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ABSTRACT

This thesis deals with the control of light absorption in semiconductor devices by the
plasmonic resonances of periodically arranged metallic nanostructures integrated on
them. Metallic gratings support propagating (SPP) and localized (LSBingutéc
excitations and surface plasmem$ated phenomena, lik€&xtraordinary Optical
Transmission (EOT) and plasmonic bagdps, as well as conventional diffraction
effects. We combine all the optical resonances outlined to tune the incoupling and
distribution of incident photons in the absorbing semiconductor subsimaparticular

we considerthe applicationof these conceptso two typologies ofoptoelectronic
devices: photovoltaic solar cells and phototransistors.

In the case of photovoltaic devices the objective is to increase the energy
conversion efficiency by enhancing light harvesting andhaping the absorption
profile, in order to improve the collection of phajenerated charge carriers. We begin
analyzinga case studyg onedimensional lamellar grating placed on a silicon substrate,
by numerical optical simulationsThe aim is to find the coupling conditions of the
resonances supported, by designing the geometric parameters of the nanostructures, and
showing their impact on the generation profile. These findings are then applied for light
trapping purpose to two realistic solar cell layouts. SPP and LSP resonances are able to
provide high near field magnification and effectively enhance the absorptidtraf u
thin organic solar cells. On the other hand, EOT coupled to diffraction orders are more
suited to wafeibased Si cells. Then we present the fabrication process developed to
realize the designed nanostructures over the large surface area of Si péaictovol
devices. By experiments and simulation we show that an improvement of Internal
Quantum Efficiency can be obtained compared to unpatterned devices.

Concerning the phototransistors, the aim is use them as compact and scalable
biosensors by integrating @lasmonic crystal on the active area. By simulations the
grating is designed to maximize transmittance variation due the plasmon resonance shift
related to the surface binding of kamalyte molecules. This event is transduced into an
electrical signal adevice terminals, as confirmed by characterizations on the first
prototypes fabricated. The metallic grating simultaneously s\askplasmonic structure

and as electronic gate of the transistor in a fully integrated architecture.



SOMMARIO

In questa tesviene trattatal a t emati ca del controll o del
dispositivi a semiconduttore tramite le risonanze plasmoniche proprie di nanostrutture
metalliche integratecon disposizione periodicaReticoli metallici supportano
eccitazioni plasmoniche propaganti (SPP) e localizzate (LSP) e fenomeni correlati ai
plasmoni di superficie, quali la trasmissione ottica straordinaria (EEOd)creazione
bandgap plasmoniche, cosi come effetti di diffa® convenzionali. Tali risonanze
ottiche sono state combinate per regol are
incidenti in substrati semiconduttori assorbentn particolare consideriamo
| 6 app ! dicah eoncettmaeue tipologie di dispsitivi optoelettronici celle solari
fotovoltaiche e foteransistor.

Nel cao d e i di spositivi fotovoltaici, | 6obi
conversione energetica tramite una maggiore raccolta di luce e la redistribuzione del
profilo di assorbimento, in modo da migliorare la raccolta dei portatori di carica foto
generati.L énalisi diun caso di studio, un reticolo lamellare monodimensionale posto
su un substrato di silicio, tramite simulazioni ottiche per via numeserae drovare le
condizioni di accoppiamento delle risonanze supportate, dimensionando i parametri
geometici delle nanostrutture, e mostrare il loro impatto sul profilo di generazione.
Questi risultat:i sono quindi applicati, pe
realistiche di celle solari. Le risonanze SPP e LSP sono capaci di fornire una grande
intensificazione del campo Vvicino e aument
solari organiche ultra ot t i | i . Déaltro <cant o, |l a combi
diffrazione e piu adatta per celle solari spesse in Si. Quindi presentiamo il processo di
fabbricazione sviluppato per realizzare le nanostrutture progettate sulle ampie superfici

dei dispositivi fotovoltaici in Si. Esperimenti e simulazioni mostrano che e possibile

ottenere un aumento del |l 6effici emmae quant.i
strutturati.

Per quanto riguarda i foor ansi st or , | 6obiettivo — ut
compatti e scalabili tramite | 6integrazion

reticolo e stato progettato in modo da massimizzare variazianagtnittanza dovute
alla modulazione delle risonanze plasmonictdotta dallegame di biemolecole sulla

superficie. Questo evento e trasdotto in un segnale elettrico misurabile ai capi del



dispositivo, come confermato dalle caratterizzazioni sui priratopipi fabbricati. Il
reticolo metallico funziona simultaneamente come struttura plasmonica e come gate

el ettronico del transi stor i n undarchitettu
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INTRODUCTION

Motivation

Nanophotonics is the field of nanotechnologgncerning the manipulation of light
matter interaction at nanoscaleNanostructures with dimensions of the order of
radiation wavelength or deep sulavelength can be designed to circumvent the
diffraction limit or manifest unusual optical phenomena. Nanophotonics has the
potential for tremendous progresses both basic research and in technological
applications. In particulathe unprecedentedontrol of the flow of lightcould help to
overcome some of the fundamental limits of devices operatinghenfields of
telecommunications, computing, energy harvesting, imagidgsansing. The growth of

this research topic is boosted by advances in nanofabrication techniques from the point
of view of resolution, throughput, cost and capability to pattern large areas.

Within this framework, metallic nanostructures featuring plasmeffects deserve
particular attention due to their unique field confinement capabilities. Plasmons
Polaritons are surface electromagnetic waves coupled to coherent oscillations of free
charges at metdalielectric interfaces and rapidly decaying in botiedia. They are
characterized by a wavelength which can be much smaller than a wave propagating in
the dielectric at the same energy and which is the origin of thaliffrdction limit
working regime. Plasmonic nanostructures act as optical -aatemnasinterfacing
macre and naneworld by coupling electromagnetic energy between propagating far
fields and localized near fields.

The mission that researchers are currently trying to accomplish is to fully integrate
nanophotonics with electronic devices waoiki in the application fields already
outlined, in order to implement innovative functionalities or to improve the current
performances, e.g. respectively in terms of energy efficiency, bit rate, sensitivity to
small amounts of analyte to detect, etc. Oa time hand, the interest is to realize
miniaturized plasmonielectronic chips where light is squeezed and propagates-in sub
wavelength waveguides. Indeed, plasmonics offers the opportunity to solve the size
mismatch between conventional guided optics camepts and electronic integrated
circuits. Furthermore metallic nanostructures could carry both optical and electrical
signals. On the other hanaly plasmonicnecanre-designconventional electronic and
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photonic devices, tuning macroscale propertieshsas absorption, reflection and
transmission by interaction of ordinary light with nanostructured metallic materials.

This thesis is focused on the latter task, which is implemented by analyzing the
effect of the integration of nanostructured plasmon&ctgi ngs on devicesd p
In particular weconsidersemiconductor devices converting incident photons, with
energy higher than theand gapinto an electrical current: photovoltaic solar cells and
phototransistors. Photon absorption is mediateghllagmonic fields with the following
objectives:

1 enhancinglight harvesting of solar cells by realizing fight trapping
mechanismor, in other words, increasinghe optical thickness of the
photovoltaic absorber layer compared to its physical thickness, whagrtain
circumstanceBmits devices efficiency;

1 transforming phototransistors into integrated Surface Plasmon Resonance (SPR)
sensorsable to detect # presence of a thin layef bio-analyte molecules
coating the front surface.

Both photovoltaics and bisensi ng constitute Atradition
plasmonics and are widely investigated in literature. Nevertheless, for what concerns
photovotaic devices, we perform a comparative design of plasmonic crystals applied to
waferbased and thin film solar cells which, to our knowledge, constitutes a novelty in
literature. On the other hand, in SPR biosensors the transduction of the optical signal
into an electrical one is usually performed by an external photosensitive device: we
propose an innovative architecture where the sensitive plasmonic surface constitutes the
gate of a phototransistor, which fulfils also the transduction function in a corapac
fully integrated device.

Ordered array of metallic nanostructures are employed because, by diffraction
effects, they are able to provideavespropagating in the dielectriwith the missing
momentum to excite surface waves. Indeed, Surface Plasomofigt metal dielectric
interfaces are neradiative in nature, implying that they cannot directly couple to
photons. Gratings, compared to isolated nanostructures, can interact with radiation
incident on large areas and simple analytical models can dx@ as basic design
guidelines.

Our analysis is carried out both from the modelling and the experimentas pbint
view. Full electromagnetic field simulations have been performed, mainly by numerical

techniques, to calculate the absorption in the semiatodumodulated by the
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interaction of the nanostructured surface with incident light, and to optimize the
plasmonic structures layout using properly defined merit functions.

We developed microand nanefabrication processes to realize the designed
nanostuctures and integrate them in the active area of the devices. We combined
additive and subtractive processes, standard UV lithography, laser interference
lithography and high resolution electron beam lithography patterning, and we-used e
gun evaporation imacuum and lifoff for plasmonic metals deposition.

Several kinds of electroptical characterizations, scanning the wavelength,
incidence angle or polarization of radiation and the voltage bias applied to the
electrodes, have been performed. By compariwith the results of the numerical
models implemented, these measurements have been used to determine the potentialities

of the plasmonic structures to control the absorption characteristics of the devices.

Outline of this thesis

In other words, this tlets describes simulations and experiments aimed at investigating
the ability of periodic arrays of metallic nanostructures, featuring plasmonic effects, to
control the absorption of light in the semiconductor substrate of the optoelectronic
devices over wich they are patterned.

Chapter 1 is devoted to review the fundamental principles of plasmonics, with
emphasis on the optical phenomena occurring in plasmonic crystals, and a literature
overview of applications to optoelectronic devices and sensors.

In chapter 2 our specific research topic is introduced, exploiting the theoretical
concepts presented in the first chapter to modelabenanEM fields in the case study
of a gold lamellar grating on a silicon substrate. The analysised on numerical
optical simulationsemphasizes the different physical mechanisms by which incident
light is transmitted by the nanostructured grating and scattered or concentrated in the
absorbing substrate. The absorption profiles in Si relative to different geometric
configurations of the grating are calculated and they turn out to be very sensitive to the
grating resonance excited.

In chapter 3 the application of plasmonic resonances to realize a light trapping
mechanismfor photovoltaic devices is introduced. In partaouh modelling study on
the integration of a plasmonic lamellar grating into an dhma organic solar celito
improve light harvesting efficiengyis discussed. The focus is on the eigenmodes

(plasmonic and photonic) supported by the multilayer straatfithe device and on the
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role of the nanostructures in coupling incident light into guided waves and enhancing
the near field by localized surface plasmons.

In chapter 4, the original discussion on how metallic gratings affect light absorption
and quanam efficiency of thick, wafebased, conventional silicon solar cells is
presented. The design, fabrication, optical and elaygitwal characterizations of
silicon photovoltaic devices integrating silver nanowires gratings on the front flat
surfaceare shown. The designed layout combines the standag,Sintireflection
coating with a plasmonic light trapping structufée emphasis is on the impact of the
nanostructures on the internal quantum efficiency of the, cklks to the redistribution
of the absorption profile in areas the device characterizediffgyent probabilities of
collection of the photgenerated carrier3 he analysis consists ia comparison of the
optical model with front surface reflectance meaments andn a comparison of a
simple electreoptical model withthe external quantum efficiency spectra acquired.

The last section (chapter 5) is focused on a different kind of optoelectronic device,
a GaAs/AlGaAs high electron mobility phetansistorwhich, by integration of a V
groove gold plasmonic crystal on its gate, is designed to be used as a senser of bio
analytes coating its surface. The grating is in this case designed to modulate
transmission of incident lighttoward the photosensitive layef the device in
correlation with the presence of a thin organic layer on the gate surface. The surface
plasmon sensitivity to local refractive index variations is transduced into a voltage drop
between transistor terminals. This device consstate nnovative, compact, scalable
and sensitive architecture for a plasmenased biosensor. All the aspects related to the
device development will be covered: optical simulations, optimization of the epitaxial
heterostructure, device mier@and nanefabricaton, electreoptical characterizations

and sensitivity taarget molecules binding



1. PLASMONICS BASICS AND APPLICATIONS

1.1 Surface Plasmons and Surface Plasmon Polaritons

Surface Plasmon§&Ps) are coherepscillations of surface charge density at the
interface between a metal and a dielectncl957,Ritchie predicted their existenae

his pioneering treatment of characteristic energy losses of fast electrons passing through
thin metal films[1]. At that time it was already known that the Coulomb interaction
between valence electrons (having densityin the bulk of metals yields collective

plasma oscillations about positive ion cores with quantum energy

o] o 1" T4 i being the saalled plasmon frequencgandmerespectively
the electron charge and md&%. In presence of a planar boundary between metal and

vacuum, a lowerreergy mode, the SP, appears. It has a characteristic frequency given

by1 1 IWC, in the limit for wavevectors large compared tdfc) wherewis the

speed of light. On the other hand, for wavevectors comparable to the propagation
constant of lght in the dielectric, such charge oscillations can couple to propagating
electromagnetic (EM) field oscillations resulting in a hybridised excitation called
Surface Plasmon Polarit¢8PP). This propagating wave is bound to the metal surface,
due to the strong coupling with SPs, and decays exponentially with increasing distance
from the interface into each mediufrig. 1). For this reason SPP fields cannot be
observed in conventional (field) experiments unless the SPP is transformed into
light, e.g., by its interaction with surface inhomogeneities.s®R propagatalong the

flat surface of a metal until energy is lost via excitation of lattice vibrations (phonons)
[3].

The confinement of EM fields in subwavelengtktended regions close to the
dielectrid metal interface could find a multitude of applicatidik® high resolution
imaging andchanascaledevices fophotonies and energyharvesting. On the other hand
the confinement leads to an enhancement of the electromagnetic field at the interface,
resulting in an extraordinary sensitivity of SPPs to surfacelitions. This sensitivity is
extensively used for studying adsorbates on a surface in ehmmdobiesensord4].

The enhancement of the electromagnetic field at the interface is alsmsidpdor
surfaceenhanced optical phenomena such as Raman scatteringneaneffectsand

fluorescencgb].


http://en.wikipedia.org/wiki/Surface_plasmon_polariton

1.2 Dispersion relation of SPPs on a flat metadiielectric interface

In order to highlight the basic features of SPPs, mentioned in the previous payagrap
terms of field profile, dispersion relation and excitation mechanisms, in this seetion
will analyze the simplest system supporting such EM excitations, a flat interface
between a seminfinite metal and dielectric media. SPPs are EM field distiding
which are solutions of the wave equation absence of external stimutravelling
along this interfaceTheyexponentially decay in both media, characterized by opposite
sign of the real part of the dielectric function (or constant).

In absence of external charge and current densities, in a homogeneous, isotropic,

nonrmagnetic and linear medium with dielectric functie= € ), and considering
harmonic time dependence on the field&s£ E(r)e i”’t) , thewave equation takes the
form of theHelmholtz equation

D2E +#ZeE © (1.2)
wherekg = V% is the vacuum wavevectow is the radian frequency aredis the speed

of light. Considering a coordinate system where the interface lays gr@hgane and
the wave propagatesoag thex direction(Fig. 1), the field distribution can be written
as E(r):E(y)ékXX, where k, = b is the propagation constanof the wave and

corresponds to the component of the wavirein the direction of propagation. With

these assumptions the wave equation can be written as

2
%gyh(kge _BE @ (1.2)

A similar equation holds for the magnetic figil

2
HHY) 2
Err(khe - HH & (1.3)
%
The previous two equations have to be combi
_ . bH
b3E =m— (1.9
pt
b 3H eo% (1.5)

to get the six fieldomponents.



Fig. 1. Schematic representation of a SPP propagating on a flat metdielectric interface, electric
field lines, field and surface charge density distribution.

Due to symmetry consideratisnon the analyzed geometry, there are two
orthogonal sets of solutions to this problem with different polarization properties:
Transverse Magnetic (TM or-polarized) modes and Transverse Electric (TE-or s
polarized) modes, having respectivelyandE fields aligned along the direction (on
the interface and normal to the propagation direction). It is possible to [§hdhat
only for TM polarization a non trivial solution of this problemgiving waves
propagating bound to the surfaexists. For this polarization, cdnming equations
(1.4) and(1.5), the field distribution hathe following analytical profile:

H, g = Agd?X 6 a¥ (1.6)
iAGKy o e
Ex q = AdKyd jox g KoY (1.7)
we ¢
Eyq= D dbxgKyay (18)
’ we ¢

for y>0, the semspace occupied by the dielectric mediuhsiibscript), and

Hy m= Ang 2% dvmY (19)
ALKy
By m= Pkyim gbx dsymy (1.10)
we nf
Ey.m= _Amb ox dymy (1.11)
' We ¥

for y<0, the semspace occupied by the metal gubscript).



Applying the continuity boundary conditions at y=0 for thelane component of
H (H,q=H,n) and for the oubf-plane componentfoD (e4Ey q= gEyn), it
results thatAy = A,, and that

k
Zyd _ & (112
Ky,m €m

Since g4 >0 and since bothky 4 and k, nmust be positive to have naliverging

field amplitudes, equatiofl.12), condition for the surface wave to exist, is satisfied by
metals below the plasma frequency, for whirble,,( < O0. In this frequency mge,
electromagnetic waves cannot propagate in the bulk of a metal because their wavevector
is purely imaginary and a wave incident from free space is totally reflected at the
conductor surface.

Substituting the expression fét, into the wave equatiofi.3) one gets:
ky.a® =b° " g (113

Ky = 6% ko® & (1.14)

from which, using1.12), it is possible to derive the characteristic dispersion relation for

a SPP on a flat metdielectricinterface:

- W& A
b=k, =— [— 11
< e T g (115
From this expression comes that another conditiobetsatisfied in order to have a
propagating wave bound to the surfacé Xk, and not purely imaginary) is
Refem( M< - o
Finally it is possible to reformulate the expressifing3) and(1.14) for the components

of the wavevector of the SPP normal to the interface:

2
e
ky.d = d (1.16)
’ C em+ €
2
w e
k = m 11
YTy e+ g (117)



1.3 Optical properties of metals

Before analyzing the peculiar properties of a SPP deriving from its dispersion relation, a
short digression about the models of the optical properties of metals is needed. The

complex dielectric functiorg,,( ¥ fully describes the macsoopic electronic response

of a material. In metals a simple model commonly used to desejigei is the

plasmaor Drude modellt is a semiclassical model in which conduction electrons are
treated as a particles being free to oalldriven by an external harmonic electric field
and damped by scattering phenomena (including eléalectron, electraiphonon,

surface and defect interactions). According to the Drude model:

2

en( p=1 % (1.18)
WA +i g

where g is an effective collision frequency describing all the scattering mechanisms.

This model is typically accurate only over a limited frequency range. In particular it
fails to describe the spectral range where interband transitions occurs and also bound
electrons contribute to optical response behaving like Lorentz oscillators. For example

in Fig. 2 it is shown the dielectric function of silver obtained experimeni@llyand the

relative Drude modelThe imaginary part ofeag( s descriled well by this model in

the visible up to energies of about 4 eV, where the onset of electronic interband

transitions appears. In the same energy raRgfeag ( <0 and the absolute value

increases for lower frequencies.

I [nm] I [nm]
1243 622 414 311 249 207 1243 622 414 311 249 207
0__ L3 3 3 T TTTY 13 ol £ L3 L3 L3 L3
6k Drude fit J
° Experimental
% -50F . % ar . Onset of T
D = interband ° e
o =" transitions  ° |
Drude fit
-100F . .
° Experimental
L L L L L O L
1 2 3 4 5 6 5 6
w[eV] wleV]

Fig. 2: Real (left) and imaginary (right) part of the dielectric function of silver. The dots are
experimental values measured by Johnson and Chris{y] while solid lines are fits obtained with

the Drude model(1.18) (W, =8.6 eV, g=45 meV[8])



Ag is the metal that exhibits the smallest absorption while having a large and
negative real part o&( hthroughout the visible and nemfrared frequency regimes.
This is the reason why it is commonly exploited for plasmopiglieations.On the
other hand gold starts to absorb for lower energies (threshold at about 2 eV) and this is
the reason for its yellowish calo In the neainfrared also Au has favourable

plasmonigoroperties.

1.4 Characteristics of SPPs on a flamnetal-dielectric interface

Let us consider a single flat interface between silver and vacuum. Using the Drude
model to describe the optical properties of silver and assuming negligible damping
(reasonable in the visible and near infed), the propagatiooonstantb (purely real)
of the SPP obtained froifl.15) is plotted inFig. 3 (black solid line). At any given
frequency, the maximum component of the wavevector of a wave propagating in the

dielectric (vacuum) is given by
Ky = %'/ ng (1.19)

and it corresponds to a propagation direction parallel to the-atietattric interfacex-
direction). Plane waves propagating toward different directions ixythne lay to the

left of the light line in thew- k graph. On the other hand frdfig. 3 it is clear that the

SPP dispersion relation lies to the right of the light line and asymptoticallyesiaain

the limit for low frequencies. Due to this mismatch lelvector, ordinary light
propagating in the dielectric cannot excparenergy with modes bound to the flat
surface of an optically thick metal. For large wavevectors, the SPP dispersion relation

tends to the surface plasmon frequency

P (1.20)

Wep = M

and in this regime the surface wave is no more propagating since both phase velocity (

V%() and group velocityd %k) tend to zero.
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Using the experimental data for the dielectric function of Ag and considering also

the ohmic losses of the real metal describedrbﬁeAg( W=>0, b becomes complex.

Both its real and imaginary parare plotted with gay lines inFig. 3. Due to these
losses the energy carried by 8PP decays exponentially @spropagates along the
planar dielectrianetal interface. The 1/e decay length, called the energy propagation

length L, is determined by the imaginary part of the SPP wavenumber:

3/2
i:2Im( = Im(_ &)

L 'c«/ [Re@n)|(Re(g ) 462

From the previous formula it is derived that a metal with good plasmonic properties, in

(1.21)

terms of propagation distanceavelled by the SPP, has got not only a low imaginary
part of g,,( i but also a high magnitude of the real paregf{ . Furthermore, metals
having low losses show narrower and more marked plasmonic resonances.

Another striking feature that appears using a realistic modelgfgr i is that

Re(b) does not diverge for finite frequencies but has a maximum in correspondence of

the effective (or screened) surface plasmon egy. This fact limits the maximum
confinement of the SPP field close to supporting interface. As can be seen from
equationg1.6) to (1.11), all the field components amplitudes decay exponentially away

from the interface with a typical decay Iengghgiven by the inverse okyin each
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medium. From equationd.13) and(1.14) it is inferred that the confinement increases

with Re(b). As a consequence another figure of merit to evaluate the spatial extension
of the plasmonic field is the SPP wavelength, defined/gsp=2 pRe( ). The

penetration depth of the field in the metal layer is also commonly known as skin depth
and is of the order of few tens of nanometres at optical frequencies.

In Fig. 4 both the energy propagation length and the SPP field penetration depths
are plotted as a function free space wavelength for thea&gum interface considered.
Compared to thé&lear Infra-Red (NIR), for short wavelengths in the visible the fields
are more tightly confined to the interface, even subwavelength extended, and the
fraction of energy density of the surface mode in the metal increases. As a consequence
the propagation length is reducdue to increased damping. Therefore there is a-trade
off between field confinement and propagation length that must be tuned depending on
the application requirements. In general for applications in the field of waveguides, the
limited propagation lengtbf SPPs, of the ordeaf several hundred microns for single
metatdielectric interfaces, is considered one of the main issues compared to
conventional dielectric waveguides. On the other hand, plasmonic modes can overcome
photonic modes from the point wiew of field confinement. Thus these two approaches
to guided optics are not mutually exclusive and benefits could come from their
combination9], [10].
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Fig. 4: Energy propagation length (black) calculated by(1.21) and penetration depth (gray) of the
SPP field in metal (dashed) and dielectric (solid) given by the inverse (£.16) and (1.17) for a
silver-vacuum interface in the VISNIR range.
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The field distribution maps reported kig. 5, derived from eq(1.6) to (1.11),
support the previous discussion. Comparing the magnetic field distributiing. 6{a)
andFig. 5(b), it appears that at higher energies the field penetrates less in the dielectric

and that it is attenuated more rapidly as d@gagates along thedirection.

H, (0=2¢V) H, (0=3eV)
_ o4 _ (N
g 02 g oo
o g
02 02
0 2 4 0 2 4
@) X [pum] ®) X [um]
E. (a=3eV) E, (0=3eV)

0 2 4 4 0 2 4
(© X ] (@) % [
|E| W=3eV) H, map and E field lines (o=3¢V)

2

© . ®

X [pm]
Fig. 5: EM field distributions of a SPP propagating along the xdirection derived from eq. (1.6) to
(1.11). Interface on y=0 plane, vacuum for y>0, Ador y<0. (a): Magnetic field at W =2eV; (b):
Magnetic field at W =3eV; (c), (d), (e): longitudinal component, transverse component and norm ¢

the electric field at W =3eV; (f): electric field lines overplotted on a zoom of the magnetic field may
at W =3eV.

The exponential decay both in the propagation direction and in the normal direction
can also be inferred from the electric field norm mapFaf. 5(e). PP has both
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transverse and longitudinal electromagnetic field components. The magnetic field
(aligned along the-axis) is parallel tahe surface and perpendicular to the propagation
direction. The SPP electric field has components parallel to the diveatithe SPP
propagation Fig. 5(c)) and perpendicular to the surfaéeg( 5(d)) as can also be seen
from the arrow plot ofFig. 5(f) representing the electric field lines. The ratio of the

transverse and longitudinal components is given by

E
Sy b (1.22)

Ex Ky

Usually, the transverse componehy is dominant in the electric field of SPPs with

short wavevectors (photdike excitations) for which the dispersion curve is close to
the light-line. Only for very long wavevectors (plasmidke excitations or quasi

electrostatic limit) transverse anchigitudinal componentarecomparabld11]. Finally

it is interesting to note that the discontinuity Bf on the interface planéd-ig. 5(d)) is
linked to the surface charge density wavessify) = g( Ey d -Ey,m). [12]

Up to now we have considered vacuum as dielectric medium in tomiic a
metal surface but, throughout this thesis, plasmonic resonances supported at the
interface with semiconductor absorbing media will be discussed. In order to highlight
some of the basic differences with SPPs at a vaeuetal interface, letis consider the
case of a flat silicoilver interface. The relative dispersion relation, propagation length

and penetration depths are reporte#im 6.

31 6 10’
Y, (a) L (b)
\/I S S N — 1
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T L L L 0 = L 103
6 9 12 15 18 400 600 800 1000
Wavevector [10 rad/m] Wavelength [nm]

Fig. 6: SPP at a flat SiAg interface. (a): Real and imaginary part of the propagation constant
(black solid and dashdot lines) and light line (considering constant n=3.5, black dashed line) for th
case of Si as dielectric. As comparis also the dispersion relation and light line for vacuum is
reported (gray solid and dashed lines). (b) Propagation length (black solid line) and penetration
depth of the SPP in Si and in Ag (gray solid and dashed lines).
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Due to the high real part of tlteelectric function of Si in the optical spectrum, it
appears from the dispersion relation that the effective surface plasmon frequency, at

which Re(b) is maximum, is reghifted compared to vacuum. Note thatHig. 6(a)

the light line for Si is plotted considering a constant real refractive index n=3.5, while
the propagation constant calculation considersedspn in Si. The magnitude of

Re(®) close tow, is considerable, even if limited by high material losses. For this

reason the propagation length becomes much shorter and the confinement close to the
surface isenhanced (few tens of nanonestrin the VISNIR) in Si compared to

vacuum.

1.5 SPP in metaldielectric multilayers

Moving from a simple flat dielectrimetal interface to more complex geometries, in
which the translational symmetry is broken along the propaydirection or different
materials are stacked along the evanescent field direction, it is possible to alter the
dispersion curve, the propagation characteristics and the degree of confinement of SPPs
and design them for a particular application.

Considering a stack constituted by alternating radiglectric flat films, when the
thickness of a layer is comparable to the penetration depth of SPPs supported by the
relative interfaces, these get coupled and split into new guided modes. The silaplest s
waveguides are Insulatetahinsulator (IMI) and MetalnsulatokMetal (MIM) tri-
layers[13], [14]. When the cladding materials are the same, the modes can be classified
by their symmetry. The characteristics of modes in asymmetric structures resemble
those of the relative symmetric stack. Symmetric modes have a symmetric distribution

of H,and an antisymmetric distribution of surface charges Bpdcross the trilayer.

The opposite applies to antisymmetric modesFig 7 it is reported the dispersion
relation, propagation length and magnetic field distribution of both IMI (left) and MIM
(right) waveguides made of silver and vacuum for a core thickness of 20 nm. Dashed
lines represent the relative curves for a singgvAcuum interface.

Considering first the IMI geometry, symmetric modes have a dispersion relation
close to the light line while antisymmetric modes have a higher wavevector compared to
the single interface SPP. This fact implies that the symmetric modendsx
significantly in the cladding and has a long propagation length, due to the low mode size
experiencing losses in the metal layer, and for this reason it is also called Long Range
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SPP (LRSPP). On the other hand the antisymmetric mode is called $imge SPP
(SR-SPB and is tightly confined close to the metal film.

For very thin core layers, standard waveguide modes (or photonic modes) are not

supportedin the MIM geometryand only a symmetric plasmonic mode exists. This

mode exhibits even a higheordinement compared to tf&R-SPPof IMI waveguides

because the penetration in the metal cladding remains comparable to the skin depth

independently of the core layer thickness.

4 — 311 4 T 311
— 3} (a) 1414 — — 3} (b) 1414 —
> E > =
9, S 9 =
= o} Symmetric 622 — = 2k 1622 —
Antisymmetric Symmetric
77777777777777 Single interface| —-Single interface|
1 L 1243 1 = 1243
0 5 10 0 5 10
Real(b) [10’ rad/m] Real(b) [10’ rad/m]
311 4 T 311
Symmetric
"""""""""" Single interface|
— 414 = — 3 —
> E > S
9, S 9 =
3 622 — = 2 —
1243 1
3 -7
10 10
1
— 05 —
- -
S0 S0
IN \ Symmetric IN
-0.5} Antisymmetric | ] -0.5p { Symmetric{'
ab o N Ak
-200 -100 0 100 200 -200 -100 0 100 200
y [nm] y [nm]

Fig. 7: Vacuum\Ag (20 nm)}Vacuum (left) and Ag\Vacuum (20 nm)Ag (right) tri -layer propagation
constant (top), propagation length (midde) and magnetic field distribution across the thin film
(bottom).
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1.6 Localized surface plasmons

Besides SPPs propagating at planar dieleotetal interfaces, in finite sized metallic
(nane)structures another kind of plasmonic excitation exists. The first fundamental
difference with SPPs is that these excitations are not propagating and foratua re
they are called Localized Surface Plasmons (LSP). Due to the lack of continuous
translational symmetry, the wavevector does not describe the energy status of the
system and this implies that LSP are coupled to external EM fields and can be excited
by ordinary light propagating in the surrounding dielectric.

