nm of GaAs for instance
is pretty ambitious for our current knowledge and we are investigating devices
around 100 nm-thick. The optimization of the optical and electronic properties of
this ultra-thin structure should be led in parallel as the thickness of the junction
directly impose the spectral position of at least one Fabry-Pérot resonance inside
the structure. Amongst other issues, the use of silver is to be carefully studied
(best for optical performances but hard to process, diffusive at low temperature
and unstable). Considering the amount of work and depending on the objective,
coupling optical and electronic simulation [185] is a promising solution to converge
faster to a breakthrough device, regardless of the nanophotonic light-management
scheme.

Concerning GaAs solar cells, one would not obviously aim to ultra-thin junc-
tions because conversion efficiency is more important than cost in this particular
case (although the conclusion might be different for CIGS solar cells because of the
indium issue). Anyway, our approach opens novel perspectives towards ultra-thin
crystalline solar cells with a thickness of 50-200 nm. The very promising perfor-
mances of this structure in terms of broadband light confinement are an additional
motivation to pursue further studies of both ultra-thin junctions (an maybe bal-
listic approaches) and new concepts that require ultra-small volumes (hot carrier
solar cells). It can also be applied to other systems such as photodetectors or
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thin-film thermal emitters.

Ultra-thin CIGS nano-structured solar cells: perspectives of the ANR project
ULTRACIS-M

Recently, new ultra-thin nanostructured CIGS solar cells have been fabricated
following the back mirror nanostructure process of Chapter 7 with CIGS co-
evaporated at IRDEP. To be able to control each step of the process and to reduce
the process time has led to the fabrication of proper and cleaner samples. The
early characterizations of these samples have led to promising optical and dark
IV measurement. The short-term perspectives of the ANR ULTRACIS-M are
obviously to characterize further these new demonstrators to evidence both the
expected increase in short-circuit current and open-circuit voltage. Amongst the
potential improvements, we can think of a better treatment and protection of the
CIGS surface, a more rigorous control of the sample thickness and roughness and,
of course, the multiplication of samples in order to do statistical measurements.

Mid-terms perspectives include the direct growth of ultra-thin CIGS layers on
alternative patterned substrate with the IRDEP and the Institut des Matériaux
Jean Rouxel of Nantes. This would allow to remove the substrate transfer and
the etching/polishing step and therefore to ease the general process, leading to a
larger amount of samples available for further studies.

In a last note, this thesis has been the result of the encounter between nanopho-
tonics and photovoltaics. This peculiar research field is nowadays in full expansion,
aiming toward the ultimate low-cost high-efficiency solar cell. The competition be-
tween different technologies is strong. The common thread of this thesis has been
to propose light-trapping schemes that can be applied regardless of the system.
The nature of our study was therefore very exploratory. We have focused our
research on metallic nano-structures and crystalline technologies. Eventually, we
were able to propose two structures adapted for different solar cell thicknesses:
one for ultra-thin structures in the 25-100 nm range (nano-cavity array) and one
for thin structures in the 100-400 nm (flat back mirror structure).

The first structure is born from our desire to propose something new and am-
bitious, with a voluntary strong reduction in thickness and a will to design first a
structure from an optical point of view. The nano-cavity array design is an original
design, both from a photovoltaic and a nano-photonic point of view, that allows
an impressive absorption enhancement for ultra-thin structures. Moreover, it ful-
fills all the requirements for a PV light trapping structure: angle and polarization
independence and low parasitic losses. This work really motivates further studies
on ultra-thin structures: new junctions and new concepts for PV (ballistic trans-
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port, hot carriers solar cells, up-conversion concepts from Andriamiadamanana et
al.[66]) or other area ( photodetectors).

The second structure completes our work on light-trapping structures by dealing
with solar cells in the 100-400 nm range. Our goal with the back nano-structure
design was to propose a design immediately applicable to devices that can not
be thinner than 100 nm for now, either from a fabrication or an electronic point
of view. We have proposed a structure and a process that is original for CIGS
solar cells. This structure is potentially promising to increase both the short-
circuit current and the open-circuit voltage, regardless of the thickness and the
technology.

In this manuscript, promising results have been obtained for GaAs, GaSb and
CIGS structures. However, this concept could be extended further to other thin
film materials such as CdTe or thin-film silicon (see for example the results of our
team and collaborations on a-Si:H from Massiot et al. [162, 163] and up-conversion
concepts from Andriamiadamanana et al. [66]).

Along with novel light trapping schemes, we have developed key technologi-
cal steps for the fabrication of ultra-thin GaAs and CIGS nano-structured solar
cells. Whatever the considered technology, this thesis has shown that the efficient
implementation of advanced light-trapping structures requires a synergy between
numerical design, material science and nanofabrication techniques.
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Appendix A

Optical constants used in the
numerical calculations

In this appendix, we give the optical constants used in the numerical simulations
presented in this thesis. For each material, the reference is given as well as a plot
of the real and imaginary parts of the refractive index.

A.1 Optical constants of CIGS

There are very little data on poly-crystalline CuIn1−xGaxSe2 thin films with vary-
ing Ga contents. Moreover, taking a closer look at the different available optical
data obtained through either ellipsometry or transmittance measurements shows
sensible difference in the absorption coefficient, even at the same Ga content. The
determination of optical properties is more difficult than for the other layers in the
structure because of the following complications:

• High surface roughness: Device-quality CIGS films have a relatively high
surface roughness. The roughness depends on the specifics of the deposition
process. For our baseline process, the root-mean-square (RMS) value of
the surface roughness (σRMS) is typically 5% of the film thickness. The
surface roughness distorts the spectrophotometric as well as the ellipsometric
response of the film relative to the case of smooth surfaces, in a way that
is not trivial to take into account. For example, effective medium theories
for the roughness layer are not applicable when σRMS is comparable with (>
10% of) the wavelength of the light.

• Surface overlayers. An unprotected CIGS surface is known to react with
the atmosphere. The surface overlayers formed, essentially indium oxides,
have lower refractive index than the CIGS material, which affects the optical
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response. In particular, the reflectance is lowered since the surface overlayers
act as index-matching anti-reflective coatings.

• High absorption coefficient. The high absorption coefficient of Cu(In,Ga)Se2
implies that a non-vanishing transmittance throughout the spectral region of
interest is obtained only for very thin films. Thus, methods for determina-
tion the optical properties relying on the transmittance cannot be applied for
films of standard thickness. This is a potential problem, since thinner films
may have different optical properties (due to different crystal quality) than
standard-thick films. Note that high absorption coefficient is not a problem
for ellipsometry.

• Density of the material. In addition to the influence of the surface prop-
erties already discussed, differences in bulk properties might contribute to
discrepancies between data. In particular, the density of the films can differ
between samples. Lower density is expected for thin films relative to bulk
material, which could contribute to the decrease in k-values. This implies
that the density is lower for the films on glass than for the films on Mo, an
effect that is probably related to a difference in substrate temperature.

Three interesting optical data for CIGS are the following:

• Alonso et al. determined by spectroscopic ellipsometry the optical properties
of bulk samples of polycrystalline CuIn1−xGaxSe2 with x = 0.2, 0.4, 0.6, and
0.75 [235]. The surface roughness and surface overlayers were addressed by
careful mechanical and chemical polishing.

• Paulson et al. [206] solved the surface roughness issue of thick co-evaporated
CuIn1−xGaxSe2 films in an elegant way: the films were peeled off from the
Mo substrate (a technique similar will be used in Chapter 3.), and the op-
tical properties could then be measured by spectroscopic ellipsometry on
the smooth back surface side. The influence of oxidation was reduced by
characterizing the films immediately after peeling. Results were reported for
x=0.00, 0.31 0.45, 0.66 and 1.00.

