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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 (LSP) plasmonic 

excitations and surface plasmons-related phenomena, like Extraordinary Optical 

Transmission (EOT) and plasmonic band gaps, 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 substrate. In particular 

we consider the application of these concepts to two typologies of optoelectronic 

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 and re-shaping the absorption 

profile, in order to improve the collection of photo-generated charge carriers. We begin 

analyzing a case study, a one-dimensional lamellar grating placed on a silicon substrate, 

by numerical optical simulations. The 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 absorption of ultra-

thin organic solar cells. On the other hand, EOT coupled to diffraction orders are more 

suited to wafer-based Si cells. Then we present the fabrication process developed to 

realize the designed nanostructures over the large surface area of Si photovoltaic 

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 a plasmonic 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 bio-analyte molecules. This event is transduced into an 

electrical signal at device terminals, as confirmed by characterizations on the first 

prototypes fabricated. The metallic grating simultaneously works as plasmonic structure 

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

 

In questa tesi viene trattata la tematica del controllo dell’assorbimento di luce in 

dispositivi a semiconduttore tramite le risonanze plasmoniche proprie di nanostrutture 

metalliche integrate con disposizione periodica. Reticoli metallici supportano 

eccitazioni plasmoniche propaganti (SPP) e localizzate (LSP) e fenomeni correlati ai 

plasmoni di superficie, quali la trasmissione ottica straordinaria (EOT) e la creazione 

band gap plasmoniche, così come effetti di diffrazione convenzionali. Tali risonanze 

ottiche sono state combinate per regolare l’accoppiamento e la distribuzione dei fotoni 

incidenti in substrati semiconduttori assorbenti. In particolare consideriamo 

l’applicazione di tali concetti a due tipologie di dispositivi optoelettronici: celle solari 

fotovoltaiche e foto-transistor. 

Nel caso dei dispositivi fotovoltaici, l’obiettivo è aumentare l’efficienza di 

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’analisi di un caso di studio, un reticolo lamellare monodimensionale posto 

su un substrato di silicio, tramite simulazioni ottiche per via numerica, serve a trovare le 

condizioni di accoppiamento delle risonanze supportate, dimensionando i parametri 

geometrici delle nanostrutture, e mostrare il loro impatto sul profilo di generazione. 

Questi risultati sono quindi applicati, per finalità di “light trapping”, a due strutture 

realistiche di celle solari. Le risonanze SPP e LSP sono capaci di fornire una grande 

intensificazione del campo vicino e aumentano efficacemente l’assorbimento di celle 

solari organiche ultra-sottili. D’altro canto, la combinazione di EOT e ordini di 

diffrazione è più 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 è possibile 

ottenere un aumento dell’efficienza quantica interna rispetto ai dispositivi non nano-

strutturati. 

Per quanto riguarda i foto-transistor, l’obiettivo è utilizzarli come biosensori 

compatti e scalabili tramite l’integrazione di cristalli plasmonici sull’area attiva. Il 

reticolo è stato progettato in modo da massimizzare variazioni di trasmittanza dovute 

alla modulazione delle risonanze plasmoniche indotta dal legame di bio-molecole sulla 

superficie. Questo evento è trasdotto in un segnale elettrico misurabile ai capi del 
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dispositivo, come confermato dalle caratterizzazioni sui primi prototipi fabbricati. Il 

reticolo metallico funziona simultaneamente come struttura plasmonica e come gate 

elettronico del transistor in un’architettura totalmente integrata.  
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INTRODUCTION 

 

Motivation 

Nanophotonics is the field of nanotechnology concerning the manipulation of light-

matter interaction at nanoscales. Nanostructures with dimensions of the order of 

radiation wavelength or deep sub-wavelength can be designed to circumvent the 

diffraction limit or manifest unusual optical phenomena. Nanophotonics has the 

potential for tremendous progresses both in basic research and in technological 

applications. In particular the unprecedented control of the flow of light could help to 

overcome some of the fundamental limits of devices operating in the fields of 

telecommunications, computing, energy harvesting, imaging and sensing. 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 plasmonic effects deserve 

particular attention due to their unique field confinement capabilities. Plasmons 

Polaritons are surface electromagnetic waves coupled to coherent oscillations of free 

charges at metal-dielectric interfaces and rapidly decaying in both media. 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 the sub-diffraction limit 

working regime. Plasmonic nanostructures act as optical nano-antennas interfacing 

macro- and nano-world 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 working 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. On the one hand, the interest is to realize 

miniaturized plasmonic-electronic 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 components and electronic integrated 

circuits. Furthermore metallic nanostructures could carry both optical and electrical 

signals. On the other hand, by plasmonics one can re-design conventional electronic and 
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photonic devices, tuning macroscale properties such as 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 plasmonic gratings on devices’ performance. 

In particular we consider semiconductor devices converting incident photons, with 

energy higher than the band gap, into an electrical current: photovoltaic solar cells and 

photo-transistors. Photon absorption is mediated by plasmonic fields with the following 

objectives: 

 enhancing light harvesting of solar cells by realizing a “light trapping” 

mechanism or, in other words, increasing the optical thickness of the 

photovoltaic absorber layer compared to its physical thickness, which in certain 

circumstances limits devices efficiency; 

 transforming phototransistors into integrated Surface Plasmon Resonance (SPR) 

sensors, able to detect the presence of a thin layer of bio-analyte molecules 

coating the front surface. 

Both photovoltaics and bio-sensing constitute “traditional” application fields for 

plasmonics and are widely investigated in literature. Nevertheless, for what concerns 

photovoltaic devices, we perform a comparative design of plasmonic crystals applied to 

wafer-based 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 compact and 

fully integrated device.  

Ordered array of metallic nanostructures are employed because, by diffraction 

effects, they are able to provide waves propagating in the dielectric with the missing 

momentum to excite surface waves. Indeed, Surface Plasmons on flat metal dielectric 

interfaces are non-radiative 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 be used as basic design 

guidelines. 

Our analysis is carried out both from the modelling and the experimental points of 

view. Full electromagnetic field simulations have been performed, mainly by numerical 

techniques, to calculate the absorption in the semiconductor, modulated by the 



 

 3 

interaction of the nanostructured surface with incident light, and to optimize the 

plasmonic structures layout using properly defined merit functions. 

We developed micro- and nano-fabrication processes to realize the designed 

nanostructures 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 in vacuum and lift-off for plasmonic metals deposition. 

Several kinds of electro-optical characterizations, scanning the wavelength, 

incidence angle or polarization of radiation and the voltage bias applied to the 

electrodes, have been performed. By comparison with 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 thesis 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 which 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 model the resonant EM fields in the case study 

of a gold lamellar grating on a silicon substrate. The analysis, based on numerical 

optical simulations, emphasizes 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 

mechanism for photovoltaic devices is introduced. In particular a modelling study on 

the integration of a plasmonic lamellar grating into an ultra-thin organic solar cell, to 

improve light harvesting efficiency, is discussed. The focus is on the eigenmodes 

(plasmonic and photonic) supported by the multilayer structure of the 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 quantum efficiency of thick, wafer-based, conventional silicon solar cells is 

presented. The design, fabrication, optical and electro-optical characterizations of 

silicon photovoltaic devices integrating silver nanowires gratings on the front flat 

surface are shown. The designed layout combines the standard Si3N4 anti-reflection 

coating with a plasmonic light trapping structure. The emphasis is on the impact of the 

nanostructures on the internal quantum efficiency of the cells, due to the redistribution 

of the absorption profile in areas the device characterized by different probabilities of 

collection of the photo-generated carriers. The analysis consists in a comparison of the 

optical model with front surface reflectance measurements and in a comparison of a 

simple electro-optical model with the 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 photo-transistor which, by integration of a V-

groove gold plasmonic crystal on its gate, is designed to be used as a sensor of bio-

analytes coating its surface. The grating is in this case designed to modulate 

transmission of incident light, toward the photosensitive layer of 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 constitutes an innovative, compact, scalable 

and sensitive architecture for a plasmonic-based biosensor. All the aspects related to the 

device development will be covered: optical simulations, optimization of the epitaxial 

heterostructure, device micro- and nano-fabrication, electro-optical characterizations 

and sensitivity to target molecules binding.  
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1. PLASMONICS BASICS AND APPLICATIONS 

 

1.1 Surface Plasmons and Surface Plasmon Polaritons 

Surface Plasmons (SPs) are coherent oscillations of surface charge density at the 

interface between a metal and a dielectric. In 1957, Ritchie predicted their existence in 

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 density n) in the bulk of metals yields collective 

plasma oscillations about positive ion cores with quantum energy 

                   being the so-called plasmon frequency, e and me respectively 

the electron charge and mass [2]. In presence of a planar boundary between metal and 

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

by            , in the limit for wavevectors large compared to     , where   is the 

speed of light. On the other hand, for wavevectors comparable to the propagation 

constant of light in the dielectric, such charge oscillations can couple to propagating 

electromagnetic (EM) field oscillations resulting in a hybridised excitation called 

Surface Plasmon Polariton (SPP). 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 medium (Fig. 1). For this reason SPP fields cannot be 

observed in conventional (far-field) experiments unless the SPP is transformed into 

light, e.g., by its interaction with surface inhomogeneities. SPPs can propagate along the 

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

[3]. 

The confinement of EM fields in subwavelength-extended regions close to the 

dielectric–metal interface could find a multitude of applications like high resolution 

imaging and nano-scale devices for photonics and energy-harvesting. 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 surface conditions. This sensitivity is 

extensively used for studying adsorbates on a surface in chemo- and bio-sensors [4]. 

The enhancement of the electromagnetic field at the interface is also responsible for 

surface-enhanced optical phenomena such as Raman scattering, non-linear effects and 

fluorescence [5]. 

http://en.wikipedia.org/wiki/Surface_plasmon_polariton
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1.2 Dispersion relation of SPPs on a flat metal-dielectric interface 

In order to highlight the basic features of SPPs, mentioned in the previous paragraph, in 

terms of field profile, dispersion relation and excitation mechanisms, in this section we 

will analyze the simplest system supporting such EM excitations, a flat interface 

between a semi-infinite metal and dielectric media. SPPs are EM field distributions 

which are solutions of the wave equation, in absence of external stimuli, travelling 

along this interface. They exponentially 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, 

non-magnetic and linear medium with dielectric function ( )   , and considering 

harmonic time dependence on the fields ( ( ) i te E E r ) , the wave equation takes the 

form of the Helmholtz equation: 

 
2 2

0 0k   E E   (1.1) 

where 0k
c

  is the vacuum wavevector,   is the radian frequency and c  is the speed 

of light. Considering a coordinate system where the interface lays on the y=0 plane and 

the wave propagates along the x direction (Fig. 1), the field distribution can be written 

as ( ) ( ) xik x
y eE r E , where xk   is the propagation constant of the wave and 

corresponds to the component of the wavevector in the direction of propagation. With 

these assumptions the wave equation can be written as 
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Fig. 1: Schematic representation of a SPP propagating on a flat metal-dielectric interface, electric 

field lines, field and surface charge density distribution.  

Due to symmetry considerations on the analyzed geometry, there are two 

orthogonal sets of solutions to this problem with different polarization properties: 

Transverse Magnetic (TM or p-polarized) modes and Transverse Electric (TE or s-

polarized) modes, having respectively H and E fields aligned along the z direction (on 

the interface and normal to the propagation direction). It is possible to show [6] that 

only for TM polarization a non trivial solution of this problem, giving waves 

propagating bound to the surface, exists. For this polarization, combining equations 

(1.4) and (1.5), the field distribution has the following analytical profile: 
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for y>0, the semi-space occupied by the dielectric medium (d subscript), and 

 ,
,

y mk yi x
z m mH A e e   (1.9) 

 ,,
,

y mk ym y m i x
x m

o m

iA k
E e e

 
    (1.10) 

 ,
,

y mk yi xm
y m

o m

A
E e e

 
    (1.11) 

for y<0, the semi-space occupied by the metal (m subscript).  

+++ - - - +++

y

Dielectric

z

Metal

Hz

Ey

Ex

x



 

 8 

Applying the continuity boundary conditions at y=0 for the in-plane component of 

H ( , ,z d z mH H ) and for the out-of-plane component of D ( , ,d y d m y mE E  ), it 

results that d mA A  and that 

 
,

,

y d d

y m m

k

k




    (1.12) 

Since 0d 
 
and since both ,y dk  and ,y mk must be positive to have non-diverging 

field amplitudes, equation (1.12), condition for the surface wave to exist, is satisfied by 

metals below the plasma frequency, for which Re[ ( )] 0m   . In this frequency range, 

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 for zH into the wave equation (1.3) one gets: 

 2 2 2
, 0y d dk k     (1.13) 

 2 2 2
, 0y m mk k     (1.14) 

from which, using (1.12), it is possible to derive the characteristic dispersion relation for 

a SPP on a flat metal-dielectric interface: 

 d m
x

d m

k
c

 


 
 


  (1.15) 

From this expression comes that another condition to be satisfied in order to have a 

propagating wave bound to the surface ( 0k   and not purely imaginary) is 

Re[ ( )]m d    . 

Finally it is possible to reformulate the expressions (1.13) and (1.14) for the components 

of the wavevector of the SPP normal to the interface: 
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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 function ( )m   fully describes the macroscopic electronic response 

of a material. In metals a simple model commonly used to describe ( )m   is the 

plasma or Drude model. It is a semi-classical model in which conduction electrons are 

treated as a particles being free to oscillate driven by an external harmonic electric field 

and damped by scattering phenomena (including electron–electron, electron–phonon, 

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

 

2

2
( ) 1

p
m

i


 

 
 


  (1.18) 

where   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 experimentally [7] and the 

relative Drude model. The imaginary part of ( )Ag  is described 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 range Re[ ( )] 0Ag    and the absolute value 

increases for lower frequencies.  

  

Fig. 2: Real (left) and imaginary (right) part of the dielectric function of silver. The dots are 

experimental values measured by Johnson and Christy [7] while solid lines are fits obtained with 

the Drude model (1.18) ( P =8.6 eV,  =45 meV [8]) 
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Ag is the metal that exhibits the smallest absorption while having a large and 

negative real part of ( )  throughout the visible and near-infrared frequency regimes. 

This is the reason why it is commonly exploited for plasmonic applications. On the 

other hand gold starts to absorb for lower energies (threshold at about 2 eV) and this is 

the reason for its yellowish colour. In the near-infrared also Au has favourable 

plasmonic properties. 

1.4 Characteristics of SPPs on a flat metal-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 infra-red), the propagation constant   (purely real) 

of the SPP obtained from (1.15) is plotted in Fig. 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 

 x dk n
c


   (1.19) 

and it corresponds to a propagation direction parallel to the metal-dielectric interface (x-

direction). Plane waves propagating toward different directions in the xy plane lay to the 

left of the light line in the k   graph. On the other hand from Fig. 3 it is clear that the 

SPP dispersion relation lies to the right of the light line and asymptotically reaches it in 

the limit for low frequencies. Due to this mismatch of k-vector, ordinary light 

propagating in the dielectric cannot exchange energy 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 

 
1

P
SP

d








  (1.20) 

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

k
 ) and group velocity ( d

dk
 ) tend to zero. 
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Fig. 3: Dispersion relation of a SPP supported by a silver/vacuum interface as described by 

equation (1.15). Black solid line: Ag treated as a Drude metal ( P =8.6 eV) with negligible 

damping. Gray lines: Ag dielectric function from [7]. Black dashed line: light line. Dash dotted line: 

surface plasmon frequency. 

Using the experimental data for the dielectric function of Ag and considering also 

the ohmic losses of the real metal described by Im[ ( )] 0Ag   ,   becomes complex. 

Both its real and imaginary parts are plotted with gray lines in Fig. 3. Due to these 

losses, the energy carried by a SPP decays exponentially as it propagates along the 

planar dielectric-metal interface. The 1/e decay length, called the energy propagation 

length xL  is determined by the imaginary part of the SPP wavenumber: 

 
3/2

3/2

Im( )1
2Im( )

| Re( ) |(| Re( ) | )

d m

x m m d
L c

 


  
 


  (1.21) 

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

terms of propagation distances travelled by the SPP, has got not only a low imaginary 

part of ( )m   but also a high magnitude of the real part of ( )m  . Furthermore, metals 

having low losses show narrower and more marked plasmonic resonances. 