If the metal nanostructure involved has dimensions much smaller than the

wavelength of light in the dielectric, the resonance frequency of LSP can be calculated

solving the Laplace equationDzF ©, for the electric potentialF using an

electrostatic approximation. In this condition an external incident electric fg|d

drives all the electrons in the nanostructure coherently and induces a dipole moment

p=& & B, For larger nanoparticles multipolar excitasaare not negligible and

more rigorous approaches,g. the Mie theory, are needed to calculdtee Surface
Plasmon Resonance (SPR) spectra. The polarizahilibhas a resonant behaviour that

in general depends on the size, shape, orientation and metal composition of the
nanostructure and is also very sensitive to the draeconstant of the surrounding
dielectric[15], [16]. The resonant enhancement of the induced dipole (or multipole) in
the nanoparticle corresponds to a concomitant enhancement in the scattering and
absorption cross sectid®]. The relative weight of scattering and absorption can be
tailored for the specific application designinge tmanoparticle properties. For a

nanosphere having radius [B]<<a, the polari za

a=4p3 ¥ £ (1.23)

En( M2 ¢
which shows a resonant enhancement when the Frohlich condition is satisfied
Re[en (= 2 ¢ (129
while the scatteringGsc5) and absorptionG,,9 Cross sections are expressed by
Csca= §|a|2 (1.25)
Cabs = kIm[a] (1.26)
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The resonance inhé extinction cross sectiorC4{4+Cs,9 makes noble metal
nanoparticles widely used as intense labels for immunoassays, biochemical sensors and
surface enhanced spectroscopied. Among the other applications there is also cancer
therapy whichemploystheir photothermal effect®\s a matter of fact LS8can decay
nonradiatively transferring energy to the immediate surroundings as heat.

Together with nanospheres, which are the most widespread, several type of
nanostructures like nanorods, nanoshells and nanocages have beerinvetglgated
and used15], [18]. Metal nanostrips with rectangular cross section are particularly
interesting because they can be treated as truncated slab wavét@]dgz0]. While
mode propagation along an infinitely extended metal film is not accompanied by
radiation, these nanostrips can strongly enhance energy exchange between waves
propagating in the dielectric environment and subwavelength localized fields. For this
reasonthegpr e al so call ed finanoantennaso. I n t he
can be considered as generated by interference of cqunfemgatingSR-SPP IMI
waveguide modes reflected and scattered at the nanostrip end facets. In analogy with
FabryPerot reonators, nanostrips can be treated asdimensional cavities where a
standing wave builds up once the phase accumulated per round trip equals an integer
multiple (1) of 2" :

2lesbimi *2f 2 1 (1.27)
f, is the phase pickup upon reflection from the structure terminations. It is related

to the field penetradth outside the end facets and is equivalent to an additional
propagation length to be added to the physical strip width.

The resonant length of the nanostrip scales linearly with the SPP wavelength and
only to a first approximation with the vacuum wav@tn Assuming to have a
nanostrip illuminated from the top with a normally incident -pblarized plane wave,
enhanced near fields arise at definite strip width satisfiirity), only for odd values of
n due to symmetry reasons. These resonant fields are plottegl Bifor a 30 nmthick

silver nanostrip, assuming a wavelength in vacuum of 550 nm.
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Simulation reproduced from the case study of referencpl9]

1.7 Excitation of surface plasmon polaritons

In order to exploit the properties of SPP fields, ittigcial to design techniques to
excite or detect these surface waves by coupling with radiation propagating in the
dielectric. Incidentally one has to note that once coupled to free space radiation, these
surface waves are no more strictly eigenmodes efnietaldielectric interface but
leakymo d e s . Purely surface waves are fAdar k mo
Phase matching techniques are aimed at providing to a wave, at a given frequency
w and wavevector within the light cone of the dielectric, thesmgwavevector to get
the propagation constant of the SPP, at the same frequency, which lies outside the light
line. These techniques basically rely on two fundamental principles: evanescent field
coupling and diffraction effec{®1]. Sometimes it is not possible to univocally classify
a phase matching technique to one of these effects because diffraction is a coherent
scattering phenomenon and in the near field scattered EM wavdmearevanescent

components.

1.7.1 Prism coupling

The so calledKretschmann configuratior{g. 9a) is among the techniques based on
photon tunnéing in the Total Internal Reflection (TIR) geometry. In the Kretschmann
configuration a thin metal film constitutes the coating of a prismutin which light
comes. A SPP supported at the interface between the metal and another dieiéttric
refractive index lower than that of the pristan be excited. For incidence angles higher
than the critical angle for TIR, an evanescent field compoerists which penetrates

the metal film and, if it is thin enough, it can transfer energy to the SPP mode. The

coupling occurs at the incidence angle at which thglane component of the photon
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wavevector in the prism coincides with the SPP wavevettheaouter dielectrienetal

interface.
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Fig. 9: SPPexcitation configurations: (a) Kretschmann geometry, (b) twelayer Kretschmann
geometry, (c) Otto geometry, (d) excitation with an SNOM probe, (e) diffraction on a grating, and
() diffraction on surface features. lllustration extracted from reference[11]

This concept can besually explained byig. 6a. Assuming to work with a $g-
vacuum system and IR light incident from the Si side (non absorbing in this frequency
range), asufficiently high incidence angles the component of the incident wavevector
along the interface plane lies between the light lines relative to vacuum and Si. So the
propagation constant of a SPP supported at the vaédupimterface can be matched.

The twolayer Kretschmann geometrizi¢. 9b) and Otto geometry{(g. 9c) are similar
configurations where a thin layer of low index dielectric lies between the prism and the
metal film or the surface of a bulk metal. In geometries based on tunnelling in TIR
condition, the coupling of incident light into a SPP can be detected from dipg in
reflectivity curves from the prisrmetal interface performing angular or wavelength
scars.

Since power from free propagating waves is transferred to fields concentrated close
to the metal surface, a high field enhancement is obtained at resonanegafpie
the SPP intensity is enhanced by more than three order of magnitude cotopigted
transmitted at normal incidence in a pri&g film (60 nmthick) system illuminated
with red light[22]. The field concentration within subwavelength egtshregions and

the sensitivity of the resonance conditions to small changes in the dielectric constant of
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the medium close to the metal, make prism coupling widely used as interrogation
technique for SP#ased biosens§23].

1.7.2 Diffraction effects

When light interacts with subwavelength features, in the near field region diffracted
components of light with all wavevectors are present. This is the principle on which
Scanning Neafield Optical Microscopy (SNOM) is dsed to perform imaging with
subwavelength resolution. SNOM technique is perfectly suited for SPP field detection
but also for SPP excitation with excellent control of position over a metal surface. A
SNOM fibre tip can work as a localized point sourcecotular SPP waved={g. 9d)

[24]. In order to avoid perturbation of SPP fields by the SNOM probe, tips nfidole o
refractive index material (typically glass) and not coated by metal must be used for
detection.

In general, any corrugation on an otherwise flat metal surface can scatter light to
SPPs due to diffraction, without relying on a precise momemhatching Fig. 9f).

Vice versa, any surface feature can scatter a SPP into another $Pdh¢irscattering,
reflection, transmission) or cowgit into a radiation rade of the dielectric (otdf-plane
scattering). The corrugation can be a random defect, due to surface roughness, or an
engineered nanostructure by which it is possible to precisely control its scattering
properties. Features on a metal surface may alesept LSP resonances: when the
resonant frequency corresponds to the SPP frequency of the flat surface, scattering
phenomena between the surface feature and the propagating SPP mode become
enhanced.

Different types of SPP interactiswith surface featueopen up the possibility to
manipulate and direct the SPP beams on a surface in the same manner as light beams are
manipulated in 3D.Various types of elements of SPP optics can be created employing
appropriate surface structures such as mirrors, lensssnsy resonators, etc. This
allows to develop 2D optics of surface polaritons that can find numerous applications in

nanophotonics and related technolodizy.

1.7.3 Grating coupling

Another fundamental technique that can be used to couple stndaocel waves and
free space radiation is grating coupling. The grating coupler approach is attractive for

device integration since the grating can be fabricated directly on the metal film
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supportng the SPPs. Indeed, it is the excitation technique used for the experiments
presented in this thesis.

Fig. 10: Schematic representation of gratings used as both input coupler, for an plane wave
incident on a gold surface, and outpt coupler. Arrows represent light intensity | incident,
reflected, diffracted, coupled to grating SPP and to flat film SPP and scattered again into a free
space wave. lllustration extracted from referencg25]

Plasmonic gratings are made of ordered arrays of metallic nanostructures or
dielectric nanostructures on a metallic surfag26]. When illumirated by
monochromatic plane waves, gratings allow the excitation of collimated, unidirectional
SPP beams propagating along the metal sufiade [28]. Sophisticated designs allow
also the focusing of the generated SPP by-cwlinear phasenatching[29]. The
control over propagation direction in the surface plane constitutes an advantage
compared to the circul PP waves generated by HApoint
Similarly, the gratings can serve as output coupler, decoupling power of guided waves
into radiation with well defined far field pattef80].

As already discussed, S®Pan also be excited on randomly rough sudamat
with low efficiency due to the neresonant conditions. Also comparing tcasge or
isolated scattering nanostructui@d], [32], the power transfer efficiency thaan be
reached by optimized gratings is much higher (>45% at 780 nm has been
experimentally demonstrat¢@5]). This result can be obtained designing the grating in
order to suppress reflection of incident light and its scattering into undesired diffraction
orders in the cladding diettric.

The most simple and common plasmonic gratings aredonensional corrugations
of a metal surface with sinusoidal or rectangular cross section (ridge or grooves) and
continuous translational symmetry along the direction normal to the incidenca plan
TM polarized light have the electric field in the incidence plane and the magnetic field

aligned along the grating grooves. An incident wave is scattered by each structure on
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the surface and locally excites SPPs. At resonance these excitations interfere

constructively and maximum coupling to the SPP mode on the graﬁ@g) (is
achieved. This mode can then couple to the SPP mode on the flabfidrh (n general

they are different each other but become very similar in the limit of shallow
corrugationg8], [25].
The phasematching condition consists in a relation between grating pedod (

incident radiation wavelength/(= 4/n) and incidence angleg(. It expresses

configurations whee the in-plane component of the incident wave propagation constant,

k“=$sem7, reaches the SPP propagation constarjpp) recovering the missing

wavevector by the grating momentufa _2%P :
bspp=K| MG (1.28)

This is in general a vectorial relation because there can be-aenmrazimuthal
angle between the grating wavevector and thglane component of the incident plane
wave. Furthermore, whilen is an integer number for a 1D grating, it gets a vector of
integers for a 2D grating. In a conventional 1D grating, an incident plane wave is

scattered into a discrete set of plane waves wifiiane wavevectok ¢ = Kjjjn "MG

and outof-plane wavevectoks o = |kin|2 'H|,out2 . As a consequence, wherGis

large enough (high diffraction orders or short pitch gratings),,, becomes purely

imaginary and the scattered wave is propagating in thplame direction and

evanescent in the oof-plane directionlf k., of one of these evanescent waves

matchesbgpp, a resonant coupling to the SPP mode oc(sesFig. 11). To maximize

power incoupling into SPPs, suppression of diffraction orders propagating in the
dielectric can be beneficial. Nevertheless, as will be discussed in the following, also a
combination of ordinary free propagating diffraction orders and eveanesuoodes

supported by these gratings can be of interest.
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Fig. 11. Extended zone scheme representing the folding of the SPP dispersion relation of a flat
vacuum-Ag (drude model) interface by a 1D grating having pitch 314 nm in thapproximation of
shallow corrugation. Light propagating in vacuum, with in-plane wavevector within the light lines,

can match the propagation constant of the SPP differing bymiG

The pitch of the grating is of primary importance to determine the cauplin
condition of a wave at a certain wavelength and propagation direction but it is not the
only parameter involved. The profile of the grating and the dielectric environment close
to the surface have a great impact on the coupling strength and resonastitenson
This consideration is even more noteworthy when the shallow grating approximation
breaks and more complex analytical or numerical techniques are required to describe the
phenomena determining the optical response of the grating. In pariichlgh aspect
ratio grating structuresighly localized resonances become promitigay}.

Going back to the case of shallow gratings, it has been proposed bgKalej25]
that, in absence of resonant peaks in the scattering cross section of small grooves, the
scattering strengtlincreases with groove dimensions and that an optimal scattering
strength exists to maximize the global incoupling efficiency. The optimal scattering
strength scales with nenadiative losses, linked to power dissipation and surface
roughness, and comes finoa tradeoff between the simultaneous incoupling and
outcoupling scattering action performed by the grooves interacting with incident light
and SPPs. The maximum of incoupling efficiency by the grating corresponds to the
destructive interference betwegmesularly reflected light and light scattered out by the

propagating SPP.
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1.8 Energy gaps in plasmonic crystals

Nanostructured metallic gratings are interesting from the fundamental and application
point of view not only because they are a compact tool tacla@®PPs on flat surfaces

but also because they can support some spe&R®related phenomena like
Extraordinary Optical Transmission (EOT), polarization conversion andréagionof
plasmonic bandjaps.

Electrons in the periodic potential of a crystal lattice are associated to travelling
waves with energy status that disperses with wavevector and creates energy bands
separated by gaps where no electron states exist. In analogy, EM waves propagating in
penodic dielectric structures witpitch comparable to the wavelength, called photonic
crystals, can be subjected to enelogynd gap corresponding to frequencies where light
propagation is inhibited in particular or every direci¢d4]. Engineering the Bravais
lattice and the refractive index contrastis possible to control the density of states of
photms. By designing defects within a photonic crystahich createphotonic states at
frequencies in théand gap nanecavities and waveguides with sharp bends and low
losses can be realized.

Similarly, the density of states and dispersion of surface plasman be deeply
modified by periodic modulations of surface topography of a metal surface with pitch
comparable to SPP wavelength, called plasmonic crystals or polaritonic crystals. As
discussed in the previous section, a shallow metallic diffracticingraan be used to
excite SPPs on smooth metal films folding copies of the SPP dispersion rélatin
in the limit of flat interfaces, as represented-ig. 11. More rigorously, the dispersion
relation of SPPs propagating on periodically structured films departs from the flat
interface approximation due to coherestattering of forward and backward
propagating surface waves that let SPPs assume the form of Bloch waves. As a
consequence, not only can SPPs couple with lj§Bf but alsoband gap appear
between the branches of the dispersion relation at points of symmetry of the firs
Brillouin zone[21] (represented ifrig. 12(a)), for example when in a 1D grating the
period is half of the effective wavelength of the SP mode.

A simple physical picturef the nature of energy gafor SPPs has been suggested
and poved by an analytical model by Barnetsal. [12]. Consider a sinusoidal grating
profile and the Bloch SPP waves corresponding to tweckor of aband gapand
energy belonging to the relative low and high energy bahkas 12(b)). The high



frequency branch corresponds to a surface charge distribution having extremes at the
troughs of the surface, whereas for the low frequency branch the extremes occur at the
peaks. Considering the relative distortion of thecteie fields associated to the two
branches, a different energy will be associated with the two surface charge distributions.
This interpretation is coherent with the shallow grating modulation limit, for which
energy band gap do not exist. Indeed, as tmeodulation depth increases, so the
distortion of the fields, and thus the energy difference between the two distributions

increases.

6 X T T T T T 7= 207
g - shallow grating / T e
5 — grating Hods SRR N AN
----- Light line 04 Yo = i ) '

3 ey = S

311

414

622 RS " :-: JERTETI " "-,' :': e "

L L L 1243
-4 -3 -2 -1 0 1 2 3 4

(@) Wavevector [10 rad/m] ®) - o o,

Fig. 12: (a) Extended zone scheme representing the folding of the SPP dispersion relation of a fle
vacuum-Ag interface by a shallow 1D grating and Blocktype energy bands without the shallow
grating approximation. (b) Schematic representation of the electric &ld lines and surface charge

density distributions of SPPs at the kvector corresponding to aband gap belonging to the low

energy (W. ) and to the high energy (/. ) band of the dispersion relation. Extractel from
reference[12]

While no SP modes amupported at frequencies within thand gapat the band
edges the mode dispersion is flat and the associated density of SP modes is high. This
means that SPP Bloch waves at band edges are standing waves (zero group velocity)
and that a high field enhamoent close to the metal surface can be induced exciting
with ordinary light[3].

1.9 Extraordinary Optical Transmission (EOT)

Another widely investigated phenomenon presented by isolated and periodic arrays of
subwavelength apertures in metallic films is Extraordinary Optical Transmission (EOT).
It was the pioneering work of Ebbesenal. [36] in 1998 that attracted the attention of

the scientific community on this phenomenon. They studied the transmittance spectra of
an optically thick metallic film patterned with an array of holes and measured, for

certain wavelengths higher than the holenditer and the pitch of the grating (no
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diffraction orders present but the zeratfder), transmission efficiencies (normalized to

the total area of the holes) that exceed unity. This fact means that more light is
transmitted through the apertures than ith@dent on that area. Such transmittance
values are also orders ofagnitude greater than predicted by standard aperture theory
formulated by Bethe[37]. According to this theory, the transmission coefficient
normalized to the aperturerem, for a subwavelength circular hole in a perfectly
conducting, infinitely thin screen, scales as the fourth power of the ratio between the
aperture radius and the wavelength. Thhss theory would imply a very low total
transmission, also comparedtton e Ki rchhof fés diffraction
the square of the normalized aperture radius.

There have been different proposals regarding the physical origin of this
phenomenon. However, there is now a wide consensus regarding the key roléoplayed
surface EM modes in the appearance of H3d]. Transmission efficiencies greater
than one suggest that the transmission is mediated by SPPs excited viacgnapiing
in such a wayhat also light impinging on opaque regions between the apertures can be
channelled to the other side via propagating surface waves. After tunnelling through the
aperture, the energy of the SPP field is scattered into the far field on the other side.
Severadifferent geometries of apertures and arrays have been anafygeti3).

YoSal N

Fig. 13: Examples of gratings and grooves nanofabricated ometal surfaces for EOT experiments
(from [38i 40])

Among these, a significant layout is a single aperture surrounded on the front
and/or back surface of the film by periodicustiures respectively with the aim to
collect and focus incident light toward the aperture and to control the angular
distribution of the transmitted radiatioj#0]. EOT has been detected in array of
apertures both not supporting propagating modes, like holes with diameter smaller than

/ /2, and having no cut off for the fundamental mode, §ikes. In the latter case, both

the resonances of the modes supported by the single apertures and the resonances
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generated by the grating phasatching contribute to the transmission spectrum of the
perforated membrane.

Since 1D gratings, made of arrafyshits in a metal film in vacuum, constitute the
simplest geometry showing the EOT phenomenon, there are several theoretical studies
devoted to analyzing their interaction with EM waves in the optical range. It has been
demonstrated with different appréess and simulation techniques, like semalytical
models, transfer matrix and modal expansion metHdds43], that there are two
possible ways of transferringcident light efficiently from the upper surface to the
lower one. The first is by the excitation of coupled SPP modes on both surfaces of the
graing, appearing for TM polarization when the slits form a periodic array. The second
is by the coupling of the incident plane wave with cavity resonances located inside the
slits: in this case also the TE polarization can be efficiently channelled thioeighits
as pointed out by Ongarellet al. [44]. The two resonant mechanisms are clearly
differentiated only for some ranges of the geometrical parameters. In general, due to the
existence of hybrid modepropagatinginside the slits which always couple both
interfaces, the two cited mechanisms are mixed in a way that depends strongly on the
geomdrical parameters of the structure. Experimental studies, where the dispersion
relation of the transmission resonances appearing in 1D arrays of subwavelength slits
are measured, confirm the existence and the role of these two mechanisms in the optical
properties of the grating89], [44].

1.10 Applications of plasmonic nanostructures and gratings

Having described the main features of SPP fields, including propagation and
confinement properties, excitation techniques and the phenomena rmgcumri
periodically arranged metallic nanostructures due to coherent scattering, a brief
overview of the some of the possible applications of these surface EM waves proposed
in literature will be presented. Among the important topics not covered in tmaewe

are nonrlinear effects, subwavelength optical imaging and lithography, negative

refractive index materials and metamaterials.

1.10.1 Plasmonbased sensing and molecular spectroscopy

One of the fundamental application fields of surface plasmons is in sensing and
molecular spectroscopy17]. Concentrating on SPPs propagatiog flat and

nanopatterned metdielectric interfaces, due to the vastness of the topic, plasmonic

28



structures have been used for molecular giteor, fluorescence, vibrational
spectroscopy and SPR sensors. SPR sensors detect small changes in the refractive index
occurring within the field extent of the EM mode supported: since this mode is really
confined close to the surface, these sensorsdead to detect thin layers of chemical

and biological species binding to the surface where the SPP propagates. The dielectric
refractive index change gives rise to a change in the propagation constant of the surface
plasmon and alters the characteristitsh® light wave coupled to it (e.g. coupling

angle, wavelength, intensity, phase}]. Usually the active metal surface is
functionalized, e.g. it is coated with a biecognition element &b to bind selectively

specific analyte molecules in a solution in contact with the SPR sensor.

Grating coupling offers a more compact and cheaper solution to SPR sensing
structures compared to prism couplifg5]. It has bee widely tested both in
wavelength and angular spectroscopy systems. Arrays of sensing channels can be
prepared on the same undulated substi®$ e.g. by means of spatially resolved
functionalization, and parallel detection can be performed illuminating the whole
substrate and imaging the coupling condition in each chip by alitwensional CCD
detector. A refractie index resolution up to 3-TORIU (Refractive Index Units) has
been reported, obtained by a special speoétslved configuratio(Fig. 14). It exploits
the dispesion of incident polychromatic light onto a positisensitive detector, by the
first diffraction order, to monitor the coupling of energy into a SPP, via the second

diffraction order{47].

Collimated
beam of
polychromatic

light

Detector

Fig. 14: Representation of a special SPR biosensor, using polychromatic collimated irradiation of .
grating and exploiting the dispersion of the first diffraction order propagating in air to monitor the
power coupled by the second diffraction order to a SPR], [47]
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Nanopatterned metallic films featuring plasmonic hpaits and the phenomenon of
Extraordinary Optical Transmission can be used as substrates to improve the signal of
molecular vibrational spectra and in particular for Surface Enhanced Raman Scattering
(SERS)[48], [49]. SERS relies on the amplification of the Raman signal induceleby t
field enhancementat the excitation and Stokes frequenty a molecule close to a
metal nanostructure. It allows to overcome a drawback of Raman spectroscopy, which is
its lack of sensitivity. The larger the amplification factor, the higher is thsitsaty to
the detection, and identification, of molecules deposited on the surface of the
nanostructures. Plasmonic nanostructures can generate strong light concentration
such a way that Raman scattering can be increased by several orders ofdeagnitu
the possibility of single molecule detection (SSERS)[50].
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Fig. 15: Simulation (magnetic field norm enhancement) and fabrication of a 1D gold grating on

ITO/glass designed to have plasmonigot spots within the metallic nanowires due to cavity mode

resonances. SERS spectrum of Benzenethiol coating the substrate for the resonant and non
resonant light polarization showing a SERS enhancement factor of the order of 18]

In spite of the fact that random rough metallic surdestdl provide a higher SERS
enhancement factor, compared to that associated to SPP modes in subwavelength

apertures, ordered arrays of nanostreg (Fig. 15 have the advantage of being
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tunable, more reproducible and could give predictable enhancement {d&jorshey
can also work in transmission and can be designed to filter out the incident excitation

beam.

1.10.2 Nanostructured plasmonic and electronic integrated circuits

One of the main benefit offered by plasmonics could be the integration ofopénal

and electronics circuits on the same cl&ifp]. As the dimension of electronic devices
shrinks, the commutation speed of transistors increases but the limitation of bandwidth
in data transfer, due to thelasg line of copper interconnections (inti@nd inter chip),
together with power dissipation issues become severe problems. Photonics would offer
a valid alternative because of the much wider bandwidth supported in the third
communication window, with bitrates of the order of tens Thit/s theoretically
achievable versus few tens of Gbit/s for copper interconnects. On the other hand, optical
fibres and waveguides show a -git for the lowest order propagating mode as their
cross section is reduced, so tigpical dimensions of these waveguides is a couple of
orders of magnitude greater than the dimensions of electronic components (depicted in
Fig. 16). Also the minimumbending radius allowed not to have leakage of the guided

mode constitutes a size limit.
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Fig. 16:. Operating speeds and critical dimensions of various chigcale device technologies,
highlighting the strengths of the different techrologies[52]

As discussed in the previous sections, the strong field confinenties¢ to
nanostructured metal surfaces is a feature of SPP waveguides. Furthermore the metal
structures can serve also to carry electrical currents. So the use of plasmonic
waveguides could offer the unique opportunity for addressing the size mismatch

betveen electrical and optical componef8k Actually, nowadayshis is a really wide
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and active research field. In order to realize plasmonic optoelectronic circuits, several
components like waveguid¢S3i 56], switches, filterd57], [58], couplers, resonators,

light sourceg59i 62] and detectorf63i 65] have to be developed or revisited to include
plasmonic features. Plasmonic crystals can be used as Bragg gratings within these
components[3], [66], [67]. As already noted, the is a tradeff between field
confinement and propagation losses, the latter being one of the weak feature of
plasmonic modes compared to photonic modes. The incorporation of dielectric films
pumped to have optical gain and compensating SPPs propadadges has been
proposed and demonstrated experiment§di@], [69]. Another fundamental topic
related to the field of plasmonic integrated circuits is the ability to actively control
resonances and dispersion al-optical or electreoptical effects, a feature that is
needed to achieve modulators and switches: promising demonstrations, based on
refractive index changes by carrier densities modulation in semiconductors, have been
reported70], [71].

It is worthwhile to discuss further the application of plasmonic nanostructures to
photodetectors, since it is related to the topic of enhancement, or more in general of
control, of light absorption in semiconductor materials on which this thesis is focused.
The speed of a detector scales with the thickness and the area of the device. The
reduction of detector size would also improve the aspects related to noise and power
consumption[5]. In this context, the ability of resonant plasmonic structures to
efficiently concentrate light into subwavelengtktended detectors, beating the
diffraction limit that would otherwise cut responsivity, has found several
demonstrations, espechallin MetalSemiconducteMetal (MSM) photodetectors.
Among these, a couple of examples deserve attention. The first is a germanium detector
embedded in the arms of a slealipole antenna that holds the record for the low active
semi conduct ¢/t0* [63p In othee layoufs the-absorption cross section of
the detector is enhanced surroundihg active area by plasmonic gratingghich
harvest radiation and concentrate it toward the photosensitive element. In particular, in
reference[64], the grating isntegratedonto the metallic contacts and an increase of
photocurrent and responsivity of about 90% at the design wavelength, in comparison to
the otherwise identical flat MSM photodetector, has been demonstrated without

sacrificing bandwidth.
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Contacts

Fig. 17: Plasmonic MSM (Au-GaAs-Au) photodetector, having anode and cathode patterned with
periodic Au ridges that concentrate normally incident 830nrrlight toward a narrow aperture [64]

1.10.3 Conventional optoelectronic devices

The emerging field of plasmonics is not only limited to the propagation of light in
structures with subwavelength dimensions. Also conventional optoelectronic devices,
with dimensions in the micrkcand macrescale, can benefit of EM radiation interaction
with metal nanostructures integrated into them. This consideration is particularly
appropriate for devices like solar cells and LED (only partially for lasers) which, due to
their application, are characterized by relatively wide surface areas to exchange with
propagating radiation a significant power amount. On the other hand, along the third
dimension these radiation absorbing and emitting devices can be very thin, even
subwaelength, to improve performance and/or cost issues. The application of
plasmonic nanostructures to photovoltaic devices will be more deeply discussed in the
following of the thesis so now emitting devices are considered.

The strongly confined fields neametallic nanostructures can profoundly alter the
light-emission properties of nearby optical emitters by: increasing optical excitation
rates; modifying radiative and naadiative decay rates; altering emission directionality
[5]. While the first phenomenon islated to the field enhancement effect, the last two
are related to the modification of the photonic Local Density Of States (LDOS) near the
metal surfacewhich affects spontaneous emission and relaxation paths of excited

molecules back to their grounthte.
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Solid state lighting devices often suffer of problems related to extraction efficiency
of emitted light. Due to refractive index mismatch among emitting layers, substrate and
air, total internal reflection and coupling of power into guided mode efsthucture
limit power outcoupling. The problem can even get more severe in presence of metallic
layers (e.g. electrodes) close to the emitter films due to near field coupling t¢3SPPs
Neverthelessby proper nanopatterning of metal or dielectric films, not only powe
dissipation in metals can be limited but also extraction efficiency and spontaneous
emission enhancement can be obtained by coupling SPP modes with radiation modes. If
an array of apertures is engraved in the electrode, the electrode can still saTgeds
function and also provide an outcoupling mechanism for the SPPs and the trapped light
This has been demonstrated for both inorggni] and organic LEB[73], [74]. Hsuet
al. [73] realized an Algdased OLED integrating gold nanowires arrays, both hextwe
the organic layers and the ITO anode and on the glass substrate, and reported the
doubling of brightness compared to the standard device, an increase of the extraction
efficiency from 20% to 44% and colour tuning from blue to red.

Finally, periodic comgations and subwavelength apertures of metal films on the
output surface of quantum cascade lafgd$and VCSELY75] have been exploited as

plasmonic collimators or to stabilize and contr@ polarization output angle.
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2. RESONANCES OF LAMELLAR PLASMONIC GRATINGS ON
A SEMICONDUCTOR SUBSTRATE

2.1 Introduction

One of the main features of plasmonic nanostructures is the higmywesd local EM

field close to metatlielectric interfaces, most of the energy being concentrated on the
dielectric side. This property can hawas a direct consequence strong increase of
optical absorption if the dielectric surrounding the metal &trechas a non zero
absorption coefficient. An extraordinary optical absorption of 352% has been reported
by White et al.[76] in a 45x50 nifi v o | u me 0 -ditnénsiona gedometoy) of Si
below an isolated 30 navide slit in an Al film at the incident wavelength of 633 nm.
This peak absorption enhancement, normalized to the absorption in the same region of
bare silicon withoutany metallic structure, has been correlated to a resonance of the
MIM eigenmodes within the slit, which enhances the near field in the Si region
immediately below the aperture. Such significant absorption enhancement could
naturally find applications forfgciency improvement of semiconductor devices such as
solar cells or photodetectdiar], [78].

Of course, in applications where not only higher irradiance but also power collected
over large surface areas is needed, isolated nanostructures are not suited. Array of
nanostructures can be more appropriate anakrénged periodically, grating coupling
plays a prominent role. With this in mind, we approach the topic of light absorption
enhancement in semiconductorisy the plasmonic resonances of nanostructured
metallic gratingsconsidering the following case studh onedimensional lamellar gold
grating placed on top of a seimfinite silicon substrate in vacuurki@. 18).

The purpose of this analysis is to show and clabfy full EM field simulations,
how the different optical resonances of 1D digital metallic gratings can be exploited to
modulate the absorption profile of incident radiatimuithin different depth scalesn
the underlying semiconductpf9]. This study constitutes the starting point and gives us
the guidelines for any design of a plasmonic crystal to be integrated in a particular

semiconductor device.



Incidentlight 6 PML

Fig. 18 Three-dimensionalview and cross section of the case study under consideration: a 1D go
lamellar grating on a semiinfinite silicon substrate.