• Orgassa et al. determined n and k from R- and T-measurements at normal
incidence of co-evaporated CuIn1−xGaxSe2 thin films with Ga content x =
0.00, 0.23, 0.51, 0.73 and 1.00 [71, 201]. By using thin samples (210 nm –
270 nm), smooth surfaces (σRMS measured to a few nanometers by atomic
force microscopy, AFM) and high enough transmittance was obtained.

The different sets of extinction coefficient data are plotted on Fig.A.1.1. We have
plotted sets of data with Ga contents close to the material we use in Chapter 7. We
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can see that there is not much of a problem for n values for there are quite similar
between the studies. For k values however, we can start be seeing that all data from
Alonso et al. are overestimated on the whole visible range, probably due to the fact
that that her data are for bulk single crystals, while the other data are for poly-
crystalline thin-film. It can be noted that Alonso did not include results for k < 0.1,
since they were judged inaccurate. The ellipsometry data of Paulson also states
that k > 0 is obtained also for subbandgap (long) wavelengths, in disagreement
with k-values by Orgassa, obtained from RT-measurements, which decrease sharply
to k = 0 at the band-edge. The determination of k by ellipsometry is know to
be difficult for wavelengths close to the bandgap whereas this region is critical for
the photocurrent generation. Therefore, for this region we will favorise the R-T
measurements done by Orgassa. On the other hand, for photon energies well above
the bandgap, the data from Paulson et al. are the most accurate available, since
the smooth back surfaces of standard-thick films were characterized.

(a)

300 400 500 600 700 800 900 1000 1100 1200 1300
0

0.5

1

1.5

Wavelength (nm)

k

x=0
x=0.23
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Figure A.1.1: (a) CIGS extinction coefficient data plotted from Alonso et al. [235],
Paulson et al. [206], Orgassa et al. [71, 201] and Malmstrom et
al. [78] for different Ga content. From Malmstrom et al. [78]. (b)
Imaginary part of the refractive index of CIGS measured by Orgassa
et al. [71] for several gallium contents.

More than for mono-crystalline materials, due to its nature and its relative
youth, CIGS is hard to manipulate in laboratories. Considerable efforts are cur-
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rently made to understand the materials and better ways to process it in order to
characterize it properly.

On conclusion, we use the data plotted on Fig.A.1.2. The n values are the
Paulson et al. for a Ga content of x = 0.31. For the k-values, we will use the
k-values of Paulson et al. in the for a Ga content of x=0.31 for wavelengths below
the bandgap (determine with the empirical approximation of Dullweber et al.[40]:
Eg(x)[eV] = 1.02+0.67x+0.11x(x−1)). For wavelengths above the band-gap, we
will use an linear interpolation with the same «coefficient» than the Orgassa’s data
for a Ga content of x = 0.23. This approximation is not perfect but is satisfying
for our purpose.
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Figure A.1.2: Real (a) and imaginary (b) parts of the refractive index of CIGS

A.2 Optical constants of CdS

Cadmium sulphide is a semiconductor with an optical band-gap around 2.4 eV
(515 nm). It crystallizes both in hexagonal closed-packed (wurtzite) structure and
cubic fcc (zinc-blende) structure; the hexagonal structure is slightly more stable.
In thin films of CdS prepared by CBD, both structures are normally present. The
optical properties of bulk CdS have been measured many times. A good reference
source is the CdS chapter in Handbook of optical constants of solids (II) [69], but
there are also many newer publications available, for instance by [236]. However,
the refractive indexes for thin film CdS is known to be significantly lower than
bulk materials.

Moreover, it would be more interesting to determine the optical properties of
CdS grown on device quality Cu(In,Ga)Se2 film because the material properties
of CdS strongly depend the growth technique and the substrate used. However,
due to the high roughness and uncertainties about the optical data of CIGS, there
are to date no such satisfactory data and most of the studies focused on CdS

192



A.3 Optical constants of Mo

on glass substrate. We could cite ref. [207] for evaporated CdS thin films. They
determined the optical properties of evaporated thin films of CdS (and ZnS) in the
range 250-2500 nm from reflectance and transmittance measurements, including
the effect of surface roughness into their model. On the other hand, the best data
so far available for CBD-CdS on glass is probably found in the thesis of ref. [201].
He determined the refractive index of samples prepared using the a recipe for high
performance CIGS cells on glass (about 80 nm).

In the following calculation, we will take the refractive indexes from ref. [207]
for evaporated CdS thin films plotted in Fig. A.2.1.
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Figure A.2.1: Real (a) and imaginary (b) parts of the refractive index of CdS.

A.3 Optical constants of Mo

The optical constants of molybdenum used in the numerical calculations and
displayed in Fig. A.3.1 are taken from Erfurth et al. [86] in the case of a real
Mo/MoSe2 interface.
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Figure A.3.1: Real (a) and imaginary (b) parts of the refractive index of GaAs.
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A.4 Optical constants of GaAs

The optical constants of c-GaAs used in the numerical calculations and displayed
in Fig. A.4.1 are taken from Palik [69], p. 429-443.
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Figure A.4.1: Real (a) and imaginary (b) parts of the refractive index of GaAs.

A.5 Optical constants of GaSb

The optical constants of c-GaSb used in the numerical calculations and displayed
in Fig. A.5.1 are taken from Palik [69].
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Figure A.5.1: Real (a) and imaginary (b) parts of the refractive index of GaSb.

A.6 Optical constants of silver

In this thesis, we have used two sources for the optical constants of silver: Palik
[69] p. 350-357 and Johnson and Christy (author?) [183]. Both data are shown
in Fig. A.6.1
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Figure A.6.1: Real (a) and imaginary (b) parts of the refractive index of Ag.

A.7 Optical constants of gold

In this thesis, we have used two sources for the optical constants of gold: Palik
[69] p. 286-295 and Johnson and Christy (author?) [183]. Both data are shown
in Fig. A.7.1.

In chapter 5, we have used both references to fit our experimental measurements.
We have shown that data from Johnson and Christy seemed to adjust better our
experimental results.
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Figure A.7.1: Real (a) and imaginary (b) parts of the refractive index of Au.

A.8 Optical constants of i-ZnO

In this manuscript, i-ZnO is taken as a homogenous medium with n=2. The model
is very basic yet sufficient for this study.
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A.9 Optical constants of ZnO:Al

The data for aluminum-doped zinc oxyde (ZnO:Al) are taken from Ehrmann and
Reineke-Koch [205] in the “bulk ZnO:Al” case (see Fig. A.9.1).
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Figure A.9.1: Real (a) and imaginary (b) parts of the refractive index of ZnO:Al.

A.10 Optical constants of MgF2

The data for magnesium fluoride (MgF2 - tetragonal, ordinary index) are taken
from are taken from Palik [69] (see Fig. A.10.1).
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Figure A.10.1: Real (a) and imaginary (b) parts of the refractive index of MgF2.

A.11 Optical constants of ZnS

The data for cubic zinc sulfide are taken from are taken from Palik [69] (see
Fig. A.11.1).
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Figure A.11.1: Real (a) and imaginary (b) parts of the refractive index of ZnS.
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Appendix B

Electromagnetic field intensity maps

The purpose of this appendix is to list the full electromagnetic field intensity maps
(ǫ”. |E| 2, Ex, Ez and Hy) calculated at normal incidence, TM polarization and 30
Fourier orders for the wavelengths of interest of the structure simulated in this
manuscript (arbitrary units). ǫ”. |E| 2 is proportional to the absorption, where ǫ”
is the imaginary part of the dielectric constant.