Another striking feature that appears using a realistic model for ( )m 
 
is that 

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

the effective (or screened) surface plasmon frequency. This fact limits the maximum 

confinement of the SPP field close to supporting interface. As can be seen from 

equations (1.6) to (1.11), all the field components amplitudes decay exponentially away 

from the interface with a typical decay length yL given by the inverse of yk in each 
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medium. From equations (1.13) and (1.14) it is inferred that the confinement increases 

with Re( ) . As a consequence another figure of merit to evaluate the spatial extension 

of the plasmonic field is the SPP wavelength, defined as 2 Re( )SPP   . 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 the Ag-vacuum interface considered. 

Compared to the Near 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 reduced due 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 length of SPPs, of the order of several hundred microns for single 

metal-dielectric 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 of view of field confinement. Thus these two approaches 

to guided optics are not mutually exclusive and benefits could come from their 

combination [9], [10].  

 

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 of (1.16) and (1.17) for a 

silver-vacuum interface in the VIS-NIR range.  
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The field distribution maps reported in Fig. 5, derived from eq. (1.6) to (1.11), 

support the previous discussion. Comparing the magnetic field distributions of Fig. 5(a) 

and Fig. 5(b), it appears that at higher energies the field penetrates less in the dielectric 

and that it is attenuated more rapidly as it propagates along the x-direction. 

  

  

  

Fig. 5: EM field distributions of a SPP propagating along the x-direction derived from eq. (1.6) to 

(1.11). Interface on y=0 plane, vacuum for y>0, Ag for y<0. (a): Magnetic field at   =2eV; (b): 

Magnetic field at   =3eV; (c), (d), (e): longitudinal component, transverse component and norm of 

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

at   =3eV. 

The exponential decay both in the propagation direction and in the normal direction 

can also be inferred from the electric field norm map of Fig. 5(e). SPP has both 
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transverse and longitudinal electromagnetic field components. The magnetic field 

(aligned along the z-axis) is parallel to the surface and perpendicular to the propagation 

direction. The SPP electric field has components parallel to the direction of the SPP 

propagation (Fig. 5(c)) and perpendicular to the surface (Fig. 5(d)) as can also be seen 

from the arrow plot of Fig. 5(f) representing the electric field lines. The ratio of the 

transverse and longitudinal components is given by 

 
y

x y

E
i

E k


   (1.22) 

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

short wavevectors (photon-like excitations), for which the dispersion curve is close to 

the light-line. Only for very long wavevectors (plasmon-like excitations or quasi-

electrostatic limit) transverse and longitudinal components are comparable [11]. Finally 

it is interesting to note that the discontinuity of yE  on the interface plane (Fig. 5(d)) is 

linked to the surface charge density waves by 0 , ,( ) ( )y d y mx E E   . [12]  

Up to now we have considered vacuum as dielectric medium in contact with 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 vacuum-metal interface, let us consider the 

case of a flat silicon-silver interface. The relative dispersion relation, propagation length 

and penetration depths are reported in Fig. 6.  

  

Fig. 6: SPP at a flat Si-Ag interface. (a): Real and imaginary part of the propagation constant 

(black solid and dash-dot lines) and light line (considering constant n=3.5, black dashed line) for the 

case of Si as dielectric. As comparison 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 the dielectric function of Si in the optical spectrum, it 

appears from the dispersion relation that the effective surface plasmon frequency, at 

which Re( )  is maximum, is red-shifted compared to vacuum. Note that in Fig. 6(a) 

the light line for Si is plotted considering a constant real refractive index n=3.5, while 

the propagation constant calculation considers dispersion in Si. The magnitude of 

Re( )  close to 
SP  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 is enhanced (few tens of nanometres in the VIS-NIR) in Si compared to 

vacuum. 

1.5 SPP in metal-dielectric multilayers 

Moving from a simple flat dielectric-metal interface to more complex geometries, in 

which the translational symmetry is broken along the propagation direction 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 metal-dielectric 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 simplest slab 

waveguides are Insulator\Metal\Insulator (IMI) and Metal\Insulator\Metal (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 zH and an antisymmetric distribution of surface charges and xE  across the trilayer. 

The opposite applies to antisymmetric modes. In Fig. 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 single Ag/vacuum 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 mode extends 

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 Short Range SPP 

(SR-SPP) and is tightly confined close to the metal film.  

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

supported in the MIM geometry and only a symmetric plasmonic mode exists. This 

mode exhibits even a higher confinement compared to the SR-SPP of IMI waveguides 

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

independently of the core layer thickness. 

  

  

  

Fig. 7: Vacuum\Ag (20 nm)\Vacuum (left) and Ag\Vacuum (20 nm)\Ag (right) tri-layer propagation 

constant (top), propagation length (middle) and magnetic field distribution across the thin film 

(bottom).  
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1.6 Localized surface plasmons 

Besides SPPs propagating at planar dielectric-metal interfaces, in finite sized metallic 

(nano-)structures another kind of plasmonic excitation exists. The first fundamental 

difference with SPPs is that these excitations are not propagating and for this reason 

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 equation, 2 0   , for the electric potential   using an 

electrostatic approximation. In this condition an external incident electric field inE  

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

0 m inp E   . For larger nanoparticles multipolar excitations are not negligible and 

more rigorous approaches, e.g. the Mie theory, are needed to calculate the Surface 

Plasmon Resonance (SPR) spectra. The polarizability   has 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 dielectric constant 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 section [6]. The relative weight of scattering and absorption can be 

tailored for the specific application designing the nanoparticle properties. For a 

nanosphere having radius r<<λ, the polarizability is given by [6] 

 3 ( )
4

( ) 2

m d

m d

r
  

 
  





  (1.23) 

which shows a resonant enhancement when the Fröhlich condition is satisfied 

  Re ( ) 2m d      (1.24) 

while the scattering (Csca) and absorption (Cabs) cross sections are expressed by 

 
4

2

6
sca

k
C 


   (1.25) 

 Im[ ]absC k    (1.26) 
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The resonance in the extinction cross section (Csca+Cabs) makes noble metal 

nanoparticles widely used as intense labels for immunoassays, biochemical sensors and 

surface enhanced spectroscopies [17]. Among the other applications there is also cancer 

therapy which employs their photothermal effects. As a matter of fact LSPs can decay 

non-radiatively 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 been widely investigated 

and used [15], [18]. Metal nanostrips with rectangular cross section are particularly 

interesting because they can be treated as truncated slab waveguides [19], [20]. 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 

reason they are also called “nanoantennas”. In these nanostructures the LSP resonances 

can be considered as generated by interference of counter-propagating SR-SPP IMI 

waveguide modes reflected and scattered at the nanostrip end facets. In analogy with 

Fabry-Perot resonators, nanostrips can be treated as one-dimensional cavities where a 

standing wave builds up once the phase accumulated per round trip equals an integer 

multiple (n) of 2π: 

 2 2 2res IMI rL n      (1.27) 

r  is the phase pickup upon reflection from the structure terminations. It is related 

to the field penetration 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 wavelength. Assuming to have a 

nanostrip illuminated from the top with a normally incident TM-polarized plane wave, 

enhanced near fields arise at definite strip width satisfying (1.27), only for odd values of 

n due to symmetry reasons. These resonant fields are plotted in Fig. 8 for a 30 nm-thick 

silver nanostrip, assuming a wavelength in vacuum of 550 nm. 
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Fig. 8: Electric field norm, normalized to the electric field norm of an incident TM-polarized plane 

wave at λ=550 nm, for a silver nanostrip in air having a thickness of 30 nm and width of 130, 575 

and 1040 nm (from left to right) corresponding to the first three resonant nanostrip lengths. 

Simulation reproduced from the case study of reference [19]   

1.7 Excitation of surface plasmon polaritons 

In order to exploit the properties of SPP fields, it is crucial 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 of the metal-dielectric interface but 

leaky-modes. Purely surface waves are “dark modes”. 

Phase matching techniques are aimed at providing to a wave, at a given frequency 

  and wavevector within the light cone of the dielectric, the missing wavevector 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 effects [21]. 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 waves can have evanescent 

components. 

1.7.1 Prism coupling 

The so called Kretschmann configuration (Fig. 9a) is among the techniques based on 

photon tunnelling in the Total Internal Reflection (TIR) geometry. In the Kretschmann 

configuration a thin metal film constitutes the coating of a prism through which light 

comes. A SPP supported at the interface between the metal and another dielectric, with 

refractive index lower than that of the prism, can be excited. For incidence angles higher 

than the critical angle for TIR, an evanescent field component exists 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 the in-plane component of the photon 



 

 20 

wavevector in the prism coincides with the SPP wavevector at the outer dielectric-metal 

interface.  

 

Fig. 9: SPP excitation configurations: (a) Kretschmann geometry, (b) two-layer Kretschmann 

geometry, (c) Otto geometry, (d) excitation with an SNOM probe, (e) diffraction on a grating, and 

(f) diffraction on surface features. Illustration extracted from reference [11] 

This concept can be visually explained by Fig. 6a. Assuming to work with a Si-Ag-

vacuum system and IR light incident from the Si side (non absorbing in this frequency 

range), at sufficiently 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 vacuum-Ag interface can be matched. 

The two-layer Kretschmann geometry (Fig. 9b) and Otto geometry (Fig. 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 dips in the 

reflectivity curves from the prism-metal interface performing angular or wavelength 

scans.  

Since power from free propagating waves is transferred to fields concentrated close 

to the metal surface, a high field enhancement is obtained at resonance. For example, 

the SPP intensity is enhanced by more than three order of magnitude compared to light 

transmitted at normal incidence in a prism-Ag film (60 nm-thick) system illuminated 

with red light [22]. The field concentration within subwavelength extended regions 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 SPR-based biosensor [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 Near-field Optical Microscopy (SNOM) is based 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 source of circular SPP waves (Fig. 9d) 

[24]. In order to avoid perturbation of SPP fields by the SNOM probe, tips made of low 

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 momentum matching (Fig. 9f). 

Vice versa, any surface feature can scatter a SPP into another SPP (in-plane scattering, 

reflection, transmission) or couple it into a radiation mode of the dielectric (out-of-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 also present 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 interactions with surface features open 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, lenses, prisms, resonators, etc. This 

allows to develop 2D optics of surface polaritons that can find numerous applications in 

nanophotonics and related technologies [21]. 

1.7.3 Grating coupling 

Another fundamental technique that can be used to couple surface-bound 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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supporting 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 output coupler. Arrows represent light intensity I incident, 

reflected, diffracted, coupled to grating SPP and to flat film SPP and scattered again into a free 

space wave. Illustration extracted from reference [25] 

Plasmonic gratings are made of ordered arrays of metallic nanostructures or 

dielectric nanostructures on a metallic surface [26]. When illuminated by 

monochromatic plane waves, gratings allow the excitation of collimated, unidirectional 

SPP beams propagating along the metal surface [27], [28]. Sophisticated designs allow 

also the focusing of the generated SPP by non-collinear phase-matching [29]. The 

control over propagation direction in the surface plane constitutes an advantage 

compared to the circular SPP waves generated by “point sources” like the SNOM tip. 

Similarly, the gratings can serve as output coupler, decoupling power of guided waves 

into radiation with well defined far field pattern [30].  

As already discussed, SPPs can also be excited on randomly rough surfaces but 

with low efficiency due to the non-resonant conditions. Also comparing to sparse or 

isolated scattering nanostructures [31], [32], the power transfer efficiency that can be 

reached by optimized gratings is much higher (>45% at 780 nm has been 

experimentally demonstrated [25]). 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 dielectric. 

The most simple and common plasmonic gratings are one-dimensional corrugations 

of a metal surface with sinusoidal or rectangular cross section (ridge or grooves) and 

continuous translational symmetry along the direction normal to the incidence plane. 

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 grating ( gr ) is 

achieved. This mode can then couple to the SPP mode on the flat film ( ff ). In general 

they are different each other but become very similar in the limit of shallow 

corrugations [8], [25]. 

The phase-matching condition consists in a relation between grating period ( d ), 

incident radiation wavelength ( 0 / n  ) and incidence angle ( ). It expresses 

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

||
2

k sen





 , reaches the SPP propagation constant ( SPP ) recovering the missing 

wavevector by the grating momentum, 
2

G
d


  : 

 ||SPP k mG     (1.28) 

This is in general a vectorial relation because there can be a non-zero azimuthal 

angle between the grating wavevector and the in-plane component of the incident plane 

wave. Furthermore, while m 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 with in-plane wavevector ||, ||,out ink k mG   

and out-of-plane wavevector 
2 2

, ||,out in outk k k   . As a consequence, when mG is 

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

imaginary and the scattered wave is propagating in the in-plane direction and 

evanescent in the out-of-plane direction. If ||,outk  of one of these evanescent waves 

matches SPP , a resonant coupling to the SPP mode occurs (see Fig. 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 evanescent modes 

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 the approximation of 

shallow corrugation. Light propagating in vacuum, with in-plane wavevector within the light lines, 

can match the propagation constant of the SPP differing by ±mG  

The pitch of the grating is of primary importance to determine the coupling 

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 resonance conditions. 

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 particular in high aspect-

ratio grating structures highly localized resonances become prominent [33]. 

Going back to the case of shallow gratings, it has been proposed by Koev et al. [25] 

that, in absence of resonant peaks in the scattering cross section of small grooves, the 

scattering strength increases with groove dimensions and that an optimal scattering 

strength exists to maximize the global incoupling efficiency. The optimal scattering 

strength scales with non-radiative losses, linked to power dissipation and surface 

roughness, and comes from a trade-off 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 between specularly 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 to launch SPPs on flat surfaces 

but also because they can support some specific SPP-related phenomena like 

Extraordinary Optical Transmission (EOT), polarization conversion and the creation of 

plasmonic band-gaps.   

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 

periodic dielectric structures with pitch comparable to the wavelength, called photonic 

crystals, can be subjected to energy band gaps corresponding to frequencies where light 

propagation is inhibited in particular or every directions [34]. Engineering the Bravais 

lattice and the refractive index contrast, it is possible to control the density of states of 

photons. By designing defects within a photonic crystal, which create photonic states at 

frequencies in the band gap, nano-cavities and waveguides with sharp bends and low 

losses can be realized.  

Similarly, the density of states and dispersion of surface plasmons can 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 diffraction grating can be used to 

excite SPPs on smooth metal films folding copies of the SPP dispersion relation (1.15), 

in the limit of flat interfaces, as represented in Fig. 11. More rigorously, the dispersion 

relation of SPPs propagating on periodically structured films departs from the flat 

interface approximation due to coherent scattering 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 light [35] but also band gaps appear 

between the branches of the dispersion relation at points of symmetry of the first 

Brillouin zone [21] (represented in Fig. 12(a)), for example when in a 1D grating the 

period is half of the effective wavelength of the SP mode.  

A simple physical picture of the nature of energy gaps for SPPs has been suggested 

and proved by an analytical model by Barnes et al. [12]. Consider a sinusoidal grating 

profile and the Bloch SPP waves corresponding to the k-vector of a band gap and 

energy belonging to the relative low and high energy bands (Fig. 12(b)). The high 
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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 the electric 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 gaps do not exist. Indeed, as the modulation depth increases, so the 

distortion of the fields, and thus the energy difference between the two distributions 

increases.  

  

Fig. 12: (a) Extended zone scheme representing the folding of the SPP dispersion relation of a flat 

vacuum-Ag interface by a shallow 1D grating and Bloch-type energy bands without the shallow 

grating approximation.  (b) Schematic representation of the electric field lines and surface charge 

density distributions of SPPs at the k-vector corresponding to a band gap, belonging to the low 

energy (  ) and to the high energy (  ) band of the dispersion relation. Extracted from 

reference [12]  

While no SP modes are supported at frequencies within the band gap, at 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 enhancement 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 Ebbesen et al. [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 hole diameter and the pitch of the grating (no 
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diffraction orders present but the zeroth-order), 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 the incident on that area. Such transmittance 

values are also orders of magnitude greater than predicted by standard aperture theory 

formulated by Bethe [37]. According to this theory, the transmission coefficient 

normalized to the aperture area, 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. Thus, this theory would imply a very low total 

transmission, also compared to the Kirchhoff’s diffraction theory where it scales with 

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 role played by 

surface EM modes in the appearance of EOT [38]. Transmission efficiencies greater 

than one suggest that the transmission is mediated by SPPs excited via grating-coupling, 

in such a way that 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. 