In this analysis we limited to the case of radiation normally impinging on the
nanostructuredsurface and constuted by a monochromatic plane wave with
wavelength of 1000 nm. At this wavelength in the NIR the absorption coefficient in Si
is low, because of its indirediand gapat 1100 nm: several hundred micsoof
semiconductor are needed to absorb most oirttident power transmitted from the
front surface. This is a fundamental design principle related to the absorber layer
thickness of Si photovoltaic and photodetector devices needed to get a significant
responsivity.For example, despite of the thickneasging between 200 and 500 pum,
the overall efficiency ofconventional wafebasedsilicon solar cellsstill suffersfrom
the low absorption in the NIR part of the spectrum. This issue has a much greater
impact on thin film solar cells, having an absorbayer thickness lower than the
attenuation length over a wider solar spectrum range. So we focused on this scarcely
absorbed photon wavelength to determine the potentialities of plasmonic resonances to
improve the absorption. We will deal with issues relatewideband incident radiation

later on.

2.2 Optical simulation numerical model setup

We analyzed how the geometric parameters of the grating impact on the EM field
distribution and on the absorption profile of incident light. We performed -multi
parametric snulations varying systematically both the thickné@ssand period d) of

the grating Fig. 18). We initially kept fixed the ratio between slit width and period to a
constant value of 0.1. We considered only-pMarized incident light, i.e. the magnetic
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field is parallel to the metal stripeng,b 0,Hy=H, #9), since it is the only

polarization that can give rise to SPPs in an 1D metallic grating.

Thefull EM field distribution generated by the scattering of a plane wave incident
on a diffraction grating can b&lecomposedn the surrounding dielectric media,
indicatedrespectively with numbers dnd3 in Fig. 18, in Bloch-Floquet modegplane

wave expansiony2]:

1 . . oo T : .
Hy(x 2) =—=exp(ik oX 4k, 02 & = exp(k, mx ik, vz (2.1)
y %, Z, X, M Zm
Jd ~ Jd
H®(x 2) = § T exp(ik, o x K3, 2) 2.2)
y ! X, M Zm
m vd

Ky m = Kosina +m% wy & sin @ m%p K2 (2.3)

kz,m:xfkg 'kim (2.4)
ENEC (25)

(2.1) and (2.2) refer respectively to the uppend superscript) and lower3 (
superscript) dielectric medium. In region 1 the total field is the sum of the incident
monochromatic plane wave and of the set @frthdiffraction orders that the grating

structure scatters with amplitudg . Similarly t,, are the field transmission coefficient

in region 3.a and a® are theincidence and refraction anglese |l ated by the
law. Equation(2.3) can also be rewritten to assume the famgratings equatioform:
msina +mgsin g :m% (2.6)

Thus, br normal incidence andacuum wavelength larger than the grating period
we expect no diffraction orders in the air region but the specular reflection, while in the
substrate several diffraction orders can be present due to the high refractive index of Si.

The optical model ofhe layoutshown inFig. 18, as well as of the other structures
studied throughout this thesis, has been set up by Finite Elements Method (FEM)
numerical simulations implemented by the commercial software COMSOL
Multiphysics ® [80]. Brief descriptios of this modding technique and of the
theoretical concepts at the badd-EM arereportedn Appendix A.

The first stepof the procedure to desigm FEM modelconsists in defining the

geometry of the structure and materials properties. In our EM field simdatictD
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plasmonic gratings on semiconductor substraethe unique material properties of
interest are the refractive index dispersion relations for each domain, from Drude model
or experimental datdn particular he dielectric constants gold andsilicon at 1000

nm were taken to bé,= -46.4+3.5 and(} = 129+3.6-10% respectively[81]. Gold was

chosen because of ilew dissipation in the NIR compared to other metals and its well
defined plasmonic properties, singe(e, )| < {Re( g)| [22].

Due to thecontinuoustranslational symmetry of the problem along yhaxis, the
layout to simulatds a cross section of the structure in #eeplane. Exploiting the
discrete translational symmetry along thaxis only one single period of the structure
need to be taken into account: the optical properties of an infinitely periodic structure
can be etrieved by imposing proper periodic conditions at the lateral boundary of the
simulated region. These are also known as BRldguet boundary conditions and,
using the coordinate systemFkeify. 18(right), can be expressed as:

H(-d/2,2) H (d2,explg ©O (2.7)

This expression clearly describes the phase wavefront of an incident plane wave

propagating in vacuupalsoin a direction not parallel to the coordinate axis. But it can

be easily demonstrated that also the total fiélgy; = Hincident H diffractec: 9€Neradd

by a monochromatic plane wave incident on a periodic strucsatesfiesthe periodic
boundary condition. Indeed, inserting the diffracted fiethesscribed by equatiorf2.1)
and(2.2), into (2.7) we get:

a,  +d . 0 .a d . 3 . .
expgaé!(x,n7°|kznz 8=exp |k%n7 K, 7 ex%”@d SI) (2.8)

Thus, not only the incident field satisfi€x7) but also the diffracted fields do. This
demonstrates that the Floquet boundary condition is appropriate at the lateral boundaries
of one period of thetsicture considered.

An aspect that must be addressed, in order to have reliable results, is that waves
incident on the other outer boundaries of the model layout are not reflected in a
factitious and unphysical manner. To avoid this phenomenon, Perféattyhed Layers
(PMLs) domains are placed at the top and the botoondariesof the model to
simulate infinitely extended dielectric regions and to absorb all radiation incident on
them, which is radiation physically reflected and transmitted by the mggatn the

substrate.
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In order to set an incident wave onto the grating, we used a port boundary condition
at the lower surface of the upper PML and this technique assures that the port excites a
wave with a given input powePfcigen) and at the same tinit lets correctly absorbs all
the scattered wavgd80]. The meshby which the domains are discretizéds a not
uniform distribution, with finer element dimensioris&) c¢cl ose t o physi cal
The number of elementsf the meshand the thickness of the dielectric layers is
sufficiently extended such that, performing tests with several mesh refiteeizech
domain areas, the physical quantities of interest are not affected by their changes. Of
course these model parameters strongly impact on computational time, especially when
multi-parametric simulatiohave to be performed, so the minimum refinentenget
reliable results is usually chosen. Several tests where this FEM simuttfonquels
compared with analytical simulations, like Transfer Matrix Method (TMM) and
Chandezonds method, and experimental resul
sinusoidal metal gratings, confirm the reliability of the numerical m@!

Once the full EM field distribution is calculated, by ppsbcessing these data it is
also possible to extract the othrelevant physical quantities such as the transmittance
and the reflectance of the nanostructured surface and the absorptance at various
positions. Using COMSOL tools it is straightforward to calculate the net powerPflow
through any boundary as Poyntiwector flux. The transmittanc&) and reflectanceR)

are therefore obtained as:

T= Rransmitted (2.9)
I:?ncident
P P P iqarh
R= reflected reflected |nC|de|+ (2_ 10)
I:?ncident F>incident ‘

where the net powdtow is calculated respectively at the bottom semiconductor
PML interface and at the top &ML interface Fig. 18). The absorptance))j is the
ratio between the daant flux absorbed in a domain and that incident upon it
Absorptance an be calculated as volume (surface in 2D models) integral of an
expression proportional to the square of the electric field norm and the imaginary part of
the dielectric permittivity:
1 ~

_ w 2
Q—PI i 2Im(e')|E| dv (2.12)

ncident domain
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In order to minimize computational time and to improve precision, the full EM
fields distributions were computed with FEM only in the area showkign18(right).
Along thez axis, only a limited extension (500 nm) of the silicon and air sgace are
included in the simulation domais already saidPMLs simulate the serinfinite
extension of the substrate and the claddirgr fields were reconstructed with the
following procedure. We performed a 1D Fourier Transform of the {E&iputed
fields alongx direction at a given depth in Si close to the lower PML. Irkffepace we

filtered out the norz-propagating modes, i.e. those havikg> ngjky, which describe

near fields. Far fields can then be obtained transforming back in the real space, taking
into account the attenuation due to absorption in Si.

For each geometrical configuratiorn,d) of the grating we calculated the
transmittance of theanostructured front surface, the power dissipation in the metallic
wires and the absorptand@,), whichis thefraction of incident power absorbed, within
different depths in Silicon. We also computed the effective absorption profile of light as
a functon of depth in Silicon@(z) averaging the local absorption over one period

length of the plasmonic array.

2.3 Analytical model

Besides the purely numerical model, Zilio in referefic®] devdoped a semi
analytical model of this layout, based on the model proposed by GAadzh and
Martin Moreno[42], which is more suited to get an insight into the physics of the
system. A more rigorous analytical model of light transmission through arrays of
subwavelength slits imetallic films was developed by Sturmenal.[43] and relies on
an exact modal analysis calculation and application of boundary conditions separately at
thet2and23 i nterfaces, ac c or dRlanegvave expaksoom afe | | 6 s
fields in the superstrate and substrate surrounding the grating has been discussed in the
previous paragraptpplying the exact modal analysassoto the gratingregion(2), the
field can expanded in the complete set of eigenmodes (propagating, evanescent and
anomalous) of the 1D plasmonic crystal given by the alternating metal and dielectric
layers. The simplification adopted, based on refer§f2k consists in neglecting in the
grating regiorall the evanescent modes and keeping only the propagating ones, treated
as lossless. Furthermore, since we are working with a vacuum wavelength of the
incident radiation much larger than the slit widths, only the fundamental propagating

eigenmode is alloed. So the field in slit region has the form:
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HP =L N Aexpaé\/e(z z §rBexp Qéé Bz (212)

wherea is the slit width ande®® is the dielectric constant of the medium inside the
slits.

The other simplifications assumed concerns the boundary conditions. The vertical
walls of the slits are treated as perfect metal surfaces (it gEnetration in the
nanowires) while surface impedance boundary conditions are imposed on the horizontal

metallic surfaces:
EX = —y (213)

This approximation is justified if the skin depth of the metal, in the wavelength
range considered, is small compared with all other length scales of the §§3iein
this way, the fields inside the metallic domain need not to be calculated. This treatment,
though simplified, is able catch the main physics of the problem and has the advantage
of leading to simple analytical expressions for tHeuwant physical quantities (such as
transmittance).

Calculation of the transmission or reflection amplitudes in the modal expansion
method requires matching fields at th And 23 interfacesAn incident plane wave
coming from region 1 reflects, whereaching the R interface, with probability

amplitude 14 or transmits through the interface with amplitude. The propagating

mode inside the grooves, approaching tkk iBterface coming from region 2, retits

with amplitude | = f,, or transmits to region 1 with amplitude,;. Since we
consider a normally incident plane wave having wavelength greater than the grating
pitch and much greater than the slit width, lasaaly discussed, only thetB diffraction

order can be present in the upper medium and only the fundamental waveguide mode is

supported inside the slit. So,1, 751, 12 and#,,are scalar values. Also the reflection
coefficient of the waveguide mode at the8 Anterfacerg = 53is scalar while the

relative transmission coefficient toward the region 3 is a vector because the mode
scatteranto several diffraction orders into the high index substrate. The expression for
these coefficients have been reported by Garailal [42] and Zilio [82]. Given all

these coefficients (represented graphicalliFion 19), the reflection and/or transmission

coefficients for the real thremgion system can be calculated summing up all multiple
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scattering processes of the slit mode, the awlditional ingredient needed is the phase

accumulated by the EM field when travelling inside region 2. For the fundamental mode
in 1D waveguides, this phase éxp(ikyz), where ky coincides with the wavevector

modulus in vacuum and z is the distance travelled.

I
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Fig. 19: Schematic definitions of the different scattering coefficients which arise from matching
separately the fields at interface 42 and 23 [42].

According to this simplified model, the transmittanceth#d structure results to be
[79]:

1 P& gosgl i 1
a . 2
JRe(ey) - 17l palee

(2.14)

wheret andr are the singkenterface (32 and 23) magnetic field amplitude
transmission and reflection coefficientgjs thei-th diffraction order angle, anid.: is
the total phase accumulated by theginpropagating waveguide mode travelling back
and forth in the slit:

fiot =ard( f2) +arg( 73) A PNesth (219
beingk, the vacuum wave vector.

It has been showfB4] that actually the model fails if f/is low and/or the slit
width is very small with respect to the wavelength of the incident light, since these
situations correspond to high penetration of the fields in the metal and the plasmonic
contributions to the fields are relevant. In our casg #if~ 46, the departure from the
ideal Perfect Electric Conductor model for the metal stripes is substantialvence
consideredslit widths lower than 10% of the wavelength of incident light. The main
deviation from the simple model is found in the propagatconstant of the

fundamentapropagatingvaveguide mode inside the slits, whose effective wavevector

results to be higher than the wavevector
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between the metallic nanowires. The effect can be taken into accouniragshe
presence of an effective medium inside the slits with proper refractive Mgewhich

appearsn equation(2.15). Following the results found byturmanet al. [43], we took
an effective refractive indelet = C/a+l, beinga the slit width, with an optimal

constanC of about 30hm.

2.4 ldentification of the resonancesf the structure

In Fig. 20 is reported the resulting map of transmittance of the Si front surface
integrating the gold nanowires array, as a function of grating pitch and thickness,
obtained with FEM by the power flowat the SIiPML boundary. The values are

normalized to the case of a Silicon substrate coated with a perfeptfetttion coating

providing unitary transmittance. The periods chosen for the simulation are smaller than

the wavelength of incident light. nh e Si | i con s yigs 248 am, 8o, howev
that diffractive effects are present. Overplotted on the map are lines describing the
resonantlf,d) configurations predicted by the seamalytical model.
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Fig. 20: FEM -calculated transmittance of the front surface integrating the plasmonic
nanostructuresnormalized to the case of a perfect ARoated Silicon surface. Overplotted black
and grey lines mark respectively CM and SPP resonances according to the analytioaddel. White
lines mark configurations which present a WR anomaly.

In particular,(2.14) and (2.15) allow to identify the main features of the optical
response of the 1D plasmonic grating. They have already been presented in the previous
chapter, but are discussed again in the following referring to the partstuleture
under study:

1) Cavity mode (CM) resonance3hese resonances result from the multiple

scattering of the single propagating mode inside the slits. The mode is partially reflected
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and transmitted at the slit ends. When the phase differégcbetween the waves
transmitted in the substrate is a multiple pf @ peak in transmittance is observed, like

in a FabryPerot resonator. The interesting fact is that, when this resonance takes place,
a great fraction of the incident light is chaHed within the slits and is transmitted in

the substrate. This phenomenon is commonly referred as Extraordinary Optical
Transmission (EOT)36], [41i 43], [85], [86] CM resonance dispersion is plotted in
Fig. 20 with a black dotted line.

2) Surface Plasmon Polariton (SPRsonances. SPPs are surface EM waves which
propagate at a metdielectric interface and are evanescent in the normal direction.
They are excited in a 1D grating whehe inplane component of the incident p
polarized radiation and that one of the scattered waves sum up to match the SPP

momentum, i.e.

kogsina + nG :K)Re(/ enel ( eem))e n 1=2.. (2.16)

with Uincidence angleG=2p/d, &, is the dielectric function of gold and is the

dielectric constant of the facingjelectric (vacuum for 12 interface,slicon for 2-3
interface). This kind of resonance is associated to a transmittance extinction and to a
high field enhancement in proximity of the grating (hundreds of nm in Sili8+])
SPP resonances are plotted as horizontal gray lirfeg.ig0.

3) WoodRayleigh anomalie§WVR). Abrupt changes in transmittance as a function
of period are observed in configurations for which a diffraction order lidsiplane of
the grating, i.e. at periodd,=maiN, being N the refractive index of the dielectric
medium. These configurations mark a discontinuity sincel*ak, the m-th diffraction
order does exist while fad<dp, it does not. It is generally acceptdtht the peak in
transmission is due to the abrupt redistribution of energy among the allowed orders
passing through thed=d, configurations[88]. WR anomalies are not resonant
phenomena but rather are due to pure geometrical reasons and are fully independent of
CM and SPPs.

It is worth noting that CMsarelocal resonances, since they would appear as well in
a single illuminated slit without any periodicii§9]. On the other hand SPPs giebal
resonances since they can exiiséto the cohererperiodicity of the structure. As many
authors pointed out, however, CMs and SPPs are not independent eacfP@ther
Actually one should better speak of a hybrid mode which presents both CM and SPP
resonant characteristicEhe SPP character dominates the transmission properties of the
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gratingas the pich gets proximate to onef those satisfying eq2.16). Indeed, looking

at the transmittance mapig. 20) we see that cavity modes resonances (black lines) are
clearly associated with an enhanced transmission irhtteconfigurations far from the

SPP resonant ones (grey lines) in which the dominant SPP character determines a
transmission extinction.

In order to facilitate the resonances identification, in this computation we have
chosen a shto-period ratio of onlyl0%. Notwithstanding the small opening fraction,
the maximum transmittance value obtainedfet84nm,d=340nm is as high as 0.68,
reaching the value of bare Silicon. Considerably larger transmittances can be obtained
optimizing the duty cycle (for h=184no+=340nm, a maximum transmittance of 0.94 is
obtained with a duty cycle of 31%)

In Fig. 21 the magnetic field distribution, normalized to the incident magnetic field
amplitude, of three grating configurationorresponding to the different resonances
presentedare shown. In CM configurations, the field is mainly located within the slits,
as a result of the FabBerotlike behaviour of the slitsHg. 21a). The near field
enhancement is considerable at thé\&iinterface in correspondence of SPP excitation
(Fig. 21b). The field distribution is much less confined close to W&ayleigh
anomalies and take the form of a far field diffraction pattErg. 1c).
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Fig. 21 Magnetic field norm enhancements. (a) h=184nm, d=340nm: Cesonance; (b) h=161nm,
d=710nm: SPRCM resonance; (¢) h=175nm, d=278nm: WFCM resonance.

2.5 Impact of the resonances on the absorption profile

In order to assess the field enhancement and confinement properties of these optical
resonances in metallic diffraction gratings on a semiconductor substrate, we evaluated
the absorption of 1000 nwavelemgth radiation within different depths of Si as a

function of the grating geometric parameters.



Cavity modes can also be correlated to absorption enhancements when they interact
with SPP modes. Within 300 nm in SilicoRig. 22), the largest enhancements (up to
350%) are obtained when both the conditions for SPP and cavity mode excitation are
satisfied at the same time (at the crossing between gray and black lines). In these
configurations CM resonances canalize the whole imtigewer into an SPP mode
rather than into a-propagating mode, giving rise to an extraordinary SHg. 21b).

By conversion inFig. 21a it is shown the typical much weaker field enhancement in a
configuration where only CM is excited without SPP resonant coupling. Similar
considerations are valid when SPP excitation conditiom$uifilled and the slit mode is

out of resonance (not shown).

150 200 250
h (nm)

Fig. 22 FEM -calculated absorption enhancement map within 300 nm in Si with respect to perfec
AR-coated Silicon. Overplotted lines as ifrig. 20. Crosses mark configurations whose absorption
profile is reported in Fig. 23.

Looking at theabsorption profilesKig. 23a) we observe that, in strongly SERM-
resonant configurations (black line), most of the enhancement is confined in the metal

proximity ard decays exponentially within the typical plasmonic decay length [1]
Lo (/12 p Qein|+ & 32 {2~ 100 nm. The enhancement factor can be up to 30 times

in the first 30nm of Silicon. Far from the gratind-ig. 23a, inset) the absorption is
almost zero in SPP resonances since SPPs typically produce transmission extinctions.
On the other hand, strong CM but not SPP resonant configurations (light grey lines)
show absorptioprofiles that are much less confined close to the surface, but are higher
in depth due to EOT.
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Fig. 23: (a) Absorption profile enhancement with respect to perfect ARcoated Silicon in
configurations marked with crosses irFig. 22: h=136 nm, d=765 nm (light gray); h=148 nm, d=735
(darkgray); h=163 nm, d=705 nm (black); inse
Absorption profile enhancement in configurations near the cross iRig. 24a: h=175 nm andd
respectively 285 nm (black), 300 nmdark gray), 320 nm (light gray). Black dots and empty iccles
represent the contributions to the whole black absorption profile coming from the=+1 and n=0
diffraction orders respectively.

Looking at the absorption within a thicker (4fh) Silicon layer Fig. 24a) we find
that the greatest enhancements are obtained mmgStvhant configurations proximate to
WR anomalies, i.e. those shown king. 21c. In these configurations, CM resonance
results to efficiently couple to diffracted waves propagating at grazing angles with
respect to the grating plane. The mechanism is particularlyesftisihen only the=+1
diffraction orders are present besides thé @ne, aroundhe configuration identified
with a black cross irFig. 24a (=175 nm,d=290 nm). Loking at the absorption
profiles Fig. 23b), these are clearly the superposition of two exponential decays,
relative to then=t1 andn=0 diffraction orders respectiwel As can be seen, in high
enhancement configurations, tme+l orders contribute significantly to the whole
absorption prafe (see dotted lines ifrig. 23b) which emains higher than that of a
perfect ARcoated Silicon up to a depth of about 40 pm.

The strong absorption enhancement in proximity of the grating in presence of SPP
reonances is also correlated bagh power dissipation in metal. THed map of
absorptance in metal looks very similar Feg. 22 and we do not report it. The
maximum absorptance of metal reaches values up to 84% (h=163nm, d=765nm) in
corespondence of SPEBM resonant configurations, down to about 14% (h=175nm,
d=285nm) near CMVR configurations. The power dissipation issue is crucial, together
with absorption enhancement, in view of application to optoelectronic devices.
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Fig. 24: (a) Absorption enhancement within 40 um in Silicon with respect to Silicon coated with a
perfect AR coating. Overplotted lines are defined as ifig. 20. (b) Left: Extinction length L of the
absorption profiles calculatedin CM -resonant configurations ficw(d),d); right: absorption within L
with grating normalized to absorption within the sameL in case of perfect ARcoated Silicon. Grey
horizontal lines and circles mark respectively SPResonant periods and WR anomalies.

In order to highlight the field confinement achievable with -@XR coupling, we
consider now the locus of Gkésonant configations, i.e., for every period, we
consider the thicknedscy(d) which maximizes the FEMalculated transmittance. In
these configurations we consider an absorption profile extinction lebptlaking the
depth inslicon at which a fraction of I-e®) ~ 63.2% of the transmitted power is
absorbed. This is the fraction of power absorbed within the typical decay length in
presence of an exponentlide absorption profile. We finally calculate the absorption
enhancement withih (UQ,) integratingQ(z) downto depthL and normalizing point by
point to the absorption withib with respect to the case of a perfect-8dated film on
slicon. In Fig. 24b we reportL and Q. as a function of period, being=hcu(d). It is
clearly seen that at Clvesonant configurations just above WR anomalies the extinction
length drops while the absorption it L is strongly increased. Although most of the
Q. are lower than 1, it is to be noted that we have an extraordinary absorption for every
period at whichQ_ exceeds 0.1, i.e. the fraction of period not covered by metal. As a
general comment it clearly ppars that the absorption length is always much shorter
than the corresponding for pure absorptiosilicon (156 um at 1000 nm wavelength)
and almost always accompanied by an enhancement of absorption with respect to the
normalized open area.

The absorppon enhancement can be greatly improved optimizing the duty cycle. In

Fig. 25 we show the trends df and Q_ as a function of the duty cycle for the fixed
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(h,d)-configuration h=145 nm, d=280 nm, which is very close to the-&Bmaly (see

Fig. 24). The maximum of absorption is found 1.5 times greater than ircosiRed
silicon within L=80 um for a duty cycle of about 20%. As can be seen, in this
configuration most of the power transmitted by the CM in the slit is drained by the n=t1
diffracted waves. We note that the extinction length drops at a duty cycle of about 0.7,
before reacimg the value it has in absence of grating, wkdlehas a local maximum.

This is due to a stronger coupling of the @donances to the=x1 diffraction orders

than to then=0.

408 g

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
duty cycle

Fig. 25: Gray: Extinction length of the absorption profile for different duty cycle values; black:
absorption within L normalized to absorption within the samel in case of perfect ARcoated
Silicon. Dashdotted and dashed lines are the contribution to Qfrom the n=0 and n=x1 diffraction
orders respectively.h and d are set to 145 nm and 280 nm respectively. The set of parameters
h=145 nm, d=280 nm, duty cycle=0.2 was found to optimize the absorption enhancement within ¢
um (+210%).

2.6 Conclusion

Summarizing the taps covered in this section, we have contextualized and deepened
the theoretical concepts about plasmonic nanostructures, presented in the previous
chapter, within the framework constituting the focus of this thesis: the control of optical
absorption in smiconductors by the resonances of plasmonic gratingsarticular we

have presented the analysis conducted on a case study, the lameliavsidngth

gold grating on a silicon substrate, aimed at identifying the different optical resonances
of such stactures, their excitation conditions and the relative impact on the generation
profile in the semiconductoNumerical and analytical simulatiosfiow thatfor TM
polarized incident light at 1000 nm wavelengtslevant absorption enhancements can
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be produced isilicon at different depths, in relation to the type of plasmonic resonance
involved. Different geometrical configurations of the grating can change dramatically
the absorption profile, concentrating the EM fields in close proximity of tatlhc
nanostructure or simply reducing the absorption extinction d§BRs resonances lead
to high field enhancement (up to +350%) in close proximity to the gratnaghigh
power dissipation in the metal. On the other hasality modes coupled to giag
diffracted waveshow lower losses arallow an efficient transmission and spreading of
light power into the substrate, leading to an enhanced absorption eiviuajength
radiation in shallower regions of the underlysigcon (up to +51.3% withir80 pum).

In other words,Surface Plasmon Polaritons, the phenomenon of Extraordinary
Optical Transmission and diffraction orders in metallic gratings interplay and can be
designed to get different degrees of concentration of incident energy in the absorbing
substrateThis analyss turrs out to befunctional in the study of the integration of such
plasmonic crystals in real optoelectronic degicbecause it clarifies which kind of
resonances can be exploited to enhance light harvesting in relation to the absorber layer

thickness bthe device.
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3. PLASMONIC PHOTOVOLTAICS PRINCIPLES AND
APPLICATION TO THIN -FILM ORGANIC SOLAR CELLS

3.1 Introduction: photovoltaic solar energy generation

The look for energy sources alternative to fossil fuels and compatible with green
economy that is to say sustainable from the economic and environmentalspofnt
view, constitutes a challenging issue for the scientific community and for the
contemporary society in generBly 2035, renewables will account for almost -@hied
of total electricity output. Among thesehotovoltaics (PV) constitutes a promising and
viable option and it is growing more rapidly than any other renewable techn@bpy
To understand thegpentialities of this clean energy source, we can refer to some data
extracted from the "6 Solar Generation report published in 2011 by the European
Photovoltaic Industry Association in cooperation with Greenpeace Internaffiftjal
Just a small portion of the energy hitting
could meet existing global energy needs that, according to International Energy Agency
(IEA) calculations,oul d be satisfied i f 4% of the wol
used for PV installations. Until 2010, the entire PV installed capacity was almost 40
GW, to be compared to the total worldwide average power consumption of more than
16 TWIJ93]. Neverthel ess, under an Nfaccel erat e
expansion pattern of the industry to date and includes ratdgolitical support,
photovoltaics could provide around 4% of t
more than 1 TW by 2030.

Unfortunately grid parity, defined as the point in time where the generation cost of
solar PV electricity equals the costafnventional electricity sources, has not been yet
achieved except for some specific applications in some parts of the world. However the
cost of PV systems has been constantly decreasing over time, experiencing a 22%
reduction each time the cumulative talted capacity has doubled. The key parameter
determining the success of this technology is the cost per Watt peak of electricity
produced. Together with production optimization and economies of scale, technological
innovation is crucial to achieve grimty. One innovation direction is the development
and introduction of new materials replacing scarce resources and environmental
friendly. The other main chance by which industry can reduce manufacturing and
electricity generation costs is through effittg: when PV modules are more efficient
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they need less surface area and thus they use less material, both semiconductor absorber
and the other system components. Another key field of research aims to reduce material
usage and energy requirements usingnthirsilicon wafers: from 400 um in early
nineties, to 18200 um today, to less than 100 um by 2020. Even efficiency can be
sacrificed to get lower cost per Wa#ts happens in thin film solar cells, having an
absorber layer thicknessnging from few tenf nanometes to few micronsAn
advantage associated with the use of thin film devices is that ahesapmaterials
relatively impure and defective ahadving poor electricaransportpropertiesthatis to
say high recombination ragecould be usedsaabsorbersindeedthe collection of
photogenerated carrienwould benefit from the proximity of the electrodasd from
lower volume recombinatiof®4].

Of course, as the photovoltaic absorber layer gets thinner also the absorption
decreases, especially when the absorption length in the semiconductor at a given
wavelength becomes comparable or larger than the thickness of the sokigc2b)(
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Fig. 26. Left: absorption coefficient of crystalline Si. Highlighted inlight gray the solar spectral
range for which the thickness of waferbased solar cells (~100 um) is greater than the absorption
depth. For the case of thin film devices (thickness ~1 um) the area is highlighted in dark gray. Thi
graph wantsto stress the importance of incorporating in photovoltaic devices lightrapping
mechanisms, by which the effective absorption bandwidth can be increased. Right: AM1.5 solar
photon flux and fraction of photons absorbed in a single pass in Si (1 and 100 thick).

So the thematic of light trapping is crucial for photovoltd&vices in order to
maximize the conversion of incident photon flux into an electrical current. Light
trapping consists in enhancing the optical thickness of the absorber layer compared to
its physical thickness or, in other words, in increasing the apgieth length of photean

in the device. Light trapping mechanisms can be based eaptag or waveoptics
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principles. Among the possible approaches to light trapping, those based on
nanophotonics, like integration of nanostructures, photonic crystalspsmonic
structures, are nowadays widely investigdgeti 96].

In this chapter, after a brief introduction on solar cells working principles and on
the conventional light trapping mechanisms employed, we will discuss plashas®d
light trapping mechanisms and their application on a parti¢uthat of devices, ultra-

thin organic solar cedl

3.2 Solar cellsworking principles

A Solar Cell (SC) is a device whiatonverts incidenbptical radiation intoelectric

power, in the form o& charge current along withwoltage arising from a difference of

the Fermi levels between its terminalsThis phenomenon iknown as photovoltaic
effect. The basic processes behind the photovoltaic effect are the generatiamgef
carriers, due to the absorption of photons in a semiconductor material, their separation
and collection at different terminals of the device depending on the sign of the charge.

In order to separate the phajenerated electrons and holes from each other and
create an electrohemical potential difference at its terminals, the device musidacl
between the absorber and the electrical contacts the asb | e dpermealdemi
me mb r awhilsseélectively allow only one type of charge carrier to pass through
[97]. A membrane that let electrons go through and blocks holes is a material which has
a large conductity for electrons and a small conductivitgr holes. An example of
such a material is antype semiconductor, in whidhe conductivitydisparityis caused
by a large difference in electron and hole concentrations. Electrons can easily flow
through the rtype semiconductor while the transport of holes, which are the minority
carriers in such material, is very limitedlie to the recombination processd@he
opposite holds for electrons in atype semiconductor, which is an example of kole
membrane. Forhis reason a classical structure for a solar cell is constitutedpioy
junction Fig. 27 right).