B.1 25 nm-thick GaAs nano-cavity array structure of

Chapter 4

Ag
GaAs 25nm

Ag

h 
t 

p: Period  w :Width
z

xy

Ez

Ex

 

Hy
TM

Figure B.1.1: 1D MSM nano-cavity array structure of Chapter 4. It is composed
of a 25 nm-thick GaAs layer, a silver mirror and a metallic array
of one dimensional (i.e. infinite along their length and the y axis)
silver wires array. The definition of transverse magnetic (TM) mode
is displayed.
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(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.1.2: GaAs 25 nm λ = 560 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.1.3: GaAs 25 nm λ = 675 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.1.4: GaAs 25 nm λ = 760 nm
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B.2 25 nm-thick GaSb nano-cavity array structure of Chapter 6

B.2 25 nm-thick GaSb nano-cavity array structure of

Chapter 6
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Figure B.2.1: Schematic of the 25 nm-thick GaSb solar cell of Chapter 6. It consists
in a 25 nm-thick GaSb layer on a silver mirror, covered by a two-
dimensional array of silver square nanoparticles (thickness tarray =
26 nm, width w = 170 nm, period p = 300 nm) and a 50 nm-thick
n-type ZnO:Al window layer. The definition of transverse magnetic
(TM) mode is displayed.

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.2.2: GaSb 25 nm λ = 550 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.2.3: GaSb 25 nm λ = 740 nm
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(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.2.4: GaSb 25 nm λ = 900 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.2.5: GaSb 25 nm λ = 1090 nm

B.3 45 nm-thick CIGS nano-cavity array structure of

Chapter 6
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Figure B.3.1: Schematic of the 45 nm-thick CIGS structure of Chapter 6: a 50 nm-
thick ZnO:Al window layer, a 2D silver nano-particles array, a 45 nm-
thick absorbing CIGS layer and a silver back mirror. The parameters
of the array are: thickness t = 20 nm, width w = 290 nm, period
p = 530 nm. The definition of transverse magnetic (TM) mode is
displayed.
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B.3 45 nm-thick CIGS nano-cavity array structure of Chapter 6

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.3.2: CIGS 45 nm λ = 490 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.3.3: CIGS 45 nm λ = 840 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.3.4: CIGS 45 nm λ = 999 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.3.5: CIGS 45 nm λ = 1100 nm
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B.4 100 nm-thick CIGS nano-cavity array solar cell

of Chapter 6

Ag

ZnO:Al

CIGS 100nm
ZnO:Al 50nm 

CdS 50nm 

Ag

p w

t

z

xy

Figure B.4.1: Schematic of the 100 nm-thick CIGS solar cell of Chapter 6: a 50 nm-
thick ZnO:Al window layer, a 2D silver nano-particles array, a 50nm-
thick CdS layer, a 100 nm-thick absorbing CIGS layer, a 50 nm-thick
ZnO:Al to prevent diffusion layer and a silver back mirror. The
parameters the array are: thickness t = 20 nm, width w = 290 nm,
period p = 530 nm. The definition of transverse magnetic (TM)
mode is displayed.

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.4.2: CIGS 100 nm λ = 550 nm
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B.4 100 nm-thick CIGS nano-cavity array solar cell of Chapter 6

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.4.3: CIGS 100 nm λ = 760 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.4.4: CIGS 100 nm λ = 760 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.4.5: CIGS 100 nm λ = 1020 nm
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B.5 Back nano-structured 150 nm-thick CIGS solar

cell of Chapter 6
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Figure B.5.1: Simulated 150 nm-thick CIGS structure with a patterned Au back
mirror of Chapter 6. The parameters the back mirror are t the
thickness of the structure, w the width of the structuration and p the
period of the structure (p = 600 nm, w = 300 nm and t = 100 nm).
The definition of transverse magnetic (TM) mode is displayed.

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.5.2: Back nano-structured CIGS 150 nm λ = 560 nm
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B.5 Back nano-structured 150 nm-thick CIGS solar cell of Chapter 6

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.5.3: Back nano-structured CIGS 150 nm λ = 710 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.5.4: Back nano-structured CIGS 150 nm λ = 1060 nm

(a) ǫ”. |E|2 (b) Ex (c) Ez (d) Hy

Figure B.5.5: Back nano-structured CIGS 150 nm λ = 1260 nm
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Annexe C

Résumé

Introduction

Le management optique pour les cellules solaires connait une demande croissante.
Ces dernières années, la communauté photovoltaïque a pris conscience de l’impor-
tance de cette problématique (voir, par exemple, les présentations d’ouverture de
l’EU-PVSEC 2012 et 2013). Parmi d’autres axes de la recherche, la forte réduc-
tion (d’un facteur de 10) de l’épaisseur des cellules solaires a été identifiée comme
une solution prometteuse pour résoudre les challenges en matière de fabrication,
de réduction des coûts et du développement au niveau du terra watt (TW) de
la technologie photovoltaique (PV). Le défi consiste désormais à proposer un pié-
geage de la lumière approprié pour faire face à cet objectif ambitieux. Le contrôle
efficace de la lumière est l’un des facteurs limitants actuels vers des cellules solaires
plus efficaces et moins coûteuses et est la clé vers de nouveaux concepts en PV.
En réponse, les communautés de nano-photoniques et plasmoniques ont proposé
de nouvelles solutions permettant de contrôler la lumière à l’échelle nanométrique.
La tâche est conséquente en raison de la diversité des technologies, des matériaux
et des dispositifs existants. Certaines structures ont déjà montré leur capacité à
confiner la lumière dans des couches très minces (épaisseur = 100-200 nm) avec
des cristaux photoniques [1] ou des miroirs arrières nano-structurés [2–4]. Dans
les deux cas, la couche active est structurée et ces géométries sont donc réser-
vées aux matériaux non cristallins. Cette remarque est valable pour l’essentiel des
exemples présents dans la littérature. Il reste encore beaucoup de travail (et donc
de possibilités) pour concevoir des cellules cristallines ultra-fines.

Le Laboratoire de Photonique et Nanostructures (LPN) développe depuis des
années des solutions nano-photoniques et des compétences de salle blanche dans
le domaine des dispositifs photo-détecteurs proche et moyen infrarouge. En 2006,
l’Institut de Recherche et Développement sur l’Energie Photovoltaïque (IRDEP),
spécialiste de la technologie PV et CIGS, a approché le LPN dans le cadre du projet
français ANR THRIPV (Très Hauts Rendements et Innovation Photovoltaïque)
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pour fournir des nouvelles solutions afin d’augmenter l’absorption dans des couches
ultra-fines d’arsenures de gallium (GaSb) cristallines pour des applications aux
cellules solaires à porteur chaud. La collaboration se poursuit en 2009 suivant les
mêmes lignes directrices avec l’application aux cellules solaires CIGS ultra-minces
dans le cadre des projets français ULTRACIS (ANR HABISOL) et ULTRACIS-M
(depuis 2013).

Cette thèse de doctorat, effectuée entre le LPN et l’IRDEP, a commencé dans
la dynamique de ces projets. L’objectif était de développer une ou plusieurs struc-
tures novatrices pour le contrôle de la lumière pouvant être universellement ap-
pliquées à des cellules solaires fines ou ultra-fines (< 100 nm) quelle que soit la
technologie envisagée. La première structure envisagée est une structure type mé-
tal/isolant/métal adaptée à de cellules solaires. Nous étudions trois matériaux dans
ce manuscrit : l’arsenure de gallium (GaAs - record de conversion pour des cellules
solaires simple jonction), l’antimonure de gallium (GaSb - application aux cellules
solaires à porteurs chaud - ANR THRIPV) et diséléniure de cuivre, d’indium et
de gallium (CIGS - cellule solaire bas coût, haute efficacité - ANR ULTRACIS).
L’objectif de notre étude est de réduire l’épaisseur de l’absorbeur de ces disposi-
tifs pour ouvrir la voie vers des cellules solaires ultra-minces (épaisseur de 25 à
250 nm).