Several different geometries of apertures and arrays have been analyzed (Fig. 13).  

  

Fig. 13: Examples of gratings and grooves nanofabricated on metal surfaces for EOT experiments 

(from [38–40]) 

Among these, a significant layout is a single aperture surrounded on the front 

and/or back surface of the film by periodic structures, respectively with the aim to 

collect and focus incident light toward the aperture and to control the angular 

distribution of the transmitted radiation [40]. 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, like slits. 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 phase-matching contribute to the transmission spectrum of the 

perforated membrane. 

Since 1D gratings, made of array of slits 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 approaches and simulation techniques, like semi-analytical 

models, transfer matrix and modal expansion methods [41–43], that there are two 

possible ways of transferring incident 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 

grating, 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 through the slits 

as pointed out by Ongarello et 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 modes propagating inside the slits which always couple both 

interfaces, the two cited mechanisms are mixed in a way that depends strongly on the 

geometrical 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 gratings [39], [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 occurring in 

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 this overview 

are non-linear effects, subwavelength optical imaging and lithography, negative 

refractive index materials and metamaterials.  

1.10.1 Plasmon-based sensing and molecular spectroscopy 

One of the fundamental application fields of surface plasmons is in sensing and 

molecular spectroscopy [17]. Concentrating on SPPs propagating on flat and 

nanopatterned metal-dielectric interfaces, due to the vastness of the topic, plasmonic 
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structures have been used for molecular absorption, 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 sensors are ideal 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 characteristics of the light wave coupled to it (e.g. coupling 

angle, wavelength, intensity, phase) [4]. Usually the active metal surface is 

functionalized, e.g. it is coated with a bio-recognition element able 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 coupling [45]. It has been widely tested both in 

wavelength and angular spectroscopy systems. Arrays of sensing channels can be 

prepared on the same undulated substrate [46], 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 a two-dimensional CCD 

detector. A refractive index resolution up to 3·10
-7

 RIU (Refractive Index Units) has 

been reported, obtained by a special spectral-resolved configuration (Fig. 14). It exploits 

the dispersion of incident polychromatic light onto a position-sensitive detector, by the 

first diffraction order, to monitor the coupling of energy into a SPP, via the second 

diffraction order [47]. 

 

Fig. 14: Representation of a special SPR biosensor, using polychromatic collimated irradiation of a 

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 SPP [4], [47] 
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Nanopatterned metallic films featuring plasmonic hot spots 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 induced by the 

field enhancement, at the excitation and Stokes frequency, in 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 the sensitivity to 

the detection, and identification, of molecules deposited on the surface of the 

nanostructures. Plasmonic nanostructures can generate strong light concentrations, in 

such a way that Raman scattering can be increased by several orders of magnitude up to 

the possibility of single molecule detection (SM-SERS) [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 plasmonic hot 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 10
2
 [48] 

In spite of the fact that random rough metallic surfaces still provide a higher SERS 

enhancement factor, compared to that associated to SPP modes in subwavelength 

apertures, ordered arrays of nanostructures (Fig. 15) have the advantage of being 
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tunable, more reproducible and could give predictable enhancement factors [48]. They 

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 of nano-optical 

and electronics circuits on the same chip [51]. As the dimension of electronic devices 

shrinks, the commutation speed of transistors increases but the limitation of bandwidth 

in data transfer, due to the delay line of copper interconnections (intra- and 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 bit rates of the order of tens Tbit/s theoretically 

achievable versus few tens of Gbit/s for copper interconnects. On the other hand, optical 

fibres and waveguides show a cut-off for the lowest order propagating mode as their 

cross section is reduced, so the typical dimensions of these waveguides is a couple of 

orders of magnitude greater than the dimensions of electronic components (depicted in 

Fig. 16). Also the minimum bending radius allowed not to have leakage of the guided 

mode constitutes a size limit.  

 

Fig. 16: Operating speeds and critical dimensions of various chip-scale device technologies, 

highlighting the strengths of the different technologies [52] 

As discussed in the previous sections, the strong field confinement close 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 

between electrical and optical components [9]. Actually, nowadays this is a really wide 
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and active research field. In order to realize plasmonic optoelectronic circuits, several 

components like waveguides [53–56], switches, filters [57], [58], couplers, resonators, 

light sources [59–62] and detectors [63–65] 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, there is a trade-off 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 propagation losses has been 

proposed and demonstrated experimentally [68], [69]. Another fundamental topic 

related to the field of plasmonic integrated circuits is the ability to actively control 

resonances and dispersion by all-optical or electro-optical 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 

reported [70], [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 subwavelength-extended detectors, beating the 

diffraction limit that would otherwise cut responsivity, has found several 

demonstrations, especially in Metal-Semiconductor-Metal (MSM) photodetectors. 

Among these, a couple of examples deserve attention. The first is a germanium detector 

embedded in the arms of a sleeve-dipole antenna that holds the record for the low active 

semiconductor volume of λ
3
/10

4
 [63]. In other layouts the absorption cross section of 

the detector is enhanced surrounding the active area by plasmonic gratings, which 

harvest radiation and concentrate it toward the photosensitive element. In particular, in 

reference [64], the grating is integrated onto 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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Fig. 17: Plasmonic MSM (Au-GaAs-Au) photodetector, having anode and cathode patterned with 

periodic Au ridges that concentrate normally incident 830nm-light 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 micro- and macro-scale, 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 

subwavelength, 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 near metallic nanostructures can profoundly alter the 

light-emission properties of nearby optical emitters by: increasing optical excitation 

rates; modifying radiative and non-radiative decay rates; altering emission directionality 

[5]. While the first phenomenon is related to the field enhancement effect, the last two 

are related to the modification of the photonic Local Density Of States (LDOS) near the 

metal surface, which affects spontaneous emission and relaxation paths of excited 

molecules back to their ground state. 
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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 of the structure 

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 to SPPs [35]. 

Nevertheless, by proper nanopatterning of metal or dielectric films, not only power 

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 serve its original 

function and also provide an outcoupling mechanism for the SPPs and the trapped light. 

This has been demonstrated for both inorganic [72] and organic LEDs [73], [74]. Hsu et 

al. [73] realized an Alq3-based OLED integrating gold nanowires arrays, both between 

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 corrugations and subwavelength apertures of metal films on the 

output surface of quantum cascade lasers [30] and VCSELs [75] have been exploited as 

plasmonic collimators or to stabilize and control the polarization output angle.  

  



 

 35 

2. RESONANCES OF LAMELLAR PLASMONIC GRATINGS ON 

A SEMICONDUCTOR SUBSTRATE 

 

2.1 Introduction 

One of the main features of plasmonic nanostructures is the highly enhanced local EM 

field close to metal-dielectric interfaces, most of the energy being concentrated on the 

dielectric side. This property can have, as a direct consequence, a strong increase of 

optical absorption if the dielectric surrounding the metal structure has a non zero 

absorption coefficient. An extraordinary optical absorption of 352% has been reported 

by White et al. [76] in a 45x50 nm
2
 “volume” (in a two-dimensional geometry) of Si 

below an isolated 30 nm-wide 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 without any 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 for efficiency improvement of semiconductor devices such as 

solar cells or photodetectors [77], [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 and, if arranged periodically, grating coupling 

plays a prominent role. With this in mind, we approach the topic of light absorption 

enhancement in semiconductors, by the plasmonic resonances of nanostructured 

metallic gratings, considering the following case study: a one-dimensional lamellar gold 

grating placed on top of a semi-infinite silicon substrate in vacuum (Fig. 18). 

The purpose of this analysis is to show and clarify, by full EM field simulations, 

how the different optical resonances of 1D digital metallic gratings can be exploited to 

modulate the absorption profile of incident radiation, within different depth scales, in 

the underlying semiconductor [79]. 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. 



 

 36 

 

 

Fig. 18: Three-dimensional view and cross section of the case study under consideration: a 1D gold 

lamellar grating on a semi-infinite silicon substrate. 

In this analysis we limited to the case of radiation normally impinging on the 

nanostructured surface and constituted 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 indirect band gap at 1100 nm: several hundred microns of 

semiconductor are needed to absorb most of the incident 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 thickness ranging between 200 and 500 µm, 

the overall efficiency of conventional wafer-based silicon solar cells still suffers from 

the low absorption in the NIR part of the spectrum. This issue has a much greater 

impact on thin film solar cells, having an absorber layer 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 related to wideband 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 simulations varying systematically both the thickness (h) and 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 TM-polarized incident light, i.e. the magnetic 

Incident light

Si

Au
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field is parallel to the metal stripes ( 0yH  , 0x zH H  ), since it is the only 

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

The full EM field distribution generated by the scattering of a plane wave incident 

on a diffraction grating can be decomposed in the surrounding dielectric media, 

indicated respectively with numbers 1 and 3 in Fig. 18, in Bloch-Floquet modes (plane 

wave expansion) [42]: 
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(2.1) and (2.2) refer respectively to the upper (no superscript) and lower (3 

superscript) dielectric medium. In region 1 the total field is the sum of the incident 

monochromatic plane wave and of the set of the m diffraction orders that the grating 

structure scatters with amplitude mr . Similarly mt  are the field transmission coefficients 

in region 3.  and (3) are the incidence and refraction angles related by the Snell’s 

law. Equation (2.3) can also be rewritten to assume the familiar gratings equation form: 

   1 3 ,sin sin d mn n m
d


     (2.6) 

Thus, for normal incidence and vacuum 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 of the layout shown in Fig. 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 descriptions of this modelling technique and of the 

theoretical concepts at the base of FEM are reported in Appendix A. 

The first step of the procedure to design a FEM model consists in defining the 

geometry of the structure and materials properties. In our EM field simulations of 1D 
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plasmonic gratings on semiconductor substrates, the unique material properties of 

interest are the refractive index dispersion relations for each domain, from Drude model 

or experimental data. In particular the dielectric constants of gold and silicon at 1000 

nm were taken to be εm = -46.4+3.5i and ε3 = 12.9+3.6·10
-3

i respectively [81]. Gold was 

chosen because of its low dissipation in the NIR compared to other metals and its well 

defined plasmonic properties, since Im( Re() )m m   [22].  

Due to the continuous translational symmetry of the problem along the y axis, the 

layout to simulate is a cross section of the structure in the xz plane. Exploiting the 

discrete translational symmetry along the x axis, only one single period of the structure 

need to be taken into account: the optical properties of an infinitely periodic structure 

can be retrieved by imposing proper periodic conditions at the lateral boundary of the 

simulated region. These are also known as Bloch-Floquet boundary conditions and, 

using the coordinate system of Fig. 18(right), can be expressed as: 

 ( 2, ) ( 2, )exp( )d z d z i  0H H k r   (2.7) 

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

propagating in vacuum, also in a direction not parallel to the coordinate axis. But it can 

be easily demonstrated that also the total field, tot incident diffractedH H H  , generated 

by a monochromatic plane wave incident on a periodic structure, satisfies the periodic 

boundary condition. Indeed, inserting the diffracted fields, described by equations (2.1) 

and (2.2), into (2.7) we get: 

  , , , , 0exp exp exp sin
2 2

x n z n x n z n
d d

ik ik z ik ik z ik d 
    

     
   

  (2.8) 

Thus, not only the incident field satisfies (2.7) but also the diffracted fields do. This 

demonstrates that the Floquet boundary condition is appropriate at the lateral boundaries 

of one period of the structure 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, Perfectly Matched Layers 

(PMLs) domains are placed at the top and the bottom boundaries of 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 grating on 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 power (Pincident) and at the same time it lets correctly absorbs all 

the scattered waves [80]. The mesh, by which the domains are discretized, has a not 

uniform distribution, with finer element dimensions (≪λ) close to physical interfaces. 

The number of elements of the mesh and the thickness of the dielectric layers is 

sufficiently extended such that, performing tests with several mesh refinements and 

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 simulations have to be performed, so the minimum refinement to get 

reliable results is usually chosen. Several tests where this FEM simulation technique is 

compared with analytical simulations, like Transfer Matrix Method (TMM) and 

Chandezon’s method, and experimental results, respectively on flat multilayers and 

sinusoidal metal gratings, confirm the reliability of the numerical model [82].  

Once the full EM field distribution is calculated, by post-processing these data it is 

also possible to extract the other relevant 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 power flow P 

through any boundary as Poynting vector flux. The transmittance (T) and reflectance (R) 

are therefore obtained as: 

 transmitted

incident
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P
   (2.9) 
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P P


     (2.10) 

where the net power flow is calculated respectively at the bottom semiconductor-

PML interface and at the top air-PML interface (Fig. 18). The absorptance (Q) is the 

ratio between the radiant flux absorbed in a domain and that incident upon it. 

Absorptance can 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: 
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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 shown in Fig. 18(right). 

Along the z axis, only a limited extension (500 nm) of the silicon and air semi-space are 

included in the simulation domain. As already said, PMLs simulate the semi-infinite 

extension of the substrate and the cladding. Far fields were reconstructed with the 

following procedure. We performed a 1D Fourier Transform of the FEM-computed 

fields along x direction at a given depth in Si close to the lower PML. In the kx-space we 

filtered out the non z-propagating modes, i.e. those having 0x Sik n k , 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 configuration (h,d) of the grating we calculated the 

transmittance of the nanostructured front surface, the power dissipation in the metallic 

wires and the absorptance (Qz), which is the fraction of incident power absorbed, within 

different depths in Silicon. We also computed the effective absorption profile of light as 

a function of depth in Silicon (Q(z)) averaging the local absorption over one period 

length of the plasmonic array.  

2.3 Analytical model 

Besides the purely numerical model, Zilio in reference [79] developed a semi-

analytical model of this layout, based on the model proposed by Garcia-Vidal 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 in metallic films was developed by Sturman et al. [43] and relies on 

an exact modal analysis calculation and application of boundary conditions separately at 

the 1-2 and 2-3 interfaces, according to Maxwell’s equations. Plane wave expansion of 

fields in the superstrate and substrate surrounding the grating has been discussed in the 

previous paragraph. Applying the exact modal analysis also to the grating region (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 reference [42], consists in neglecting in the 

grating region all 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 allowed. So the field in slit region has the form: 
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where a is the slit width and (2) 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 (no field penetration in the 

nanowires) while surface impedance boundary conditions are imposed on the horizontal 

metallic surfaces: 
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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 system [83]. In 

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 the relevant physical quantities (such as 

transmittance).  

Calculation of the transmission or reflection amplitudes in the modal expansion 

method requires matching fields at the 1-2 and 2-3 interfaces. An incident plane wave 

coming from region 1 reflects, when reaching the 1-2 interface, with probability 

amplitude 11  or transmits through the interface with amplitude 12 . The propagating 

mode inside the grooves, approaching the 2-1 interface coming from region 2, reflects 

with amplitude 12L  , or transmits to region 1 with amplitude 21 . Since we 

consider a normally incident plane wave having wavelength greater than the grating 

pitch and much greater than the slit width, as already discussed, only the 0-th diffraction 

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

supported inside the slit. So 11 , 21 , 12  and 21 are scalar values. Also the reflection 

coefficient of the waveguide mode at the 2-3 interface 23R  is scalar while the 

relative transmission coefficient toward the region 3 is a vector because the mode 

scatters into several diffraction orders into the high index substrate. The expression for 

these coefficients have been reported by Garcia-Vidal [42] and Zilio [82]. Given all 

these coefficients (represented graphically in Fig. 19), the reflection and/or transmission 

coefficients for the real three-region system can be calculated summing up all multiple 
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scattering processes of the slit mode, the only additional ingredient needed is the phase 

accumulated by the EM field when travelling inside region 2. For the fundamental mode 

in 1D waveguides, this phase is  0exp ik z , where 0k  coincides with the wavevector 

modulus in vacuum and z is the distance travelled. 

 

Fig. 19: Schematic definitions of the different scattering coefficients which arise from matching 

separately the fields at interface 1-2 and 2-3 [42]. 

According to this simplified model, the transmittance of the structure results to be 

[79]: 
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where  and  are the single-interface (1-2 and 2-3) magnetic field amplitude 

transmission and reflection coefficients, i is the i-th diffraction order angle, and tot is 

the total phase accumulated by the single propagating waveguide mode travelling back 

and forth in the slit: 

 arg( ) arg( ) 212 23 0k htot effN       (2.15) 

being k0 the vacuum wave vector. 