Another typical structure able to implement such principle is abléo
heterojunction, in which the doped materials have a highed gapcompared to the
absorber sandwiched between them: an energy barrier in the valence (conduction) band
hinder the injection of holes (electrons) from the absorber into itypen (ptype)
semiconductor as shown kig. 27(left). The pn junction and the double heterojunction

constitute the structures of the solar cells analyzed in the followingatesgy wafer
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based silicon and thin film organic solar cells. The asymmetry in the electronic structure
of the ntype and ptype semiconductors is the basic requirement for the photovoltaic

energy conversion.
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A | E
eO : | )X n A-e P X)
I | i
-ed 1 V. ed i =
d Xe e | ¢
EC..,{-: _E_/._._ - pR - :.."‘--. E
\J.__FCE It\--qVOC k; F
T T ——— EV
Ey |

Fig. 27: Schematic band diagram in open circuit condition of an illuminated solar cell based on a
double heterostructure (left) and a pn junction (right). A n-type electron membrane on the left
allows electrons generated in the absorber by illumination to flowd the left while blocking holes. A
p-type hole membrane on the right allows holes to flow to the right blocking the electrons. Electror
and holes are driven by a small gradient of the relative quastermi level respectively in the ntype

and p-type region[97].

Anotheressential design principle fan efficient solar cell is thahe electrons and
holes generated in the absorber layer reach the membranestefhisesthat the
thickness of the absorber layer is smaller than the diffusion lengths of the charge
carriers.It constituts a fundamental criterion for the choice of the absorber material, to
be evaluated in combination with its absorption depth and cost. For example organic
semiconducta are excellent absorteeof radiation but have poor electrical properties
so that their thickness is limited to few tens or hundreds of nanesn€n the other
hand the thickness ofrystallineSi cells can be several hundreds of micralu® to the

high diffusion length related to the good material electrical qualities athlev

3.2.1 Fundamental equations of semiconductor devices physics

The quasiFermi level for electrongrc, and the quagtermi level for holeskry, are
used to describe the namuilibrium energy distribution of charge carriers in the
illuminated state of the solar cell. The energy difference between theFgrasilevels

is a measuref the efficiency inconversion ofoptical energy into electro@mical
energy.QuastFermi levelscoincide with the Fermi level in absence of illumination or
in presence of strong recombination mechanisms, like at 4s@taconductor contacts

where recombination can be considered perfect. Apart from the sign, whippasite
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for the holes, the quasiermi leves describe the electrochemical potential of the
particles. The driving forces acting on electrons and holes are related to inhomogeneous
spatial distribution of the particles concentration or of electrical patenhe latter
occurring in space charge regioms other terms the current has a diffusion and a drift
component. The gradient of the qu&sirmi level accounts for both of these efésntd

is proportional to the charge current density:

R @
Je= enm B ey r (3.2)
Jh=ep, B el 71 (3.3)

where the conductivity iss =ne s, with n being the charge densite the
elementary charge andn the mobility. The position of the quaBermi energy

compared to the band edd®,(E,) setthe carries concentration at a given position:

n= N, expge% (34)
4 Epy-
p=N, expae%_ra’ (3.5
¢

whereN. andN, are the effective density of states in conduction and valence band.

Another fundamental equation of semiconductor devipbysics is the charge

continuity equation which, in stationary conditions, is:

div(Je): G 36
e
divgh):e R 3.7)

where G and R are he local generation and recombination rates. Finally the
Poisson equation determines the electric potential distribution:
py = L (38)
e¢
These equationy3.1)-(3.8) constitute the basis for semiconductor devices
modelling[98].



3.2.2 Structure and simple model of a pn junction €Si solar cell

Most of installed photovoltaic capacity is nowadays made of crystalline silie8i) (c
solar cells. The schematic cross section of such devices is reporfégl 28. Light
absorption occurs mainly in the moderatdbped ptype base, having a typical
acceptor concentration of the order of®€n®. On the top side of the absorber a thin,
less than 1 pathick, highly-doped rtype layer is formed as the electron membrane and
also absorbs high energy photons. On the back side of the absorber, albpgdyp

type region, also called Back Surface &i@BSF), serves as the hole membrane. At the
interfaces between areas with different doping concentration, regions are formed with
an internal electric field called junctions. The presence of the internal electric field in
the solar cell facilitates the ga&ration of the photogenerated electhmie pairs, even if

it is not essential for solar cell operati@7]. The electrodes are the metal contacts that
are attached to the membranes.

¢ Sunlight \l/
Metal grid1 /—Antireflective layer
n-type layer
v T
€
p-type layer
o]
\l/ €

Metal contac!

Fig. 28 Structure of a pn ¢Si solar cell

A simple electrical model of such solar cell is shownFig. 29(left). The pn
junction is treated as a diode haviag ideal Shockleyl-V characterigc: it can be
derived using the equations presentadthe previous section assuming an abrupt
junction, no recombination in the space charge region and in the hypothesis of low
injection condition[98]. A constanicurrent source in parallel with the junction models
the photogeneration by solar radiation absorptins a load resistor connected to the
power generating cell. The totaV characteristicor betterJ-V characteristic since we
normalize the current to the surface akdasuch a device under illumination is simply a

summation of the diode dark currenidethe photocurrenty(), given as:
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whereJs is the diode saturation current density.
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Fig. 29. Left: equivalent circuit of an ideal solar cell under illumination. Right: equivalent circuit
including also series and shunt parasitic resistances.

The dark and illuminated-V characteristics of the-p junction are represented in
Fig. 30 along with the generated electric power characteristic. From this graph the main
electrical parameters of the device can be extradieel photocurrend, corresponds to
the shorcircuit currentJs (in the ideal model) because it flows through the ever
circuit when the terminals are short circuit®¥Q). The open circuit voltag¥,. is the
photovoltage that appears between the device terminals when they are not connected to
each othethrough an external circuéind therefore no electric current déow. In this
situation, there is a flow of excess photogenerated minority carriers through the junction
toward the area where they are majority carriers (photocurrent). In order to balance out
this current, the recombination current of the device issas®d favouring the minority
carriers injection in the opposite directjdry lowering the electrostatigotential barrier
across the junction by an amount\gf. An expression foW,. can be extracted from
(3.9):

a
Voo = inlse ¢ (3.10

Vocis @ measure of the amount of recombination in the devicddlike
The Fill Factor EF) is the ratio between the maximum powBhdx = Jmp<Vmp)
generated by a solaell and the product of,c andJs: (seeFig. 30):

Vinpd
FE = _MPTMp (3.11)
Vocdsc

57



The FF is affected by noideality factors like recombination in the space charge
region of the junction and parasitic resistive losses (shunt and series resistance).
The figure of merit of a solar cell is the conversion efficiegcyhich is calculate

as the ratio between timeaximumgenerated power and the incident solar power:

h= Pax _Vmmep VocJscFF (3.12)
Pn P Fn
The power density valu®,, of 1000 W/ of the AM1.5 standard solar spectrum
(Fam1.5) iIs commonly used for the normalization: it corresponds to the sun illumination
after traversing an atmospheric thickness of 1.5 atmospheres, whichessonable

estimate for the solar zenith angle at temperate latitudes.
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Fig. 30: J-V and generated powercharacteristics of ap-n junction solar cell in dark and under
illumination. Parameters used:Js=10° mA/cm?, J,.=35mA/cm?, series resistanc®s= 1 ¢, csmnt
resistanceRsy= 1 0 0 g c m

The efficiency of the device described by €8.12) is reduced by some nen
idealities among wibh we mention the parasitic resistances represente&ign
29(right). A nonzero series resistand&s is related mainly to contact and metal
resistance, while a nenfinite shunt resistancBsy is an indication of the presence of
furtherrecombination mechanisms. As a first approximation these resistances impact on
the fill factor and can be estimated by the sloped\bfurve respectively close ¥,
andJs. Nevertheless, when the nateality becomes more consistent, these resistances
also reduce respectivelysc and Vo values. The currentoltage characteristic in

presence of these parasitic resistances becomes:
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Another fundamental figure of merit for photovoltaic devices is quantum
efficiency. The External Quantum figiency (EQE) expresses the spectral resolved
conversion efficiency of the device, the capability to absadident photons and
transform the flow of generated carriers into electric power. It can be directly measured,
usually under short circuit condi, as the ratio of the charge carriers flux through the

external circuit to the incident photon flux:

JL
EQE(/) = TA (3.14)

On the other hand, Internal Quantum Efficiency (IQE) is the conversion efficiency
of all absorbedphotons into collected electrons, getting rid of Incoupling Losk8gs (
and Outcoupling Losse®(), whichare he optical losses such as reflection, dissipation

outside the active semiconductor and transmission:

IQE=EQE( It O (3.15)

3.2.3 Photocurrent

We are interested to calculate the photocurrent and the spectral responsewEGE),
is the number of carriers collected per incident photon at each wavelength, for a simple
pn junction solar cél These quantities have been derived in literaf988100] for the

case of standard exponential decay of the generation profile:
Gexp(/ )= & YF( )X -Rlekp[ -( )4 (3.16)
where a( /) is the absorption coefficienk, ( & }Yhe solar photon fluR ( & }he

front surface reflectance at the wavelengéndx is the depth in the device measured
from the front Si surface, as represented graphically in the sketal.&1. Eq.(3.16),

which derives from LambeB e er 6 s | a w,Fig.t2®egpiain iwhey wafedasedh
solar cells have a itkness of the order of few hundreds of microns: such silicon layer
thickness, larger than the inverse of the absorption coefficient over a wide solar
spectrum bandwidth, is able to absorb most of incident photons except those with
wavelength close to thieand gap(approximatelya>1000 nm). On the other hand thin

film solar cells, having a thickness of the order of few microns or even shallower,
exhibit severe absorption limitations over a wide bandwidth considering only a single

pass of photons perpendiadly to the surfaces. Light trapping mechanisms are required
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for waferbased cells in the NIR and for thin film cells over the whole solar spectrum to

make the effective absorption depth shallower.

Emitter SC region Base
) )
n P
h.v
—
x=0 X xj¢W

Fig. 31: Cross sectionof the model of pn junction solar cell[99]

We extended the classical treatment for photocurrent calculation in an ideal pn
junction solar cel[98i 100] to handle a generic absorption profia:x), which turns
out to be useful when plasmonic structureshiape photons distribution the device.
The total current density can be decomposed in the contributions of generation in the
Emitter, the Space Charge Region (SCR) and the Base:

I =fJ() Heel § 3 ))d (3.17)

with the integration range extending from the wavelength where the solar photon
flux become significant (36800 nm) to the Si enerdyand gap1100 nm). Summing
the continuity equationg.6) and(3.7) for electron and holes it is evident that the total
current must be constant along the cell. So it can be calculated summing up the two
components at an arbitrary point in the device. A convenient choice is the boundary
between the SCR and the base, whigre base current is calculated as minority
electrons current. To this, one has to sum the holes current, which is minority carriers
current at the other boundary, between the SCR and the emitter, and the current
generated within the SCR.

Assuming norecombination in the SCR, every electioole couple generated
within the depletion layer is collected and contributes to the current. So the expression

for the current density is simply

Hg+W
Jscr=€ ] A% dx (3.18)
HE
whereW is the SCR width an#ie (or x) is the depth of the depletion zone edge in
the emitter.
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Under the simplifying assumption that the emitter and the base are homogeneously
doped, the minority carriers distribution in thelpped base (electrons) is described by

the following equation

d’Dn D
d—x2+E BH(X) (3.19
with
b(x) = S (3.20)
Dn

whereDn = g, is the deviation from the unperturbed electrons concentration.

Equation(3.19) is obtained combining the continuity equati($6) and the electron
current density equatiof3.2), under the assumption that in the quasitral regions the
field is negligible and the current tstally driven by diffusion. The recombination rate

is modeled by the ratio between excess minority carrier concentration and their lifetime
U} (ShockleyReadHall recombination in the low injection limit). The diffusion length

of the minority carriers i1, =,/Df,, whereD, is the diffusion coeffiient.

The general solution @B.19) is:

oy W
seb x el

D0y e ket R kydy k& F Gy (32D

X X

where we made a coordinate shift Hy+Hscgr and definedb 6 (y) =g+b(y + H
Hscp. ki and k; are constants that must be determined imposing proper boundary

conditions. In the present case the boundary conditions are the following:

Dn 20|,
dDn (3.22)

Dn = —_—
§Dn = B, Ix

x=Hg

where x=0, in the new coordinate system, is the S62Re interface. The first
condition is imposed because, at the interface with the SCR region, a non zero electric
field is present which drains any excess minority carrier. The second boundary
condition stateshtat the recombination rate at the back surface of the cell (first member)
equals the carrier diffusion flux (second membé&).is the surface recombination

velocity. Applying the first boundary condition ¢8.21) yields

k= % =Kk (3.29)
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The second boundary condition allows to calcukate

,.,Hsé,l | - 0 a - 6:
i gsl“;"smh‘Je El‘_ y @cosht%—y teg(}jy
K=—S& & o = T (3.24)
2% isinhgleHﬁB 8i coshtg gg
c Dn c I-n —Ln L@ =+
The solution of the differential equation is then given by:
0xL, . xdy _ 8
n - 3.2
Dn(x) —ZKSIHFT om D ‘g* G (?Xl) ( 5)

Using (3.2) we get the current:

Je09=eq 2" —etz cosrﬁ nc hf GE W ey (320

Finally, turning back to the old coordinate frame, we calculgtat the bas&CR

interface:
~Hror aSnLn -x 0 l—éTOT -X 62
. % smh 5cosh?ﬁ @ Pix
%sinhaH gcosh LN
p, "M, B 0

seaS b gdx 8o A 8o
N 2p, sin Q_—p acos I Qgﬁx
Jo=e—E L ¢ -- (3.29)

pI'psmh? Bcos % g

In the limit for uniform generation profile, valid for photon wavelengths close to
theband gapand for a devicéhickness much larger than the diffusion length, the total

current gets
Jo= edl, & W (329)

and, oversimplifying, this can be interpreted stating that the diffusion length of
minority carries expresssthe effective active thickness of the device. The farthest a
carrier is generated from the depletigegion (the membrane), the less chance it has to
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contribute to the total current. This concept is also expressed by the Collection
Probability CP) function, which satisésthe condition

H tot

J =efiCRYG x d (3.30)

From this equation, together wi{B.27) and (3.28), the expression for CP can be
derived: CP is maximurtvery close to unity) for carriers generated inside the SCR and
decays in the base @remitter region with a characteristic length dictated by the
minority carrier diffusion length. The CP is intimately related to the concept of IQE,
since it is independent on absorption properties but express the capability to convert
photogenerated caers into usable current. Equati¢®.30) also infers that, a light
management structure integrated in a solar cell has to maximize not only the generation
rate absolute value but also its overlap with high collection probability regions of the

device.

3.2.4 Light trapping

In conventional pn junction wafdrased Si solar cells, in order to maximize the
photocurrent, three fundamental measures are adopted: the sisickribe cell is large
compared to the absorption length over a wide solar spectrum bandwidiigs2e),

the front surface is treated with an AReflection Coahg (ARC) and both the front
and the back surfaces are textured with a pyramidal pattern.

The ARC is a dielectric film having refractive index and thickness matched (optical
thickness = a&/4n) in order to r esdhstate. t he hi
It is usually constituted by a 70 nthick SgN,4 film, which also functions as passivation
layer to minimize surface recombination. Despiteéh&flower incoupling losses, a flat
waferbased Si cell coated with an ARC still suffers low quantifiniency in the NIR
due to the outcoupling losses, i.e. photons can bamited from the cell surface
toward air after a double pass within the device having a mirror back surface.

In order to increase further the light path within the device and coesdy the
probability to be absorbed, the surfaces of waesed crystalline Si cells are textured
with a pyramidal pattern, obtained by anisotropic wet etching in alkaline sol&iign (

32). This texturing reduces front surface reflectance, because normally incident light
impinges two times on the surface and the number of photons transmitted in Si

increases. Photons entering the cells are deflected in an oblique direction due to
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refraction at the textured surface. Furthermore, hitting the front surface again after
reflection at the rear surface, there is a high probability that photons experience total
internal reflection (escape angle 16°), so that they remain trapped and perform multiple
passes before leaving the cell, if not yet absorbed. It has been estjfrtdtpthat an

ideal lambertian surface, scattering light with an isotropic angular distribution in a
weakly absorbing medium with a back reflector, enhances the optical path length of a
factor 4rf compared to a single pass aldhg normal to the surface. The enhancement

amounts to about 50 considering the high refractive index of Si.

silicon

oxide [

metal INFM.TASC b

Fig. 32. Left: Ray-optics scheme of front surface reflectance reduction and optical path length
enhancement by surfacdexturing. Right: SEM image of the pyramidal texturing of a Si solar cell.

Pyramidal texturingexploiting rayoptics principlesis not suitable for thin film
solar cells. As a matter of fact the peak to valley height of these structures is several
microns, comparable or higher than the thickness of thin film devices. Furthermore,
interference and coherent scattering phenomena beusticluded in the modelling of
light trapping in thin film devices, because the length scales are comparable to optical
radiation wavelengths. Substrates having random sutéxtering with optimized

roughness are commonliged for thin film solar cells

3.3 Light trapping by plasmonic nanostructures

Recent extensive studies have shown that by fabricating conventional semiconductor
materials into thredimensional arrays of nanostructures (e.g. nanowires, nanopillars,
nanocones, etc.) or integrating nanostures into conventional devices, both photon
absorption and photcarrier collection efficiencies of photovoltaic solar cells can be
significantly improved [95]. Besides nanoscale structural engineering, unique
nanomaterial physical properties (e.g. large surfeemlume ratio and quantum

confinement) are being actively explored to enable PV with new mechanisms, including
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dye-sensitized solar cells, quantum dot solar cells, etc. In this thesis we will focus on
light trapping by the integration of nanostructures invamtional devices rather than
nanostructuring the absorber layer itself. Within this research field, the optical
properties of metallic nanostructures have recently attracted much interest. Typically
metals are considered strong recombination centre®Wodevices. Nevertheless, by
proper surface passivation and integrated-epgotronic design, metallic nanostructures
can become powerful tools to enhance absorption and efficiency by plasmonic effects.

As outlined by Atwater and Polman in their review plasmonic light trapping
[94], there are three fundamental strategies that can be exploited to improve
photovoltaic devices performances ipyegration of metallic nanostructures. The first
two deal with the resonant enhancement of extinction cross section when localized
surface plasmons are excited. As discussed in chapter 1, the relative weight of scattering
and absorption to extinction @® section can be controlled by designing size, shape,
arrangement and dielectric environment of the nanostructures.

Maximizing scattering cross section can be useful to enhance the optical path
length of photons in the semiconductor absorl#gg.(33a) both in thick and thin
devices. It is the strategy behind the photocurrent enhancement in most of the
experimental workthathave been reported so far. Thisechanism is also favoured by
the fact that, when nanoparticles are placed on a semiconductor substrate, light is
preferentially scattered into the higidex substrat¢102]. Furthernore a significant
fraction of power is coupled into the substrate at angles exceeding the critical angle for
total internal reflection, determining light trapping. Also the spacing between the
scattering element and the front surface of the cell must tirined in order to avoid
destructive interference between scattered arscatiered light. Nanoparticles can also
be placed on the back surface of the device in order to interact only with poorly
absorbed NIR radiation and not to affect quantum effigiem¢he U\AVIS [103].

On the other hand, when the absorption cross section is designed to be predominant
over scattering in LSP resonances, the near field enhancement andnénatige
intensification in arem of semiconductor close to the metallic nanostructures are
exploited Fig. 33b). This concept is mainly used in combination withadllin solar
cells so that, even if a significant fraction of power is dissipated by ohmic damping in
the metal, a relevant improvement of device absorption can be obtained. Furthermore,

power wasted into heat is limited by using semiconductors with higforption



coefficient in this kind of structures. These requisites are met for example by organic
solar cells.

I

Fig. 33 Strategies to exploit plasmonic resonances for light trapping in photovoltaic devices. A:

enhancement of the optical path length by metallic nanostructures scattering; B: near field and

photogeneration enhancement close to the nanostructures at the LSPsomance; C: scattering and
confinement into photonic and SPP mode$94]

The last strategy indicated consists in scattering by metallicstraictures into
propagating guided modes of thin film cells, both conventional photonic (or waveguide)
modes and Surface Plasmon Polaritdfig.(33c). In this way tle propagation direction
of incident 1light i s Afbent ognwhiohwiaectidntitehe hor i
optical thickness can be considered infinite. Carrier collection can on the other hand be
performed in the normal direction, so that thel deécome optically thick and
electrically thin.

Before analyzing more in detail these concepts by our case study dealing with ultra
thin organic solar cells, a brief overview of the most notable results obtained in
literature is reported. The light trapgi capabilities of both random distribution of
metallic nanoparticle§104] and periodic arrays of nanostructufd95] have been
tested on several typologies of solar cells, inorgfl06], [107] organic[108], [109]
and dyesensitized110]. In particular gratings with pitch comparable to the wavelength
of incident light can be designed to optimize diffraction eff§6® and to couple
radiation into SPP waves, propagatinghfoimed at a metakemiconductor interface
[111], [112]

For what concerns the realization of random distributions of nanoparticles on the
front surface of solar cells, several groups have used a simple hgitaechnique
consisting in the deposition of a thin metal film (e.g. few nm of Ag) followed by a high
tempeature annealing which induces coalescence into discrete iskigd84 left). A
lot of studies have been performed following this approach, among which we mention
the one published by Pillaet al. in 2007 [113] where the effect of LSPniAg
nanoparticles on both thin (1.25 um) and wddased (300 pm) flat Si solar cells
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performance has been measured. Acquiring EQE spectra, they reported a sevenfold

enhancement of short circuit current for wabea s e d

fodenhancement at

=1050
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weighted average over the AM1.5 global radiation, the total photocurrent was increased

by 33% in thin film devices and by 19% in wafer based devices compared to flat bare

cells. Nevertheless these results were not still comparable to the light trapping

performances of textured surfaces.
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Fig. 34: Approaches to light trapping by plasmonic structures. Left: random array of silver
nanoparticles on the surface of a ce[B4]. Right: plasmonic grating embedded in an &Si:H thin
film solar cell [114].

On the other hand, an effective improvement of efficiency, compared to devices

incorporating standard light trappingctered surfaces (Asahi-type glass substrates),

has been demonstrated by Feetyal. [114] in ultrathin film amorphous silicon (a

Si:H) solar cells with nanostructured plasmoniclbaontacts. In this case arrays of

nanostructures were fabricated via nanoimprinting lithography, a relatively low cost

softlithography technique capable of patterning large area substrates. The silea sol

nanopattern (a square or triangular arrapithérs) was then coated conformally with a

silver layer and a 160 mthick absorber sandwiched between two transparent

conductive oxidesHig. 34 right). They demortsated that the photocurrent enhancement

is obtained on a wide spectral range @B0 nm) and that it is due to coupling of

incident radiatiorinto guided modes supported by the structure. They evenesitbat

reducing the absorber thickness from 34@@06 nm the efficiency is unaffected: indeed

the reduction ofls; is compensated by the increase/gf andFF due to the lower bulk

recombination losses.

As already stated, within this thesis we will focus on light trapping by integration of

periodic plasronic gratings in photovoltaic devices. Taking into account the design

guidelines just discussed and those derived in the previous chapter, we will perform a
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comparative design and analysis of the resonances that can be exploited in combination
with thin-film and wafetbased solar cells. In particular, in the case study of 1D Au
grating ona Si substrate presented, we highlighted two possible working regimes
depending on the geometric parameters of the grating. The periodic nanostructures can
be designed texcite with incident light SPPs on the mésamiconductor interface and
localized resonances. Such configurations could be employed in combination with thin
film cells due to the high field confinement in close proximity to the surface.
Furthermore, evenf SPPs are associated to high power dissipation in the metal
structures, the low absorption of thin film devices absence of any light trapping
schemecan make this strategy relatively effective. On the other hand, a light trapping
mechanism for wafelbased cells could be obtained optimizing the grating geometry to
scatter light efficiently toward grazing angle diffraction orders, WRBagleigh (WR)
anomalies. We demonstrated that a good coupling of incident light into diffracted orders
can be providethy the phenomenon of Extraordinary Optical Transmission (EOT). The
effective absorption depth is reduced by this mechanism, which also features relatively
low metal dissipation. Application of these concepts to thin film devices is described in

this chaper while waferbased devices will be discussed in the next chapter.

3.4 Light absorption enhancement in organic solar cells by the

integration of plasmonic gratings
Although the present dominant photovoltaic (PV) technology is based on inorganic
materials (€S, aSi:H, llI-V compounds, CdTe, CIGS), high material and
manufacturing costs limit its wide acceptance. Intensive research has been conducted
towards the development of lewost thin film PV technologies, of which organic
photovoltaic devices are one thfe more promising[115], [116] Organic Solar Cells
(OSC) are based on organic semiconductors, caraead materials whose backbones
are comprised mainly of alternating C and C=C bonds. Electron delocalization along
the conjugatethackbone is responsible for the semiconducting properties of organic PV
devices. Recent progress in the development of polgnsetar cells has improved
powerconversion efficiencies up to the record value of ~8%. Even if the efficiency
values are lowerampared to other inorganic devices, these solar cells have unique
prospects for achieving leaost solar energy harvesting, owing to their material and

manufacturing advantages.
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Organic semiconductors are excellent absorbers of EM radiation but have poor
electrical properties[117]. Due to the limited diffusion length of the excitons
photogenerated in the absorbing layers, the physical thickness of OSCs is limited to few
tens of nanometers. Thus the realization of light trapping systems is tognda
combination with such ultrthin solar cells in order to get significant values of
conversion efficiency. Among the possible approaches to light trapfit§],
plasmonic nanostructures, due their capability to confine the optical energy in
subwavelength extended regions, are acquiring more and more interest in the scientific
community applied to such kind of devices {@08], [109], [119 123]. In combination
with LSP[106], [107], [109], [121123]and SPH108], [121 123] resonances, periodic
arrays of metallic nanostructures can be designed to excite waveguide modes of the
structure[106i 108] and enhance the optical thickness of the device. Karad. [108]
have experirantally demonstrated the effectiveness of this approach measuring a 40%
increase in short circuit current in an wthen OSC embedding a silver nanowires
grating.

The aim of our work is to analyze in detail, by optical modelling, the excitation
conditions of localized resonances and propagating modes, both SPP and conventional
waveguide modes, supported by a plasmonic crystal integrated in an OSC and to clearly
highlight their role in providing the observed absorption enhancefb24l Indeed, in
literature, the identification of the different plasmonic modes involved often is
performed by only examining the EM field pattern at peak wavelefg#is, [122] or
not explicitly showing the modal analysis procedure yd€8]. Furthermore, unlike
many papers, we focused on a realistic heterostructure device layout in which the
periodicallyarrangedmetallic nanowires are not in contact with the absorber layers, in
order to reduce the effect of unwanted recombination mechanisms for the
photogenerated excitons.

With this aim, we first optimize both the plasmonic nanostructures geometric
parameters and the OSC layers thickness in order to get an absergi@mcement.

Then we indentify the origin of the observed enhancement, correlating the different
spectral enhancement peaks with plasmonic resonances. This is done investigating first
the optical eigenmodes of flat configurations (without any grating prasence of a 10

nmi thick uniform silver metal film) and then the resonances of a single plasmonic
nanostrip placed within the OSC stack. Finally, we consider the whole plasmonic

grating, providing evidence that it supports both localized and propagatogances.
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Both of them play a role in the overall spectral enhancement and give rise to an

effective light trapping mechanism.

341 Plasmonic OSC model

We consider the solar cell layout with the schematic cross section shoiig. iB5

(left). It is a pi-n cell in superstrate configuration with a central heterojunction whose
intrinsic active medium is made of a Copper Phthalocyanine (CuPc, 20Fufi¢rene

(Cs0, 10 nm) bilayer. The absorbers are embedded between the Hole Transport Layer
(HTL) , ma dtetrakis(#metiojphEnypbenzidine (MeelPD) doped with
2,3,5,6tetrafluore7,7,8,8stetracyanoquinodimethane (HLNQ), and the Electron
Transport Layer ETL), which is constituted by Rhodamine B doped fullerene
(Cso:RhB). The pi-n configuration is chosen since the modification of transport layers
thickness does not affect strongly the electrical properties, thus allowing the
optimization of the vertical potonic structure of the cell25]. The description ofhe
electrical properties of such devices is outside the scope of this thesis. This kind of flat
heterostructure multilayer is commonly realized by our partner research group of
National Nanotechnology Laboratory in Lecce (lta[{l26]. We analyze the light
trapping properties of a 1D silver grating with square wave prefil@edded in the

HTL of this otherwise flat structure (s€ey. 35).

25 *Glass
superstrate
/'lTO (120 nm)

15

0.5
: A
S ——————

|__—+Silver grating
|_—~*HIL

*CuPc (20 nm)
| +C60 (10 nm)
15 *ETL

) I «Silver back
25 electrode

-0.5

P M \A N

2-15-1-050 05 1 152
X107

Period (d)
(a) (b)
Fig. 35. Schematic cross section (a) and 3D model (b) of the plasmonic OSC
The refractive index dispersion relations for organic layers, ITO (12thiuk) and
glass were extracted with ellipsometric measurements while those for the metals were
taken from Pali kos Ha[alli Wepetorma2b finikepekemeats | Con s
optical simulations of the EM field distribution for the thresriations of the basic

device layout mentioned before (full grating, flat and isolated strip).
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3.4.2 Grating parameters optimization

In the full grating structure FEM moddti). 35a), as discussed in the previous chapter,
periodic boundary conditions are set at the lateral boundaries of the unit cell, while at
the upper and lower sides of the model Perfectly Matched Layers (PMLs) simulate an
infinite extension of air andilver respectively (not shown iRig. 35a). TE and TM
polarized normally impinging monochromatic plane waves with unitary power are set as
illumination. For both plarizations we calculated the reflectancB) (and the
absorptance in the organic layef3).(To evaluate the absorption performance of the
cell we defined a figure of merit called ThroughpT (

7o R/ )F( Hd
FE(/)d /

with F being theAM1.5 solar photon flux. We consider the wavelength range

(3.31)

between 300 and 00 nm within which the absorption of the CuBg bi-layer is
appreciable (seleig. 37c).

We model both the layouts with and without the grating. In the optimization of the
cell geometry we simultaneously vary the grating parameters and the thickness of ETL
and HTL. We tune the transport layers thicknesses in a range from 20 to 70 nm in order
to not affect the electrical properties of the ¢&R5]. In the case of the cell without
grating, the optimal thicknesses of the spacer layers are 30 nm and 60 nm respectively
for HTL and ETL. For the plasmonic device, the grating geometry that maximizes the
throughput has a period of 380 nm, a thicknessOohih and a strip widtko-period
ratio of 25% (Ag width of 95 nm) whereas HTL and ETL optimal thicknesses are 20 nm
and 70 nm respectivel¥ig. 36 reports thetrend of the throughput enhancement with
respect to the optimal bare configuration as a function of single geometric parameters.
As can be seen, a well defined optimum is found for all the geometric parameters except
for the HTL thickness. The throughpwould keep on increasing while reducing the
HTL thickness.Nevertheless wdimit it to 20 nmaccording toconsiderations on
recombination and telectrical constraintgl25].