Ce manuscrit est structuré est de trois parties :

• La partie 1, comprenant trois chapitres, propose une introduction à l’étude.
Le Chapitre 1 est une introduction générale sur le photovoltaïque dressée
afin de motiver notre étude. En particulier, nous montrons que les cellules
solaires ultra-minces sont une solution prometteuse pour réduire les coûts,
pour améliorer la production et pour permettre le développement du PV
à l’échelle mondiale. Le Chapitre 2 donne un aperçu des stratégies propo-
sées dans la littérature pour pièger la lumière dans les cellules solaires et en
particulier dans les cellules solaires ultra-minces. Dans le Chapitre 3, nous
présentons les outils nanophotoniques et les concepts utilisés dans ce manus-
crit. En particulier, nous présentons la structure métal/isolant/métal (MIM)
ainsi que le code numérique utilisé dans le reste du manuscrit.

• Dans la partie 2, nous présentons une structure de piégeage de la lumière ori-
ginale, appelée réseau de nano-cavité, appliqué à une couche ultra-mince (25
nm) de GaAs. Le Chapitre 4 s’intéresse à l’analyse numérique ainsi qu’aux
règles de conception et d’optimisation de la structure pour obtenir une ab-
sorption large bande et multi-résonante à l’intérieur de la couche de semi-
conducteur. Le Chapitre 5 est consacré à la fabrication et la caractérisation
optique d’échantillons preuve-de-concept en GaAs.
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• Dans la partie 3, nous proposons d’étendre cette étude pour des structures
ultra-minces en GaSb et en CIGS. Le Chapitre 6 présente l’adaptation et
l’optimisation de la conception de réseau de nano-cavité pour ces deux ma-
tériaux avec des résultats obtenus dans le cadre des ANR THIRPV et UL-
TRACIS respectivement. Pour le CIGS en particulier, deux cas sont étudiés
dans un premier temps : une couche ultra-mince de 45 nm de CIGS et une
étude d’une structure de cellule solaire plus complète de 100 nm. Ensuite,
nous soumettons une nouvelle structure alternative adaptée pour des cellules
CIGS dans la gamme d’épaisseur de 100 à 400 nm basée sur un miroir arrière
métallique nano-structuré. La fabrication de cellules solaires ultra-minces
nano-structurées en CIGS est présentée dans le Chapitre 7.

L’objet de ce résumé est de rassembler les résultats majeurs de cette étude. L’in-
tégralité du travail de thèse peut être trouvée dans la version en anglais.

Introduction au photovoltaïque et motivation de l’étude

Le premier défi à relever par le marché de l’énergie actuel est la croissance de
la demande énergétique pour répondre au développement économique et social.
Ainsi, l’Agence Internationale de l’Energie (IEA) a rapporté une valeur de 150 000
TWh (TWh= térawatts-heures) pour la consommation mondiale d’énergie pour
l’année 2010 et une valeur de 175 000 TWh est prévue à l’horizon 2020. Comment
allons-nous répondre à cette demande croissante en énergie ? Le marché énergétique
actuel, basé à 80 % sur les énergies fossiles, est remis en question par la nécessité
de limiter l’augmentation de température due au réchauffement climatique. Le
dernier rapport de l’IEA [5] montre que la baisse des émissions liées à l’énergie
ne peut se faire qu’à la condition que les sources d’énergie renouvelables (énergie
éolienne, énergie solaire, biomasse, géothermie, hydroélectricité, énergie océanique)
occupent une part plus importante dans le mix énergétique mondial (27 % en
2020). La production renouvelable d’électricité est un secteur très dynamique qui,
en dépit du contexte économique difficile, a montré une croissance remarquable
de 8 % en 2012, pour atteindre une production d’énergie renouvelable totale de
4 860 TWh [5]. Les énergies renouvelables ont un bel avenir devant elles, mais des
politiques à long terme et des mesures incitatives sont nécessaires afin de permettre
un développement à large échelle.

En 2012, le secteur de l’énergie solaire a représenté plus de la moitié des in-
vestissements mondiaux. L’énergie solaire a un très fort potentiel comme source
d’électricité. En effet, elle est la plus grande ressource d’énergie sur Terre. La
puissance lumineuse frappant la Terre en 90 min est suffisante pour subvenir aux
besoins énergétiques de la planète pendant une année entière [6]. L’énergie solaire
est exploitée sous deux formes : le solaire photovoltaïque (PV) et l’énergie solaire
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à concentration. Dans cette thèse, nous nous focaliserons sur le solaire photovol-
taïque, c’est-à-dire la conversion directe de l’énergie solaire en électricité. Le marché
du photovoltaïque a connu une croissance très impressionnante depuis 2003 avec
un taux de croissance moyen de 40 % jusqu’en 2009 [5]. Une capacité de production
de plus de 40 GW a été atteinte en 2010 avec un déploiement dans plusieurs pays,
l’Allemagne étant le premier marché du photovoltaïque depuis 2001.

Le prix du photovoltaïque, bien que relativement plus élevé que les autres sources
d’énergies renouvelables et non renouvelables, n’est pas le premier défi à relever.
En effet, la parité réseau a déjà été atteinte dans certaines régions et pourrait être
atteint dans le monde d’ici 2020 grâce à des effets d’échelles dans les développe-
ments industriels [7]. En résumé, les facteurs importants sont les suivants pour le
développement de technologies photovoltaïques : un taux de production élevé est
essentiel pour le développement à grande échelle ; la consommation de matériaux
devrait être abaissée pour éviter les pénuries et réduire les coûts ; l’efficacité doit
être élevée pour garantir des prix bas pour l’ensemble du système.

Le marché du photovoltaïque repose sur plusieurs filières technologiques qui
s’organisent en deux groupes : la filière silicium cristallin et les filières couches
minces. À l’heure actuelle, 80 % de l’industrie photovoltaïque est encore basée
sur la technologie silicium cristallin (monocristallin ou polycristallin). Le silicium
est un matériau abondant et non toxique qui a une énergie de bande interdite
presque optimale (1.1 eV) pour les cellules solaires. Les cellules solaires en silicium
actuelles utilisent des wafers avec une épaisseur de 100 à 200 µm. La technologie
de silicium cristallin est limitée par son coût : autour de 50 % du coût du module
est dû au coût du matériau et à la purification nécessaire pour obtenir une qualité
suffisante pour les cellules solaires. En outre, le silicium cristallin a un coefficient
d’absorption faible du fait de son gap indirect. Par conséquent, une deuxième
génération de cellules solaires à base de matériaux à gap direct (GaAs, a-Si :H,
CdTe, CIGS) a été développée avec des cellules solaires d’une épaisseur de quelques
microns. Les technologies couches minces se sont considérablement développées
jusqu’à atteindre des efficacités talonnant les 20 % pour les filières CdTe et CIGS
ou dépassant même le silicium cristallin comme la filière GaAs (28.8 % par Alta
Devices [15]). Malgré son faible coût de production, le développement de la filière
silicium amorphe est limité par les faibles efficacités de conversion : le record actuel
dépasse à peine les 10 %. Au contraire, la filière CIGS est en pleine expansion
grâce à son coût réduit (croissance cellule et panneau intégrée) et ses très hautes
efficacités (record 20.4 % sur substrat flexible [33]). Cependant, l’avenir de cette
filière est très fortement dépendant du cours de l’un de ces éléments constitutifs :
l’indium. Ce problème est aujourd’hui au coeur de nombreuses études qui cherchent
soit à limiter l’usage de l’indium, soit à le remplacer définitivement.