It has been shown [84] that actually the model fails if |εm| 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 case of |εm| 46, the departure from the 

ideal Perfect Electric Conductor model for the metal stripes is substantial since we 

considered slit widths lower than 10% of the wavelength of incident light. The main 

deviation from the simple model is found in the propagation constant of the 

fundamental propagating waveguide mode inside the slits, whose effective wavevector 

results to be higher than the wavevector in vacuum, which is the “real” medium 
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between the metallic nanowires. The effect can be taken into account assuming the 

presence of an effective medium inside the slits with proper refractive index Neff, which 

appears in equation (2.15). Following the results found by Sturman et al. [43], we took 

an effective refractive index Neff = C/a+1, being a the slit width, with an optimal 

constant C of about 30 nm. 

2.4 Identification of the resonances of 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 flow at the Si-PML boundary. The values are 

normalized to the case of a Silicon substrate coated with a perfect anti-reflection coating 

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

the wavelength of incident light. In the Silicon substrate, however, λ0/nSi  278 nm, so 

that diffractive effects are present. Overplotted on the map are lines describing the 

resonant (h,d) configurations predicted by the semi-analytical model. 

 

Fig. 20: FEM-calculated transmittance of the front surface integrating the plasmonic 

nanostructures normalized to the case of a perfect AR-coated Silicon surface. Overplotted black 

and grey lines mark respectively CM and SPP resonances according to the analytical model. 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 particular structure 

under study:   

1) Cavity mode (CM) resonances. These resonances result from the multiple 

scattering of the single propagating mode inside the slits. The mode is partially reflected 



 

 44 

and transmitted at the slit ends. When the phase difference tot between the waves 

transmitted in the substrate is a multiple of 2, a peak in transmittance is observed, like 

in a Fabry-Perot resonator. The interesting fact is that, when this resonance takes place, 

a great fraction of the incident light is channelled within the slits and is transmitted in 

the substrate. This phenomenon is commonly referred as Extraordinary Optical 

Transmission (EOT) [36], [41–43], [85], [86]. CM resonance dispersion is plotted in 

Fig. 20 with a black dotted line.   

2) Surface Plasmon Polariton (SPP) resonances. SPPs are surface EM waves which 

propagate at a metal-dielectric interface and are evanescent in the normal direction. 

They are excited in a 1D grating when the in-plane component of the incident p-

polarized radiation and that one of the scattered waves sum up to match the SPP 

momentum, i.e. 

  0 0sin Re / ( ) 1,2...m mk nG k n         (2.16) 

with α incidence angle, G=2/d, m  is the dielectric function of gold and   is the 

dielectric constant of the facing dielectric (vacuum for 1-2 interface, silicon 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 Silicon) [87]. 

SPP resonances are plotted as horizontal gray lines in Fig. 20.  

3) Wood-Rayleigh anomalies (WR). Abrupt changes in transmittance as a function 

of period are observed in configurations for which a diffraction order lies in the plane of 

the grating, i.e. at periods dm=mλ/N, being N the refractive index of the dielectric 

medium. These configurations mark a discontinuity since for d>dm the m-th diffraction 

order does exist while for d<dm it does not. It is generally accepted that the peak in 

transmission is due to the abrupt redistribution of energy among the allowed orders 

passing through the d=dm 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 CMs are local resonances, since they would appear as well in 

a single illuminated slit without any periodicity [89]. On the other hand SPPs are global 

resonances since they can exist due to the coherent periodicity of the structure. As many 

authors pointed out, however, CMs and SPPs are not independent each other [90]. 

Actually one should better speak of a hybrid mode which presents both CM and SPP 

resonant characteristics. The SPP character dominates the transmission properties of the 



 

 45 

grating as the pitch gets proximate to one of those satisfying eq. (2.16). Indeed, looking 

at the transmittance map (Fig. 20) we see that cavity modes resonances (black  lines) are 

clearly associated with an enhanced transmission in the (h,d) configurations 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 slit-to-period ratio of only 10%. Notwithstanding the small opening fraction, 

the maximum transmittance value obtained for h=184nm, 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=184nm d=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 configurations, corresponding to the different resonances 

presented, are shown. In CM configurations, the field is mainly located within the slits, 

as a result of the Fabry-Perot-like behaviour of the slits (Fig. 21a). The near field 

enhancement is considerable at the Si-Au interface in correspondence of SPP excitation 

(Fig. 21b). The field distribution is much less confined close to Wood-Rayleigh 

anomalies and take the form of a far field diffraction pattern (Fig. 21c). 

 

Fig. 21: Magnetic field norm enhancements. (a) h=184nm, d=340nm: CM-resonance; (b) h=161nm, 

d=710nm: SPP-CM resonance; (c) h=175nm, d=278nm: WR-CM 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 nm-wavelength radiation within different depths of Si as a 

function of the grating geometric parameters. 
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Cavity modes can also be correlated to absorption enhancements when they interact 

with SPP modes. Within 300 nm in Silicon (Fig. 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 incident power into an SPP mode 

rather than into a z-propagating mode, giving rise to an extraordinary SPP (Fig. 21b). 

By conversion in Fig. 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 conditions are fulfilled and the slit mode is 

out of resonance (not shown).  

 

Fig. 22: FEM-calculated absorption enhancement map within 300 nm in Si with respect to perfect 

AR-coated Silicon. Overplotted lines as in Fig. 20. Crosses mark configurations whose absorption 

profile is reported in Fig. 23. 

Looking at the absorption profiles (Fig. 23a) we observe that, in strongly SPP-CM-

resonant configurations (black line), most of the enhancement is confined in the metal 

proximity and decays exponentially within the typical plasmonic decay length [1] 

2 1/2
( / 2 ) [( ]3 3) /L m          100 nm. The enhancement factor can be up to 30 times 

in the first 30 nm of Silicon. Far from the grating (Fig. 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 absorption profiles 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 AR-coated Silicon in 

configurations marked with crosses in Fig. 22: h=136 nm, d=765 nm (light gray); h=148 nm, d=735 

(dark gray); h=163 nm, d=705 nm (black); inset: absorption profiles within 1 μm depth. (b) 

Absorption profile enhancement in configurations near the cross in Fig. 24a: h=175 nm and d 

respectively 285 nm (black), 300 nm (dark gray), 320 nm (light gray). Black dots and empty circles 

represent the contributions to the whole black absorption profile coming from the n=±1 and n=0 

diffraction orders respectively. 

Looking at the absorption within a thicker (40 m) Silicon layer (Fig. 24a) we find 

that the greatest enhancements are obtained in CM-resonant configurations proximate to 

WR anomalies, i.e. those shown in Fig. 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 particularly efficient when only the n=±1 

diffraction orders are present besides the 0-th one, around the configuration identified 

with a black cross in Fig. 24a (h=175 nm, d=290 nm). Looking at the absorption 

profiles (Fig. 23b), these are clearly the superposition of two exponential decays, 

relative to the n=±1 and n=0 diffraction orders respectively. As can be seen, in high 

enhancement configurations, the n=±1 orders contribute significantly to the whole 

absorption profile (see dotted lines in Fig. 23b) which remains higher than that of a 

perfect AR-coated Silicon up to a depth of about 40 µm. 

 The strong absorption enhancement in proximity of the grating in presence of SPP 

resonances is also correlated to high power dissipation in metal. The h-d map of 

absorptance in metal looks very similar to Fig. 22 and we do not report it. The 

maximum absorptance of metal reaches values up to 84% (h=163nm, d=765nm) in 

correspondence of SPP-CM resonant configurations, down to about 14% (h=175nm, 

d=285nm) near CM-WR 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 µm in Silicon with respect to Silicon coated with a 

perfect AR coating. Overplotted lines are defined as in Fig. 20. (b) Left: Extinction length L of the 

absorption profiles calculated in CM-resonant configurations (hCM(d),d); right: absorption within L 

with grating normalized to absorption within the same L in case of perfect AR-coated Silicon. Grey 

horizontal lines and circles mark respectively SPP-resonant periods and WR anomalies. 

In order to highlight the field confinement achievable with CM-WR coupling, we 

consider now the locus of CM-resonant configurations, i.e., for every period d, we 

consider the thickness hCM(d) which maximizes the FEM-calculated transmittance. In 

these configurations we consider an absorption profile extinction length (L) taking the 

depth in silicon at which a fraction of (1-e
-1

)  63.2% of the transmitted power is 

absorbed. This is the fraction of power absorbed within the typical decay length in 

presence of an exponential-like absorption profile. We finally calculate the absorption 

enhancement within L (QL) integrating Q(z) down to depth L and normalizing point by 

point to the absorption within L with respect to the case of a perfect AR-coated film on 

silicon. In Fig. 24b we report L and QL as a function of period, being h=hCM(d). It is 

clearly seen that at CM-resonant configurations just above WR anomalies the extinction 

length drops while the absorption within L is strongly increased. Although most of the 

QL are lower than 1, it is to be noted that we have an extraordinary absorption for every 

period at which QL exceeds 0.1, i.e. the fraction of period not covered by metal. As a 

general comment it clearly appears that the absorption length is always much shorter 

than the corresponding for pure absorption in silicon (156 µm at 1000 nm wavelength) 

and almost always accompanied by an enhancement of absorption with respect to the 

normalized open area.  

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

Fig. 25 we show the trends of L and QL 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 WR-anomaly (see 

Fig. 24). The maximum of absorption is found 1.5 times greater than in AR-coated 

silicon within L=80 µm 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=±1 

diffracted waves. We note that the extinction length drops at a duty cycle of about 0.7, 

before reaching the value it has in absence of grating, while QL has a local maximum. 

This is due to a stronger coupling of the CM-resonances to the n=±1 diffraction orders 

than to the n=0.  

 

Fig. 25: Gray: Extinction length of the absorption profile for different duty cycle values; black: 

absorption within L normalized to absorption within the same L in case of perfect AR-coated 

Silicon. Dash-dotted and dashed lines are the contribution to QL from the n=0 and n=±1 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 40 

µm (+210%). 

2.6 Conclusion 

Summarizing the topics 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 semiconductors by the resonances of plasmonic gratings. In particular we 

have presented the analysis conducted on a case study, the lamellar sub-wavelength 

gold grating on a silicon substrate, aimed at identifying the different optical resonances 

of such structures, their excitation conditions and the relative impact on the generation 

profile in the semiconductor. Numerical and analytical simulations show that, for TM 

polarized incident light at 1000 nm wavelength, relevant absorption enhancements can 
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be produced in silicon 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 the metallic 

nanostructure or simply reducing the absorption extinction depth. SPPs resonances lead 

to high field enhancement (up to +350%) in close proximity to the grating and high 

power dissipation in the metal. On the other hand, cavity modes coupled to grazing 

diffracted waves show lower losses and allow an efficient transmission and spreading of 

light power into the substrate, leading to an enhanced absorption of long-wavelength 

radiation in shallower regions of the underlying silicon (up to +51.3% within 80 µm).  

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 

substrate. This analysis turns out to be functional in the study of the integration of such 

plasmonic crystals in real optoelectronic devices, because it clarifies which kind of 

resonances can be exploited to enhance light harvesting in relation to the absorber layer 

thickness of the 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 environmental points of 

view, constitutes a challenging issue for the scientific community and for the 

contemporary society in general. By 2035, renewables will account for almost one-third 

of total electricity output. Among these, Photovoltaics (PV) constitutes a promising and 

viable option and it is growing more rapidly than any other renewable technology [91]. 

To understand the potentialities of this clean energy source, we can refer to some data 

extracted from the 6
th

 Solar Generation report published in 2011 by the European 

Photovoltaic Industry Association in cooperation with Greenpeace International [92]. 

Just a small portion of the energy hitting the Earth’s surface from the Sun every day 

could meet existing global energy needs that, according to International Energy Agency 

(IEA) calculations, could be satisfied if 4% of the world’s very dry desert areas were 

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 TW [93]. Nevertheless, under an “accelerated” scenario, which follows the 

expansion pattern of the industry to date and includes moderate political support, 

photovoltaics could provide around 4% of the world’s electricity needs in 2020 and 

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 cost of conventional 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 installed 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 grip parity. 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 efficiency: 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 using thinner silicon wafers: from 400 µm in early 

nineties, to 180-200 µm today, to less than 100 µm by 2020. Even efficiency can be 

sacrificed to get lower cost per Watt, as happens in thin film solar cells, having an 

absorber layer thickness ranging from few tens of nanometres to few microns. An 

advantage associated with the use of thin film devices is that even cheap materials, 

relatively impure and defective and having poor electrical transport properties, that is to 

say high recombination rates, could be used as absorbers. Indeed the collection of 

photo-generated carriers would benefit from the proximity of the electrodes and from 

lower volume recombination [94]. 

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 solar cell (Fig. 26).  

  

Fig. 26. Left: absorption coefficient of crystalline Si. Highlighted in light gray the solar spectral 

range for which the thickness of wafer-based solar cells (~100 µm) is greater than the absorption 

depth. For the case of thin film devices (thickness ~1 µm) the area is highlighted in dark gray. This 

graph wants to stress the importance of incorporating in photovoltaic devices light trapping 

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 µm-thick). 

So the thematic of light trapping is crucial for photovoltaic devices 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 optical path length of photons 

in the device. Light trapping mechanisms can be based on ray-optics or wave-optics 
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principles. Among the possible approaches to light trapping, those based on 

nanophotonics, like integration of nanostructures, photonic crystals and plasmonic 

structures, are nowadays widely investigated [94–96]. 

In this chapter, after a brief introduction on solar cells working principles and on 

the conventional light trapping mechanisms employed, we will discuss plasmonic-based 

light trapping mechanisms and their application on a particular kind of devices, ultra-

thin organic solar cells. 

3.2 Solar cells working principles 

A Solar Cell (SC) is a device which converts incident optical radiation into electric 

power, in the form of a charge current along with a voltage, arising from a difference of 

the Fermi levels, between its terminals. This phenomenon is known as photovoltaic 

effect. The basic processes behind the photovoltaic effect are the generation of charge 

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 photo-generated electrons and holes from each other and 

create an electro-chemical potential difference at its terminals, the device must include 

between the absorber and the electrical contacts the so-called “semi-permeable 

membranes”, which selectively 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 conductivity for electrons and a small conductivity for holes. An example of 

such a material is an n-type semiconductor, in which the conductivity disparity is caused 

by a large difference in electron and hole concentrations. Electrons can easily flow 

through the n-type semiconductor while the transport of holes, which are the minority 

carriers in such material, is very limited due to the recombination processes. The 

opposite holds for electrons in a p-type semiconductor, which is an example of holes 

membrane. For this reason a classical structure for a solar cell is constituted by a pn 

junction (Fig. 27 right).  

Another typical structure able to implement such principle is a double 

heterojunction, in which the doped materials have a higher band gap compared to the 

absorber sandwiched between them: an energy barrier in the valence (conduction) band 

hinder the injection of holes (electrons) from the absorber into the n-type (p-type) 

semiconductor as shown in Fig. 27(left). The pn junction and the double heterojunction 

constitute the structures of the solar cells analyzed in the following, respectively wafer-
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based silicon and thin film organic solar cells. The asymmetry in the electronic structure 

of the n-type and p-type semiconductors is the basic requirement for the photovoltaic 

energy conversion. 

 

Fig. 27: Schematic band diagram in open circuit condition of an illuminated solar cell based on a 

double hetero-structure (left) and a pn junction (right). A n-type electron membrane on the left 

allows electrons generated in the absorber by illumination to flow to the left while blocking holes. A 

p-type hole membrane on the right allows holes to flow to the right blocking the electrons. Electrons 

and holes are driven by a small gradient of the relative quasi-Fermi level respectively in the n-type 

and p-type region [97]. 

Another essential design principle for an efficient solar cell is that the electrons and 

holes generated in the absorber layer reach the membranes. This requires that the 

thickness of the absorber layer is smaller than the diffusion lengths of the charge 

carriers. It constitutes a fundamental criterion for the choice of the absorber material, to 

be evaluated in combination with its absorption depth and cost. For example organic 

semiconductors are excellent absorbers of radiation but have poor electrical properties 

so that their thickness is limited to few tens or hundreds of nanometres. On the other 

hand, the thickness of crystalline Si cells can be several hundreds of microns, due to the 

high diffusion length related to the good material electrical qualities achievable. 