Fig. 37a reports the absorption spectra within actesgers Q) and within metal
domains Q) and the reflectance spectR) {n the optimal cell with plasmonic grating
compared to the optimal cell layout without grating. It is evident that a wide

enhancement band is found in the wavelength range fromm86 ©100 nm.
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Fig. 36: Throughput enhancement as a function of different geometric parameters. Every plot is

obtained keeping fixed at the optimal values the remaining parameters.
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Fig. 37: (a) Absorptance within active layers CuPc and & (blue solid line), absorptance in metal
parts (black solid line) and reflectance (red solid line) of the optimal cell compared to the same
quantities calculated for the optimal cell without grating (dashed lins); (b) Absorptance
enhancement Q/Q) in the active layers for TM (blue) and TE (red) polarizations; (c) Rea(solid)
and imaginary (dashed)parts of relative dielectric constants of CuPc (black) and of g (green).

The overall throughput enhancement reached by the optimal grating configuration

compared to the best flat reference configuration is +11-8% 8 % f or 300
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nm, +12. 5% for 480 nm < & < 900
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deviceintegat i ng the plasmonic crystal an incre:é
600 nm while the reduced organic layers absorption in the UV is due to an increase in
reflectivity. Despite introducing these losses, the grating improves the absorption in the
device otherwise limited by the low thickness of the active layers and the resulting high
reflectivity.

The spectral amount of absorption enhancement for the two orthogonal
polarizations TM and TE (respectively magnetic and electric field parallel toltee si
strips) is reported ifrig. 37b. As can be expected from an anisotropic structure such as
a 1D grating, a strong polarization dependence of the enhancemennds Thwe TM
contribution to the overall throughput enhancement is +20.3%, while the TE one is
+3.2%. Looking at the TM spectrum, in particular, two broad enhancement peaks are
observed at &2=780 nm and &=1100 nm. However
to throughput enhancement is really limited due to theQoabsolute value and to the
lower spectral density of solar photons. Also the TE spectrum presents a band of
enhancement, although it is more modest with respect to TM polarization and it drops
bdow unity in the outer regions of the considered wavelength range. It is worth noting
that both the TE and TM enhancements fall within the maximum absorption spectral
window of CuPc (se€ig. 37c). The FEM studies performed in what follows are aimed

to get a clear understanding of the reasons of the observed enhancement.

3.4.3 Modal analysis of the flat configurations

The main function of the grating is to couple incidegit into the guided modes of the
multilayer stack constituting the O3@006i 108], [121 123]. In order to clearly identify
which are the possible photonic and plasmonic modeqerform a modal analysis of
this structure by means of FEM simulatiqd®7] in case of absence of any grating and
with a continuous 10 nm silver film in place of the grating. The real parts of the
obtained TM optical modes dispersions are reportefign 38 while the respective
mode electric field norm profiles at some representative frequencies are repdtigd in
39.
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Fig. 39: Electric field profiles of modes at representative frequencies. (a) back electrode SPP mod
with and without 10 nm Ag film; (b) TM ( ITO waveguide modes with and without 10 nm Ag film;
(c) LR-SPP mode; (d) SRSPP mode.

The basic TM guided modes of the structure in absence of any grating (red curves
in Fig. 38) are two: a Surface Plasmon Polariton mode, at the interface betweeokhe ba
silver contact and the ETL organic layer, and ap Méveguide mode within the ITO
slab (respectivel¥ig. 39a andFig. 3%, red curves). The former, in particular, allows a

high field enhancement within the organic layers. The structure with 10 nm continuous
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silver layer sustains these modes too (see corresponding black lifkég. 88). In
particular, the SPP dispersion remains similar to that one obtained in absence of the top
Ag film. Nevertheless, while at high frequencies the field istigaonfined close to the
back electrode Fig. 39a green curve) at lower frequencies it results much more
concentrated within the ITO layer in the case of presehédgdilm (Fig. 39a, black
field profile).

The structure with the Ag film sustains two more guided modes, a Long Range SPP
mode (LRSPP) and a Short Range SPP mode-$&R)[6], which can be identified
from symmetry considerations on the electric field component along the film interface
(respectively antisymmetric and symmetric, Beg 39¢c-d, cyan curves).

It is interesting to analyze the frequency behawviof the SRSPP mode field
profile (Fig.39d ) . Whi |l e at hi'gHe, bladk eugve) ¢ha fieid erefile ( ~3 A1 0
is highly concentrated close t o®Hzlgmenmet al |
curve) the mode is much more delocalized and prodacesimost uniform field
enhancement within the whole organic layer slab. The mode changes its nature and

becomes much more similar to a metalectricmetal plasmonic modé].

3.4.4 Single strip resonance study

The resonant features of single isolated silver strip embedded in the HTL are
investigated by means of a scattering 2D FEM model. The scattering simulation goes
through two steps. First we calculate the background electricEielsiven by a TM
polarized monochromatic plane wave nofmanpinging on the OSC model without

any plasmonic structure. Then the wave equation is solved for the scatterirtg fiield
presence of the single metal strip, assuming the full field is givénpby Ep + Es[80],

[128]. PMLs are placed at all the outer boundaries in order to simulate an infinite space
extension around the strifrig. 40b-c). In Fig. 40a we report the map of normalized
absorption cross section thie strip, calculated as the absorption within the strip divided

by the strip width times the light power incident on the strip cross section.
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Fig. 40: (a) Single strip normalized absorption cross section as a function of strip width and

frequency. Black solid lines mark single strip resonance positions according to E@@.32) with + a

Q

1.2 rad; the vertical dashed line mark the optimal strip width configuration as found in paragraph
3.4.2 (b), (c): Scattered electricfield norms in the configurations marked with circles in the map;

their strip widths are respectively 140 and 66 nm. Color scales in (b), (c) are normalized to the
impinging wave electric field norm.

We find out that characteristic absorption regigissble in Fig. 40a are related to

the resonant behavior of Short Range SPP travelling back and forth on the strip in the

horizontal direction, according to a simplabryPerot resonator modgl9], [129]:
wlsk spgn) mp - (332

wherew is the strip widthksgspe( ¥ )

an integer nmber and is the proper phase pickup upon reflection at the strip ends. As
pointed out in[19], [84], [129] ¢ in general depends on frequency but the variation is

S

t he mo+BRPmodemis o f

slow for a high magnitude of the real part of the relative permittivity of thel rfoater

10). This condition is satisfied for silver at frequencies lower than about £5420

So, as a first order approximation, we consid&r be a constant. Inserting the -SIRP
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mode momentum, calculated in the previous section for a continuous film, inside
equation(3.32) and solving the equation numerically, we find the optimad order to
have good agreement between the model and scattering FEM simulation. The best fit,
a 1.2 rad, i's comparabl e t antipdaleustonsmmi ckup v
similar studieqg19], [129] for strips much thinner than free space wavelengtlFidn
40a black lines are the solutions of €8,32) for different values fom. In particular, for
symmetry reasons, onlytheodd modes (1 , 3, 5é) can be excited in
illumination geometry. As is seen, the Falftgrot resonator model correctly
individuates the locations of the strip absorption maxima.

As can also be seen from the map, for the strip width of the optimahgrati
configuration determined in paragrapt¥.2 w = 95 nm, a single strip resonance is
expected in a broad frequency band ranging from 1.8 to 2°7H0 The presence of
single strip resonances in the optical response of the grating is reasonable since the
separation between the strips in the optimal configuration is pretty high (285 nm) and
highly localized resonances are therefore expected to bedecteaf by grating
periodicity.

Fig. 40b-c report two scattered electric field norm distributions sampled along the
single strip resonance (circles ifig. 40a). The field appears to be much more
delocalized at low frequencyig. 40b) than at high frequencyFig. 40c). This is in
agreement with the frequency dependence of th&s BR mode field profile discussed

in the previous section.

3.4.5 Full plasmonic grating structure study

Once identified the modes and resonancegpaeded by the structure, we want to
highlight the role of the grating in exciting such field configurations and the role of
localized and propagating surface plasmons in increasing the cell absovpéstart
considering the TM polarization, which plagfse major role in determining the light
trapping properties. Ifig. 41 we report the map of absorption enhancement within the
organic layers with respect to the optimized cell without any grating, in the case of TM
polarized impinging light. This map, as well as the following ones, are calculated
assuming grating thicknesadstrip widthto-period ratio fixed to the optimal values of
10nm and 25% respectively, and letting the grating wave végtor2 “varg. The
optimal grating wave vector obtained in paragr8ph2is here marked by the dashed

line. Note that keeping the strip-period ratio fixed has the advantage to avoid the bias
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that would appear keeping the strip width fixed, i.e. sipatlod configurations would
unavoidablypresent lower enhancements with respect to higher ones, due to the higher
fraction of cell surface covered by the metal strips.

grating period [nm]

3.5 628 . 31.4 299 157 126 10%39
I
:
=
3t : —
I =
5 | _ 15 &
) € )
© 25 L g
3 - S
C
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1942 o
——SPP Ag/ETL interface
Single strip resonance

: 1257
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crystal wave vector [1 O7m'1]

Fig. 41 TM absorption enhancement within the organic layers with respect to the optimal cell
withoutany grating as a function of crystal wa
width -to-period ratio and grating thickness are kept fixed to 25% and 10 nm respectively. Black
lines are the back SPP coupling dispersions according to E(§.33) for m=1, 2, while the white line
represents the single strip resonance, i.e. the zeros of £g§-32) for m=1. The optimal grating period
is marked with the dashed black line. Empty and filled circles mark configurations whose electric
field norm is reported respectively inFig.43a and b; the A+0 mar ks
enhancement at & = 780 nm.

In Fig. 41 two evident hifg-enhancement regions are present, one in the range 700
nm < & < 900 nm, the other in the IR part
(section 3.4.2, the fomer region provides the main contribution to the overall
throughput enhancement, since it partially overlaps to the band of maximal absorption
of CuPc layer. The latter region, although shows a much greater absorption
enhancement (the maximum value reachedactor 11, is out of the calo scale),
contributes to a much lower extent to the throughput.

Two basic plasmonic mechanisms contribute to the enhancements found. One of
them is directly related to the dispersikpe ¥of the SPP at the back electrode/ETL
interface, which was numerically found in sectio3.4.3 analyzing the flat
configurations As extensively discussed throughdbeé thesis, the grating works as a
plasmon coupler allowing the incident radiation to couple to the flat back electrode SPP

mode, according to the relation which we report again here for convepdnce

mG= m% “kpp(W) M =1,°2, 3,.. (3.39)
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This is clearly seen superimposing to the map the curves given by
(k,w) = (m'ldgpp( W, }1 (black curves inFig. 41 and in following maps). The

curve corresponding to=1 approximately follows the relevant enhancement region
found at’'Hzx 2241940 nm).
Further evidence of this coupling mechanisrobtained superimposing the same
curves to a map of losses within the back electrode for TM polarization as a function of
G a n d&rig. #2a).(SPPs at back electrodehen present, are expected to strongly
increase metal losses, beside absorption in the organic layers. As a matter of fact, high
dissipation regions are found king. 42a exactly along black curves. Incidentally, in this
map we note also a weak ab s°Hephictisalmostegi on
constant 'fib This Grrespordatd & vertical resonance of the flat multilayer
structure.
The second I=¢c plasmonic mechanism is related to the single strip SPP resonance.
This is marked with a white line in all the presented n{&ps 41 andFig. 42). The line
is obtained from assuming the same constant value for tH&PEFReflection phase as
discussed in the previous section. Note that, since we keep théogtepgod raio
fixed, the strip width varies with period in the map and, as a result, the resonance
location disperses with period. As is seerFig. 41, the white line individates the
location of the maximal enhancement in the IR and also approximately follows the
highe nhancement region in the range 700 nm <
The presence of this resonance becomes more evident analyzing the map of
absorptance in the strips of thegt i ng as a f ukgc42h).dHere @ f G an
strong dissipation feature is visible spanning the entire map. As is seen, it is well fitted
by the single strip monance curve. The back SPP couplings (black lines) correspond
instead to narrow strip absorption minima. This is expected, since in these

configurations most of the EM energy is localized close to the back electrode.
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Fig. 42 TM Absorptance in back electrode (a) and in the metal strips (b) as a function of crystal
wave vector
are kept fixed to 25% and 10 nm respectively. In both maps the blacknes are the back SPP
coupling dispersions according to Eq(3.33) for m=1, 2, while the white line represents the single
strip resonance, i.e. the zero of E(3.32) for m=1. The vertical black dotted line marks the optimal
grating period (380 nm). Filled and empty circles mark the configurations whose electricdid norm
and b; the fA+0 marks the peak of

is reported in Fig. 43a

G=2"/ d and -vdadthgaipered ratib and graiirey thickpesss .

|l ayers at o = 780 nm.

In Fig. 43 we report the electric field norm distributions of the configuration

marked with circles irFig. 41 and Fig. 42. Fig. 43a corresponds to the empty circle,

which is taken at the optimal period at the frequency corresponding to a maximum

di ssipati

on

i n tHe, s br i=pHEg Udyamrespords B2hk 1 0

filled circle in the maps, which is taken along thel backSPP coupl ing regi o

2. 6%A40 o

716 nm). In the former case

metal strip and is actually similar to the field reportedrig. 40b-c for the case of

isolated strips. Ifrig. 43b, instead, a clear SPP field pattern at back electrode is visible.
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The field distributions are therefore coherent with the interpretafio@sonances given

above.
w=2.32e15Hz (\=812nm) ~ Max: 11.2 w=2.63e15Hz (\=716nm)  Max: 3.07
x10” x10” 3
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Fig. 43: Electric field norm for configurations marked with an empty circle (a) and with a filled
circle (b) in Fig. 41and Fig. 42 and corresponding respectively to the single strip resonance and tc
the SPP at back electrode coupl i n'tHz FRrnedq'odrs

Geometrical parametersare those of the optimal configuration. Colorscale is normalized to the

impinging wave electric field norm.

Looking atFig. 41, it has to be noticed that the peakab&orption enhancement in
the opti mal configuration at =780 nm ( mar
strip and the bacPP resonances. We conclude that, actually, the overall enhancement
in that spectral region is due to a combination of theregsonances. This is supported
also by the field maps iRig. 43. Both of them show an enhanced concentration of the
electric field in correspondence of the active taye

The enhancement region in the IR part of the spectrum, instead, is mainly related to
the single strip resonance. As discussed in secBeh8and3.4.4 the SRSPP mode
with decreasing frequency gradually turns into a rdigkectricmetal plasmonic
mode, and its electric field overlaps the active layeesdoeater extent. This determines
the progressive increase in the absorption enhancement with decreasing frequency along
the single strip resonance, which is clearly sedfign41. Furthermore, in the IR range
the resonance is quite blunt, as can also be seen from thavislitipextension of the
feature in the single strip absorption mapFad. 40a. For this reason the effect of the
single strip resonance is evident in the organic layer absorption spectrum even for strip
dimension far from the resonant value.

The TE part of the spectrum, as can be expected from a 1D ggpocaatributes to

a much lesser extent to the enhancement of absorption within thishittieell, since it
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cannot couple to SPP modé&§. In Fig. 44a the TE absorption enhancement within the
organiclayes i s reported as a function of G and
region found in sectioB.4.2shows almost no dependence on the period and therefore it

is not related to any coupling to TE guided modes of the structure. The strips simply act

as nomresonant scatterers of the impinging light, incrementing to a little extent the

optical path length. This can be seen looking at the scattered field nornedejpdtiy.

44b (its configuration is marked with a square in the map). The further sharp
enhancement regions ifig. 44a follow the WooeRay | ei ghos anomal i e
frequencies ®Hfz gout 534.05AlM). These featur
corresponding to a change in the number of allowed diffracted orders propagating in the

glass substrate, according to thiatien

c="REN) 1 _ 1 203 o (3.34)
mc

being N the glass refractive index; the speed of light, ands the grating
momentum. At higher frequencies thelaveguide modes in the ITO slab become

excitable. Their dispersion is shownRiy. 44a with black lines.
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Fig. 44: (a) TE absorption enhancement within the organic layers as a function & = 2 "a/ndd
white dashed | ines and bl ack | jwavegideanodes Wo
respectively; the black dashedihe marks the optimal grating period; (b) scattered field norm in the
configuration marked with a square in the map.

3.5 Conclusion

In this chapter we have reviewed the basics of photovoltaic solar energy generation and
solar cells working principles. We hawv#scussed the main limitations to solar cells
efficiency related to photons absorption and the spatial distribution of the
photogenerated carriers. The need for light trapping mechanisms has appeared. A

simple model for the calculation of the photocurrent pn junction solar cell for an
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arbitrary generation profile has been derived. It turns out to be useful when the photon
absorption distribution in the device isskaped by light trapping mechanisms and will
be employed in the next chapter.

After presenting the conventional light trapping techniques based on ray optics
principles (surface texturing), light trapping by plasmonic nanostructures has been
introduced. The principles and potentialities of this approach applied to thin film
devices have beeanalyzed: we investigated the integration of a 1D silver plasmonic
grating within a realistic heterostructure organic solar cell. A global optimization of the
geometry of the structure has been performed. The obtained absorption enhancement
(+11.8%) hasbeen demonstrated to be largely correlated to the two main plasmonic
resonances of the layout for TM polarization, propagating and localized surface
plasmon resonances. Indeed, in different frequency ranges, the silver nanostrips
constituting the gratingra able to couple incident light to the SPP modes propagating at
the back contact surface and behave like single resonanfanémmnas. A contribution
of lower importance to the increased device absorption comes from the nanostructures
nonrresonant scatting of radiation for TE polarization. The combination of these
effects leads to a brodzhnd enhancement extending from 480 nm to beyond 1100 nm.

Thus, plasmonic crystals constitute an effective approach to light trapping i ultra
thin organic solar cellsindeed plasmonic fields overlap very well to the absorber
layers. Furthermore the limited light harvesting capabilities of flat devices together with
the high absorption coefficient afrganic semiconductorf94] lower the impact of
power dissipation in metalsAnother attractive feature of this approach is that
plasmonic metallic nanostructures can simultaneously wottaasparenglectrods for
OSCs,asrecently demonstrated in referenfd®8], and could also allow to avoid the
use of theexpensivdTO layer, paving theway for a new generation ¢édw-cost, high

performance, largarea, and evendkibledevices.



4. LIGHT TRAPPING PROPERTIES OF METALLIC GRATINGS
ON FLAT WAFER -BASED SILICON SOLAR CELLS

4.1 Introduction

In crystalline silicon wafebased devicedight trapping mechanisms are required to
improve quantum efficiency in the near infrar@dhis is limited by scarce absorption

and by the fact that the generation profile is almost constant throughout the device
thickness, making the overlap with high collection probability regions (situated close to
front surface) poor. In chaptr we investigated by optical simulations the mechanisms
of light transmission through 1D plasmonic crystals on silicon substrates and we
highlighted the possibility to moduka the absorption profile in the semicondudbgr

the grating resonancgs9]. In chapter 3 we showed that SPP and LSP resonances of
these structureare associated with high field confinemteand are able to provide
absorption enhancement in thin film devices, despite of the high power dissipation in
the metal[124]. On the other hand cavity modes, supported by the slits of the grating
between metal tgpes, give rise to the phenomenon of Extraordinary Optical
Transmission, which can be designed to efficiently couple incident light into diffracted
waves propagating in the substrate. We calculated that this makes possible to reduce the
effective absorpon depth of photons in the substrate and to enhance the absorption of
TM-polarized light in the near IRConsideringalso that power losses in the metal
nanowires are limited, this strategy could be suited for light trapping on flat-teded

cells, whth presenta significant absorption even in absence of light management
structures.

In this chapter we test such suggestion by a targeted modelling and experimental
activity and poinng out pros and cons of this approach to light trapd®p]. We
integratelamellar plasmonic gratings on flatot textured)silicon solar cellsmeasure
their impact on devices performance and interpret the results by an -elptta
model of the cellWhile the number of literature papers concerning the application of
metallic nanostructures to thin film solar cells is considerable and keegm@asing,
few of them have dealt with plasmonic light trapping on conventional viafesd solar
cells [113], [131], [132] The reason is that standard randomly textured surfaces,
obtained by anisotropic wet etching ofS¢ perform as almost ideal Lambertian
scattererg133] and are easily and inexpensively fabricadundamentamotivation
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behind our investigatiohes in the correlatiorwe highlight betweethe plasmonidight
trapping propertiesind the generation profile reshapingurthermore previous works
on plasmonic wafebased devices made use of random array of nanoparticles instead of
metallic gratings The results can also beompared to those achieved by the same
grating structure embedded in the thin film organic cells shown in the previous chapter.
These activities have been performed within the ORION FP7 European project
[134], aimed at the optimization of materials and technologies involved in concentration
photovoltaic system productiph n or der t o reduce the system
the overall cell efficiency. Beside the plasmonic nanostructures attegrtask, the
project objective was pursued by our partners by:
1 developing an alplastic system by using recycled plastic compounds;
1 developing Si solar cells for automatic assembling technology;
1 implementing and industrializing automated hitghoughpt technologies
for cell assembly and optics production;
1 developing plastic materials doped with deaanverting nanopatrticles for
modification of the solar spectrum in order to enhance the absorption
efficiency of solar cells.

4.2 Optimization of the layout by optical simulations

The structure analyzed in the case study of ch&ptexs quite simple and we had fixed
some parameters, like wavelength and duty cycle, iardadfocus on the identification

and physical interpretation of the resonances involved. Now the focus is on the
application to photovoltaic devices so we move to a more realistic layesit.sGlar

cells have a Si@or SgN,4 coating on the front and reaurfaceswhichreduces surface
recombination and also acts as agflection coatingWe include this layer in the new
optical model. We consider several layouts, reporte#ign 45, looking for the one
which maximize absorption as discussed in the following. The grating is embedded in
the passivation layer or placed on top of it, in order to combine the standard
antirefection coating with the plasmonic light trapping mechanism. We substitute gold

with silver, as material for the nanowirga order to reduce metal damping.
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Fig. 45. Top: schematic cross section of the layouts analyzdglottom: layout analyzed providing
the best performance, a 1D lamellar silver grating on top of a §W4-coated flat Si cell.

We perform multiparametric FEM simulations in order to optimize both the
grating geometry (period, thickness, strwidth) and the thickness of the dielectric
passivation layelWe monitor the cell absorption versus the nanostructures geometric
characteristics. The full EM field distributions for normally impinging light are
calculated by FEM down to 1.5 um in Si below the frontaceffig. 46). Far fields are
reconstructed by the peptocessing algorithpbased on Fourier analysigescribed in
chapter2. We consider several device thicknesses and a double pass of photons through
the cell, assuming specular reflection at the rear surfaterference effects between
the countepropagating \aves in Sare neglectedn the limit of optical thickness much
greater (>30) than the wavelength. Materials dielectric functions were taken from
literature[81].

Once known the EM field distribution in the device, we calculate both the
photogeneration profiles&(( z),, wlith constitute the input of electricahmsilations
shown later on, and the losses due to the front surface reflectance and power dissipation

in the metal structures. The generation profiles are calculated as

G(z/)=F() Qz ¥ R)ER m(xPEGxF o (@Y
d
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whereF ( & )the AM1.5 solar photon fluxy is the angular frequencyJis the
permittivity, d the grating pitch ané is the elecic field, calculated assuming a plane
wave with unitary power incident over one period. The quaQity z re@esents the
absorptance in Saveraged at every deptiover one period length of the grating. The
total absorptance in Silicon, i.e. the fractiof the incident photon flux at wavelength
absorbed, is calculated as integral@f{ z doe#) to two times the thickness of the

device, in order to take into account a double pass of light within the solar cell.

o-s [ElA=1000nm

0.5 Air
Silyer grating

e

-0.5

-1.5

Fig. 46: cross section of the model of the device designed for EM field simulations. Map of the
electric fieldnormforTM-pol ari zed normally i mpinging | ight

The total generation rate of charge carriers, whicls (s z integyated over the
spectrum(400-1100 nm) and two times the device thickness, is used as figure of merit
(analogous to the throughput introduced in the previous chapter) to optimize the grating
layout. In particular, the structure parameters are simultaneously optimized within the
following ranges:

1 Grating thickness range: 10+-160 nm.

i Grating period range: 200+-800 nm.

1 Grating duty cycle (shto-period ratio) range: 0.1+0.9.

1 SisN4 coating thickness range: 5+95 nm.

91 Double pass Si thickness: 20, 50, 100, 200, 300, 400, 1000 pum.

1 AML1.5 global solar spectrum. Range: 400+1100 nm. Normal illumination.

For the embedded grating layout, the thickness of passivation layers above and
below the Ag wires are free parameters too. The optimized flat layout without grating

(bare), having a 70mthick S3N; AR-coating, is always used as reference for
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comparisons with the layouts integrating the nanostructures. As a result of the multi
parametric optimizatiorwe find that the grating layout providing the highest generation
rate is the silver grating plad on top of the flat N, AR-coated silicon substrat&ify.

45, bottom). The reason is that power dissipation in the metal is lower when the stripes
are surroundedly a lower refractive index medium (air instead afNgj. From now on

we will refer exclusively to this layout.

On the other handve find that there are no grating configurations able to provide a
global absorption enhancement compared the bare device. This is also evident from the
fact that the highest generation rate, lower than the one for the optimized flat device, is
obtained or a grating having the maximum simulated pitch and the minimum simulated

strip width-to-period ratio and thicknesgif. 47).

Total generation rate, unpolarized light

thickness (nm)

(0]
o

(o2}
o

400 500 600 700
period (nm)

Fig. 47: map of the total generation rate in a 400 prthick absorber, averaged for the two light

polarization, as a function of grating pitch and thicknessfor a fixed strip-width/pitch ratio of 10%

and 70 nmthick SizN,4 layer. The values are normalized to the generan rate in a flat reference
cell without grating and the same passivation layer.

Nevertheless, analyzing separately the two light polarizations, it results that for
TM-polarized radiation an improvement of total generation rate up to 3.3% could be
obtaired considering a 500 puthick cell (+3.6% in a 200 prthick cell) [135]. A map
and a plot of the generation rate, natized to the bare reference device, are reported in
Fig. 48 and refer to crossections of the parameters space for TM polarization. From
these graphsthe optimal configuration, taken as target of the following fabrication
process, turns out to have a 70-tinick SN, layer and a grating with 500 nm pitch,
120 nm thickness and Ag linewidth of 75 nm for a 500-thiok cell. For a 200 pum
thick cell the @timal configuration is slightly different: 480 nm pitch, 100 nm thickness
and 100 nm Ag linewidth.
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Fig. 48 map of total generation rate for TM polarization as a function of grating pitch and duty
cycle in a 1000 prrthick absorber. The generation rate refers to the device integrating the
nanostructures and is normalized to the case of the bare front surface. Thicknesses of the gratin
and of the SgN,4 layer are fixed to their optimal values (respectively 120 and 70 nm). Inset: tota
generation rate enhancement as a function of grating thickness. In this case grating pitch and dut
cycle are fixed to their optimal values (respectively 500 nm and 15%).

Fig. 49 shows he absorptance spectrum in a 20®-thick cell integrating the

nanostructures optimized for TM polarization

Absorptance spectra within 400 nm in Silicon
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Fig. 49: polarization-resolved absorptance spectra for the optimized grating on top of the 200 gm
thick cell and comparison with the absorptance spectrum of the bare reference cell.
The curves for bth polarizationsare plottedand compared to the spectrum relative
to thebare cell. It results that the improvement of absorption for TM polarization comes

from the NIR part of the spectrurex740 nm) while limited losses compared to the flat
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device arepresentin the visible. On the other hand the TE polarization shows
significant losses throughout the whole spectrum.

Before we concentrate upon 5Q@m-thick cells, on which we perform the
experimental activity, we analyze the impact of substrate thickness on absorption
properties after nanostructures integration. Hig. 50 we plot the simulated TM
absorptanc®) ( ®f)the solar cells with and without grating on the front surface (left)
and the absorptance ratio (right) for several device thicknesses. As one could expect,
from the absorptance ratio we see that the effect of the light trapping mechanism on the
scarcey absorbed long wavelength photons is more effective for thinner absorber
layers. On the other handhé losses in the visible are inherent to the incoupling
efficiency of incident photons into the device by the grating structure anthase

independenbn device thickness. We will discuss in detail the latter concept in the

following.
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Fig. 50. Left: simulated TM absorptance spectra for solar cells having different thicknessewith
(solid lines) and without (dashed lines) th@anostructures on the front surface. Right: absorptance
ratio between the cell integrating the nanostructures and the bare cell, for a device thickness of 1
and 200um (double pass thickness indicated in the legend). Grating parameters optimized for the

200 pm-thick cell.

4.3 Nanofabrication of large area plasmonic crystals on wafebased
solar cells

4.3.1 Batches of solar cells for plasmonic gratings integration

In order to:
- experimentallytest the effect of the integration of nanostructured metallic
gratings orthe performances of wafased photovoltaic devices;
- verify the predictions of optical simulations;
- understand if such nanostructures are able to realize a light trapping

mechanism;
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we fabricateperiodic arrays of silver nanowires with rectangular cresgi@an on a
batch of finished solar cells produced by ModerTdehnologies (MET), a partner
company of the ORION project. In order to make the nanofabrication step less
challenging and to have a direct comparison with the simulation model developed, this
test batch has been specifically designed.

The substrate is a 500 ptmick CZ Si (100) wafer, yoloped with resistivity 20
qgcm. The e mi tphasphoraudiffusioa. dS8MS Bnalysis shows a donor
surface concentration of 2- 4@ jons/cmi and a juntion depth of 600 nm. The surfaces
are polished, not subjected to the standard texturing treatment and coated with-a 70 nm
thick SN, passivation and ARC layer. The back electrode is made of Al and creates a
LBSF (Local Back Surface Field) in the pointntacts with the base. The front metal
grid is made of electrolegdatednickel and is only 200 nnthick. The latter feature
together with the lack of surface texturimgduce the surface topography in order to
make easier the patterning of the nanas$tmed grating. The samples have dimensions
of 20x20 mm while the squared active area, with 11 mm side, is defined by edge

isolation, a shallow trench from the surface to the base cutting off the emitter.

4.3.2 Nanofabrication process design

A fabrication procss able to pattern plasmonic crystals over the large surface areas of
solar cells has been developed. As described in the section about optical simulations, the
optimized grating layout has a pitch of about 500 nm and Ag nanostrips with thickness
and widthof about 100 nm. Clearly it is not simple to realize such narrow metal strip
width and the requirement to pattern areas of severalntakes this task even more
challenging. Furthermore, in order to find application in photovoltaics, the fabrication
technques employed must be 4gpalable and must have a high throughput. High
resolution serial patterning technique, such as Electron or Focused lon Beam
Lithography (EBL and FIB), do not satisfy the last requirements. On the other hand,
modern UV projectionithography steppers feature higher throughput and compatible
resolution.

The nanopatterning technique we use to meet these requirements is Laser
Interference Lithography (LIL). This lithography technique is best suited for our
application since it is abléo pattern periodic features with high uniformity and
accuracy over large areas. Moreover, it allows to get really high resolution

nanostructures with a single exposure step. This is a great advantage compared with

91



other sophisticated exposure tools wititar resolution which employ the step and
repeat procedure to cover similar areas.

The nanofabrication process that has been designed for our purposes is schematized
in Fig. 51[135]. As stated above, the aim is to get a silver nanostructured grating on top
of a SizN4 coated ell. We combine LIL with dry etching and metal evaporation steps in
the flow chart described below.