Les technologies couches minces ont été la première étape vers des dispositifs

212



photovoltaïques plus efficaces et moins coûteux. Le point de départ de cette thèse
est de concevoir des cellules solaires efficaces à partir d’absorbeurs ultra-fins. Pour
les matériaux en couches minces, notre objectif est de descendre en dessous de
100 nm pour l’épaisseur de la couche absorbante. Quels seraient les avantages d’al-
ler plus loin dans la réduction de l’épaisseur des cellules vers des cellules solaires
ultra-fines ? Cela permettrait de réduire les coûts et d’augmenter la vitesse de
production tout en augmentant le rendement de conversion grâce à une meilleure
efficacité de collection. Cela permettrait également de relâcher les contraintes pe-
sant sur les matériaux rares comme l’indium ou toxiques comme le tellure [59]).
Cependant, la conception des cellules solaires ultra-minces n’a d’intérêt que si l’on
parvient à générer un photo-courant élevé à partir de couches de semiconducteur
ultra-fines. La recherche de techniques avancées de piégeage de la lumière pour
les cellules solaires ultra-fines a connu un véritable essor au cours des dernières
années. Parmi les stratégies proposées, les nanostructures métalliques montrent
un fort potentiel pour améliorer l’absorption de la lumière dans les couches d’ab-
sorption très fines. Dans cette thèse, nous avons donc choisi de nous focaliser dans
un premier temps sur les nanostructures plasmoniques intégrées en face avant de
la cellule solaire. Cette approche offre l’avantage de conserver une couche active
plane.

En particulier, notre approche est motivée par les résultats obtenus par notre
équipe sur les structure métal/isolant/métal (MIM) [165]. Les principaux résultats
de cette étude sont présentés sur la figure C.1. Cette structure est composée d’un
miroir métallique semi-infini fait d’or, d’une couche de diéletrique non-absorbant
d’épaisseur tl = 20 nm et d’un réseau uni-dimensionnel de nano-particules d’or
d’épaisseur tM = 20 nm et de largeur w = 200 nm. Cet élément unique est répété
avec une période p = 400 nm. Sur la figure, nous pouvons trouver les cartes de
simulations montrant l’intensité du champ magnétique sous le métal pour le mode
fondamental (m = 1, θ = 0 °) et le mode du second ordre (m = 2, θ = 30 °),
sous l’illumination d’une onde plane de deux résonances. (une, en bas) : spectres
d’absorption des résonateurs MIM mesurés sous une polarisation TM (champ ma-
gnétique parallèle aux fils) à différents angles d’incidence. (b, c) Détermination de
la décroissance γr des pertes radiatives et non radiatives γnr à plusieurs angles pour
m = 1 (b) et m = 2 (c). (d) Diagramme angulaire de l’absorption maximale des
deux modes entre 3° et 60°. Les principales propriétés de ce spectre d’absorption
sont la présence de deux résonances distinctes dont le mode fondamental résonne
indépendamment de l’angle d’incidence avec une absorption presque totale dans
un très petit volume. Le mécanisme de résonance est le suivant : la lumière inci-
dente se couple à un mode électromagnétique se propageant le long de la couche
de diélectrique composé de deux plasmons couplés. Ce mode plasmonique résonne
aux extrémités de la cavité formée par la particule d’or, conformément au modèle
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de Fabry-Pérot.
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Figure C.1: Schéma de la simulation effectuée pour la structure MIM superposée
aux cartes de simulations montrant l’intensité du champ magnétique
sous le métal pour le mode fondamental (m = 1, θ=0 °) et le mode du
second ordre (m = 2, θ = 30 °), sous l’illumination d’une onde plane.
(une, en bas): spectres d’absorption des résonateurs MIM mesurés sous
une polarisation TM (champ magnétique parallèle aux fils) à différents
angles d’incidence. (b, c) Détermination de la décroissance γr des
pertes radiatives et non radiatives γnr à plusieurs angles pour m = 1
(b) et m = 2 (c). (d) Diagramme angulaire de l’absorption maximale
des deux modes entre 3° et 60°. Tiré de Cattoni et al. [165].

Expérimentalement, cette structure en deux dimensions a validé une absorption
totale, indépendante de l’angle et de la polarisation. Ces résultats très importants
démontrent la capacité de la structure à confiner la lumière efficacement dans des
volumes très inférieurs à la longueur d’onde. Pour l’instant, l’intégralité de l’ab-
sorption a lieu dans le métal. Notre objectif est d’appliquer ce concept aux cellules
solaires. Des contraintes supplémentaires apparaissent néanmoins : la nécessité de
limiter fortement l’absorption dans le métal et de produire un spectre d’absorp-
tion large bande afin d’absorber le maximum de photons disponibles sous le gap
du matériau envisagé.

Réseaux de nano-cavité métal/semi-conducteur/métal pour absorption
multi-résonante et large spectre dans des couches ultra-fines de GaAs

Dans cette partie, nous nous intéressons à l’étude numérique de l’application du
concept de réseaux de nano-cavité pour la conception de cellules solaires ultrafines
en GaAs. Nous considérons ainsi le cas d’une couche de GaAs ultra-mince avec
une épaisseur de 25 nm. La réponse optique de cette structure est étudiée par des
calculs numériques avec le code Reticolo développé par Philippe Lalanne et ses
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collègues à IOGS. Il est basé sur une méthode Rigorous Coupled Wave Analysis
(RCWA) et permet de déterminer la réponse optique d’empilements de structures
lamellaires. Les paramètres d’entrée des calculs sont les suivants :

• les épaisseurs des différentes couches de l’empilement

• les paramètres géométriques du réseau (w, p)

• les constantes optiques (n, k) de chaque matériau (ici, GaAs et Ag).

Nous proposons ainsi une structure avec un réseau métallique unidimensionnel
pour obtenir un spectre d’absorption multi-résonant et large spectre. Notre ap-
proche est décrite dans la figure C.2a. Elle est composée d’une couche de GaAs
25nm d’épaisseur, un miroir en argent et d’un réseau métallique unidimensionnel
(c.-à-d. infini sur la longueur et l’axe des y) de fils d’argent. Nous avons calculé
numériquement l’absorption intégrée dans la couche de GaAs entre 300 et 1000 nm
en fonction des différents paramètres de la structure variable. Le meilleur résultat
est obtenu pour les paramètres du réseau suivant: période p = 200 nm ; largeur
w = 100 nm ; épaisseur t = 15 nm. Nous avons représenté le spectre d’absorption
correspondant à la structure optimale sur la figure C.2c. Nous obtenons trois pics
distincts d’absorption quasiment totale. Un spectre d’absorption très large est ob-
tenu grâce à ces multiples résonances comparé aux structures de références. On
peut remarquer tout de suite que l’absorption dans le métal, représentée par la
différence entre la courbe d’absorption totale et d’absorption dans le GaAs, reste
inférieure à 15 % sur tout le spectre.

Dans la partie rouge du spectre, l’amélioration de l’absorption est due aux effets
de piégeage de la lumière. De façon plus précise, nous avons analysé le mécanisme
d’absorption en étudiant l’influence des différents paramètres de la structure. Le
résumé de cette analyse est présenté dans le tableau C.1. Nous avons mis en exergue
des lignes directrices simples pour l’optimisation visuelle du spectre d’absorption
de cette structure grâce à des modèles simplifiés de Fabry-Pérot. Nous avons réalisé
une étude poussée des mécanismes de résonances et du phénomène d’absorption
totale grâce à la théorie des modes-couplés temporelle.