3.2.1 Fundamental equations of semiconductor devices physics 

The quasi-Fermi level for electrons, EFC, and the quasi-Fermi level for holes, EFV, are 

used to describe the non-equilibrium energy distribution of charge carriers in the 

illuminated state of the solar cell. The energy difference between the quasi-Fermi levels 

is a measure of the efficiency in conversion of optical energy into electrochemical 

energy. Quasi-Fermi levels coincide with the Fermi level in absence of illumination or 

in presence of strong recombination mechanisms, like at metal-semiconductor contacts 

where recombination can be considered perfect. Apart from the sign, which is opposite 
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for the holes, the quasi-Fermi levels 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 potential, the latter 

occurring in space charge regions. In other terms the current has a diffusion and a drift 

component. The gradient of the quasi-Fermi level accounts for both of these effects and 

is proportional to the charge current density: 

 e h
e h FC FVJ J J E E

e e

 
        (3.1) 

 e n nJ en eD n        (3.2) 

 h p nJ ep eD n        (3.3) 

where the conductivity is ne  , with n being the charge density, e the 

elementary charge and   the mobility. The position of the quasi-Fermi energy 

compared to the band edge (Ec, Ev) sets the carriers concentration at a given position: 
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where cN  and vN  are the effective density of states in conduction and valence band. 

Another fundamental equation of semiconductor devices physics is the charge 

continuity equation which, in stationary conditions, is: 
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    (3.7) 

 where G and R are the local generation and recombination rates. Finally the 

Poisson equation determines the electric potential distribution: 

 2

0





     (3.8) 

These equations (3.1)-(3.8) constitute the basis for semiconductor devices 

modelling [98]. 



 

 56 

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

Most of installed photovoltaic capacity is nowadays made of crystalline silicon (c-Si) 

solar cells. The schematic cross section of such devices is reported in Fig. 28. Light 

absorption occurs mainly in the moderately-doped p-type base, having a typical 

acceptor concentration of the order of 10
16

 cm
-3

. On the top side of the absorber a thin, 

less than 1 µm-thick, highly-doped n-type layer is formed as the electron membrane and 

also absorbs high energy photons. On the back side of the absorber, a highly-doped p-

type region, also called Back Surface Field (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 separation of the photogenerated electron-hole pairs, even if 

it is not essential for solar cell operation [97]. The electrodes are the metal contacts that 

are attached to the membranes. 

 

Fig. 28: Structure of a pn c-Si solar cell 

A simple electrical model of such solar cell is shown in Fig. 29(left). The pn 

junction is treated as a diode having an ideal Shockley I-V characteristic: it can be 

derived using the equations presented in the previous section assuming an abrupt 

junction, no recombination in the space charge region and in the hypothesis of low 

injection condition [98]. A constant-current source in parallel with the junction models 

the photogeneration by solar radiation absorption. RL is a load resistor connected to the 

power generating cell. The total I-V characteristic, or better J-V characteristic since we 

normalize the current to the surface area, of such a device under illumination is simply a 

summation of the diode dark current and the photocurrent (JL), given as: 
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where Js is the diode saturation current density. 

 

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 J-V characteristics of the p-n 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 extracted. The photocurrent JL corresponds to 

the short-circuit current Jsc (in the ideal model) because it flows through the external 

circuit when the terminals are short circuited (V=0). The open circuit voltage Voc is the 

photovoltage that appears between the device terminals when they are not connected to 

each other through an external circuit and therefore no electric current can flow. 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 is increased favouring the minority 

carriers injection in the opposite direction, by lowering the electrostatic-potential barrier 

across the junction by an amount of Voc. An expression for Voc can be extracted from 

(3.9): 

 ln 1sc
oc

s

JkT
V

e J

 
  

 
  (3.10) 

Voc is a measure of the amount of recombination in the device like Js. 

The Fill Factor (FF) is the ratio between the maximum power (Pmax = Jmp×Vmp) 

generated by a solar cell and the product of Voc and Jsc (see Fig. 30): 
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The FF is affected by non-ideality 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 efficiency η, which is calculated 

as the ratio between the maximum generated power and the incident solar power:  

 max mp mp oc sc

in in in

V JP V J FF

P P P
      (3.12) 

The power density value, Pin, of 1000 W/m
2
 of the AM1.5 standard solar spectrum 

(FAM1.5) is commonly used for the normalization: it corresponds to the sun illumination 

after traversing an atmospheric thickness of 1.5 atmospheres, which is a reasonable 

estimate for the solar zenith angle at temperate latitudes. 

 

Fig. 30: J-V and generated power characteristics of a p-n junction solar cell in dark and under 

illumination. Parameters used: JS=10
-9

 mA/cm
2
, JL=35 mA/cm

2
, series resistance RS=1 Ωcm

2
, shunt 

resistance RSH=100 Ωcm
2
. 

The efficiency of the device described by eq. (3.12) is reduced by some non-

idealities among which we mention the parasitic resistances represented in Fig. 

29(right). A non-zero series resistance RS is related mainly to contact and metal 

resistance, while a non-infinite shunt resistance RSH is an indication of the presence of 

further recombination mechanisms. As a first approximation these resistances impact on 

the fill factor and can be estimated by the slopes of JV curve respectively close to Voc 

and Jsc. Nevertheless, when the non-ideality becomes more consistent, these resistances 

also reduce respectively Jsc and Voc values. The current-voltage characteristic in 

presence of these parasitic resistances becomes: 

0 0.2 0.4 0.6
-40

-20

0

20

40

Voltage [V]

C
u

rr
en

t 
d

en
si

ty
 [

m
A

/c
m

2
]

J
sc

V
oc

(V
mp

,J
mp

)

 

 

-16

-8

0

8

16

P
o

w
er

 d
en

si
ty

 [
m

W
/c

m
2
]

J

J
dark

P



 

 59 
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kT R

   
     

  
  (3.13) 

Another fundamental figure of merit for photovoltaic devices is quantum 

efficiency. The External Quantum Efficiency (EQE) expresses the spectral resolved 

conversion efficiency of the device, the capability to absorb incident photons and 

transform the flow of generated carriers into electric power. It can be directly measured, 

usually under short circuit condition, as the ratio of the charge carriers flux through the 

external circuit to the incident photon flux: 

 ( )

LJ
eEQE

F
    (3.14) 

On the other hand, Internal Quantum Efficiency (IQE) is the conversion efficiency 

of all absorbed photons into collected electrons, getting rid of Incoupling Losses (IL) 

and Outcoupling Losses (OL), which are the optical losses such as reflection, dissipation 

outside the active semiconductor and transmission: 

 (1 )IQE EQE IL OL      (3.15) 

3.2.3 Photocurrent 

We are interested to calculate the photocurrent and the spectral response (EQE), which 

is the number of carriers collected per incident photon at each wavelength, for a simple 

pn junction solar cell. These quantities have been derived in literature [98–100] for the 

case of standard exponential decay of the generation profile: 

  exp( , ) ( ) ( )[1 ( )]exp ( )G x F R x           (3.16) 

where ( )   is the absorption coefficient, F(λ) is the solar photon flux, R(λ) is the 

front surface reflectance at the wavelength λ and x is the depth in the device measured 

from the front Si surface, as represented graphically in the sketch of Fig. 31. Eq. (3.16), 

which derives from Lambert-Beer’s law, together with Fig. 26 explain why wafer-based 

solar cells have a thickness 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 the band gap (approximately λ>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 perpendicularly to the surfaces. Light trapping mechanisms are required 
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for wafer-based cells in the NIR and for thin film cells over the whole solar spectrum to 

make the effective absorption depth shallower. 

 

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

We extended the classical treatment for photocurrent calculation in an ideal pn 

junction solar cell [98–100] to handle a generic absorption profile G(λ,x), which turns 

out to be useful when plasmonic structures re-shape photons distribution in 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: 

  ( ) ( ) ( )L E SCR BJ J J J d        (3.17) 

with the integration range extending from the wavelength where the solar photon 

flux become significant (300-400 nm) to the Si energy band gap (1100 nm). Summing 

the continuity equations (3.6) 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, where the 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 no recombination in the SCR, every electron-hole couple generated 

within the depletion layer is collected and contributes to the current. So the expression 

for the current density is simply 

 ( )
E

E

H W

SCR

H

J e G x dx



   (3.18) 

where W is the SCR width and HE (or xj) 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 the p-doped base (electrons) is described by 

the following equation  

 
2

2 2
( )

n

d n n
b x

dx L

 
   (3.19) 

with 

 
( )

( )
n

G x
b x

D
    (3.20) 

where 0n n n    is the deviation from the unperturbed electrons concentration. 

Equation (3.19) is obtained combining the continuity equation (3.6) and the electron 

current density equation (3.2), under the assumption that in the quasi-neutral regions the 

field is negligible and the current is totally driven by diffusion. The recombination rate 

is modelled by the ratio between excess minority carrier concentration and their lifetime 

τn (Shockley-Read-Hall recombination in the low injection limit). The diffusion length 

of the minority carriers is n n nL D  , where Dn is the diffusion coefficient. 

The general solution of (3.19) is: 
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        (3.21) 

where we made a coordinate shift by HE+HSCR, and defined b’(y) = b(y + HE + 

HSCR). k1 and k2 are constants that must be determined imposing proper boundary 

conditions. In the present case the boundary conditions are the following:  
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 (3.22) 

where x=0, in the new coordinate system, is the SCR-base 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 states that the recombination rate at the back surface of the cell (first member) 

equals the carrier diffusion flux (second member). Sn is the surface recombination 

velocity. Applying the first boundary condition to (3.21) yields 

 1 2k k K     (3.23) 
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The second boundary condition allows to calculate K:  
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 (3.24) 

The solution of the differential equation is then given by:  
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  (3.25) 

Using (3.2) we get the current: 
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Finally, turning back to the old coordinate frame, we calculate JB at the base-SCR 

interface:  
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Similarly, the hole current at the emitter-SCR interface can be expressed by: 
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 (3.28) 

In the limit for uniform generation profile, valid for photon wavelengths close to 

the band gap, and for a device thickness much larger than the diffusion length, the total 

current gets 

 ( )L n pJ eG L L W     (3.29) 

and, oversimplifying, this can be interpreted stating that the diffusion length of 

minority carriers expresses the effective active thickness of the device. The farthest a 

carrier is generated from the depletion region (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 satisfies the condition 

 
0

( ) ( )

totH

LJ e CP x G x dx   (3.30) 

From this equation, together with (3.27) and (3.28), the expression for CP can be 

derived: CP is maximum (very close to unity) for carriers generated inside the SCR and 

decays in the base and emitter 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 carriers into usable current. Equation (3.30) 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 wafer-based Si solar cells, in order to maximize the 

photocurrent, three fundamental measures are adopted: the thickness of the cell is large 

compared to the absorption length over a wide solar spectrum bandwidth (see Fig. 26), 

the front surface is treated with an Anti-Reflection Coating (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 = λ/4n) in order to reduce the high reflection coefficient of a bare Si substrate. 

It is usually constituted by a 70 nm-thick Si3N4 film, which also functions as passivation 

layer to minimize surface recombination. Despite of the lower incoupling losses, a flat 

wafer-based Si cell coated with an ARC still suffers low quantum efficiency in the NIR 

due to the outcoupling losses, i.e. photons can be re-emitted 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 consequently the 

probability to be absorbed, the surfaces of wafer-based crystalline Si cells are textured 

with a pyramidal pattern, obtained by anisotropic wet etching in alkaline solution (Fig. 

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 estimated [101] that 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 4n
2
 compared to a single pass along the normal to the surface. The enhancement 

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

  

Fig. 32. Left: Ray-optics scheme of front surface reflectance reduction and optical path length 

enhancement by surface texturing. Right: SEM image of the pyramidal texturing of a Si solar cell. 

Pyramidal texturing, exploiting ray-optics principles, is 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 must be included in the modelling of 

light trapping in thin film devices, because the length scales are comparable to optical 

radiation wavelengths. Substrates having random surface-texturing with optimized 

roughness are commonly used for thin film solar cells. 

3.3 Light trapping by plasmonic nanostructures  

Recent extensive studies have shown that by fabricating conventional semiconductor 

materials into three-dimensional arrays of nanostructures (e.g. nanowires, nanopillars, 

nanocones, etc.) or integrating nanostructures into conventional devices, both photon 

absorption and photo-carrier collection efficiencies of photovoltaic solar cells can be 

significantly improved [95]. Besides nanoscale structural engineering, unique 

nanomaterial physical properties (e.g. large surface-to-volume ratio and quantum 

confinement) are being actively explored to enable PV with new mechanisms, including 

metal

oxide

silicon
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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 in conventional 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 centres for PV devices. Nevertheless, by 

proper surface passivation and integrated opto-electronic design, metallic nanostructures 

can become powerful tools to enhance absorption and efficiency by plasmonic effects.  

As outlined by Atwater and Polman in their review on plasmonic light trapping 

[94], there are three fundamental strategies that can be exploited to improve 

photovoltaic devices performances by integration 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 cross 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 absorber (Fig. 33a) both in thick and thin 

devices. It is the strategy behind the photocurrent enhancement in most of the 

experimental works that have been reported so far. This mechanism is also favoured by 

the fact that, when nanoparticles are placed on a semiconductor substrate, light is 

preferentially scattered into the high-index substrate [102]. Furthermore 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 be optimized in order to avoid 

destructive interference between scattered and un-scattered 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 efficiency in the UV-VIS [103].  

On the other hand, when the absorption cross section is designed to be predominant 

over scattering in LSP resonances, the near field enhancement and the generation 

intensification in areas of semiconductor close to the metallic nanostructures are 

exploited (Fig. 33b). This concept is mainly used in combination with ultra-thin 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 high absorption 
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coefficient in this kind of structures. These requisites are met for example by organic 

solar cells. 

 

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 LSP resonance; C: scattering and 

confinement into photonic and SPP modes. [94] 

The last strategy indicated consists in scattering by metallic nanostructures into 

propagating guided modes of thin film cells, both conventional photonic (or waveguide) 

modes and Surface Plasmon Polaritons (Fig. 33c). In this way the propagation direction 

of incident light is “bent” toward the horizontal plane of the cell, in which direction the 

optical thickness can be considered infinite. Carrier collection can on the other hand be 

performed in the normal direction, so that the cell become 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 trapping capabilities of both random distribution of 

metallic nanoparticles [104] and periodic arrays of nanostructures [105] have been 

tested on several typologies of solar cells, inorganic [106], [107], organic [108], [109] 

and dye-sensitized [110]. In particular gratings with pitch comparable to the wavelength 

of incident light can be designed to optimize diffraction effects [96] and to couple 

radiation into SPP waves, propagating confined at a metal–semiconductor 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 bottom-up technique 

consisting in the deposition of a thin metal film (e.g. few nm of Ag) followed by a high 

temperature annealing which induces coalescence into discrete islands (Fig. 34 left). A 

lot of studies have been performed following this approach, among which we mention 

the one published by Pillai et al. in 2007 [113] where the effect of LSP in Ag 

nanoparticles on both thin (1.25 µm) and wafer-based (300 µm) 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 wafer-based cells at λ=1200 nm and up to 16-

fold enhancement at λ=1050 nm for thin silicon on insulator cells. Performing a 

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. 

  

Fig. 34: Approaches to light trapping by plasmonic structures. Left: random array of silver 

nanoparticles on the surface of a cell [94]. Right: plasmonic grating embedded in an a-Si:H thin 

film solar cell [114]. 

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

incorporating standard light trapping textured surfaces (Asahi U-type glass substrates), 

has been demonstrated by Ferry et al. [114] in ultra-thin film amorphous silicon (a-

Si:H) solar cells with nanostructured plasmonic back contacts. In this case arrays of 

nanostructures were fabricated via nanoimprinting lithography, a relatively low cost 

soft-lithography technique capable of patterning large area substrates. The silica sol-gel 

nanopattern (a square or triangular array of pillars) was then coated conformally with a 

silver layer and a 160 nm-thick absorber sandwiched between two transparent 

conductive oxides (Fig. 34 right). They demonstrated that the photocurrent enhancement 

is obtained on a wide spectral range (550-800 nm) and that it is due to coupling of 

incident radiation into guided modes supported by the structure. They even showed that 

reducing the absorber thickness from 340 to 160 nm the efficiency is unaffected: indeed 

the reduction of Jsc is compensated by the increase of Voc and FF due to the lower bulk 

recombination losses. 