Resistnanopatterning Hard maskevaporation Lift -off

Posmve (pattern |nverS|on)

BARC

PMGI
SisN,
Silicon

it

$49,

Dry etching Ag evaporation Lift -off

Jr dr d

Fig. 51: Schematic flow chart designed to fabricate plasmonic silver gratings on solar cells

We coat the cells with a ttayer ofresists. The topmost is a positive PhotoResist
(PR), which can be exposed with high resolution througl\a laser beam. The central
resist layer is a Bottom AnReflection Coating (BARC), employed in optical
lithography to avoid vertical standing waveattern in the top photoresist due to light
reflected from the bottom of the sample. Such layer allows to obtain high resolution
lithograpty, widening the process latitude and reducing the sensibility to substrate
topography and variation of resists thieks. The bottom resist layer is a-bff resist
(PMGI) and it is used to realize an undercut for the depositi@iver nanowires by
evaporation and to finally remove the resist pattern.

We experimented that through LIL exposure it is easier to obtain narrow resist
wires instead of narrow slits in resist. Considering that we have to realize silver wires
with narrow linewidth (duty cycle, or sltb-period ratio, ~80% suggested by
simulatins), the narrow top photoresist lines must become the Ag pattern on the surface
of the cell. This requires an inversion of the tone of the lithography that we obtain by a
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first lift -off of a thin metal hard mask. After this Hiff step we have a periodarray of

metal wires with narrow slits thetween over the two remaining resist layers. Such
resists are not photosensitive and are not etched neither by the solution used as
developer for the top photoresist nor by the ultrasonic bath used for tH#t fiot step.

So the top metal grating is used as hard mask to transfer the pattern into both the
underlying resists by dry etching. Finally silver is evaporated over this structure. A
second liftoff step is performed in a ultrasonic bath of a solutimhiag the PMGI and

releasing the other layers placed in the slits between silver stripes.

4.3.3 Resist tri-layer

Throughout the rest of this section we describe in detail every fabrication step. The cells
received by MET are cleandxry immersion in IPA and dried blowing nitrogen. Then
the resist layers are spin coated over the cells.

The PMGI resist we use is Microchem SF3. The requirement on this resist is that its
thickness must be greater than the thickness of the silver gratingnfi)0ih order to
make the final liftoff possible. On the other hand it has to be not too thick in order to
have resist structures with reasonable aspect ratio and to make the fabrication process
more stable. SF3, spin c &eessefdboatd30 andedtedd RPM f
baking in a hot plate for 56 at 200AC.

The Bottom AntiReflection Coating is Brewer Science XHRIQ. We simulated
(Fig. 52), with a codemplementing the transfer matrix method, the reflectance of the
resist stack at the photoresBARC interface in order to find the BARC thickness
which minimizes the reflection of light from the substrate and improves the lithography
quality. We found tht for a BARC thickness of 230 nm the reflection is lower than 1%.
Such film can be obtained spinning XHRIC1 at 1000 RPM for 106 an
plate at 175Cf or 160 .

Finally the top photoresist is spun over the BARC. It is a positive photoresist,
Rohmand Haas SPR 1.2 thinned with PGMEA (1\dhichhas a thickness of 270 nm
spinning at 3000 RPM for 4566 and baking in



Reflection of A=325nm light on
SPR(270nm)/BARC/SF 3/SiN/Si for variable BARC thickness.
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Fig. 52 Reflectance of light at 325 nm wavelength on the resist ttayer over the S3N4-coated solar
cell at photoresistBARC interface (red) and at the top resist interface (blue)

4.3.4 Laser Interference Lithography setup

In LIL, interference fringes generated by two or more laser wavefronts pattern periodic
geometries on photsensitive substrates. From basic wave optics princjf@g], two
plane wave, having the same wavelengihpropagating at opposite incidence angles
and TEpolarized respect to a plane substrate, form a sinusoidal intensity interference
pattern and the pitch of the fringes is gi\®n

/

L = 4.2
2sing (42

The laser interference lithography apparatus that we used was setup by4&cco
[137] on an optical table in a clean room environment at {ONR, Tasc National
Laboratory. It i s b as ®mdeteroschenzeF(gL33)olg thiE s mi r r
setup a single UMaser beam is focalized through a tiny -piple and is spatially
filtered. Immediately after the filter the waveffitds spherical but after an adequate free
space propagation and expansion it can be approximated as plane. In this condition the
wavefront hits the stage which holds both the sample and a mirror placed perpendicular
each other. The superposition of theedt and reflected beams generate the desired
linear interference pattern. By rotating the interferometer it is possible to control the
angle of incidence and therefore the fringes periodicity while, performing multiple
exposures at different azimuthal séegjof the sample, 2D arrays can be patterned.
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Fig. 53. Schematic representation of the Laser Interference Lithography setup used (left) and of th
LIl oyddéds mirror interferometer work

Of course the twavavefronts must be coherent to interfere and for this reason laser
sources with high coherence length (30 cm in our case), respect to the optical path
difference between direct and reflected incident beams, must be used. In our setup a CW
50 mW Helium Cadimum (HeCd) laser emitting a single TBMmodeat 325 nm is
used as light source. The free space expansion between the filter and the sample holder
is set to approximately 2 m. This spacing guarantees: a maximum exposure dose
variation between the centredathe border of a 10 cmiiameter sample of 10%, in
order to have uniform linewidth over the patterned area; a sufficiently large wavefront
radius so that the plarveave approximation is valid; a still significant irradiance value
in order to have reasonablexposure times, considered the sensitivity of standard
photoresist, and not to ruin the patternittyoducing noise due taibrations and beam
instabilities

4.3.5 LIL exposures

For a fixed value of grating pitch, the linewidth/period photoresist fraction depends only
on the exposure do$#38]. By a large oveexposition, the grating linewidth could be
decreased or increased, respect to an equasliin@idth, respectively using positive or
negative photoresigii39]. In order to obtain a ~80% duty cycle, we have tested both
positive and negative photoresist following the eegposition methodcomparing pros

and cons of the two strategiddg. 54 shows our preliminary ovesxposure tests on

negative (left) and positive photoresist (right).



Fig. 54: preliminary over -exposure tests on negative (All Resist ARl 7520, left) and positive
photoresist (Rohm and Haas thinned SPR 1.2, right)

Although the use of a negative photoresist would simplify the process avoiding the
step of pattern inversion, iequired too long exposure time with our setup (up to 2
hours) to get narrow slit width. For this reason we focused on the positive photoresist
and performed the exposure parameters tuning getting very close to the optimal

simulated geometrykig. 55 shows the final result: the minimum 100 +wide lines

Fig. 55: low magnification (left) and high magnification (right) SEM image of a positive photoresist
grating with 100 nm linewidth patterned over BARC/PMGI/solar cell

4.3.6 Pattern inversion

In order to invert the tone of the high resolution resist patteendeposit a thin metal

layer followed by liftoff. We evaporate in vacuum 46 nm of a hard mask material.

In particular we use chromium, but other metals (such as nickel) or dielectric hard
masks could be used instead. We employ an evaporation sete@ ba an -beam
accelerated toward a crucible and heating the target material in a chamber at a pressure
of about 2-16 torr. The evaporation rate is monitored with a quartz balance and set to
0.5-1 A/s and a feedback loop controls theeam power.
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Thelift-off is performed inaul t r asoni ¢ bath of acetone f
SPR photoresist pattern while it does not etch the BARC and PMGI. The following
SEM image Fig. 56) show a Cr hard mask pattern over BARC after this lift off step.

Fig. 56: SEM image of a sample after the first lift off step: Cr grating with thickness of 10 nm and
slit width of about 100 nm

4.3.7 Active area definition

In order to avoid that the silver grating provides a short circuit path between the front

metal grid and the base of the ¢ellossing the trench constituting the edge isolation, an

optical lithography step is performed to define the active area patteitiethe grating.

The lithography mask is a square with 10 mm side aligned within the 11 mm square

defined by edge isolation. We spun over the samples a lift off resist, Microchem LOR

7B (2000 RPM 16, b-thiekle and. @ Gptical pBodoresiShipley n m
S1818 (5000 RPM 16, -thichk Ehe dppafatisCuseti or UV1 . 9 On
patterning is a KARL SUSS MJB3 mask aligner in contact mode. UV light at 365 nm is
produced by a Hg vapor | amp. The exposure t
450606 -319dewlBper. This developer removes the exposed areas of the photoresist

and the underlying areas of LOR creating also an undercut below the S1818 pattern.

After lithography the trench is covered by resist. The undercut is needed to create a
discontinuity (physical and electrical) between the inner active area and the outer area

of the Ag layer that will be evaporated to realize the plasmonic crystal.

4.3.8 Reactive lon Etching

The metal hard mask pattern in the central active area of the calhsfetred into the
underlying BARC/PMGiI layers through dry etching. The thick S1818 resist layer masks

the outer area of the device.
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We use a Reactive lon Etching (RIE) equipment with parallel plate electrodes. We
developed two different etching steps twdifferent plasma chemistry to etch BARC
and PMGI. In the first step the reactive gas ig fidwing in the chamber at 20 SCCM
and reaching a pressure of 1.8*1ibar. With a RF power applied of 80 W, the bias
voltage which accelerates the ions in the plasma is 250 V. We tuned this RIE process to
get good anisotropy and to etch the ~200tnfmi c k BARC | ayer in 60.
PMGI is commonly wet etched with optical photostsievelopers. We started to
use this standard procedure to etch PMGI after dry etching of BARC. Due to the high
resolution of the pattern, this process turned out to be very critical. So we decided to
develop another RIE step based on anpfasma to etciPMGI. The Q flow in the
chamber is 30 SCCM, the pressure is regulated at 2'5vitar and the plasma is
applied for 76 at 250 V bias voltage. This
behaviar and etches also the BARC horizontally. This béhavis desirable because it
creates a wide undercut under the metal hard mask which eases the following silver lift
off. The undercut is clearly visible in the SEM images at tilted angles in isolated defects
of the grating Fig. 57).

Fig. 57: SEM cross section of the nanopattern in isolated defects after the RIE processes

4.3.9 Silver evaporation and lift off

Finally, silver is evaporatedhrough egun evaporation in vacuum over a thin metal
adhesion layer (8m of Ti or Cr). The deposition rate is set to 1 A/s and the pressure in
chamber is about 2-T0torr. The lift-off is performed in an ultrasonic bath of a
photoresist developer (MB19) which dissolves SF3Jig. 58 is the image of a sample
after Ag evaporation and before the final-tff step. InFig. 59there are several images

of the final result, a silver grating with thickness of 100 nm ovegld,Qioated Si solar
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cell. As can be seen the gratings are uniform over large areas and are well defined even

over the metallization grid.

LH

e —. —
N — -
s e— .y
e |
e : e s p— |
ey e s - eirre|
T e aea) R
T -
Vie e
b ) R TP N |

>
ey A NI R IR AR W 0 PSR TS TS TIPS VITY e 5
L e e sl
R e T R T s Fevrini| 3
v
Bt

SR R P BN AR TIEL 100 (B 8 LRI SRR IRV,

e e T I I S R ST R
v o e a0 B g

W WS L WD O T RS i,i‘!&\ﬁg’; "

T AT i v Ty P R T w

T R AN T S S T TRy T A

e e e e T i I bk A%

.

T P T BT T Y T e T o v
AR el ERaT ) e At WA S Py SN el
CETISTOTaY S S, N

.

AL Tt A i B s ol i el AR RIS

NN AR P A e (A b AR Ll Y S S B b S A

T T O A T

i MO e e
T o L Ak T Tl e S fanin ot

-
~

Lo LA 8 A e OO SR SR S N 4

W T ST O X R e P ¥ T

Fig. 58 SEM image of a sample after Ag evaporation and before liftoff. It is evident the
discontinuity between the Ag layer on the top of the resist pattern and on the substrate.
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on MET solar cells. The image on the bottom right shows the grating on a metal finger.
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The Ag linewidths that have been realized experialgnon the batch of solar cells
are included between 130 and 160 nm, corresponding to an average linewidth/pitch ratio

of 30% for a 480 nm period, not far from the optimal value as reporté&ilgird8.
Nevertheless we are confident that narrower Ag stripes could be fabricated with a

Fig. 59: SEM images of Ag gratings (480 nm period
further fine tuning of each step of the process.



Finished cells integrating the crystal have the trench and the outer area of the cell
covered by more than 2 um of resist and 100 nm of flat Silver orFigpg0), which is
electrically disconnected from cell electrodes and totally reflectingatbation incident

outside the active area. Thus the active area of these devices is well defined and a value

of 100 mnf can be used to get the current density from the measured current.

I~
Fig. 60: SEM images of the border of thecell active area at high (left) and low (right)
magnification.
Finally, solar cellsare mounted on a sample holder having a conductive substrate
(Fig. 61) to be characterized by the setups described in the following.

Fig. 61: Picture of two solar cells integrating silver plasmonic crystals on the front surface and
bonded to a conductive base for electroptical measurements

4.4 Electro-optical characterizations of solar cells integrating
plasmonic crystals

4.4.1 Front surface specular reflectance by spectroscopic ellipsometry

Specular reflectance measurements of patterned solar cell samples and of flat reference
devices have been perfoed by means of a J. A. Wollam Co. VASE Ellipsomeleg.(

62). The fundamentals of this optical characterization technigree reported in
Appendix B.The measurenmts refer to théncident wavelength randeetween400and

1100 nm for both polarization¥he incidence angles considered are 15°, 30° and 45°
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with respect to the normal. 15°, in particular, is the minimum incidence angle allowed

by the instrument. Focusing probes have been used to reduce the illumination spot

diameter to 100 um in order to enable illumination of a portion of a patterned dblar ce

between two Ni finger contacts.

0.8
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Reflectance (0

45°)

Reflectance ©

Fig. 62 Ellipsometric measurements (solid lines) and simulations (dashed lines) of specular
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integrating the nanostructures on the surface and for a flat cell (black line).

Comparing these spectra with numerically simulated ones, we check the reliability

of the optical model. The grating period, thickness and linewidth that allow optimal

matching to the experimental data (respectively 480 nm, 100 nm and 144 nm) are in

agreement with the values extracted by morphological characterization (SEM) of the

sample. The minor discrepancy between the spectra could be attributed to the non ideal

geonetry of the nanowires and to a thin oxide layer grown around them. Incidentally,
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specular reflectance coincides with total reflectance due to the lack of diffraction orders.
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4.4.2 Electro-optical characterization setups

The performances of devices integrating the metallic nanostructures on the front surface
have been evaluated by two standard solar cells characterization techniques, namely
current voltage curves under solar simotaind External Quantum Efficiency (EQE)
spectra, already introduced in the previous chapter.

The main electrical parameters related to the JV curves have been acquired by a
semiconductor device analyzer (Agilent B1500A), with the solar cell illuminatediwi
kW/m? irradiance by a commercial sun simulator (ABET Technologies, Sun 2008).
AML1.5 global solar spectrum is reproduced applying proprietary filters to the collimated
and optically integrated light emitted by a-Aec lamp[100]. The irradiance is tuned
measuring the current of a calibrated photodifdewport, 818UV, SN. 4518, NIST
traceable), known its responsivity and the tabula@simulator emission spectrum,
and by adjusting lamp current and sample position.

EQE spectrdnave been acquired with a setup assembled in labofd#0y, which
we have modified to perform low noise AC measuremardead of DC acquisitions
Light emitted from a250 W tungstethalogen lamp is coupled into a 300 Aiocal
length single grating monochromator (ActdspectraPro 300i). After the exit slit, the
flux of monochromatic photons is periodically modulated by a chopper (at a frequency
of ~77 Hz) and the beam is collected and collimated by lenses. In the NIR a long pass
filter, with cutoff wavelength at 610 m, can be inserted to eliminate the spurious
second diffraction order transmitted by the monochromator. A broadband polarizing
filter has also been included in the optical path to acquire polarizasmived spectra:
it features an extinction ratio fohe transmission of crossed polarizations greater than
100 in the considered wavelength range (4Q00 nm). The photon flux spectral
density of this system is characterized measuring the current of the calibrated
photodiode and scanning the wavelength cdete by the monochromator. The
photocurrent of the solar cell under test is measured immediately afterwards and EQE
can then be obtained from these two spectra usin(B44). In order to work in short
circuit condition, the current of the device and of the photodiode (~100 nA) is converted
into a voltage signal by a low noise transimpedance amplifier (Signal Recovery, model
181) having a gain of f0//A andi npu't | mpedance | owdr than

amplifier (Stanford Research Systems, SR830) elaborate this signal together with the
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synchronism signal of the chopper and communicates the measured values to a pc,
which controls the whole acquisition by abl\&aew interface.

4.4.3 Current-voltage curves in dark and under solar simulator

We have measured the curreoltage characteristics, in dark and under the sun
simulator, of 6 bare solar cells and 6 solar cells integrating the metallic nanostructures,
all of them belonging to the same batch of devices. These curves are repdtigdbiB

The error bars represent the range of values between plus and minus one standard

devidion.
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Fig. 63 Current density T voltage curves in dark (left) and under sun simulator (right) for solar
cells with (black) and without (gray) plasmonic gratings on the front surface.

The data extracted from the curvesative to solar cells under standard 1 k\W/m
illumination are summarized in the following tableab.1). The low base efficiency of
the bare devices is due to theesial characteristics of this test batch: the Igycan be
correlated to the lack of surface texturing while the Fwcan be explained by the high
series resistance due the thin front metal grid.

d (%) Jse(mA/cn) Voc (MV) FF (%)
w grating 1.82 +0.53 13.2+26 458 + 31 29.6 £ 2.5
w/o grating 1.15+0.23 95+1.1 422+ 52 28.7x 0.5

Tab. 1. Characteristics of bare solar cells and of solar cells, of the same batch, integrating the
metallic nanostructures

For bare referenceells, in order to obtain the current density we normalize the
measured current value to the area of 121°mefined by the edge isolation. In this
way we probably underestimate the area of the device which contributes to the
photocurrent, because alsorroers generated beyond this central square can diffuse

toward the electrodes, and thus we probably overestimate the efficiency. On the other
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hand, the cells with the metallic nanopattern, whose characteristics are stagir6s)

have a squared active area defined by photolithography within the edge isolation. As
already pointed out, outside this central square of 108, rira surface of the cell is
coated withseveral resist layers and a top 100-thmgk silver film. So the active area is

well defined, because the absorption of light outside it is negligible. The error bar of the
curves of patterned cells is wider because of the variable Ag nanowires linewitth f
sample to sample, which causes a higher dispersion of the characteristics.

As can be noted comparing the datarab. 1, there is a significant increase of the
average efficiency value for solar cells integrating the plasmonic grating. This is mainly
due to the increased short circuit current density, buttalsoslight improvement of
VocandFF. This result is further confirmed measuring the eleoptical characteristic
of a solar cell over which the active area definition is not realized: the Ag grating is
patterned over the whole front surface, even hdythe edge isolation trench. In this
way the current value can be normalized to a 12F amem, exactly like bare reference
cells. Comparing the JV curve of such device with the average characteristic of flat cells
under standard irradiance conditiofRig. 64), an efficiency improvement of 32% is

measured, which can be attribueaghinto the enhancement af..
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Fig. 64: JV curves in dark (dashed lines) and under solar simulator (solid lines) of a solar cell
nanopatterned over the whole front surface, without active area lithographic definition (black), and
average characteristic of bare reference cells (gray) of the same batch.

In order to awvid uncertainties due the dispersion of bare solar cells performances, a
device has been characterized before and after nanostructures fabrfegtién)( Also
in this case the efficiency is enhanced by grating integration and this test validates the
result ofFig. 63, which comes from comparison of average charsties of different

cells of the same batch with and without plasmonic crystal.
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Fig. 65: JV characteristics under sun simulator of a solar cell before (gray) and after (black)
grating integration

This efficiency enhancement was tngredicted by simulations of optical
absorptance, which foresee a global worsening of photogenerated current for
unpolarized incident lightwhich is the polarization state of solar simulator ligite
explainedsuch resultconsidering the high parasitgeries resistance of this batch of
devices, due to the thin Ni front metallization grid. The Ag nanowires constituting the
plasmonic grating cross the metallization grid and perform also an electrical function
reducing the series resistance of the Ni fisgend busbar (the central wider lead). This
interpretation is supported by the evaluation of the series resistance on bare cells and on
cells with the nanostructured metal grating, performed by looking at the slope of the JV

: \% .. .
curve under sun simulator cE$o V. (?j_JL/ ). This is not an accurate technique to
=V,

~Voc
guantitatively evaluate the series resistance but it is adequate to perform a comparison
between these two kinds of ce[l541]. Using the data oFig. 63, an average series
resi st an c é forodévice® Mtegeatiprthe Ag nanowires is obtained, to be
compar ed wifor hare 3oBar cqglls. for such high values of series resistance,
the short circuit current is limited by this parasitism and departs significantly from the
photogenerated current value, as casibrilated using eq3.13).

Thus it is reasonable to infer that devices having an optimized front metal grid
should not benefit from this improvement of tledectrical characteristics by the
plasmonic grating. EQE spectra will provide meaningful test to support this
hypothesis. On the other hand, this experimental resultsdilagv attention on the

possibility to use the metallic nanowires both for their iplasic properties and as
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semitransparent electrodes for semiconductor dejl€8, [142 144]. The advantages
which could be obtained by a combined optical and electronic design are related to an
efficient and homogeneous curramdllection/injection and innovative control tools of

light-matter interaction.

4.4.4 External Quantum Efficiency spectra

In order to characterize the spectraigolved phototto-electron conversion properties

of the devices, similarly to what we did dealinghwthe JV characteristics, EQE curves
have been measured on bare solar cells and solar cells integrating the metallic
nanostructures, all of them belonging to the same batch of devices. These polarization
resolved spectra, acquired using the broadbanaripivlg filter in the characterization

setup, are shown iRig. 66.
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Fig. 66: polarization-resolved EQE spectra of bare solar cells (graygnd solar cells integrating the
nanostructures (black) belonging to the same batch.

The cells integrating the nanostructures experience efficiency losses for TE
polarization, especially in the NIR, compared to the average of bare reference devices.
On the other hand, for TM polarization there is a performance improvement over a wide
bandwidth: it is coherent with the calculated absorptance spé&atya4@) in the NIR
while it is not expected from optical simulations in the visible range.

These spectra are not affected significantly by the series resistance issue. Indeed,
compared to the characterization under solar simulator, EQE curves are acquired at
much lower irrdiance values, because of the lower lamp power and because the lamp
emission is spectrally filtered by the monochromator and has a bandwidth of less than 1
nm when incident on the sample. Consequently, also the current flowing in the device is
much lower,of the order of 100 nA/cfn Using eq(3.13) it is straightforward to show

that for such low current valuds.e J,. even for the highRs of our batch of solar cells,
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that is to say that the series resistance has approximately no impact on the current in
short circuit condition (EQE is measured @ 11 ). 650 the spectrallyresolved
absorption and carriers collection characteristighetievices are well described by the
spectra ofig. 66. They can be correlated to the simulated characteristics in order to get
a deeper insight on the light trapping pedies of metallic gratings.

Furthermore, assuming that the spectréigf 66 describe the EQE of solar cells
having an optimized front electrode with a negligibéries resistance, it is possible to
calculate the photocurrent, which also corresponds to the short circuit current in these
ideal devices, generated by a 1 kWW/A&MZ1.5G solar irradiance.

JL = Gws(/) EQE ) d (4.3)

Using this formula we can estimate that integrating the metallic nanowires a
decrease of shortircuit current of 6% (+8% for TM polarization20% for TE
polarization) would be measured compared to bare solar cells with optimized front
metal grid. Assuming that the variation \&f. and FF is minor compared to that Jf,
we infer that a global &€iency enhancement is not achievable by fabricating the
designed nanostructures on the front surface of flat solar cells.

EQE spectra havalsobeen acquired on the same cell both before and after grating

nanopatterning over the whole front surface. Esp®ectra are reported Fig. 67A.
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Fig. 67. (A) Polarization resolved EQE spectra of a solar cell before and after the grating
fabrication. (B) Simulated EQE spectra for the flat cell and for the cell integrating the
nanostructures on the front surface.

Similarly to the curves dfig. 66 relative to the batch average, the spectrum for TE
polarized incident light (electric field oscillating parallel to the Ag nanowires) suffers
significant attenuation after grating integrati@s can be expected for 1D geometries.
On the other hand, the TM spectrum stays close but below to that of the bare cell for

wavelengths lower than 850 nm and exceeds it in the near IR.
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EQE is the product at each wavelength of Internal Quantum EfficidQd) by
the fraction of incident photons absorbed in the semiconducto(34§)). IQE takes
into account the conversion efficiency of absorbed photots charge carriers
collected by the electrodes and is affected by the generation profile inside the device. At
IR wavelengths, for which most of the photons are absorbed in regions with low
collection probability for the generated carriers (far frometmitter), the relative IQE is
low. Therefore, even if a global efficiency enhancement results to be not achievable, a
benefit in internal conversion efficiency is expected for scarcely absorbed wavelengths
if the grating is able to deflect the propagattrection close to the junction plane. The
metallic nanostructures also affect the transmittance properties of the front surface and
the incoupling of photons in the device. The optical and electrical simulations shown in
the next paragraphs are aimeddatinguishing the two contributes of grating to EQE

spectrawhichare light incoupling and absorption profile reshaping.

4.5 Electrical simulations

In order to calculate the current flowing in short circuit condition in the device, and
from this to simulateéhe EQE spectrum, we use the 1D electrical model described in the
previous chapter (sectidh2.3 for the extraction of the photocurrent generated by an
arbitraryabsorption profile in the device. The generation profiles at each wavelength are
calculated by optical simulations as discussed in paragr@pRrom now on we se the
geometrical parameters measured by morphological characterizations on the sample
(pitch 480 nm, thickness 100 nm, glitperiod ratio 70%), whose EQE is reported in
Fig. 67A, as input of optical simulations. We model our solar cell as an abrapt p
junction (depth 600 nm), with base and emitter homogeneously doped respectively to
5.10¥cm™ and 1.5-16° cm®, and having no recombination in the space chargermeg
We use the diffusion coefficient tabulated versus doping level from literftded,
[146]. Surface recombination velocitieS) (and minority carriers diffusion lengthg)(
are the only free parameters of this simplified model and they are tuned in order to have
a good fit between the simulated and enxxmental EQE spectra. We uSe2 m/s for
both front and back surfacds,= 80 pm and., = 500 nm.

The EQE spectra simulated with these parameters are shdvig. 6i7B. Though
the spectra obtained are not very accurate due to the simplifications assumed, we expect
that this model is able to describe the relative efficiency variations due to modulation of

generation profiles by the grating integratid®omparing the spectra &fig. 67 we
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actually see a qualitative agreement between experimental and simulated EQE. In

particular, simulations correctly reproduce theseved moderate EQE increase in the

NIR part of the spectrum for TM polarization.

4.6 Impact of the gratings on Internal Quantum Efficiency

Incoupling losses due to front surface reflectance and power dissipation in the metal

stripes have been calculated for normal incidence, extending the results at 15° incidence

angle shown irFig. 62, and compared to the losses in the bare deWae 638). A

reflectance peak exists for the grating and TM polarization in correspoadf the

Wood-Rayleigh anomaly (wavelength equal to grating pitch, 480 nm) in air. On the
other hand for this polarization the losses result to be lower than reflectance of the flat

surface for NIR photons. In the same wavelength range, losses in diizaibn for the

grating are mainly due to the high surface reflectance. Metal dissipation remains lower
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Fig. 68 Sum of front surface reflectance and powedissipation in the metal stripes

Once known the amount of incoupling losses, it is possible to calculate the Internal

18%

Quantum Efficiency using eq3.15) [147]. Outcoupling losses are already included in

the calculation for EQE, because the photocurrent is obtained considering only

absorption in a double pass in the device and assuming lost the remainiaigsoodned

photons, both for the bare and thanostructured cell surface. The relative IQE

variation for the device after grating integration is plottedrion 69A. For both light

polarizations an improvement of collection efficiency for carriers generated by NIR

photons is inferred as expected. On the other hand, a much more limited decrease of

efficiency is introduced by the grating in the visible.
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Fig. 69: (A) Polarization resolved relative variation of IQE and (B) extinction depth for the device
integrating the grating compared to the flat reference one

In order to verifythat the IQE variation is related to the remodulation of generation
profiles, we quantified the contraction of extinction depth compared to the bare front
surface. The extinction depth was calculated as the thickness of Si needed to absorb a
fraction (1€') ~ 63.2 % of the total power absorbed in a round trip in the wafer. With
this definition we can compare the extinction depth with the inverse of the absorption
coefficient, which describes the exponential attenuation of the generation profile for
monochomatic light propagating normally to the bare front surface. The spectra of
extinction depth variationHg. 69B) confirm the hypothesis that the grating is able to
satter efficiently light in the substrate over the whole wavelength range. In the NIR
spectrum, this effect leads to an IQE improvement due to a greater overlap of the
generation profiles with areas of the device characterized by high collection probability
On the other hand in the visible the contraction of extinction depth enhances the surface

contribution to recombination losses.

4.7 Conclusions

Summarizing, we have investigated the effect on flat wadsed silicon solar cells
performances of the integrati of arrays of silver nanowires on the front surface. By
optical simulations we have optimized the layout and the geometrical parameters of
such nanostructures in order to maximize the photogeneration rate in the device for
normally incident light. The miged dichroic behaviour of these 1D structures makes a
global absorption enhancement not achievable. On the other hand, an improvement for
TM-polarized incident light can be obtained for scarcely absorbed NIR wavelengths.
This is a clear indication of tHeght trapping effect of the plasmonic grating, which is

supposed to couple incident light into diffraction orders propagating at grazing angles in
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the substrate and thus to improve the overlap with high collection probability regions of
the device.

We hae developed a nanofabrication process suited for the realization of the
designed gratings over the large surface @cmf photovoltaic devices. The
nanopatterning technique used is Laser Interference Lithography, suited for realizing
periodic features wit high resolution and throughput on large areas. The other process
steps involve dry etching and metal evaporation in vacuum. The whole process has been
designed to be performed on finished flat solar cells fabricated by a partner company.
The geometricatharacteristics of the structures realized turn out tclbseto those
designed by simulations.

Current voltage characteristics, in dark and under sun simulator illumination, and
polarization resolved (TETM) external quantum efficiency curves of basdls and of
cells after the plasmonic crystal integration have been measured. JV characteristics
under the solar simulator show a significant improvement of short circuit current and
conversion efficiency for cells integrating the Ag nanostructures cadptn flat
reference cellsThis enhancemerttas been attributed to the reduction of the parasitic
series resistance of bare devices by the nanostructured silver grid. Although this
efficiency enhancement is not expected on solar cells with optimizetloeles, this
experimental result highlights the possibility to benefit of a combined optical and
electrical design to exploit the metallic nanowires both for their plasmonic properties
and as nanelectrodes for semiconductor devices.