Par la suite, nous avons montré que la version bidimensionnelle de la structure
donnait des résultats et des performances similaires et ce selon les deux polari-
sations (TE et TM). Nous avons aussi étudié la dépendance en angle des perfor-
mances de la structure comme montré sur la figure C.3. Pour les deux polarisations
(TE et TM), la dépendance angulaire du spectre d’absorption est faible. Au final,
nous pouvons calculer, pour cette structure 2D, un courant de court-circuit théo-
rique de 18 mA/cm2 indépendamment de l’angle d’incidence. Cela représente une
amélioration très prometteuse de 92 % par rapport à une cellule solaire de réfé-
rence de 25 nm en GaAs. C’est également une amélioration notable par rapport
aux structures similaires disponibles dans la littérature [164].
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Figure C.2: (a) Structure du réseau nano-cavité MSM de 1D. Elle est composée
d’une couche de GaAs 25nm d’épaisseur, un miroir en argent et d’un
réseau métallique unidimensionnel (c.-à-d. infini sur la longueur et
l’axe des y) de fils d’argent. Les paramètres du réseau sont: période
p = 200 nm ; largeur w = 100 nm ; épaisseur t = 15 nm. (b) Sim-
ulation du spectre d’absorption dans les 25 nm d’épaisseur GaAs en
polarisation TM et à incidence normale. Les courbes bleues et rouges
représentent l’absorption totale et l’absorption en GaAs respective-
ment. La différence entre ces deux courbes représente l’absorption
dans les autres couches, c’est-à-dire dans le métal. Elle est comparée
à l’absorption dans le GaAs d’une cellule solaire de régérence en GaAs
de 25 nm (en noir) et à l’absorption dans un film de la GaAs 25 nm
d’épaisseur sur un miroir argenté avec aucune structure (ligne pointil-
lée). Le spectre du rayonnement solaire est tracé en gris. Le gap du
GaAs est représenté en gris à \lambda\geqslant870 nm.
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Paramètre
géométrique

Type de résonance Label

Epaisseur de
GaAs

Rés. F-P dans la couche de GaAs sous
les plots du réseau

Résonance A :
λ = 560 nm

Epaisseur de
GaAs

Rés. F-P dans la couche de GaAs
entre les plots du réseau

Résonance B :
λ = 675 nm

Largeur des
particules d’Ag

Résonance type
metal/semi-conducteur/métal

plasmonique d’ordre 3

Résonance C3 :
λ = 560 nm

Table C.1: Résumé de l’analyse du mécanisme d’absorption. “Rés. F-P” signifie
“Résonance de Fabry-Pérot”.

Au travers cette étude numérique, nous avons montré que la combinaison de
résonances de Fabry-Pérot verticales et horizontales (résonance MSM) conduit à
un spectre d’absorption large bande avec une faible dépendance par rapport à la
polarisation et l’angle d’incidence. Nous avons ainsi montré que notre structure
vérifiait les critères indispensables propres aux cellules solaires. Cette approche
versatile peut être appliquée à différents matériaux et géométries de cellules so-
laires. Elle ouvre de nouvelles possibilités vers l’étude de dispositifs ultra-fins dans
le visible.

TM

(a)

TE

(b)

Figure C.3: Total absorption spectrum of the 2D GaAs structure as a function of
the incident light angle (rotating around the y axis) with either (a)
the magnetic field H parallel to the y axis (TM polarization) or (b)
the electric field E parallel to the y axis (TE polarization).
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Mise en évidence expérimentale d’une absorption multi-résonante et large
spectre dans des couches ultra-fines de GaAs

Pour valider les simulations numériques du chapitre précédent, nous avons déve-
loppé un procédé de fabrication afin de réaliser des absorbeurs large spectre à base
de couches ultra-fines (épaisseur nominale de 25 nm) de GaAs. Nous utilisons du
GaAs cristallin obtenu par croissance épitaxiale sur un substrat de GaAs. La fa-
brication de démonstrateurs nécessite d’abord un transfert de la couche de GaAs
épitaxiée depuis le substrat initial de GaAs sur un miroir d’or. Un réseau bidimen-
sionnel d’argent est ensuite structurée par lithographie électronique sur la couche
de GaAs. Enfin, la grille métallique est encapsulée dans une couche d’oxyde de
zinc dopé aluminium (ZnO :Al) de 55 nm d’épaisseur.
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Figure C.4: Absorption totale mesurée (a) et calculée (b) pour une couche de GaAs
de 25 nm transférée sur un miroir d’or avec un réseau bidimensionnelle
d’argent (épaisseur= 20 nm, période= 200 nm, largeur des plots=
120 nm) encapsulée dans une couche e oxyde de zinc dopé aluminium
(ZnO :Al) de 55 nm d’épaisseur. En médaillon sont disponible respecti-
vement l’image MEB d’un réseau bidimensionnel d’argent après dépôt
de la couche de ZnO :Al et le schéma de la structure modélisée dans
les simulations.

La figure C.4a montre une image MEB d’un réseau à la fin du procédé de
fabrication. Nous avons mesuré la réflectivité à incidence normale de ces structures
et déduit l’absorption totale comme montré sur la figure. Le spectre noir représente
le spectre d’absorption de la structure sans couche de ZnO :Al. Ce spectre présente
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effectivement trois pics d’absorption, en bon accord avec les calculs numériques
(figure C.4b). Le spectre rouge représente le spectre d’absorption de la structure
encapsulée. Il présente une large bande d’absorption (Atot> 80 % e, moyenne entre
200 et 1200 nm) encore plus large que celle du chapitre précédent avec un pic
d’absorption supplémentaire autour de 400 nm.

Ce dernier pic d’absorption est dû à l’effet anti-reflet de la couche d’encapsu-
lation (l’épaisseur de cette dernière étant choisie en conséquence). En plus de cet
effet anti-reflet, la couche d’encapsulation sert à éviter la sulfuration du réseau
d’argent et également de jouer le rôle de contact avant. Le rajout de cette couche
d’encapsulation permet donc d’élargir encore plus le spectre d’absorption. Son effet
optique est prévu de manière quantitative par les simulations optiques, validant le
modèle développé dans le chapitre précédent.

Dans la figure C.5, nous avons vérifié expérimentalement que la structure fabri-
quée présentait effectivement un spectre d’absorption d’une indépendance remar-
quable par rapport à l’angle d’incidence et ce en lumière non polarisée jusqu’à un
angle de 45 ° au moins.

Figure C.5: Spectres mesurés 1-R (absorption totale) sur l’échantillon de GaAs
d’épaisseur 25 nm avec w = 120 nm en fonction de l’angle d’incidence
pour une lumière non polarisée.

Les performances de cette structure en termes d’absorption dans de petits vo-
lumes sont supérieures aux performances des autres « super-absorbeurs » de la lit-
térature [174]. De plus, il est important de noter que dans la plupart des approches
de type plasmonique existantes pour réaliser des absorbeurs larges bandes, la lu-
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mière est absorbée entièrement dans le métal. Afin d’intégrer les structures plasmo-
niques dans des dispositifs photovoltaïques efficaces, la lumière doit être absorbée
principalement dans la couche de semi-conducteur active. Dans le cadre de notre
étude, nos calculs montrent des valeurs de densité de courant de court-circuit im-
portantes, comme mentionné plus haut. Cette étude expérimentale confirme donc
le potentiel de réseau de nano-cavités 2D non seulement pour obtenir une absorp-
tion totale importante mais surtout pour confiner la lumière dans une couche semi-
conductrice dans un volume sub-longueur d’onde tout en conservant de bonnes per-
formances. Nous capitalisons ces très bons résultats en adaptant cette structure à
deux autres matériaux cristallins et poly-cristallins que sont le GaSb (application
aux cellules à porteurs chauds) et le CIGS (cellules bas coût et haute efficacité).