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

periodic plasmonic 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 wafer-based solar cells. In particular, in the case study of 1D Au 

grating on a Si substrate presented, we highlighted two possible working regimes 

depending on the geometric parameters of the grating. The periodic nanostructures can 

be designed to excite with incident light SPPs on the metal–semiconductor 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, even if SPPs are associated to high power dissipation in the metal 

structures, the low absorption of thin film devices, in absence of any light trapping 

scheme, can make this strategy relatively effective. On the other hand, a light trapping 

mechanism for wafer-based cells could be obtained optimizing the grating geometry to 

scatter light efficiently toward grazing angle diffraction orders, Wood-Rayleigh (WR) 

anomalies. We demonstrated that a good coupling of incident light into diffracted orders 

can be provided by 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 chapter while wafer-based 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 (c-Si, a-Si:H, III-V compounds, CdTe, CIGS), high material and 

manufacturing costs limit its wide acceptance. Intensive research has been conducted 

towards the development of low-cost thin film PV technologies, of which organic 

photovoltaic devices are one of the more promising [115], [116]. Organic Solar Cells 

(OSC) are based on organic semiconductors, carbon-based materials whose backbones 

are comprised mainly of alternating C–C and C=C bonds. Electron delocalization along 

the conjugated backbone is responsible for the semiconducting properties of organic PV 

devices. Recent progress in the development of polymeric solar cells has improved 

power-conversion efficiencies up to the record value of ~8%. Even if the efficiency 

values are lower compared to other inorganic devices, these solar cells have unique 

prospects for achieving low-cost 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 mandatory in 

combination with such ultra-thin solar cells in order to get significant values of 

conversion efficiency. Among the possible approaches to light trapping [118], 

plasmonic nanostructures, due to 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 too [108], [109], [119–123]. In combination 

with LSP [106], [107], [109], [121–123] and SPP [108], [121–123] resonances, periodic 

arrays of metallic nanostructures can be designed to excite waveguide modes of the 

structure [106–108] and enhance the optical thickness of the device. Kang et al. [108] 

have experimentally demonstrated the effectiveness of this approach measuring a 40% 

increase in short circuit current in an ultra-thin 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 enhancement [124]. Indeed, in 

literature, the identification of the different plasmonic modes involved often is 

performed by only examining the EM field pattern at peak wavelengths [121], [122] or 

not explicitly showing the modal analysis procedure used [108]. Furthermore, unlike 

many papers, we focused on a realistic heterostructure device layout in which the 

periodically-arranged metallic 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 absorption enhancement. 

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 or in presence of a 10 

nm–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 propagating resonances. 
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Both of them play a role in the overall spectral enhancement and give rise to an 

effective light trapping mechanism.  

3.4.1     Plasmonic OSC model 

We consider the solar cell layout with the schematic cross section shown in Fig. 35 

(left). It is a p-i-n cell in superstrate configuration with a central heterojunction whose 

intrinsic active medium is made of a Copper Phthalocyanine (CuPc, 20 nm) - Fullerene 

(C60, 10 nm) bi-layer. The absorbers are embedded between the Hole Transport Layer 

(HTL), made of N′,N′-tetrakis(4-methoxyphenyl)-benzidine (Meo-TPD) doped with 

2,3,5,6-tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (F4-TCNQ), and the Electron 

Transport Layer (ETL), which is constituted by Rhodamine B doped fullerene 

(C60:RhB). The p-i-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 photonic structure of the cell [125]. The description of the 

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 (Italy) [126]. We analyze the light 

trapping properties of a 1D silver grating with square wave profile embedded in the 

HTL of this otherwise flat structure (see Fig. 35).  

 

Fig. 35: Schematic cross section (a) and 3D model (b) of the plasmonic OSC 

The refractive index dispersion relations for organic layers, ITO (120 nm-thick) and 

glass were extracted with ellipsometric measurements while those for the metals were 

taken from Palik’s Handbook of Optical Constants [81]. We perform 2D finite elements 

optical simulations of the EM field distribution for the three variations 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 model (Fig. 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 and silver respectively (not shown in Fig. 35a). TE and TM 

polarized normally impinging monochromatic plane waves with unitary power are set as 

illumination. For both polarizations we calculated the reflectance (R) and the 

absorptance in the organic layers (Q). To evaluate the absorption performance of the 

cell we defined a figure of merit called Throughput (T): 

 
( ) ( )

( )

Q F d
T

F d

  

 




  (3.31) 

with F being the AM1.5 solar photon flux. We consider the wavelength range 

between 300 and 1100 nm within which the absorption of the CuPc-C60 bi-layer is 

appreciable (see Fig. 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 cell [125]. 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 thickness of 10 nm and a strip width-to-period 

ratio of 25% (Ag width of 95 nm) whereas HTL and ETL optimal thicknesses are 20 nm 

and 70 nm respectively. Fig. 36 reports the trend 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 throughput would keep on increasing while reducing the 

HTL thickness. Nevertheless we limit it to 20 nm according to considerations on 

recombination and to electrical constraints [125].  

Fig. 37a reports the absorption spectra within active layers (Q) and within metal 

domains (Qm) and the reflectance spectra (R) in 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 from 480 nm to 1100 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. 

 

Fig. 37: (a) Absorptance within active layers CuPc and C60 (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 lines); (b) Absorptance 

enhancement (Q/Q0) in the active layers for TM (blue) and TE (red) polarizations; (c) Real (solid) 

and imaginary (dashed) parts of relative dielectric constants of CuPc (black) and of C60 (green).   

The overall throughput enhancement reached by the optimal grating configuration 

compared to the best flat reference configuration is +11.8% (-1.8% for 300 nm < λ < 

480 nm, +12.5% for 480 nm < λ < 900 nm, +1.1% for 900 nm < λ < 1100 nm). In the 
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device integrating the plasmonic crystal an increased metal dissipation is found for λ > 

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 to the silver 

strips) is reported in Fig. 37b. As can be expected from an anisotropic structure such as 

a 1D grating, a strong polarization dependence of the enhancement is found. The 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 λ=780 nm and λ=1100 nm. However the long wavelength peak contribution 

to throughput enhancement is really limited due to the low Q absolute 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 

below 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 (see Fig. 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 incident light into the guided modes of the 

multilayer stack constituting the OSC [106–108], [121–123]. In order to clearly identify 

which are the possible photonic and plasmonic modes, we perform a modal analysis of 

this structure by means of FEM simulations [127] 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 reported in Fig. 38 while the respective 

mode electric field norm profiles at some representative frequencies are reported in Fig. 

39.  
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Fig. 38: TM Modes dispersion for flat configurations with (black) and without (red) 10 nm 

continuous Ag film between the ITO layer and the HTL. The blue dashed line is the light line in 

glass. 

 

Fig. 39: Electric field profiles of modes at representative frequencies. (a) back electrode SPP modes 

with and without 10 nm Ag film; (b) TM0 ITO waveguide modes with and without 10 nm Ag film; 

(c) LR-SPP mode; (d) SR-SPP 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 between the back 

silver contact and the ETL organic layer, and a TM0 waveguide mode within the ITO 

slab (respectively Fig. 39a and Fig. 39b, 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 lines in Fig. 38). 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 is mostly confined 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 presence of Ag film (Fig. 39a, black 

field profile). 

The structure with the Ag film sustains two more guided modes, a Long Range SPP 

mode (LR-SPP) and a Short Range SPP mode (SR-SPP) [6], which can be identified 

from symmetry considerations on the electric field component along the film interface 

(respectively antisymmetric and symmetric, see Fig. 39c-d, cyan curves).  

 It is interesting to analyze the frequency behaviour of the SR-SPP mode field 

profile (Fig. 39d). While at high frequencies (~3∙10
15 

Hz, black curve) the field profile 

is highly concentrated close to the metal layer, at lower frequencies (~1.5∙10
15 

Hz, green 

curve) the mode is much more delocalized and produces an almost uniform field 

enhancement within the whole organic layer slab. The mode changes its nature and 

becomes much more similar to a metal-dielectric-metal plasmonic mode [6]. 

3.4.4 Single strip resonance study 

The resonant features of a 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 electric field Eb given by a TM-

polarized monochromatic plane wave normally impinging on the OSC model without 

any plasmonic structure. Then the wave equation is solved for the scattering field Es in 

presence of the single metal strip, assuming the full field is given by Etot = Eb + Es [80], 

[128]. PMLs are placed at all the outer boundaries in order to simulate an infinite space 

extension around the strip (Fig. 40b-c). In Fig. 40a we report the map of normalized 

absorption cross section of the 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 Eq. (3.32) with ϕ ≈ 

1.2 rad; the vertical dashed line mark the optimal strip width configuration as found in paragraph 

3.4.2; (b), (c): Scattered electric field 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 regions visible 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 simple Fabry-Perot resonator model [19], [129]:  

 ( )SR SPPw k m       (3.32) 

where w is the strip width, kSR-SPP(ω) is the momentum of the SR-SPP mode, m is 

an integer number and ϕ is the proper phase pickup upon reflection at the strip ends. As 

pointed out in [19], [84], [129], ϕ in general depends on frequency but the variation is 

slow for a high magnitude of the real part of the relative permittivity of the metal (over 

10). This condition is satisfied for silver at frequencies lower than about 3.5·10
15

 Hz. 

So, as a first order approximation, we consider ϕ to be a constant. Inserting the SR-SPP 
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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 optimal ϕ in order to 

have good agreement between the model and scattering FEM simulation. The best fit, ϕ 

≈ 1.2 rad, is comparable to phase pickup values obtained by ab-initio calculations in 

similar studies [19], [129] for strips much thinner than free space wavelength. In Fig. 

40a black lines are the solutions of eq. (3.32) for different values for m. In particular, for 

symmetry reasons, only the odd modes (m=1,3,5…) can be excited in the considered top 

illumination geometry. As is seen, the Fabry-Perot 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 optimal grating 

configuration determined in paragraph 3.4.2, w = 95 nm, a single strip resonance is 

expected in a broad frequency band ranging from 1.8 to 2.7·10
15

 Hz. 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 be unaffected by grating 

periodicity.  

Fig. 40b-c report two scattered electric field norm distributions sampled along the 

single strip resonance (circles in Fig. 40a). The field appears to be much more 

delocalized at low frequency (Fig. 40b) than at high frequency (Fig. 40c). This is in 

agreement with the frequency dependence of the SR-SPP mode field profile discussed 

in the previous section.    

3.4.5 Full plasmonic grating structure study 

Once identified the modes and resonances supported 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 absorption. We start 

considering the TM polarization, which plays the major role in determining the light 

trapping properties. In Fig. 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 thickness and strip width-to-period ratio fixed to the optimal values of 

10nm and 25% respectively, and letting the grating wave vector G=2π/d vary. The 

optimal grating wave vector obtained in paragraph 3.4.2 is here marked by the dashed 

line. Note that keeping the strip-to-period ratio fixed has the advantage to avoid the bias 
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that would appear keeping the strip width fixed, i.e. small-period configurations would 

unavoidably present lower enhancements with respect to higher ones, due to the higher 

fraction of cell surface covered by the metal strips.   

 

Fig. 41: TM absorption enhancement within the organic layers with respect to the optimal cell 

without any grating as a function of crystal wave vector G=2π/d and angular frequency ω. Strip-

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 Eq. (3.33) for m=1, 2, while the white line 

represents the single strip resonance, i.e. the zeros of Eq. (3.32) 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 in Fig. 43a and b; the “+” marks the peak of absorption 

enhancement at λ = 780 nm.   

In Fig. 41 two evident high-enhancement regions are present, one in the range 700 

nm < λ < 900 nm, the other in the IR part of the spectrum. As previously discussed 

(section 3.4.2), the former 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 reached, a factor 11, is out of the colour 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 dispersion kSPP(ω) of the SPP at the back electrode/ETL 

interface, which was numerically found in section 3.4.3 analyzing the flat 

configurations. As extensively discussed throughout the 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 convenience [6] 

 
2

( ) 1, 2, 3,...SPPmG m k m
d


        (3.33) 
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This is clearly seen superimposing to the map the curves given by 

    1,   ,  SPPk m k     (black curves in Fig. 41 and in following maps). The 

curve corresponding to m=1 approximately follows the relevant enhancement region 

found at ω > 2∙10
15 

Hz (λ < 940 nm).  

Further evidence of this coupling mechanism is obtained superimposing the same 

curves to a map of losses within the back electrode for TM polarization as a function of 

G and ω (Fig. 42a). SPPs at back electrode, when present, are expected to strongly 

increase metal losses, beside absorption in the organic layers. As a matter of fact, high 

dissipation regions are found in Fig. 42a exactly along black curves. Incidentally, in this 

map we note also a weak absorption region between 1.5 and 2∙10
15 

Hz which is almost 

constant for G > 2∙10
7
m

-1
. This corresponds to a vertical resonance of the flat multilayer 

structure.  

The second basic plasmonic mechanism is related to the single strip SPP resonance. 

This is marked with a white line in all the presented maps (Fig. 41 and Fig. 42). The line 

is obtained from assuming the same constant value for the SR-SPP reflection phase ϕ, as 

discussed in the previous section. Note that, since we keep the strip-to-period ratio 

fixed, the strip width varies with period in the map and, as a result, the resonance 

location disperses with period. As is seen in Fig. 41, the white line individuates the 

location of the maximal enhancement in the IR and also approximately follows the 

high-enhancement region in the range 700 nm < λ < 900 nm. 

The presence of this resonance becomes more evident analyzing the map of 

absorptance in the strips of the grating as a function of G and ω (Fig. 42b). Here a 

strong dissipation feature is visible spanning the entire map. As is seen, it is well fitted 

by the single strip resonance 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 G=2π/d and angular frequency ω. Strip-width-to-period ratio and grating thickness 

are kept fixed to 25% and 10 nm respectively. In both maps the black lines 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 Eq. (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 electric field norm 

is reported in Fig. 43a and b; the “+” marks the peak of absorption enhancement in the organic 

layers at λ = 780 nm. 

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

marked with circles in Fig. 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 

dissipation in the strips (ω = 2.32∙10
15 

Hz, λ = 812 nm). Fig. 43b corresponds to the 

filled circle in the maps, which is taken along the m=1 back-SPP coupling region (ω = 

2.63∙10
15 

Hz, λ = 716 nm). In the former case, the field is mostly confined close to the 

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

isolated strips. In Fig. 43b, instead, a clear SPP field pattern at back electrode is visible. 
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The field distributions are therefore coherent with the interpretation of resonances given 

above. 

      

Fig. 43: Electric field norm for configurations marked with an empty circle (a) and with a filled 

circle (b) in Fig. 41 and Fig. 42 and corresponding respectively to the single strip resonance and to 

the SPP at back electrode coupling. Frequencies are respectively ω = 2.32∙10
15 

Hz and 2.63∙10
15 

Hz. 

Geometrical parameters are those of the optimal configuration. Colorscale is normalized to the 

impinging wave electric field norm. 

Looking at Fig. 41, it has to be noticed that the peak of absorption enhancement in 

the optimal configuration at λ=780 nm (marked with a cross) lies between the single 

strip and the back-SPP resonances. We conclude that, actually, the overall enhancement 

in that spectral region is due to a combination of the two resonances. This is supported 

also by the field maps in Fig. 43. Both of them show an enhanced concentration of the 

electric field in correspondence of the active layers.   

The enhancement region in the IR part of the spectrum, instead, is mainly related to 

the single strip resonance. As discussed in sections 3.4.3 and 3.4.4, the SR-SPP mode 

with decreasing frequency gradually turns into a metal-dielectric-metal plasmonic 

mode, and its electric field overlaps the active layers to a greater extent. This determines 

the progressive increase in the absorption enhancement with decreasing frequency along 

the single strip resonance, which is clearly seen in Fig. 41. Furthermore, in the IR range 

the resonance is quite blunt, as can also be seen from the strip-width extension of the 

feature in the single strip absorption map of Fig. 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 geometry, contributes to 

a much lesser extent to the enhancement of absorption within this ultra-thin cell, since it 
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cannot couple to SPP modes [6]. In Fig. 44a the TE absorption enhancement within the 

organic layers is reported as a function of G and ω. As can be noticed, the enhancement 

region found in section 3.4.2 shows 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 non-resonant scatterers of the impinging light, incrementing to a little extent the 

optical path length. This can be seen looking at the scattered field norm reported in Fig. 