The EQE spectra of ie integrating the fabricated nanostructures exceed the ones
of the bare reference cells over a wide bandwidth for TM polarization. By optical and
electrical simulations we have discriminated between the contributions to EQE coming
from IQE and front sugfce transmittance. The nanostructured front surface suffers from
high reflectance over the whole spectrum for TE polarization, while for TM polarization
the reflectance can be reduced compared to the bare surface. Power dissipation in the
metal nanowiressilimited. On the other hand, due to the scattering of incident light into
diffraction orders propagating in the substrate, the grating acts as a light trapping device
for transmitted photons. As a matter of fact, the IQE of the devices benefits over a
broadband in the NIR from the contraction of the extinction depth of photons in the
semiconductor and the relative generation of charge carriers in areas characterized by

high collection probability.
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Comparing these results with the original idea of applyimg phenomenon of
Extraordinary Optical Transmission, proper to plasmonic gratings, for light trapping
purpose, we can conclude that by diffraction effects these ordered nanostructures
effectively remodulate the absorption profile and reduce the absarptiepth,
enhancing the Internal Quantum Efficiency. Nevertheless, while the absorption in the
semiconductor can be significantly enhanced in the NIR for TM polarization,
optimizing the parametersf the 1D structure analyzede get that EOT cannot be
coupled efficiently to diffraction orders in the substrate for wide bandwidth and
unpolarized incident lightThese issuesould be faced moving from simple lamellar
gratings toward more complex geometries featuring broaderaeses supported for
both light polarizationgHowever, considered the effective and low cost solution offered
by pyramidal surface texturing on wafer based devices and the results demonstrated on
organic solar cells, plasmonic light trapping systems apjpgebe more promising to
improve the performances of photovoltaic desibaving thinner absorber layerm
thin film solar cellsthe unique field confinement properties of metallic nanostructures

arefully exploitedanda lower cost per watt of power gerated can be achieved.
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5. PROTOTYPE OF AN INTEGRATED SPR BIOSENSOR BASED
ON A HIGH ELECTRON MOBILITY PHOTOTRANSISTOR

5.1 Introduction

Optical biosensors detect biochemical reactions by measuring refractive index,
absorbance or fluorescence properties of analyte molecules and transducing them into a
measurable signal, typically electric $@at it can be processed by electronic acquisition
boardg23]. In affinity biosensors, a receptor molecule is anchored to a sensitive surface
and binds selectively specific target molecules present in the surrounding medium
(solution). This detection technique has the advantage of beingfiabghot requiring

to alter the target molecule, and can be performed in real time, to get kinetics
information. Considering the length scales involved, -walelength extended
plasmonic fields turn out to be excellent probes for surface binding events. Indeed, in
Surface Plason Resonance (SPR) sensors, the propagation constant of surface waves is
significantly altered by local refractive index changes induced by molecular
interactions: the characteristics of light coupling with these surface EM waves are
monitored and relatet the biochemical reaction evolution.

With the aim to realize compact sensors, able to work with low analyte volumes
and concentrations, SPR sensors based on grating coupling are preferable compared to
Kretschmann configurations, avoiding the need bdalky prisms. Another attractive
feature would be the direct electrical remat of the signal, that is the plasmoitie
electrical transduction entirely implemented by the sensor chip, without the need for
external photodetectors for opétectronic intefacing [148]. Indeed, conventional
setups monitor the specular reflection of light incident on the undulated metal substrate,
and thus energy coupling to SPPy, & spectrometgphotodiode pair, for spectral
interrogations, or by a CCD, for angular interrogations.

In this thesis we will deal with an architecture based on intensity modulagon
working at a single wavelength and incidence angfldight transnitted by a plasmonic
crystal, integrated on the active area of a photodetector which, in a compact device,
performs the optoelectronic transduction function. More in detail, in the proposed
sensing scheme, a gold periodically nanostructured film, to l¢idnalized with a bie
recognition molecule, constitutes the gate of a plm@besistor: modulations of

transmittance, by the surface sensitive plasmon resonance, induce modulations-of photo
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generation and charge population in the conductive channel tfati@stor and these
are detected by measuring the conductivity at the device terminals. Thus, the gold
sensitive film works as a plasmonic gate, switching the absorption of incident light and
device conductivity by shifts of the optical resonances indilogebinding of the target
molecule on the surface. Furthermore, being the plasmonic structure metallic, it can
effectively work also as electronic gate, allowing channel population control also by
application of a voltage bias to the third device terminal

In particular, the phototransistor we consider is a High Electron Mobility Transistor
(HEMT), made of a modulatiedoped GaAs/AlGa.xAs latticematched epitaxial
heterostructure featuring a twimensional Electron Gas (2DEG), which constitutes
the condictive channel of the device. The schematic device cross section is reported in
Fig. 70.

Au GATE

\ 2DEG-channel

Fig. 70: Schematic cross sectioof the device (notto scale). Only two periods of the much more
extended grating are reported.

The grating is an array of 1D-$haped grooves nanopatterned on the top GaAs
capping layer and coated by a gold film. The detector is designed to be used with
normally incident TM polarized light at 633 nm wavelength, characteristic of HeNe
lasers and alsachievable by laser diodes. At this energy, photons are absorbed by
GaAs while, for the aluminium concentratigr42% chosen, AbGasgAs is transparent.

The presented detection scheme is, to our knowledge, quite innovative and
promising from several poisitof view The idea to integrate plasmonic nanostructures
on the surface of a photodetecf@r9] for biosensing purpose is barely discussed in
literature. Among the authors who treated this topic we mention Maztadia[150],
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who fabricated gold nanodisks on an array of silicon photodiodes: specific bio
recognition reactions were successfully monitored measuring the photocurrentodutput
the chip. As in our case, the binding of dmmlecules to the gold nanostructures shifts

the plasmon resonances and modulates the transmission of monochromatic light toward
the absorbing semiconductor. Our approach has the potential to outperfowtution s

just discussed in terms of scalability. Indeed, in photodiodes the current photogenerated
scales linearly with the active area of the device and this could limit the possibility for
miniaturization. On the other hand, in a phototransistor light astan optical gate,

while the signal extracted is controlled by an external driving voltage (or current). Thus
the detector performance is almost independent on its dimension and smaller reagents
volumes could be needed to perform the detection. FurdrerrdlEMTs used as
photodetectors feature high responsivity at low optical power |¢¥Bl, [152] This
property turns out to be particularly useful in combimratwith the plasmonic structure
designed which, as we will show, is characterized by low transmittance values. In
principle, the high responsivity also allows to use expanded illumination beams,
reducing the irradiance at fixed power, and to perform dlpbdetection on an array of
biosensors placed on the same chip.

Since the architecture presented is a fully integrated-elptrronic device, the
structure parameters strongly impact on both optical and electrical response and finally
on the global deee sensitivity. The sensitivitys in the considered device can be
defined as the derivative of the conductivity siggalespect to the effective refractive
index Nggs of the medium probed by the SPP field:

g=_HS _ s Hy
MNesr b N

where I; is the irradiance transmitted byet plasmonic grating toward the

(5.1)

absorbing GaAs layer. Thus the global sensitivity can be expressed as product of two
terms that express the electronic and plasmonic structure sensitivity. The optimization
of this figure of merit by designing the structdagout, i.e. epitaxial multilayer and

nanostructures geometry, affects differently the two components, so a combined opto
electronic design should be approached. Since we have not at our disposal a full
optoelectronic simulation tool able to model our deyiwe iteratively dealt with the

two design aspects, providing a feedback to the other aspect in terms of local optimum

configurations, operating principles and fabrication constraints. Hereafter we will
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present sequentially the optical design task anyg thhe guidelines and main results of

the electrical characteristics optimization task, avoiding, for clarity reasons, the multiple
optimization steps performed. The latter are described more extensively in the thesis of

Bovo [153] and Gaio[154], with whom we worked on this praje Afterwards the

device fabrication, characterization and performance evaluation will be discussed. This
research activity has been funded by MAFonde
(Surface PLasmonics for Enhanced Nano Detectors and Innovative Dgwiogscti

AProgetto eccellenza 20080.

5.2 High Electron Mobility Heterostructures and Photo-Transistors

In this sectionwe briefly review the basic principles of high electron mobility
heterostructures and their application to phototransistoFsglY 1 the conduction band
diagram of a graded-AlGaAs/i-AlGaAs/i-GaAs heterojunction is shown. GaAs is a
semiconductor having a direlband gapof about 1.42 eV. On the othkand theband
gap of AlGaAs increases with Al mole fraction up to the value of about 2.16 eV for
AlAs and becomes an indirelsnd gagernary alloy forx>40%. In a heterojunction at
thermal equilibrium band bending occurs and a triangular potential iwethe
conduction band of GaAs accumulates and confines electrons close to the energy barrier
at the interface with AlGaAs. This confinement in the direction normal to the interface
induces the quantization of the energy states, while electrons are fremye in the
plane of the junctiorthus forminga 2DEG[155]. Holes, unlike electrons, are swept
away from the interface by valemdand bending. The 2DEG population (and band
bending) is effectively increased bydoping AlGaAs. A striking feature of this
structure is that the 2DEG is located in the intrinsic GaAs region and is physically
separated from the ionized impuritiegpically Si) doping AlGaAs. This technique is
called modulation doping and is the reason for the high mobility of the electron gas in
such structures. Scattering with charged impurities is further reduced introducing an
intrinsic AIGaAs spacer layer in the nildyer as represented kig. 71.

Record mobility values have been obtained in moduladimped heterostructures
with a spacer layer, of the order of Xdn?/Vs at liquid helium temperaturd$56]. The
high mobility, high electron auration velocities and high sheet carrier densities
provided by transistors realized with these structures are increasingly becoming
important for millimete wave and microwave monolithic integrated circuits, an

application where high gain and low noaehigh frequencies are requirdd7].
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Fig. 71: Band diagram of an-AlGaAs/i-AlGaAs/i-GaAs heterojunction158]

The use ofHEMTs as photodetectors opens the way for the fabrication of opto
electronic receivers monolithically integrated with high speed transistor amplifier
circuits. So far MSM photodetectors have received more attention for this application
[149], [159] Nevertheless, compared to MSM, HEMT photodetectors were found
experimentally to feature a moderate bandwidth but a much higher optical gain, in
particular at low luminous intensity, with a non linear (logarithmic) optical response
[151]. Different models have been proposed to explain this behaviour, even though the
phenomena were never fully understood oteéically and the empirical data
reproduced. It is certain that illumination acts as an optical gate, controlling the flow of
thermal equilibrium electrons in the 2DEG channel. Probably, the accumulation of
photogenerated holes in the neutral region eftthdoped GaAs buffer induces an open
circuit photovoltage which tends to forward bias the device and is responsible for the
high optical responsivity of HEMTg$151]. Also the 2DEG may play a role in
determining the optical response in HEMTs. Indeed, Nabei. [152] demonstrated
that by varying the 2DEG density they obtained large differences in the optical
response, indicating that proper control of the channel population in dark condition

allows one to optimize optical responsivity and external quantum efficiency.

5.3 Epitaxial heterostructures growth and characterization methods

Before analyzing in detail the electoptical characteristics of the heterostructures
realized,we briefly introducethe epitaxial growth technique and the setup used to
characterize the photodetector substrates.



5.3.1 Molecular Beam Epitaxy (MBE)

The growth technique we used to realize the semiconductor heterostructures is
Molecular Beam Epitaxy (MBE). The distinguishingaferes of this technique are
materials purity, crystal quality and the excellent control of interfaces abruptness and
doping profiles. The growth takes place in a chamber in-hblgla vacuum condition
(~10™ torr) and very low rates (~1 monolayer pecaed). Molecular beams, travelling
ballistically toward the heated substrate, are generate@vhporationof separate
elemental charges (Ga, As,)Ah different effusion cells. The epitaxial quality and the
growth rate can be monitored in real time byfl&#ion High Energy Electron
Diffraction (RHEED), whose signal intensity oscillaticsitow the determiration of the
individual growth rates with less than 1% precisi®uch growth rates are used in
computercontrolled growth processes to set the opepinipe shutters in front of each
effusion cell.

The epitaxial samples have begrown at IOMCNR, TASC Laboratory, in a
Veeco Gedl High Mobility MBE apparatus, custom modified for high purity
materials. This equipment has produced high quality 2DEGsmiatility up to 8.6-19
cn/Vs at liquid helium temperature (1.4 K), for single GaAsi5a s7As modulation
doped heterostructures. Our samplehose structureis described inthe following
sections have been grown on substrates constituted by aissaoiating (100) GaAs
wafer, a 300 nnthick i-GaAs buffer and a 500 nthick GaAs(2 nm)/A 4 Ga 5AS(8
nm) superlattice: the latter two layers serve to separate the potentially contaminated

substrate surface from the active epitaxial layers and asitjplocking barrier.

5.3.2 Van der Pauw Hall effect measurement method

The output signal that we want to measure on the photodetector is the sheet resistivity
, or the conductance , of the 2DEG whichis relatel to the channel populationby:
s=1 r=en (5.2
Assuming that the mobilityidoes not change considerabtiie electron density

modulated by light absorption can be measured by the resistivity with the standard four
point probe metho@8]: current is driven between two external probes, voltage drop
between other two probes-between is measured and the sheet resistance is obtained
by their ratio, applying a correoh factor which depends on the shape of the four point

array.
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In order to measure the sheet resistance, electron density and mobility separately
and to optimize the heterostructures, we-giraracterized the bare epitaxial samples,
before fabricating thephotodetectors, by Hall effect method in Van der Pauw
configuration. In this configuration, four indium ohmic contacts are realized at the
vertex of approximately squared 4x4 meamples. A currentl) flows between two
contacts on one side of the squanel the voltage which results on the opposite side is
measured. After measuring the resistance along the horizontal and vertical direction, the
value of the sheet resistance is obtained solving the Van der Pauw formula:

e PRoiz/ 7y o Ren/ g (5.3)

The Hall voltage Vu) is obtained applying a uniform magnetic field normal to the
sample surfaceBE0.23 T, provided by a permanent magnet) and taking resistance
measurements between pairs of opposite contacts by proper averaging data for both
field polarities. Finally:

eV rne

Measuremerstwere performed automatically through an interfaced PC by means of
a lockin amplifier and a switch box. The sample was ip series with a known resistor
(1 Mq) and a kel typicallyg0.1V) génerateyl dhe ¢esired current
flowing through the system, under the assumption that the sample resistance is much
smaller. This condition is usually verified, as tlanples resistance values are of the
order of 14 q . Some samples were more resistive

were consequently correctemlcompensate the reduction of the driving current

5.3.3 Van der Pauw measuremerg under illumination

Sheet resista®e characterizations were also performed illuminating the sample by a
LED with controlled irradiance. We used a LED (HLNAN&07) emitting at 635 nm and
having an approximately constant luminous intensity within a viewing angle of 40°. The
sampleLED distane (6 mn) was chosen in order to havesaiform irradiance on the
sample, tofulfil the working conditions of Van der Pauw technique. The conversion
from the LED current to radiant flux was performed by using the calibration tabulated in
its datasheet. Modulating the current driving the LED, at the selected sanmgde
distance, an irradiance range betweeif a48d 10° W/cn? can be covered. A wider
iradiance range (down td0° Wicn?), necessary to cover the whole device

responsivityirradiance curve, has been obtained placing neutral density optical
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attenuators in front of the LED. In order to avoid inaccuracies due to theneanty of
LED currentluminous intensity curve, the heterostructures responsivity curves were
fitted using dat acquired for a fixed LED current and different filters, having much

more accurately determined attenuation factors.

5.4 Epitaxial heterostructures optimization in dark condition

We approached the heterostructure optimization task considering the epitaxial
multilayer shown inFig. 72(left), which is similar to the one presentedFig. 71, but

hawe an additional surface GaAs thin (5 nm) capping layer. This is needed to protect
AlGaAs from oxidation when exposed to air, which would alter the eleqdtical
properties of the whole structure. Subsequently and progressively we mavdddker

GaAs capping layer (up to 300 nm) with the aim to realize thggrodve grating by
anisotropic etching of this layefFig. 72 right).
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Fig. 72: Schematiccross section of the epitaxial multilayer. Left: startingii s t a n dtauctuded
having a thin (5 nm) GaAs capping layer. Right: final structure with a thick (300 nm) GaAs
capping layer suited for the \fgroove grating integration.

Gaio[154] developed a Schroding®oisson numerical model of the AIGaAs/GaAs
multilayer to calculate the electric potential, the band bending and the carrier
distribution as a function of depth in dark condition. This model was wspthnh the
epitaxial growth of trial samples and to assist the interpretation of the experimental
results, which consist in Hall effect Van der Pauw measurements of 2DEG electron
density, mobility and resistivity in dark and as a function of light intgnsit

The samples realization initially followed two principal guidelines, related to the
idea that the structure sensitivity to light is supposed to be enhanced by:
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) increasing the electric field in the GaAs epilayer: electrole pairs are
created by ligh absorption and subsequently separated by the field,
reducing the probability of recombination and increasing the carrier
concentration;
i) reducing the dark signal in order to maximize channel population variation
with illumination: a low populated gas iradk condition was targeted for
this reason.
A tradeoff exists between the previous two guidelines. Indeed, bending the
conduction band toward the Fermi level at the 2DEG depth, on the one hand increases
the local electric field and on the other hand éasies the dark channel population.
The key heterostructure parameters that has been experimentally optimized in order
to meet the previous requirements and to grow epitaxial samples with repeatable
features are:
i) thedoping densityf the Ab 4 Ga s6AS:Silayer must ensure the full bending of
the conduction band minimum toward the Fermi level, while avoiding the
generation of an extra conducting chanrtaf( 73 left). It is fundamental to
reach the so called Adoping saturation
characteristics more stable respect to small doping density variations. This
doping level depends on the layer thickness (fixed to 30 nm in our structure) and
onthe distance to the surface, where the Fermi level is pinned to mid gap;

i) the rAIGaAs (deep)spacer thicknesdetween the doped layer and the 2DEG,
must be tuned in order to provide a suitable electron density in the 2BEG (
73 right). For a given Si density in saturation regime, the 2DEG population
decreases as the spacer becomes thicker. The target density was set in the range
of a few 18° cm? in the dark, thdower limit in order to reduce the dark signal
and still having measurable charge density values;

iii) thegrowth conditionsa relatively high growth temperature, near the upper limit
of the GaAs growth window, is required to maximize the electron mobility
measuredat cryogenic temperaturg460]. At the same time such growth
temperaturegeduceshe dopingefficiencybecause Si diffuses in AlIGaAs toward
the top surfaceThe development of samples irhieh the temperature of the
Alo.4Ga s56As:Si growth step was varied and the combination of electrical and

secondary ion mass spectrometry (SIMS) measurements have been necessary in
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order to fully understand this effect: we will not discuss this optinunastep

performed anymore because it is not the focus of this thesis.

Fermi level

I

Fig. 73. Left: effect on theband diagram of the doping level (each line from the top corresponds to
the doubling of the doping concentration). Right: effect on the band diagram and on the channel
population of the spacer thickness[154]

Another design issue that must addeessvhen using thick GaAs capping layers
(Fig. 72right) is that an extra undesired electron channel at the top GaAsAl&aAs
interface could be formed due the neased distance with the surface. For this reason
we introduced an additional intrinsic AlGaAs top (or surface) spacer layer between the
doped layer and the cap. Simulations and specifically designed samples demonstrated
that this spacer (100 nthick) can at least in dark condition, keep the surface 2DEG
scarcelypopulated154]. Furthermore, the band structure in the deep 2DEG zone turns
out to be unperturbed neither by the introduction of this spacer layer nor by the GaAs
capping layer thickres (not constant after-groove etching).

The final result of this electrical design task, performed by simulaiiordark
conditionsupporting the electroptical characterizations shown in the following, is the
structure of the epitaxial multilayer to be used as photodetector and suitable for the
integration of plasmonic crystals with the layout representddgn70. From the front
surface downward the stack is made eGaAs cap (300 nm) FAIGaAs top spacer
(100 nm) / RAIGaAs (30 nm, Si doping 4-1m?) / i-AlGaAs bottom spacer (100 nm)

/ i-GaAs absorber (500 nm). The band diagram of this structure in dark condition,
calculated by numerically and s@bnsistently solving the Poisson and the Schroédinger
equationg154], is reported irFig. 74. We refer to the workof Bovo [153] and Gaio

[154] for more details on the optimization of the heterostructure parameters in dark

condition.
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Fig. 74: Band diagram and electron population of theheterostructure with electrical characteristics
optimized in dark condition [154].

5.5 Characterization and optimization of epitaxial substrates
responsivity

In this section we report the characterization of a series of epitaxial structures
specifically developed to study and optimize the optical responsivity of the device,
analyzing the impact on it of few multilayer properties. The optimization was structured
in different growth batches according to the availability of the MBE macHihe.
results of the firsbatchare summarized by the responsivity curves of selected samples
(Fig. 75) and the relative characteristics reportedai. 2.

Sample HM3124 is the only one of this batch suited-grdbve grating integration
due to its thick GaAs capping layer. The increase of the capping layer thickness does
not bring major changes in the trend of the optical response, for example in comparison
with HM3099 which has the same deep AlGaAs spacer but thin cap. Since the GaAs
absorption length is about 250 nm at 633 nm wavelength, the introduction of a 300 nm
thick GaAs layer at the surface was expected to absorb a relevant fraction of light and
detriorate the detection capability of the structure. Nevertheless, it seems not to be the
case since the conductance of HM3124 is higher than in HM3U8%ypothesethat,
despite the potential well at the top GaAs/AlGaAs interface is not populatedkin dar
condition Eig. 74), under illumination the surface channel can get conductive due to

photogeneration and contributes to the structure optical response. Thisdsypaths
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also supported by measurements on specific samples lacking selectively the deep or the
surface 2DEG153].

2.0x10™
v HM3003
) e HM3079
1.5x10" 1 A HM3099
= HM3124

Irradiance [Wcm™]

Fig. 75: Responsivity curves ofselectedsamples realized during the first optimization stage. Filled
points correspond to measuements taken at 20 mA diode driving current and are used for the fits.
Empty marks are obtained scanning diode driving current for different neutral density filters.

Surface Deep

Ca o

Sample . P spacer spacer Npark Mpark Ug lin my
thickness )
thickness thickness

nm nm nm 10°cm* cnf/Vs 10°q~ Wient  10°q”
HM3003 5 0 70 - - 0.5 2-10° 5.4
HM3079 5 70 70 9.5 5400 8.4 3.10°
HM3099 5 70 100 2.2 3300 2 2-10°
HM3124 300 100 100 5.4 5500 4.3 2-10° 3.4

Tab. 2: Characteristics of selected samples whose responsivity curve is reportedHig. 75
The conductance versus incident irradiangg ¢urves are well fitted bythe

following empirical curve:
JL (5.5)

S(1)= 9 mslogad -
t

O EBAQJO

Two distinct regions are individuated these trends for irradiance values much
lower and much higher than a threshold valyg. (Al low light levels the conductance
is almost constant and close to its dark valig \While, over the threshold irradiance,
conductance grows logarithmically wiéhcharacteristic slopen).

Considering again the expression for device sensitifity), the irradiance

transmitted toward the absorbing substrate caexpesssed as:
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I, =T Foal (5.6)
whereT is the transmittance of thgate |, thelight luminous intensity antlis the

attenuation factor of the filter. Thus, it is possible to express the epitaxial multilayer

sensitivity, working at; >> Iy, as:

Wi
and so
Ds 22 ) mgﬁ (5.8
Mt t

This means that, in this kind of detector, conductance variations, related to
modulation of power flow propagating toward the substrate, are proportional to relative
variations of transmitted irradiance. Theuiig of merit to be optimized s, the slope

of the straight lines (log(l;)) over the threshold irradiance.

Since having a low dark channel population, as defined by the initial design
guidelines, appears not to be crucial for device performances, we evaluated the impact
on my of more conductive 2DEGs by reducing the deep AlGaAs spacer thickness in
doping saturtion regime on a second batch of samples. Responsivity curves of several
epitaxial samples with deep spacer thickness ranging from 100 nm to 40 nm are shown

in Fig. 76 and the parameters obtained by fitting wWilb) are reported iTab. 3.

3.0x10™ —
u [ |
HM3331 (100nm) . m
— 2.5x10*4{ —— HM3336 (85nm) . x .
"'; | ——HM3337 (70nm) |
= T HM3369 (70nm) |
20x10°9  1m3368 (55nm) .
1 — HM3383 (40nm) /.'” 1
1.5x10™ =R

1.0x10™ 4

Conductance

5.0x10° A

Oo MEELRALLY | MERLELRARLY | MLELRALL | MEELRALLY | LR | T T
10° 10®* 107 10°® 10° 10* 10° 107

Irradiance [W/cm?]

Fig. 76: Responsivity curves ofsamplesin doping saturation condition having different deep +
AlGaAs spacer thickness, indicated in brackets in the legend. Cap thickness 300 nm, surface spacer
thickness 100 nm.
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Deep spacer o
Sample . Uo lth mg
thickness
nm 10°q ™ Wicnt 10°q*

HM 3331 100 9.5 2.8 1.4
HM 3336 85 34 4.6 2

HM 3337 70 87.6 7.1 2.8
HM 3369 70 85 2.7 2.6
HM 3368 55 121 21 3.3
HM 3383 40 215 0.9 2.2

Tab. 3: Characteristics of sampleswhose responsivity curve is reported irFig. 75

It appears that the sensitivity can be improved tuning the dark channel population
andthat an optimum exists for a deep spacer thickness of about 55 nm. Note that the
sensitivity of this batch of samples is generally lower than the previous batch, e.g.
comparing HM3124 and HM3331 having the same structures. This can be related to the
drift of deposition chamber conditions in terms of contamination. Indeed a maintenance
activity has been performed on the MBE equipment between the growth of the two
batches which could have affected this aspect. On the other hand the characteristics of
samplesbelonging to the same batch are repeatable, as proven for example by
comparing the responsivity curves of HM3337 and HM3369.

5.6 Optical design and optimization of the plasmonic crystal

As we have just discussed, conductance variations of the epitaxial multilayer are
proportional to relative variations of irradiance toward the absorbing substrate. When
this heterostructure is used as a sensor, such variations are not due to incidentérad
but to modulations of transmittance of the front surface due to SPR shifts induced by
bio-analyte coating. Thus, the figure of merit we use to optimize the plasmonic structure
is the relative transmittance variati®@T / T betweerthe bare and the coated surface. In
particular, the biaoating was treated as a 5 4tinick layer with refractive index
changing from 1.45 to 1.5, to model the binding of a target molecule by a
functionalization layer on the gold surface. This thickness rafractive index values
are typical in common biosensing experimejit§1i 163]. Variations of thickness or
refractive index of a layer attached to the metal surface, which is thin compared to the
SPP fieldpenetration depth, are equivalébé4].

The plasmonic crystal layout considered is a 1D array of-guéded triangular
grooves engraved in the GaAs cap as showrign70. The optical properties of sharp

grooves have raised much interest in plasmonics for nanofocusing and waveguiding
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[165], [166] Arrays of such grooves were investigated by Sgndergd&@l, who
demonstrated the existence of three types of resonances, namely: geometric resonances
determined by the sipe of individual grooves; standiwpve surfacgplasmon
polariton resonances due to SPPs reflected by the neighbour grooves; very sharp
resonances related to WoBdyleigh anomalies at wavelengths near the cutoff
wavelength of higher gratiageflection oders. These resonances were found to be
observable in the reflection spectra, whose minima correspond to peaks in the spectra of
field enhancement on groove valleys.

In our design the aperture angle on the bottom vertex of tgeodves has been
fixed to 7.5°, which is the typical angle formed by {111} planes exposed by

anisotropic wet etching of GaAs (100) surface for grooves aligned alonfp1Hg

direction. The other parameters that we fixed in the optical simulations are thmeaista
between the tip and the top AlGaAs/GaAs interface (20 nm) and the AlGaAs thickness
(230 nm). We verified that, since AbGa seAs does not absorb photons at the design
wavelength of 633 nm, variations of the spacers thickness discussed in the greviou
section are not relevant to the optical properties of the structure. We do not explicitly
demonstrate this statement here nor the fact that other grating layouts considered
(lamellar and sinusoidal gratings) turn out to provide lower sensitivity to caurfa
refractive index variations.

A FEM multi-parametric study and optimization of the optical response of the
structure has been performed varying simultaneously grating pitch8@D0hm),
groove widthto-period ratio (duty cycle, 490%) and gold layehickness (6600 nm).
Reflectance, transmittance and relative transmittance variation maps as a function of
pitch and duty cycle are reported kig. 77, for normal inaddence and gold thickness
fixed to the optimal value, that is 180 nm normal to the horizontal GaAs surface. Notice
that due to this significant gold thickness on the active area, the transmittance values are
quite low, of the order of 1810 The use ohigh responsivity detectors like HEMTs
is thus crucial in combination with this design.

A horizontal feature is clearly distinguishable in all these maps corresponding to a
grating pitch very close to the incident wavelength (633 nm). This fact is @@nee of
the influence of grating diffraction anomalies on the optical response. Nevertheless,
scanning the duty cycle range for this fixed pitch, significant features occur on the maps

and indicate that other resonances may play a role too.
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Fig. 77: Reflectance (topleft), transmittance (top right) and relative transmittance variation
(bottom) maps obtained by optical FEM simulations.

The configuration providing the maximum relative transmittance variation (20.9%
between n%.45 and n=1.5) corresponds to a period of 625 nm and a duty cycle of 58%
(groove width 363 nm). Considering the vertex angle, the triangles height is 258 nm and
for this reason we chose a GaAs capping layer thickness of 300 nm on the samples,
which provices an adequate margin for the etching process variability. The relative
transmittance variation amounts to 533% between the bare surface and the surface
coated with a 5 nrathick layer having refractive index of 1.45 (optimum pitch 628 nm).

The magnetic &ld norm distributions of these two configurations (bare and coated
surface) are reported iRig. 78 together with the power flows (arrowsphe field
distribution ha a typical SPP profile. It is interesting to note the difference of field
magnitude around the groove tip before and after coating. Even more meaningful is the
enhancement of power flow toward the substrate that manifests when the gold surface is
coated with the thin organic film, which is consistent with the transmittance

enhancement calculated.
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Fig. 78. FEM simulation of magneticfield norm distribution on one period of the grating and
power flow (red arrows, mapped on a restricted region) for the case of bare surface (left) and
surface coated with a 5 nrithick layer of refractive index 1.45 (right)

In order to clearly identifyhte resonances involved in the observed maximum
sensitivity configuration, we performed a Bloch mode analysis of the structure by the
method described in referenf27]. The mode $persion curves are reported Riy.

79, where they are superimposed to reflectance and relative transmittance variation
maps obtained by scattering simulations, for the bare surface and incidence angles range
0-4°.
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Fig. 79: Reflectance (left) and relative transmittance variation (right, calculated in this case as
2QT 45 T9)/(T1 45 TH) maps as a function of photon frequency and incidence angle. Blact

(red) dotted line: real part of the Bloch SPP popagation constant for reoating =1 (Ncoating =1.45).
White solid line: Wood-Rayleigh anomaly. Green solid line: SPP dispersion relation on a flat Aair
interface (coupled by a shallow grating).

It is evident that the SPP Bloch mode (black dotted liggidg=1, red dotted line
Neoating=1.45), Which is the only mode detected by the analysis, follows the features of
the maps closely, better than the Wdalyleigh anomaly dispersion (white line). Note
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that the SPP dispersion for a galal interface inthe limit of shallow grating (green
line) departs significantly from the SPP Bloch mode due to the deep surface
corrugations introduced.