Piégeage optique dans de cellules solaires cristalline ultra-fines : application
au GaSb et au CIGS

Dans un premier temps, une adaptation directe de la structure de réseau de nano-
cavités a été proposée pour une couche simple de GaSb de 25 nm (cf. figure C.6a).
Le GaSb un l’un des candidats les plus prometteurs dans l’étude des cellules à
porteurs chauds grâce à son petit gap en énergie comparé aux matériaux standards
du PV et de ses bonnes propriétés électroniques. L’enjeu de ce genre de concept est
d’obtenir une population de porteurs très chauds, ce qui peut être obtenu grâce à
un fort confinement de la lumière dans de très petits volumes. Après optimisation
des paramètres géométriques (tréseau =26 nm, largeur w = 170 nm, période p = 300
nm), le spectre d’absorption tracé sur la figure C.6b est obtenu. Les courbes bleues
et rouges représentent respectivement l’absorption totale et l’absorption dans GaSb
de la structure. La courbe noire représente l’absorption dans la même structure
sans le réseau. La courbe grise représente la densité spectrale normalisée du spectre
solaire AM1.5G. La courbe rouge présente quatre pics d’absorption comme dans
le cas du GaAs et s’étend sur la gamme 400nm-1100 nm avec une valeur toujours
supérieure à 70 % (avec toujours moins de 15% d’absorption dans le métal). Le
spectre d’absorption est encore une fois indépendant de l’angle d’incidence et de
la polarisation.

Dans le cadre de l’ANR TRHIPV, ces résultats ont servi à estimer les perfor-
mances de cellules à porteur chaud dans le cadre du projet de recherche d’Arthur
Le Bris et de Jean-François Guillemoles. Cette structure permet d’atteindre des
courants de court-circuit de l’ordre de 37.7 mA/cm2 jusqu’à des angles d’incidence
de 60°, soit jusqu’à une concentration de 40 000 soleils. Cela représente une amé-
lioration de la densité de courant de court-circuit de l’ordre de 50% par rapport
à la même structure sans réseau. Avec ces hypothèses et dans le modèle des cel-
lules à porteurs chauds à contacts semi-sélectifs [64, 65], une efficacité de 38 %
est envisagée pour une telle structure. Ces résultats sont encourageants et pour le
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moment supérieurs aux autres propositions de la littérature [123] (couche de GaSb
plus fine) ainsi plus facilement réalisable expérimentalement.

Dans la dynamique de l’ANR ULTRACIS, nous avons ensuite appliqué la struc-
ture de réseau de nano-cavités pour des cellules solaires en CIGS. Dans un premier
temps, nous avons vérifié que la structure s’appliquait a une couche simple de
CIGS de 45 nm d’épaisseur (cf. figure C.7a) composée d’une couche de fenêtre de
50 nm d’épaisseur ZnO :Al, un réseau 2D de nano-particules d’argent, une couche
de 45 nm d’épaisseur absorbante de CIGS et un miroir arrière en argent. Les pa-
ramètres du réseau donnant le meilleur courant de court-circuit sont : épaisseur
t = 20 nm, largeur w = 290 nm, période p = 530 nm. Les spectres d’absorption si-
mulés de la structure CIGS 45 nm d’épaisseur sont présentés sur la figure C.7b. Les
courbes bleues et rouges représentent respectivement l’absorption totale et l’ab-
sorption dans le CIGS. La courbe noire pleine et pointillée représente l’absorption
d’une cellule solaire CIGS plane de référence référence de 45 nm d’épaisseur plane
avec un contact arrière respectivement en Mo ou en Ag. La courbe grise représente
la densité spectrale normalisée du spectre solaire AM1.5G. Nous avons marqué
quatre résonances λ1 = 490 nm, λ2 = 840 nm, λ3 = 999 nm et λ4 = 1100 nm. Le
spectre d’absorption multi-résonant et large spectre présente les mêmes caracté-
ristiques que pour le cas GaAs et GaSb (indépendance par rapport à l’angle d’in-
cidence et à la polarisation). Le courant de court-circuit théorique calculé à partir
de cette structure est comparable à celui d’une cellule solaire CIGS non structurée
de 1 micron d’épaisseur sur un contact en Mo (38 mA/cm2). Cette structure de
piégeage optique permettrait donc une très forte réduction de l’épaisseur de CIGS,
permettant de relâcher les contraintes sur l’approvisionnement en indium.
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Figure C.6: (a) Schéma de la structure de GaSb de 25 nm d’épaisseur. Elle se
compose d’une couche de GaSb 25 nm d’épaisseur sur un miroir argent,
couvert par un réseau à deux dimensions des nanoparticules d’argent
carrées (épaisseur tréseau =26 nm, largeur w = 170 nm, période p = 300
nm) et une couche de fenêtre de 50 nm d’épaisseur en ZnO :Al. (b)
Spectres d’absorption simulés de la cellule solaire de 25 nm d’épaisseur
GaSb. Les courbes bleues et rouges représentent l’absorption totale et
l’absorption dans GaSb de la structure, respectivement. La courbe
noire représente l’absorption dans la même structure sans le réseau.
La courbe grise représente la densité spectrale normalisée du spectre
solaire AM1.5G.
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Figure C.7: (a) Schéma de la structure CIGS de 45 nm d’épaisseur : une couche
de fenêtre de 50 nm d’épaisseur ZnO :Al, un réseau 2D de nano-
particules d’argent, une couche de 45 nm d’épaisseur absorbante de
CIGS et un miroir arrière en argent. Les paramètres du réseau sont :
épaisseur t = 20 nm, largeur w = 290 nm, période p = 530 nm. (b)
Spectre d’absorption simulé de la structure CIGS 45 nm d’épaisseur.
Les courbes bleues et rouges représentent l’absorption totale et
l’absorption dans le CIGS respectivement. La courbe noire pleine et
pointillée représente l’absorption d’une cellule solaire CIGS plane de
référence référence de 45 nm d’épaisseur plane avec un contact arrière
en Mo ou en Ag respectivement. La courbe grise représente la densité
spectrale normalisée du spectre solaire AM1.5G. Nous avons mar-
qué les résonances λ1 = 490 nm, λ2 = 840 nm, λ3 = 999 nm et λ4 =
1100 nm

Pour aller plus loin, nous avons évalué le potentiel de cette structure sur une
cellule solaire CIGS plus complète, schématisée sur le figure C.8a. Elle est com-
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posée d’une couche de fenêtre de 50 nm d’épaisseur en ZnO :Al, un réseau 2D
de nano-particules d’argent, une couche de sulfure de cadmium de 50 nm d’épais-
seur, une couche absorbante en CIGS d’épaisseur 100 nm, une couche de ZnO :Al
de 50 nm d’épaisseur pour empêcher la diffusion du miroir arrière en argent. Les
paramètres du réseau optimisé sont : épaisseur t = 20 nm, largeur w = 290 nm,
période p = 530 nm. Les spectres d’absorption simulés sont présentés sur la figure
C.8b. Les courbes bleues et rouges représentent l’absorption totale et l’absorption
dans le CIGS de la structure représentée en (a) respectivement. La courbe noire
représente l’absorption dans le CIGS pour la cellule planaire de CIGS de référence
de 100 nm d’épaisseur avec contact en Mo. La structure nano-structurée permet
une amélioration de l’ordre de 80 % de la densité de courant de court-circuit théo-
rique par rapport à une cellule de référence de même épaisseur sur molybdène et
ce, indépendamment de l’angle d’incidence et de la polarisation. C’est un résultat
prometteur, motivant une étude plus complète sur les cellules CIGS ultra-fines.
Cependant, de nombreux problèmes sont à résoudre et de différents éléments à
prendre en compte pour imaginer un jour un dispositif complet.