44b (its configuration is marked with a square in the map). The further sharp 

enhancement regions in Fig. 44a follow the Wood-Rayleigh’s anomalies up to 

frequencies of about 3.5∙10
15 

Hz (λ ~ 540 nm). These features occur at frequencies 

corresponding to a change in the number of allowed diffracted orders propagating in the 

glass substrate, according to the relation 

 
Re( )

1, 2, 3,...
N

G m
mc


       (3.34) 

being N the glass refractive index, c the speed of light, and G the grating 

momentum. At higher frequencies the TE0 waveguide modes in the ITO slab become 

excitable. Their dispersion is shown in Fig. 44a with black lines.  

 

Fig. 44: (a) TE absorption enhancement within the organic layers as a function of G=2π/d and ω; 

white dashed lines and black lines are Wood’s anomalies and ITO TE0 waveguide modes 

respectively; the black dashed line 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 have discussed 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 in a 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 is re-shaped 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 been analyzed: 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%) has been 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 grating are able to couple incident light to the SPP modes propagating at 

the back contact surface and behave like single resonant nano-antennas. A contribution 

of lower importance to the increased device absorption comes from the nanostructures 

non-resonant scattering of radiation for TE polarization. The combination of these 

effects leads to a broad-band enhancement extending from 480 nm to beyond 1100 nm. 

Thus, plasmonic crystals constitute an effective approach to light trapping in ultra-

thin organic solar cells. Indeed plasmonic fields overlap very well to the absorber 

layers. Furthermore the limited light harvesting capabilities of flat devices together with 

the high absorption coefficient of organic semiconductors [94] lower the impact of 

power dissipation in metals. Another attractive feature of this approach is that 

plasmonic metallic nanostructures can simultaneously work as transparent electrodes for 

OSCs, as recently demonstrated in reference [108], and could also allow to avoid the 

use of the expensive ITO layer, paving the way for a new generation of low-cost, high 

performance, large-area, and even flexible devices. 
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4. LIGHT TRAPPING PROPERTIES OF METALLIC GRATINGS 

ON FLAT WAFER-BASED SILICON SOLAR CELLS 

 

4.1 Introduction 

In crystalline silicon wafer-based devices, light trapping mechanisms are required to 

improve quantum efficiency in the near infrared. This 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 chapter 2, we investigated by optical simulations the mechanisms 

of light transmission through 1D plasmonic crystals on silicon substrates and we 

highlighted the possibility to modulate the absorption profile in the semiconductor by 

the grating resonances [79]. In chapter 3 we showed that SPP and LSP resonances of 

these structures are associated with high field confinement and 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 stripes, 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 absorption depth of photons in the substrate and to enhance the absorption of 

TM-polarized light in the near IR. Considering also that power losses in the metal 

nanowires are limited, this strategy could be suited for light trapping on flat wafer-based 

cells, which present a significant absorption even in absence of light management 

structures.  

In this chapter we test such suggestion by a targeted modelling and experimental 

activity and pointing out pros and cons of this approach to light trapping [130]. We 

integrate lamellar plasmonic gratings on flat (not textured) silicon solar cells, measure 

their impact on devices performance and interpret the results by an electro-optical 

model of the cell. While the number of literature papers concerning the application of 

metallic nanostructures to thin film solar cells is considerable and keep on increasing, 

few of them have dealt with plasmonic light trapping on conventional wafer-based solar 

cells [113], [131], [132]. The reason is that standard randomly textured surfaces, 

obtained by anisotropic wet etching of c-Si, perform as almost ideal Lambertian 

scatterers [133] and are easily and inexpensively fabricated. A fundamental motivation 
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behind our investigation lies in the correlation we highlight between the plasmonic light 

trapping properties and the generation profile reshaping. Furthermore, previous works 

on plasmonic wafer-based devices made use of random array of nanoparticles instead of 

metallic gratings. The results can also be compared 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 production, in order to reduce the systems’ cost/watt and increase 

the overall cell efficiency. Beside the plasmonic nanostructures integration task, the 

project objective was pursued by our partners by: 

 developing an all-plastic system by using recycled plastic compounds; 

 developing Si solar cells for automatic assembling technology; 

 implementing and industrializing automated high-throughput technologies 

for cell assembly and optics production; 

 developing plastic materials doped with down-converting nanoparticles 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 chapter 2 was quite simple and we had fixed 

some parameters, like wavelength and duty cycle, in order to focus 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 layout. C-Si solar 

cells have a SiO2 or Si3N4 coating on the front and rear surfaces, which reduces surface 

recombination and also acts as anti-reflection coating. We include this layer in the new 

optical model. We consider several layouts, reported in Fig. 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 

antireflection coating with the plasmonic light trapping mechanism. We substitute gold 

with silver, as material for the nanowires, in order to reduce metal damping.  
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Fig. 45. Top: schematic cross section of the layouts analyzed. Bottom: layout analyzed providing 

the best performance, a 1D lamellar silver grating on top of a Si3N4-coated flat Si cell. 

We perform multi-parametric FEM simulations in order to optimize both the 

grating geometry (period, thickness, strip-width) and the thickness of the dielectric 

passivation layer. We 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 µm in Si below the front surface (Fig. 46). Far fields are 

reconstructed by the post-processing algorithm, based on Fourier analysis, described in 

chapter 2. We consider several device thicknesses and a double pass of photons through 

the cell, assuming specular reflection at the rear surface. Interference effects between 

the counter-propagating waves in Si are neglected, in 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 (G(z,λ)), which constitute the input of electrical simulations 

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 
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where F(λ) is the AM1.5 solar photon flux, ω is the angular frequency, ε is the 

permittivity, d the grating pitch and E is the electric field, calculated assuming a plane 

wave with unitary power incident over one period. The quantity Q(z,λ) represents the 

absorptance in Si, averaged at every depth z over one period length of the grating. The 

total absorptance in Silicon, i.e. the fraction of the incident photon flux at wavelength λ 

absorbed, is calculated as integral of Q(z,λ) down to two times the thickness of the 

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

 

Fig. 46: cross section of the model of the device designed for EM field simulations. Map of the 

electric field norm for TM-polarized normally impinging light at λ = 1000 nm. 

The total generation rate of charge carriers, which is G(z,λ) integrated 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: 

 Grating thickness range: 10÷160 nm. 

 Grating period range: 200÷800 nm. 

 Grating duty cycle (slit-to-period ratio) range: 0.1÷0.9. 

 Si3N4 coating thickness range: 5÷95 nm. 

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

 AM1.5 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 70nm-thick Si3N4 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 optimization, we find that the grating layout providing the highest generation 

rate is the silver grating placed on top of the flat Si3N4 AR-coated silicon substrate (Fig. 

45, bottom). The reason is that power dissipation in the metal is lower when the stripes 

are surrounded by a lower refractive index medium (air instead of Si3N4). From now on 

we will refer exclusively to this layout.  

On the other hand, we 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 for a grating having the maximum simulated pitch and the minimum simulated 

strip width-to-period ratio and thickness (Fig. 47).  

 

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

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

and 70 nm-thick Si3N4 layer. The values are normalized to the generation 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 

obtained considering a 500 µm-thick cell (+3.6% in a 200 µm-thick cell) [135]. A map 

and a plot of the generation rate, normalized to the bare reference device, are reported in 

Fig. 48 and refer to cross-sections of the parameters space for TM polarization. From 

these graphs, the optimal configuration, taken as target of the following fabrication 

process, turns out to have a 70 nm-thick Si3N4 layer and a grating with 500 nm pitch, 

120 nm thickness and Ag linewidth of 75 nm for a 500 µm-thick cell. For a 200 µm-

thick cell the optimal 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 µm-thick 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 grating 

and of the Si3N4 layer are fixed to their optimal values (respectively 120 and 70 nm). Inset: total 

generation rate enhancement as a function of grating thickness. In this case grating pitch and duty 

cycle are fixed to their optimal values (respectively 500 nm and 15%). 

Fig. 49 shows the absorptance spectrum in a 200 µm-thick cell integrating the 

nanostructures optimized for TM polarization.  

 

Fig. 49: polarization-resolved absorptance spectra for the optimized grating on top of the 200 µm-

thick cell and comparison with the absorptance spectrum of the bare reference cell.  

The curves for both polarizations are plotted and compared to the spectrum relative 

to the bare cell. It results that the improvement of absorption for TM polarization comes 

from the NIR part of the spectrum (λ>740 nm) while limited losses compared to the flat 
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device are present in the visible. On the other hand the TE polarization shows 

significant losses throughout the whole spectrum.  

Before we concentrate upon 500 µm-thick cells, on which we perform the 

experimental activity, we analyze the impact of substrate thickness on absorption 

properties after nanostructures integration. In Fig. 50 we plot the simulated TM 

absorptance Q(λ) of 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 

scarcely absorbed long wavelength photons is more effective for thinner absorber 

layers. On the other hand, the losses in the visible are inherent to the incoupling 

efficiency of incident photons into the device by the grating structure and are thus 

independent on device thickness. We will discuss in detail the latter concept in the 

following.  

  

Fig. 50. Left: simulated TM absorptance spectra for solar cells having different thicknesses, with 

(solid lines) and without (dashed lines) the nanostructures on the front surface. Right: absorptance 

ratio between the cell integrating the nanostructures and the bare cell, for a device thickness of 10 

and 200 µm (double pass thickness indicated in the legend). Grating parameters optimized for the 

200 µm-thick cell. 

4.3 Nanofabrication of large area plasmonic crystals on wafer-based 

solar cells 

4.3.1 Batches of solar cells for plasmonic gratings integration 

In order to:  

- experimentally test the effect of the integration of nanostructured metallic 

gratings on the performances of wafer-based 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 fabricate periodic arrays of silver nanowires with rectangular cross section on a 

batch of finished solar cells produced by Modern E-Technologies (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 µm-thick CZ Si (100) wafer, p-doped with resistivity 1-20 

Ωcm. The emitter is made by phosphorous diffusion. SIMS analysis shows a donor 

surface concentration of 2·10
20

 P ions/cm
3
 and a junction depth of 600 nm. The surfaces 

are polished, not subjected to the standard texturing treatment and coated with a 70 nm-

thick Si3N4 passivation and ARC layer. The back electrode is made of Al and creates a 

LBSF (Local Back Surface Field) in the point contacts with the base. The front metal 

grid is made of electroless-plated nickel and is only 200 nm-thick. The latter feature, 

together with the lack of surface texturing, reduces the surface topography in order to 

make easier the patterning of the nanostructured grating. The samples have dimensions 

of 20x20 mm
2
 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 process 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 width of about 100 nm. Clearly it is not simple to realize such narrow metal strip-

width and the requirement to pattern areas of several cm
2
 makes this task even more 

challenging. Furthermore, in order to find application in photovoltaics, the fabrication 

techniques employed must be up-scalable and must have a high throughput. High 

resolution serial patterning technique, such as Electron or Focused Ion Beam 

Lithography (EBL and FIB), do not satisfy the last requirements. On the other hand, 

modern UV projection lithography 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 able to 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 
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other sophisticated exposure tools with similar 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 Si3N4 coated cell. We combine LIL with dry etching and metal evaporation steps in 

the flow chart described below. 

 

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

We coat the cells with a tri-layer of resists. The topmost is a positive PhotoResist 

(PR), which can be exposed with high resolution through an UV laser beam. The central 

resist layer is a Bottom Anti-Reflection Coating (BARC), employed in optical 

lithography to avoid vertical standing waves pattern in the top photoresist due to light 

reflected from the bottom of the sample. Such layer allows to obtain high resolution 

lithography, widening the process latitude and reducing the sensibility to substrate 

topography and variation of resists thickness. The bottom resist layer is a lift-off resist 

(PMGI) and it is used to realize an undercut for the deposition of silver 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 slit-to-period ratio, ~80% suggested by 

simulations), 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 lift-off step we have a periodic array of 

metal wires with narrow slits in-between 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 the first lift-off 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 lift-off step is performed in a ultrasonic bath of a solution etching 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 cleaned by 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 grating (100 nm) in order to 

make the final lift-off 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 coated at 1000 RPM for 1’, has a thickness of about 130 nm after 

baking in a hot plate for 5’ at 200°C.  

The Bottom Anti-Reflection Coating is Brewer Science XHRiC-11. We simulated 

(Fig. 52), with a code implementing the transfer matrix method, the reflectance of the 

resist stack at the photoresist-BARC interface in order to find the BARC thickness 

which minimizes the reflection of light from the substrate and improves the lithography 

quality. We found that for a BARC thickness of 230 nm the reflection is lower than 1%. 

Such film can be obtained spinning XHRiC-11 at 1000 RPM for 1’ and baking in hot 

plate at 175°C for 1’. 

Finally the top photoresist is spun over the BARC. It is a positive photoresist, 

Rohm and Haas SPR 1.2 thinned with PGMEA (1:1), which has a thickness of 270 nm 

spinning at 3000 RPM for 45’’ and baking in hotplate for 1’ at 115°C. 
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Fig. 52: Reflectance of light at 325 nm wavelength on the resist tri-layer over the Si3N4-coated solar 

cell at photoresist-BARC 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 photo-sensitive substrates. From basic wave optics principles [136], two 

plane waves, having the same wavelength λ, propagating at opposite incidence angles θ 

and TE-polarized respect to a plane substrate, form a sinusoidal intensity interference 

pattern and the pitch of the fringes is given by 

 
2sin




    (4.2) 

The laser interference lithography apparatus that we used was setup by Zacco [45], 

[137] on an optical table in a clean room environment at IOM-CNR, Tasc National 

Laboratory. It is based on a Lloyd’s mirror interferometer scheme (Fig. 53). In this 

setup a single UV laser beam is focalized through a tiny pin-hole and is spatially 

filtered. Immediately after the filter the wavefront is 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 the direct 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 angles of 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 the 

Lloyd’s mirror interferometer working principle (right).  

Of course the two wavefronts 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 Cadmium (HeCd) laser emitting a single TEM00 mode at 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 centre and the border of a 10 cm-diameter sample of 10%, in 

order to have uniform linewidth over the patterned area; a sufficiently large wavefront 

radius so that the plane-wave approximation is valid; a still significant irradiance value 

in order to have reasonable exposure times, considered the sensitivity of standard 

photoresist, and not to ruin the pattern by introducing noise due to vibrations 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 dose [138]. By a large over-exposition, the grating linewidth could be 

decreased or increased, respect to an equal line-slit width, respectively using positive or 

negative photoresist [139]. In order to obtain a ~80% duty cycle, we have tested both 

positive and negative photoresist following the over-exposition method, comparing pros 

and cons of the two strategies. Fig. 54 shows our preliminary over-exposure tests on 

negative (left) and positive photoresist (right).  
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Fig. 54: preliminary over-exposure tests on negative (All Resist AR-N 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, it required 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 geometry. Fig. 55 shows the final result: the minimum 100 nm-wide lines 

realized with 480 nm pitch patterned on flat 1x1 cm
2
 solar cell substrates. 

  

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 pattern, we deposit a thin metal 

layer followed by lift-off. We evaporate in vacuum 10-15 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 setup based on an e-beam 

accelerated toward a crucible and heating the target material in a chamber at a pressure 

of about 2·10
-6

 torr. The evaporation rate is monitored with a quartz balance and set to 

0.5-1 Å/s and a feedback loop controls the e-beam power. 



 

 97 

The lift-off is performed in an ultrasonic bath of acetone for 1’. Acetone dissolves 

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 cell, crossing the trench constituting the edge isolation, an 

optical lithography step is performed to define the active area patterned with the 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 1’, bake 180°C 5’, 700 nm-thick), and an optical photoresist, Shipley 

S1818 (5000 RPM 1’, bake 115°C 1’, 1.9 µm-thick). The apparatus used for UV 

patterning is a KARL SUSS MJB3 mask aligner in contact mode. UV light at 365 nm is 

produced by a Hg vapor lamp. The exposure time is 25’’ and the resist is developed for 

45’’ in MF-319 developer. 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 Ion Etching 

The metal hard mask pattern in the central active area of the cell is transferred into the 

underlying BARC/PMGI layers through dry etching. The thick S1818 resist layer masks 

the outer area of the device.  
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We use a Reactive Ion Etching (RIE) equipment with parallel plate electrodes. We 

developed two different etching steps with different plasma chemistry to etch BARC 

and PMGI. In the first step the reactive gas is CF4 flowing in the chamber at 20 SCCM 

and reaching a pressure of 1.8·10
-1

 mbar. 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 ~200 nm-thick BARC layer in 6’.  