Looking at the imaginary part of the SPP mode disperdtam 80), we notice a
sudden increase in Ilgj at ¥ >Hz2 .(97=61303 nm), highlight
presence of a band gapkat0. This cannot be directly seen in the IRedispersion due
to the particular simulation ¢bnique used127]. The presence of the gap is also
suggested by the dispersion of the reflection dhjy.(79 left), which seems to be
interrupt ed®™Hztandnormal irzidedce. Simdar features were observed
for example by Barngd.2] studyingband gap in sinusoidal metal gratings.
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Fig. 80: Dispersion of the imaginary part of the SPP Blochmode propagation constant

5.7 Device fabrication

We realized, by lithographic techniques, devices for four point probe measurement of
2DEG conductance under illumination. We chose a Hall bar lajogit&1), by which

also electron population and mobility could be obtained by applying a magnetic field,
even if, for biosensing purpose, only the sheet resistance measurement will be used.
Hall bars are specifically designed foarisport measurements. They consists of MESA
structures etched in the epitaxial multilayer in order to electrically isolate 2DEGs
belonging to different devices present on the same chip. Metallic pads on the MESA,
forming ohmic contacts with the 2DEG, arsed for electrical contacts. Two pads are
used as source and drain contacts that drive a known cuiggnthfough the central

arm, which constitutes the active area of the device. Other two contacts (indicated by V
and V. in Fig. 81) are used to measure the potential dij)(across the active area by

a high input impedance voltmeter. Other two pads are redundant and could be used for
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Hall voltage measurement. Finallygne pad is needed for the gold lead that
simultaneously works as nanostructured plasmonic surface and electronic gate of the
transistor: this gold layer crosses the central arm of the device, covering the grating
etched in the GaAs cap in the active adark red area ifrig. 81), and does not form

an ohmic contact with the 2DEG in the MESA between source and drain.

Au

. Ce

GaAs

0: .. .0..: 0: ° AlGaAS

Fig. 81: Optical microscopeimage of a Hall bar device (left) and schematic cross section of an arr
of the MESA under the pad (right).

We fabricated two batches of these devices with slightly different layouts. The first
one has a rectangul?iand doestnoalow gate paasizatiors 0 x 2 4 0
The second one has a? admoerdistaht pads,avih the §if 0 x 5 0 0
to make possible also ellipsometric characterizations on the device and in prospect of
integrating a microfluidic delivery system of the analyi®se chip of the device is
made of two active areas sharing the gate contact pad (only one active area is shown in
Fig. 81).

The fabrication flow chart is made up of several steps Kgge82): three aligned
optical lithographies (MESA, contacts, gate); one electron beam lithography
nanopaterning (grating) aligned with microstructures; two wet etching processes
(MESA, V-groove grating); two gun evaporations in vacuum (metallization, gate)

followed by lift-off. Hereafter we will briefly describe the designed flow chart.
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Fig. 82: CAD design of the lithographyexposuresperformed using positive resists: MESA (top left),
contacts (top right), grating (bottom left), gate (bottom right)

After cleaning in organic solvents the epitaxial samples grown by MBE, the first
step is the UVMoptical lithography of MESA structures. We used Shipley S1818 (1.9
pum-thick) as optical photoresist. The migpattern is aligned along the principal
crystallographic orientations using wafer o6s

source and drain, along whitks flows, is oriented normal to th®1 1]direction, along

which the \fgrooves are aligned. The resist pattern is used as mask for the wet etching
process, performed in azPiO;:H,0,:H,O solution in ratio 3:1:50 by volume, at room
temperature. This solution etches both GaAs and AlGaAs at a rate of about 100 nm/s.
The etching process is stopped, by rinsing Hiotkzed water, at a thickness (~900 nm)
greater than the 2DEG depth and lowezn the superlattice depth. Thus, at the end of
the MESA etching phase, Hall bar devices are in relief while the surrounding surface is
etched down to the GaAs dpiyer. The undercut below the resist mask is negligible
compared to MESA dimensions. Aligrent marks necessary for the following optical
and Electron Beam Lithography (EBL) steps are also realized in this step.

For the contacts definition step,lift -off resist (LOR7B, 700 nnthick) is spun
before the optical photoresist. Contact areas aemexp on the MESA structures. The
GaAs surface of the contact areas i s deoxi d
nitrogen blow, just prior to the loading of the sample in the evaporation chamber. A
NickeNGermaniumGold tri-layer (20600130 nmthick) is deposited by -beam

evaporation at a deposition rate of 0.1 nm/s. The Ni layer improves the adhesion to the
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surface and the Au layer reduces contact resistance, while the Ge layer allows the
contacts to diffuse into the sample when annealedweikestablished that the eutectic
alloy of Au and Ge, melting at 330 °C, forms excellentontacts on GaAd.67]. After
the lift-off in an ultrasonic bath of acetone first and resist developer (MF319) then, the
sample is rinsed in methanol and the annealing process is performed. Ohmic contacts
are nade by placing the sample on a copper strip, heated by Joule effect up to the
temperature of 420A for about 16, i n nitrof
the metals to melt, diffuse and reach the 2DEG depth, making an effective Ohmic
contact (reresented iffrig. 81).

The V-groove grating is integrated on the active area by EBL nanopatterning
followed by anisotropic GaAs wet etching. PMMA (AR671.05, 490 nrthick) was
used as electron beam resist. Periodically spaced A@idenlines were exposed by a
100 keV electron beam having a curr?nt of
The EBL apparatus is a Jeol JB800OFS situated at LaNN Laboratory (Veneto
Nanotech) in Padova. It is able to automatically identify the markers realized by UV
lithography and to align the exposures on the Hall bars and, thus, respect to the
crystallographic axes. TheO:lBAITmhdagisseduner e d e\
DI water.

A variety of etchants has been reported for GaAs crystals, most of them being
anisotropic because of the different surface activity of &al Asterminated planes
[1681 172]. In particular, severaolutions based on acitishydrogen peroxide mixtures
work as crystallographic orientatiatependent etchants. We used a solution of
H,SOy:H,02:H,0O 1:8:40 by volume, as reported in refereft@3], for 250660. T
PMMA mask endure this dilute etching process, which creates a significant undercu
below resist stripes. Resist is stripped in acetone after etching. The anisotropy of the
etching exposes groove sidewalls in the {111}A orientations that, for optimal etching
conditions, meet with sharp corners at the bottom of the structure, thusgamarray
of V-shaped grooved-{g. 83). The process latitude of this nanofabrication step turned
out not to be wide and groove widths ranging between 330 and 4li8amenbeen
obtained on different samples. A better optimization of both EBL exposure parameters
(resist thickness, dose, linewidth) and etching parameters (solution concentration,
temperature control) should be performed to get more repeatable resultsignofe

grating duty cycle.
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Fig. 83: SEM images of \fgroove gratings

Another UV lithography step is performed to pattern the gate contadtises?).
A LOR7B\S1818 bilayer is spun, exposed and developed. Samples are then loaded in
the vacuum chamber forgun evaporation of a 180 nthick gold layer on top of a thin
(3 nm) titaniumadhesion layer (deposition rates 0.05 nm/s). After the finabfiifstep,
the V-groove grating on the active area is conformally coated by detd 84) and
electically connected to the central lead (on the bottoniign 81), by which it is
possible to bias the gate. From the f8BM cross section of a grating coated with a
thin gold film, it is possible to verify that the vertex angle is correspondent to what

expected for Vgrooves oriented along ttje1 1]direction Fig. 84 left).

Fig. 84: FIB-SEM cross section (left) and SEM top view (right) of the gold coated-yroove
gratings.

Finally the samples were cut and the dies were glued on sockets-opmafmnent

epoxy resin. Electricatonnections between the socket and the pads on the die were

reali zed by a wedge #hickAlevires@dbi pment and
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Fig. 85: Pictures of two dies bonded tsocketsand belonging to the first batch (left) and to the
second batch (right) of devices.

5.8 Optical characterization of V-groove gratings

Bare pasmonic crystals integrated on the gate of the devices have been clarddigri
spectroscopic ellipsometry. The specular reflectance at 15° incidence angle for TM
polarization has been measured and compared with the spectrum simulated by FEM.
Geometric parameters (grating pitch and groove width) measured by SEM images have
beenused as input for the simulation. In particular the sample under consideration has a
pitch of 628 nm, correspondent to the optimized configuration, and an effective duty
cycle of 54%. The agreement between simulation and experiment is excEllgnt (
86a).

Since the device is designed to be used at normal incidence, which cannot be
measured by ellipsometry, we also simulated the evolution of the specular reflectance
spectrum for incidence angles from 15° to 6ig( 86b). As can be seen the reflection
dip, located at about 750 nm for 15°, bhkhifts for smaller incidence angles and a
second shallower dip manifests in the plots relative to 3° and 6°. Thdips merge at
normal incidence. This is in agreement with the reflectance map shdw iro (left).

Note that the deep at normal incidence corresponds to aemgtielof 626 nmR=11%)
while reflectance steeply increases for longer wavelengths: at the design wavelength
(633 nm) the reflectance of the bare surface amounts to 80%.

For the same grating parameters, we also simulated the effect on normal incidence
reflectance of a coating with a 5 rattmck film of refractive index 1.45Fig. 86¢). The
reflectance dip slightly redhifts after coating and the design wavelengthotated
close to the inflection point of the curves to get maximum surface sensitivity. The
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working point is slightly better optimized for the 58% duty cycle grating (not shown
here) but the trend is similar to what discussed for the 54% duty cycle sample.
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Fig. 86. (a): specular reflectance of a Myroove grating at 15° incidence angle for TM polarization,
measured by ellipsometry and simulated by FEM from experimental geometric parameters. (b):
specularreflectance simulated by FEM for incidence angles between 0° and 15°. (¢): simulated
specular reflectance at normal incidence for the bare surface and the surface coated by a 5 nm

thick layer having refractive index 1.45. Dashed vertical line represent thevorking point (633 nm)

5.9 Electro-optical characterization setup of complete devices

Measurements of sheet resistance under illumination on complete devices bonded on
electronic sockets were performed with a different setup compared to Van der Pauw
setup ued for flat epitaxial samples. Even if the device is intended and designed to be

used with fixed incidence angle, normal to the surface, on the prototypes fabricated we
performed characterizations scanning the incidence angle, in order to verify thegworkin

principles are properly modelled. Another main difference compared to the previous
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setup lies in the illumination source used. A collimated source is needed to perform
angular resolved measurements.

Furthermore a small spot, by which only the plasmagate is illuminatedjs
neededlIndeed, characterizing both complete devices and devices not having the gold
film coating on the gate, and illuminating the whole chips by the low brilliance diode,
we noticed that the responsivity curves (not shown herey wery similar each other.

This is clearly not reasonable, considered that the gate transmits only a fraction of about
10* the incident photon flux. Actually, using a laser beam with spot size at beam waist
smaller than the gate area and centred orhd,resistivity of gold coated samples
increases a lot. The hypothesis is that carriers photogenerated in bare (not metal coated)
areas of the MESA, namely the regions between the gate and the source and drain pads
(seeFig. 81), could flow through the gate contact and create a conductive channel
betweersource and draifL53].

In particular, the light source used in this setup is a HeNe laser emitting at 633 nm.
The beam passes through a polarizer placed rotation mount. Its power is controlled
by several neutral density attenuators, selected by a filters wheel, and monitored by a
photodiode, intercepting a small fraction of the beam power reflected by a cube beam
splitter. The beam spot size is turtlgda Galilean beam expander (variable in thei 2X
5X range) and focused on the sample by a lens placed on a translational mount and
having a 250 mnfocal length.The divergence of the beam on the sample, and thus the
angular resolution of the measuremesatn be tuned between +0.11° (2X expansion, 80
em FWHM spot size) and NO.29A (T&sampepansi or
socket is placed on a horizontal platform having translational degrees of freedom, two in
the sample plane and one in the normiddlion, and one rotational degree of freedom,
to perform the incidence angle scans. Performing an alignment procedure by
micrometric actuators on the translational stages, the rotation axis is placed on the
sample surface, parallel to the grooves, andrgects the incident beam axighis
guarantees that during typical angular scans, the spot moves less than 5 microns on the
sample surface allowing for a high geometrical reproducibility of the measurements.

An AC current at 11 thkugh the-device etweemsogrcei s dr
and drain, by the output voltage of alaéckn amp |l i fi er i n series wi
and theVdsvoltage is measured (ség. 81). A DC voltage can be applied to the gate

by a Keithley Source Measure Unit, simultaneously reading the gate leakage current.



5.10Electro-optical characterizations of bare devices

Before analyzing the sensitivity to surface coating, we measured the @ptital
characteristics of bare devices, namely the responsivity curves, the trend of the output
signal versus incidence angle and the effect on these characteristics of a voltage bias
applied to the gate terminal.

The conductivity of a device as a functiof incident irradiance is reported Hig.
87 for two gate biases. Irradiance values are normalized to that incident on the sample
when no attenuators are insertedthe optical path, corresponding to an integrated
optical power of about 1 mW. The typical logarithmic behaviour over a threshold
irradiance value is found, like the one measured on bare epitaxial multilayers. From the
fit of the responsivity curve, a cqrarable but slightly lower value of the slopg is
found (1-10° g ), for gate voltag&/g=0 V, compared to the same bare epitaxial sample
(2.8:10° q !, HM3337). This fact could be attributed to the non uniform illumination of
the gate area (spot size80m compared to 500 em gate si de
electrical model of the conductive channel is a network of resistors having low values in
the illuminated area and high values in dark areas: the result is a globally higher
resistance compared toethuniformly illuminated sample at the same optical power
density.
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Fig. 87: Responsivity curve of a device, realized using HM3337 epitaxial substrate, for two gate
biases. In the legend is also reported tha value extracted by cuve fitting.

When a negative voltage, relative to the grounded source, is applied to the gate, the
responsivity curve is significantly 1ghaped. The dark conductivity lowers because the

channel is depleted of charge carriers for a negative bias voltage. Interastnglgpe
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my of the curve increases compared to the -z@te bias. This means that device
sensitivity can be improved controlling gate polarization.

In Fig. 88 the neasurement in dark condition of channel sheet resistance and gate
leakage current as a function of gate bgaseportedIn this sample the sheet carger
density is effectively reduced by a factor of 5 between 0 V-ard. The gate leakage
current is relatively low for negative bias (~100 nA) while it is already considerable for
small positive bias. This behaviour could be related to the rectifying ¢bastcs of
the Schottky barrier between GaAs (at the 2DEG depth) anfiLéxi, [174] which
form a small interface on the lateral sides of the MEB#.81). So, to avoid a current

flux between the 2DEG and the gate, it is necessary not to apply a positive gate bias
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Fig. 88 Gate leakage current and channel sheet resistance in dark as a function of gate bias

On another sample we measured the dark conductivity value and slope of the
responsivity curve as a function of gate biggy(89). The sensitivity is enhanced by
almosta factor of 3 forVg= -1.5 V and grows steadily for small negative gate bias
before saturating for more negative voltage values (not shown here).

Fig. 88 and Fig. 89 refer to devices having a 100 rthick deep spacer and a
considerable total dielectric thickness between the 2DEG and the metal gate (530 nm).
It is reasonabléo hypothesize that samples having thinner spacer layers could show
even better sensitivity modulations by gate bias control due to wider channel population
modulations. The thick insulating layer between metal and 2DEG is also the reason for
the limitedbandwidth manifested by the devices. Actually the slow temporal response

does not constitute an important limitation for our application.
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Fig. 89: Dark conductivity (red) and slope of the responsivity curve (blue) as a function gfate bias

for a sample having a 100 nnrthick deep spacer.

The measured output signal of a deyiichis the drairsource voltage droyds
across the active area driving a curreist500 nA rms through them, is reportedHig.
90 (top) as a function of the incidence angle of the laser beam for both polarizations.
This graph refers to a device integrating a plasmonic crystal with geometric features
(pitch 628 nmgduty cycle 55%) very close to the optimal ones simulated (pitch 628 nm,
duty cycle 58%). The transmittance of this optimized grating obtained by FEM is shown
in the bottom part of the same figure. Limiting in a first phase to a qualitative
comparison beteen the two graphs, the behaped trend versus incidence angle is
found for the resonant polarization (TM) both in experimental and simulated curves.
The concavity is opposite because a transmittance enhancement corresponds to a higher
photogeneration ad a lower channel resistance. Also the experimental response to TE
polarization is compatible with the simulated curve: the signal is relatively featureless
and included in the range of values covered for TM polarization. Due to thénean
electreoptical response of the detector, a calibration curve will be needed to
guantitatively compare the output signal of the device and the simulated transmittance

curve.
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Fig. 90. Top: measured outputsignal of the device (drainsource voltage dropVdsacross the active
area driving a current 1ds=500 nA rmg) as a function of incidence angle of the laser beam for botr
polarizations. Measured parameters of the grating in the device under consideration: pitch 82hm,
duty cycle 55%. Bottom: simulated transmittance of the optimized grating (pitch 628 nm, duty
cycle 58%).

The effect of gate polarization can also be studied on the angslalved signal
output. InFig. 91 the Vdsvoltage trend in two angular scans performedgt O V and
-1.5 Vis plotted. The improvement of device sensitivity with applied bias is confirmed
by this measurement. Indeed the transmittance maolulatith incidence angle is
amplified by the optelectronic response of the device. The plasmonic crystal
effectively and simultaneously works as transmittance modulating system and as

electronic gate.
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Fig. 91: Measured output signal of a device as a function of laser beam incidence angle for TM
polarization and two different gate biases.

5.11 First tests of operation as biosensor

Preliminary tests of device sensitivity to surface coating have been performed on the
first batch of transistors with smaller active area. The experimental grating parameters
(pitch 610 nm, duty cycle ~60%) on these samples do not correspond to the exbtimiz
ones. Thus a different trend of the output signal versus incidence angle is expected.

We tested the device with a well known biochemical interaction, the binding of
avidin to biotin, featuring a high specificity and affinity cons{dmsi 177]. The sample
was cleaned with multiple rinses in ethanol and-ghraracterized with the bare gold
surface. Then few drops (~50 ¢l ) ivative, a 2
bringing a thiolated side chain for gold grafting, were deposited on the sample and kept
in an ethancekaturated atmosphere for 16 hours. Further rinses in ethanol were
performed to wash away biotin molecules not stably bonded to the gold aetbya
the AuS bond. The sample was characterized after this functionalization step too.
Finally few tens micrditres of 4 pg/ml avidin in DI water solution were applied on the
surface for 1506 and t he s aboundawidinamaesules i ns ed
away.

The output signal after the avidin binding step is reporteBign92, where it is
plotted together with measurements performed in the previous steps on the same

sample.Comparing the curves, it results that the device output after functionalization is
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almost mrfectly superimposed to the bare device signal. On the other hand the signal
after binding of avidin, which has a much greater molecular mass (~67 kDa compared
to ~240 Da of biotifj178]), appears to be squeezed in the angular range around normal
incidence and appreciably distincbifn the reference one#éll the curves present a
marked dip at about 2° incidence angle and a shallower valley for normal incidence,
instead of a single bedlhaped peak for the optimized grating. This is again qualitatively
in agreement with the transmitize trend simulated using the experimental grating

parameters (shown later).

_ —=— Biotin
4.1x107 A u *'*AVidin -
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Fig. 92 Device output signal inangular scans performed with the bare gold surface, after
functionalization with thiolated biotin (receptor) and after coating with avidin molecules (target
analyte). The device was realized on the epitaxial substrate HM3124, having a 100-tinck deep

spacer.Angular resolution of the measurement: +0.2°.

In order to get a quantitative evaluation of biosensor performance and a direct
comparison with optical model results, we performed a calibration using the
responsivity curve of the bare devidéd. 93). The latter was measured acquiring the
conductivity in angular scans performed with different neutral density filters attenuating
the incident laser beam (attenuation factorthe range 1.0°). From the left graph of
Fig. 93 it is evident that, even attenuating by a factof, 18e angular response of

conductivity is still detectable.
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Fig. 93. Left: conductivity of the bare device as a function of incidence angle for several attenuatio
factors of the incoming beam. Right: responsivity curve of the device out of resonance (4° inciden
angle, full black squares)measured applying different attenuation factors to the incident beam.
Conductivity points relative to normal incidence (empty red triangles) are reported with an
abscissa reduced by a factor 0.58 compared to the abscissa of points taken at 4° incidenggean

In the right part ofig. 93, the conductivity measured at 4° incidence angle (out of
resonance) is plotted as a function of relative intensity, which corresponds to the optical
densitya of the atenuator applied. Due to equati¢h.6), modulations of irradiance
incident on the device, by changing the filter optical demsijtynd modulations of
transmittancel, by grating angular response, are equivalent from the point of view of
transmitted irradiancd] that causes the conductivity modulation. Thus the three data
in the relative intensity range around™@re interpolated Y a parabola and the
resulting curve can be used to calibrate the conductivity against the relative
transmittance.The red points inFig. 93 represent the conductivity measured with
different attenuations at 0° incidence angle (resonant condition). The data are reported
by scaling the abscissa of a factor 0.58 compared to théssdosuf data taken at 4°
incidence angle. As can be noted, the red and black data follow the same trend
confirming that the effect of resonance is simply a scaling factor in the transmittance
independently on the incoming intensity (i.e. the grating bebavis linear as
expected). Moreover this demonstrates that, once the responsivity of the device is
calibrated, the effect of the resonance can be evdluata very broad range of
incoming intensity (six orders of madude). This is a crucial resufor possible

scalability and array application of the device.
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Using the responsivity curve d¢fig. 93 (right), the conductivity (ovd9g signal
reported inFig. 92 is transformed into a transmittance modulation curve and this can be
compared with the simulated transmittance of the plasmonic gratigg9d). All the
curves have been normalized to their value out of resonance (4° incidence angle). By
this procedure, a good agreement between experimental and simulated device response
to the avidinmonolayer coating has been found. Note that, for thisamimized
grating layout, the maximum sensitivity point corresponds toallsionzero incidence
angle.
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Fig. 94: Experimental and simulated plasmonic grating transmittance for the bare surface and
after coating with avidin. All the curvesare normalized to their value at 4° incidence angle. The
experimental curves are obtained by converting channel sheet resistan@ég. 92) into
transmittance by using the device responsivity curve measureéig. 93right). Grating parameters:
pitch 610 nm, duty cycle ~60%

5.12 Sensitivity and resolution estimation

Up to now, the promising data shown in the previous section are the only ones
experimentally obtained. Characterizations of devices integrating optimized
nanostructures are currently ongoing. Nevertheless we tried to estimate the sensitivity
and resolution of the optimized device merging the experimental data already available
and optical simulationsThis should provide a quite accurate estimate since the
simulations are validated by both the ellipsometry and preliminary detectioondbts

non-optimized structure.
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Elaborating the expressi@h.1) for device sensitivity by using equatiofis6)-(5.8)
one gets

a
S:&_ult = %]l KT
Iy INeff 85 Mest

This quantity couldbe experimentally measured immersing the sample in water

(5.9)

solutions containing different glycerol concentrations and having known refractive
indices[150], [164]and acquiring the conductivity signal variation per Refractive Index
Un i tYRIY)qThe quantity in brackets can be estimated by sitinrls as the bulk
refractive index sensitivity normalized to the transmittance of the optimized grating.
Simulations have been performed for the bare gold surface (remaimg) in a uniform

dielectric medium having refractive ind&ks in place of air The results are reported in
Fig. 95.
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Fig. 95: Transmittance (blue line) and normalized transmittance sensitivity to bulk refractive index
changes (green line) simulated by FEM for the optimal grating layout (period = 625 nm, slit
width/pitch = 58%).

In order to estimate the device sensitivity in realistic working conditions as a
biosensor, a correspondence must be determined between thieeftealk) refractive
index and the refractive index and thickness of the modehtédyte film, respectively
aboutn=1.45 andi=3 nm (normal to WMgroove surfaces, about 5 nm on the horizontal
surfaces). This correspondence can be found comparing numerical simulations of the
optical response as a function N (refractive index of the environment surrounding
the bare device) wt those ones as a function wofandt (thin film on gold in air
environment), reported iRig. 96(a) and (b). Scanning the transmittance values (vertical

cross sectios of Fig. 96(a) and (b)), the equivalence betweds andt-n is extracted
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for film characteristics close to the working ones and plotteeign96(c)-(d). Around

the nominal parameters of the film, a linear relation betw&gmandt (or n) represents

a good approximation ardes ~ 1.005 constitutes a reasonable value to mitaebic

analyte coating.

1.02; 10 1.02 2.8
\
1.018} {9 1.018 126
\
1.0167 18 1.016 124
| -
1.014{ 7 1.014 lsin
1.012 6 = 1.012 1
\ £ I
5 101 5 = 2 101 1«
z [ w B l4 8
1.0081' ‘ layer ref. index=1.45| {4 1.008 |ayer thickness=3nm/
[ il i i
1.006} ‘ effactive medium I3 1,006 effective medium 1.6
1.004/ {2 1.004 11.4
\
1002‘» 11 1.002 11.2
1L . > 0 1 1
0 1 2 3 0 2
Transmittance x 10" Transmittance % 10-3
(a) (b)
1.009- 1.009
1.008/ g 1.008
o
1.007} , 1.007
o &
1.006 -5 1.006
K o
1.005} 1.005 d
k7 X S
= ¥ =z
1.004} 1.004
1.003} J’ 1.003
1.002} & 1.002
1001t & 1.001
1 1=
0 2 4 1 15
t (nm) n
(c) (d)

Fig. 96: Comparison of trends of transmittance as a function o with transmittance as a
function of t, keepingfixed n = 1.45 (a), or as a function of, keeping fixedt = 3nm (b); (c,d)
resulting trends of Ny as a function oft and n.

For sucha Ngg value, the relative transmittance sensitidityO T / ¢£bbtained from
Fig. 95is about 4.5-10% / RIU. Finally, considering ey value of the order of 10q 7,

calculated asdoll—s l,e; in the high irradiance range Bfg. 93(right), by equatior(5.9)
rel

we can estimate a device sensitivity vabi@4.5 (D 3 q Y/RIU.
On the other hand, the sensor resolytiamich is the smallest change of the
measurand which produces a detectable change in the sensor [@3fputan be

expressed as



R= o Ny oHNeft /g (5.10)
Ky S
whered s the experimental error on the conductivity measurement and
d s N (5.11)
Vv

wheredV is the standard deviation Mds measurement, at fixed driygncurrent
amplitude, performed by the logk amplifier. This is affected by electronic noise and

laser power fluctuations. Averaging over 80 angular scans we measured

av/V =17 i %and using an attenuator having optical density 10 the condyads
about 8:1F q*, which givesd «5.6-10° q*. Finally, the estimate of the biosensor

resolution isR @L..2 €0 °RIU, which is comparable to other high performing intensity
based biosensof23], [179].

5.13Conclusion

Summarizing, we have presented an innovative, compact and scalable prototype of SPR
biosensor based on the intensity modulation approach. The sensitive surface is a gold
plasmonic crystal integrated on the active area of a phototransistor and consigding

the gate of the device. Shifts of the surface plasmon resonance of the nanostructured
grating, due to the binding of the target molecule to the functionalized surface, modulate
the transmittance of incident light toward the absorbing semiconductaredé&uch
transmittance modulations are transduced into an electric signal by the sensor chip
itself, making the architecture particularly compact and amenable to integration with
micro-fluidic delivery systems and electronic signal processing devicgsuriitular the
detector consists in a High Electron Mobility phduwansistor (HEMT) made of a
GaAs/AlGaAs epitaxial multilayer, featuring high responsivity at low light levels and
more suited for scalability compared to conventional photodiodes.

We have discussed the basic guidelines for the design of the biosensor and we have
presented the optimization of the epitaxial multilayer, performed by the characterization
of the optoelectronic response of two batches of test samples and supported by an
electonic model of energy bands in dark. We also briefly presented the growth
technigue employedwhich is Molecular Beam Epitaxy, and the optoelectronic
characterization setups used. We found that the heterostructure shows a logarithmic

responsivity curve owvea threshold value. The slope of the conductivity versus
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logarithm of irradiance curve is proportional to device sensitivity. It represents the
figure of merit that we tried to maximize by tuning the doping density and the spacer
layer thickness betweehe doped region and the 2DEG channel. Furthermore the GaAs
capping layer thickness was chosen in order to incorporategaod¥e grating,
engraved by anisotropic etching of this epitaxial layer with (100) crystalline orientation.

The gold coated grating sicbeen designed by numerical optical simulations in
order to maximize relative transmittance variations due to surface coating with a thin
organic film. We have shown that both grating diffraction anomalies and the SPP mode
coherently scattered by the petic grooves play a role in the optical response of the
structure.

We presented the micffabrication process developed to realize the devices,
having a HaHlbar layout, and to integrate on the active area the periodic nanostructures
by high resolution namlithographic techniques. The spectroscopic ellipsometry
characterizatiosiof the plasmonic crystals fabricated are in really good agreement with
the simulated specular reflectance spectra.

Finally, electreoptical characterizations of complete devicesvshhat the gold
gratings effectively work both as plasmonic structure and as electronic gate of the
transistors. Also the device output signal versus the incidence angle of the laser beam
has the trend predicted by simulations. Preliminary tests of operas a biosensor,
performed functionalizing the surface with thiolated biotin and using avidin as target
molecule, have validated the design expectations. We also estimated that optimized
devices could feature a resolution of the order 6f R0U, compaable to that of other
state of art biosensors based on the intensity modulation scheme by SPP grating

coupling.
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CONCLUSION

In this thesis we studied the possibility to control light absorption in semiconductor
substrates by plasmonic resonancegenodic arrays of metallic nanostructures. We
focused on the application of this concept to the fields of photovoltaics and sensing.
This analysis was conducted both by optical modelling and experimental tasks.

Plasmonic gratings are periodic corrugasia@n metallic surfaces that, if properly
designed, allow the coupling of free EM waves, propagating in the surrounding
dielectric media, into Surface Plasmon Polaritons (SPPs). Besides working as couplers
of energy into ot her wistsugurefl ohetatlikgbatingsusuppoat c e
specific SPRelated phenomena like Extraordinary Optical Transmission and plasmonic
band gap together with conventional diffraction effects. All these features can be
exploited to mould the flow of light both in nedield, generating high field
enhancements in swhavelength extended regions, and in far field, modifying
macroscale optical properties like reflection, transmission and absorption. Integrating
plasmonic crystals into optelectronic devices we aimed at proving their
performancs, in terms of sensitivity and of energy conversion efficiency respectively
dealing with sensors and solar cells, and to electrically measure modulations ef photo
generation in the semiconductors.

We approached this topic analygia case study, a oca@nensional gold lamellar
grating placed on a silicon substrate. Mapping for different geometric configurations the
field distributions and power flows, generated by monochromatic plane waves incident
of the nanostructured surfacee wdentified the optical resonances of such structures,
their excitation conditions and the relative impact on the absorption profile in the
semiconductor. We showed that, when the coupling condition for SPPs at #Be Au
interface is matched, a field imsfication within shallow Si layers (~100 nm) is
obtained for scarcely absorbed NIR photons. On the other hand, in proximity tc Wood
Rayleigh (WR) anomalies the effective absorption depth in Si is decreased compared to
the case of bare surface, due to #leattering of light into the substrate by grazing
diffraction orders. These phenomena provide a significant absorption enhancement in Si
when they occur simultaneously with Cavity Mode (CM) resonances, by which incident
light is efficiently channééd inb the substrate through the subwavelength slits between

mo d

met al nanowires. I n particular the absorpt.
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