L’étude de la structure précédente nous a confirmé une chose : les réseaux de
nano-cavités sont efficaces pour absorber la lumière dans des couches ultra-fines
mais ne sont peut être pas les plus adaptés pour des épaisseurs supérieures à
100 nm. De plus, il est pour l’instant difficile de concevoir des cellules solaires de
cette épaisseur en CIGS avec les moyens technologiques à notre disposition. C’est
pour cela que nous avons proposé en dernier lieu une structure alternative pour
confiner la lumière dans des cellules CIGS d’épaisseur comprise entre 100 et 400 nm.
Le principe est de remplacer le miroir arrière plan par une miroir arrière métallique
nano-structuré. Cette solution, ayant déjà prouvé son potentiel dans la littérature
[2, 3, 159] pour le silicium amorphe, permet de coupler les photons non absorbés par
un simple passage dans la couche à un mode guidé dans le guide d’onde constitué de
la couche active. La structure est présentée sur la figure C.9a. L’originalité de cette
structure est de conserver une couche active plane grâce à un procédé innovant
présenté dans le chapitre suivant et donc de pouvoir appliquer cette structure aux
matériaux cristallins ou polycristallins. Suite à une optimisation des paramètres
géométriques de la structure (synthétisés dans le figure C.9b), nous avons montré
numériquement que cette dernière permettait d’augmenter le courant de court-
circuit théorique (J th) d’une valeur moyenne de 12% quelque soit l’épaisseur de
la couche de CIGS (dans la gamme 100-400 nm). De plus, cette augmentation est
maximale pour une période constante d’environ 600 nm. L’universalité de cette
structure est donc un très bon point pour la future fabrication de démonstrateurs.
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Figure C.8: (a) Schéma de la cellule solaire CIGS de 100 nm d’épaisseur nano-
structurée : une couche de fenêtre de 50 nm d’épaisseur en ZnO :Al,
un réseau 2D de nano-particules d’argent, une couche de sulfure de cad-
mium de 50 nm d’épaisseur une couche absorbante en CIGS d’épaisseur
100 nm, une couche de ZnO :Al de 50 nm d’épaisseur pour empê-
cher la diffusion du miroir arrière en argent. Les paramètres du réseau
sont : épaisseur t = 20 nm, largeur w = 290 nm, période p = 530 nm.
(b) Spectres d’absorption simulés. Les courbes bleues et rouges repré-
sentent l’absorption totale et l’absorption dans le CIGS de la struc-
ture représentée en (a) respectivement. La courbe noire représente
l’absorption dans le CIGS pour la cellule planaire de CIGS de ré-
férence de 100 nm d’épaisseur avec contact en Mo. La courbe grise
représente la densité spectrale normalisée du spectre solaire AM1.5G.
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Figure C.9: (a) Structure CIGS de 150 nm d’épaisseur avec un miroir arrière nanos-
tructuré en Au. Les paramètres de la structuration du miroir arrière
sont t l’épaisseur de la structure, w la largeur de la structuration et p
la période de la structure. Le milieu entre la structure et le CIGS est
considéré comme un matériau homogène avec un indice de réfraction
n = 1, 5. Le milieu incident considéré également comme un matériau
homogène avec un indice de réfraction n = 1,5 (verre). (b) Meilleurs ré-
sultats Jth obtenus avec la simulation de la nano-structure face arrière
pour différentes épaisseurs CIGS. Pour chaque épaisseur est mention-
née la meilleure période et le Jth est comparé au courants calculés pour
les cellules solaires de référence en CIGS de même épaisseur sur des
mirroirs en Mo ou Au.

226



Procédé de fabrication de cellules solaires CIGS ultra-fines nanostructurées

Pour terminer ce manuscrit, nous avons souhaiter apporter des solutions techno-
logiques pour la problématique de fabrication de cellules solaires CIGS ultra-fines
nanostructurées. Pour cela nous avons repris et amélioré un procédé existant à
l’IRDEP pour transférer des couches épaisses de CIGS co-evaporé sur Mo sur des
substrats alternatifs. Nous avons fourni un effort particulier pour amincir et po-
lir les couches de CIGS au maximum pour tester les structures simulées dans le
chapitre précédent.

Cependant, le résultat le plus marquant est le développement d’un procédé de
nano-structuration pour des couches de CIGS rugueuses, non planes et présen-
tant des défauts. Nous avons mis en place un procédé de lithographie par nano-
impression avec un moule mou de PDMS assisté par dégazage. Ce procédé a permis
d’obtenir des résultats inédits concernant les cellules solaires en CIGS, dépassant
le cadre de ce manuscrit. Par exemple, nous avons mené à bien la fabrication d’un
réseau de nano-particules d’Au (cf. figureC.10a) ainsi que d’une structuration face
arrière d’une cellule solaire CIGS de 300 nm d’épaisseur (cf. figure C.10b) avec
contacts ponctuels.

Ce dernier procédé innovant permet d’intégrer simplement une nano-structuration
améliorant le piégeage de lumière au contact arrière. De plus, le contact arrière
présente désormais des contacts ponctuels très denses. Cette géométrie permet po-
tentiellement de réduire d’un facteur 4 la surface de contact arrière et ainsi que le
courant de saturation à l’obscurité et donc d’améliorer la tension de circuit ouvert
de la cellule. Les échantillons fabriqués avec ce procédé font l’objet de caracté-
risations poussés et présentent des premiers résultats optiques et électroniques
prometteurs qui restent à renforcer.

Conclusion et perspectives de l’étude

En conclusion générale, cette thèse s’est présentée comme le fruit de la rencontre
entre la nanophotonique et le domaine du photovoltaïque. En effet, la réduction
de l’épaisseur de l’absorbeur vers des couches ultra-minces pourrait ouvrir la voie
vers des dispositifs photovoltaïques plus efficaces et moins coûteux et soulager la
contrainte pesant sur les matériaux rares. Cependant, cette avancée technologique
n’a lieu d’être que s’il est possible de générer un photocourant élevé dans de très
petits volumes de semi-conducteurs. Dans ce but, nous avons proposé une nouvelle
structure avec une très fine couche métallique nanostructurée pour concentrer la
lumière dans la cellule solaire ultra-mince. Dans cette thèse, nous avons montré
des résultats prometteurs pour l’application de ce concept à des matériaux que
sont l’arsenure de gallium, l’antimoniure de gallium et le CIGS. Actuellement, les
perspectives à court terme sont de caractériser complètement des cellules solaires
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(a) (b)

Figure C.10: (a) Image au microscope électronique (MEB) d’un réseau d’or
tableau (période = 400 nm, largeur = 200 nm et épaisseur = 20
nm) réalisées sur des surfaces CIGS par nano-impression. (b) image
en coupe transversale (MEB) de la cellule de solaire CIGS de 300 nm
d’épaisseur nano-structurée face arrière par par nano-impression et
ses contacts ponctuels.

ultra-fines et nanostructurées en CIGS, ce qui représente une première mondiale.
Pourquoi ne pas étendre cette approche dans un premier temps à d’autres maté-

riaux couches minces tels que CdTe ou et le silicium amorphe et dans un deuxième
temps aux cellules ultra-fines en silicium cristallin ainsi qu’au nouveaux concepts ?
De fait, la recherche des cellules photovoltaïques ultimes à faible coût et à haut
rendement brouille les frontières entre les différentes filières technologiques. Par
exemple, dans cette thèse, nous avons déjà étudié l’application de techniques de
nanofabrication classiquement associées aux technologies couches minces à la struc-
turation du silicium monocristallin. Plus globalement, quelle que soit la technologie
considérée, cette thèse a montré que la mise en œuvre efficace de structures avan-
cées de piégeage optique nécessite une forte synergie entre la conception numérique,
la science des matériaux et les techniques de nanofabrication.
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