PMGI is commonly wet etched with optical photoresist developers. 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 an O2 plasma to etch PMGI. The O2 flow in the 

chamber is 30 SCCM, the pressure is regulated at 2.5·10
-1

 mbar and the plasma is 

applied for 7’ at 250 V bias voltage. This plasma recipe is characterized by an isotropic 

behaviour and etches also the BARC horizontally. This behaviour is 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 evaporated through e-gun evaporation in vacuum over a thin metal 

adhesion layer (3 nm of Ti or Cr). The deposition rate is set to 1 Å/s and the pressure in 

chamber is about 2·10
-6

 torr. The lift-off is performed in an ultrasonic bath of a 

photoresist developer (MF-319) which dissolves SF3. Fig. 58 is the image of a sample 

after Ag evaporation and before the final lift-off step. In Fig. 59 there are several images 

of the final result, a silver grating with thickness of 100 nm over a Si3N4-coated Si solar 



 

 99 

cell. As can be seen the gratings are uniform over large areas and are well defined even 

over the metallization grid. 

 

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. 

  

  

Fig. 59: SEM images of Ag gratings (480 nm period, 144 nm strip-width, 100 nm thickness) realized 

on MET solar cells. The image on the bottom right shows the grating on a metal finger. 

The Ag linewidths that have been realized experimentally on 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 reported in Fig. 48. 

Nevertheless we are confident that narrower Ag stripes could be fabricated with a 

further fine tuning of each step of the process. 
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Finished cells integrating the crystal have the trench and the outer area of the cell 

covered by more than 2 µm of resist and 100 nm of flat Silver on top (Fig. 60), which is 

electrically disconnected from cell electrodes and totally reflecting for radiation incident 

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

of 100 mm
2
 can be used to get the current density from the measured current. 

  

Fig. 60: SEM images of the border of the cell active area at high (left) and low (right) 

magnification. 

Finally, solar cells are 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 electro-optical 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 performed by means of a J. A. Wollam Co. VASE Ellipsometer (Fig. 

62). The fundamentals of this optical characterization technique are reported in 

Appendix B. The measurements refer to the incident wavelength range between 400 and 

1100 nm for both polarizations. The 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 µm in order to enable illumination of a portion of a patterned solar cell 

between two Ni finger contacts.  

  

 

Fig. 62: Ellipsometric measurements (solid lines) and simulations (dashed lines) of specular 

reflectance for both polarizations at incidence angles of 30° and 45° (top) and 15° (bottom) for a cell 

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 

geometry of the nanowires and to a thin oxide layer grown around them. Incidentally, 

we mention that for λ > 604 nm (λ > grating pitch in case of normal incidence) the 

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 simulator and 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 illuminated with 1 

kW/m
2
 irradiance by a commercial sun simulator (ABET Technologies, Sun 2000). The 

AM1.5 global solar spectrum is reproduced applying proprietary filters to the collimated 

and optically integrated light emitted by a Xe-arc lamp [100]. The irradiance is tuned 

measuring the current of a calibrated photodiode (Newport, 818-UV, SN. 4518, NIST 

traceable), known its responsivity and the tabulated sun simulator emission spectrum, 

and by adjusting lamp current and sample position. 

EQE spectra have been acquired with a setup assembled in laboratory [140], which 

we have modified to perform low noise AC measurements instead of DC acquisitions. 

Light emitted from a 250 W tungsten-halogen lamp is coupled into a 300 mm-focal 

length single grating monochromator (Acton, SpectraPro 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 cut-off wavelength at 610 nm, 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 polarization-resolved spectra: 

it features an extinction ratio for the transmission of crossed polarizations greater than 

100 in the considered wavelength range (400-1100 nm). The photon flux spectral 

density of this system is characterized measuring the current of the calibrated 

photodiode and scanning the wavelength selected 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 using eq. (3.14).  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 10
4 

V/A and input impedance lower than 1 Ω. A DSP lock-in 

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 a LabView interface. 

4.4.3 Current-voltage curves in dark and under solar simulator 

We have measured the current-voltage 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 reported in Fig. 63. 

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

deviation. 

  

Fig. 63: Current density – 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 curves relative to solar cells under standard 1 kW/m
2
 

illumination are summarized in the following table (Tab. 1). The low base efficiency of 

the bare devices is due to the special characteristics of this test batch: the low Jsc can be 

correlated to the lack of surface texturing while the low FF can be explained by the high 

series resistance due the thin front metal grid.  

 η (%) Jsc (mA/cm
2
) Voc (mV) FF (%) 

w grating 1.82 ± 0.53 13.2 ± 2.6 458 ± 31 29.6 ± 2.5 

w/o grating 1.15 ± 0.23 9.5 ± 1.1 422 ± 52 28.7 ± 0.5 

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

metallic nanostructures 

For bare reference cells, in order to obtain the current density we normalize the 

measured current value to the area of 121 mm
2
 defined by the edge isolation. In this 

way we probably underestimate the area of the device which contributes to the 

photocurrent, because also carriers 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 shown in Fig. 63, 

have a squared active area defined by photolithography within the edge isolation. As 

already pointed out, outside this central square of 100 mm
2
, the surface of the cell is 

coated with several resist layers and a top 100 nm-thick 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 linewidth from 

sample to sample, which causes a higher dispersion of the characteristics. 

As can be noted comparing the data of Tab. 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, but also to a slight improvement of 

Voc and FF. This result is further confirmed measuring the electro-optical 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 beyond the edge isolation trench. In this 

way the current value can be normalized to a 121 mm
2
 area, exactly like bare reference 

cells. Comparing the JV curve of such device with the average characteristic of flat cells 

under standard irradiance condition (Fig. 64), an efficiency improvement of 32% is 

measured, which can be attributed again to the enhancement of Jsc. 

 

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 avoid uncertainties due the dispersion of bare solar cells performances, a 

device has been characterized before and after nanostructures fabrication (Fig. 65). Also 

in this case the efficiency is enhanced by grating integration and this test validates the 

result of Fig. 63, which comes from comparison of average characteristics 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 not predicted by simulations of optical 

absorptance, which foresee a global worsening of photogenerated current for 

unpolarized incident light, which is the polarization state of solar simulator light. We 

explained such result considering the high parasitic series 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 fingers and 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 close to Voc (

ocV V

dV

dJ 

). This is not an accurate technique to 

quantitatively evaluate the series resistance but it is adequate to perform a comparison 

between these two kinds of cells [141]. Using the data of Fig. 63, an average series 

resistance of 25 Ωcm
2
 for devices integrating the Ag nanowires is obtained, to be 

compared with 33 Ωcm
2
 for bare solar cells. 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 can be simulated using eq. (3.13).  

Thus it is reasonable to infer that devices having an optimized front metal grid 

should not benefit from this improvement of the electrical characteristics by the 

plasmonic grating. EQE spectra will provide a meaningful test to support this 

hypothesis. On the other hand, this experimental result draws the attention on the 

possibility to use the metallic nanowires both for their plasmonic properties and as 
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semitransparent electrodes for semiconductor devices [108], [142–144]. The advantages 

which could be obtained by a combined optical and electronic design are related to an 

efficient and homogeneous current collection/injection and innovative control tools of 

light-matter interaction.  

4.4.4 External Quantum Efficiency spectra 

In order to characterize the spectrally-resolved photon-to-electron conversion properties 

of the devices, similarly to what we did dealing with the 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 broadband polarizing filter in the characterization 

setup, are shown in Fig. 66.  

  

Fig. 66: polarization-resolved EQE spectra of bare solar cells (gray) and 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 spectra (Fig. 49) 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 irradiance 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/cm
2
. Using eq. (3.13) it is straightforward to show 

that for such low current values Jsc ≅ JL even for the high Rs 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 at V≅0 V). So the spectrally-resolved 

absorption and carriers collection characteristics of the devices are well described by the 

spectra of Fig. 66. They can be correlated to the simulated characteristics in order to get 

a deeper insight on the light trapping properties of metallic gratings.  

Furthermore, assuming that the spectra of Fig. 66 describe the EQE of solar cells 

having an optimized front electrode with a negligible series resistance, it is possible to 

calculate the photocurrent, which also corresponds to the short circuit current in these 

ideal devices, generated by a 1 kW/m
2
 AM1.5G solar irradiance. 

 1.5( ) ( )L AMJ e F EQE d       (4.3) 

Using this formula we can estimate that integrating the metallic nanowires a 

decrease of short circuit current of 6% (+8% for TM polarization, -20% for TE 

polarization) would be measured compared to bare solar cells with optimized front 

metal grid. Assuming that the variation of Voc and FF is minor compared to that of Jsc, 

we infer that a global efficiency enhancement is not achievable by fabricating the 

designed nanostructures on the front surface of flat solar cells. 

EQE spectra have also been acquired on the same cell both before and after grating 

nanopatterning over the whole front surface. These spectra are reported in Fig. 67A.  

 

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 of Fig. 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 integration, as 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 Efficiency (IQE) by 

the fraction of incident photons absorbed in the semiconductor (eq. (3.15)). IQE takes 

into account the conversion efficiency of absorbed photons into 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 from the emitter), 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 propagation direction close to the junction plane. The 

metallic nanostructures also affect the transmittance properties of the front surface and 

the in-coupling of photons in the device. The optical and electrical simulations shown in 

the next paragraphs are aimed at distinguishing the two contributes of grating to EQE 

spectra, which are 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 simulate the EQE spectrum, we use the 1D electrical model described in the 

previous chapter (section 3.2.3) for the extraction of the photocurrent generated by an 

arbitrary absorption profile in the device. The generation profiles at each wavelength are 

calculated by optical simulations as discussed in paragraph 4.2. From now on we use the 

geometrical parameters measured by morphological characterizations on the sample 

(pitch 480 nm, thickness 100 nm, slit-to-period ratio 70%), whose EQE is reported in 

Fig. 67A, as input of optical simulations. We model our solar cell as an abrupt p-n 

junction (depth 600 nm), with base and emitter homogeneously doped respectively to 

5·10
18 

cm
-3

 and 1.5·10
16 

cm
-3

, and having no recombination in the space charge region. 

We use the diffusion coefficient tabulated versus doping level from literature [145], 

[146]. Surface recombination velocities (S) and minority carriers diffusion lengths (L) 

are the only free parameters of this simplified model and they are tuned in order to have 

a good fit between the simulated and experimental EQE spectra. We use S=2 m/s for 

both front and back surfaces, Ln = 80 µm and Lp = 500 nm.  

The EQE spectra simulated with these parameters are shown in Fig. 67B. 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 integration. Comparing the spectra of Fig. 67 we 
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actually see a qualitative agreement between experimental and simulated EQE. In 

particular, simulations correctly reproduce the observed 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 in Fig. 62, and compared to the losses in the bare device (Fig. 68). A 

reflectance peak exists for the grating and TM polarization in correspondence of 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 TE polarization for the 

grating are mainly due to the high surface reflectance. Metal dissipation remains lower 

than 3% for λ> 600 nm and peaks at 18% for λ= 450 nm and TM polarization. 

 

Fig. 68: Sum of front surface reflectance and power dissipation in the metal stripes 

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

Quantum Efficiency using eq. (3.15) [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 remaining non-absorbed 

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

variation for the device after grating integration is plotted in Fig. 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 verify that 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-e
-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 

monochromatic light propagating normally to the bare front surface. The spectra of 

extinction depth variation (Fig. 69B) confirm the hypothesis that the grating is able to 

scatter 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 wafer-based silicon solar cells 

performances of the integration 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 marked 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 the light 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 have developed a nanofabrication process suited for the realization of the 

designed gratings over the large surface (~cm
2
) of photovoltaic devices. The 

nanopatterning technique used is Laser Interference Lithography, suited for realizing 

periodic features with 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 geometrical characteristics of the structures realized turn out to be close to those 

designed by simulations.  

Current voltage characteristics, in dark and under sun simulator illumination, and 

polarization resolved (TE - TM) external quantum efficiency curves of bare cells 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 compared to flat 

reference cells. This enhancement has 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 optimized electrodes, 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 nano-electrodes for semiconductor devices. 

The EQE spectra of cells 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 surface 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 nanowires is limited. 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 applying the phenomenon of 

Extraordinary Optical Transmission, proper to plasmonic gratings, for light trapping 

purpose, we can conclude that by diffraction effects these ordered nanostructures 

effectively re-modulate the absorption profile and reduce the absorption depth, 

enhancing the Internal Quantum Efficiency. Nevertheless, while the absorption in the 

semiconductor can be significantly enhanced in the NIR for TM polarization, 

optimizing the parameters of the 1D structure analyzed we get that EOT cannot be 

coupled efficiently to diffraction orders in the substrate for wide bandwidth and 

unpolarized incident light. These issues could be faced moving from simple lamellar 

gratings toward more complex geometries featuring broader resonances supported for 

both light polarizations. However, 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 appear to be more promising to 

improve the performances of photovoltaic devices having thinner absorber layers. In 

thin film solar cells the unique field confinement properties of metallic nanostructures 

are fully exploited and a lower cost per watt of power generated 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 bio-sensors detect biochemical reactions by measuring refractive index, 

absorbance or fluorescence properties of analyte molecules and transducing them into a 

measurable signal, typically electric so that it can be processed by electronic acquisition 

boards [23]. 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 being label-free, not requiring 

to alter the target molecule, and can be performed in real time, to get kinetics 

information. Considering the length scales involved, sub-wavelength extended 

plasmonic fields turn out to be excellent probes for surface binding events. Indeed, in 

Surface Plasmon 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 related to 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 for bulky prisms. Another attractive 

feature would be the direct electrical read-out of the signal, that is the plasmonic-to- 

electrical transduction entirely implemented by the sensor chip, without the need for 

external photodetectors for opto-electronic interfacing [148]. Indeed, conventional 

setups monitor the specular reflection of light incident on the undulated metal substrate, 

and thus energy coupling to SPPs, by a spectrometer-photodiode pair, for spectral 

interrogations, or by a CCD, for angular interrogations. 

In this thesis we will deal with an architecture based on intensity modulation (i.e. 

working at a single wavelength and incidence angle) of light transmitted 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 be functionalized with a bio-

recognition molecule, constitutes the gate of a photo-transistor: 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 of the transistor 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 induced by binding 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 modulation-doped GaAs/AlxGa1-xAs lattice-matched epitaxial 

heterostructure featuring a two-Dimensional Electron Gas (2DEG), which constitutes 

the conductive channel of the device. The schematic device cross section is reported in 

Fig. 70.  

 

Fig. 70: Schematic cross section of the device (not to scale). Only two periods of the much more 

extended grating are reported. 

The grating is an array of 1D V-shaped 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 also achievable by laser diodes. At this energy, photons are absorbed by 

GaAs while, for the aluminium concentration x=42% chosen, Al42Ga58As is transparent. 

The presented detection scheme is, to our knowledge, quite innovative and 

promising from several points of view. The idea to integrate plasmonic nanostructures 

on the surface of a photodetector [149] for biosensing purpose is barely discussed in 

literature. Among the authors who treated this topic we mention Mazzotta et al. [150], 
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who fabricated gold nanodisks on an array of silicon photodiodes: specific bio-

recognition reactions were successfully monitored measuring the photocurrent output of 

the chip. As in our case, the binding of bio-molecules 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 outperform the solution 

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 acts as an 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. Furthermore HEMTs used as 

photodetectors feature high responsivity at low optical power levels [151], [152]. This 

property turns out to be particularly useful in combination with 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 a parallel detection on an array of 

biosensors placed on the same chip. 

Since the architecture presented is a fully integrated opto-electronic device, the 

structure parameters strongly impact on both optical and electrical response and finally 

on the global device sensitivity. The sensitivity S in the considered device can be 

defined as the derivative of the conductivity signal   respect to the effective refractive 

index effN of the medium probed by the SPP field: 

 t

eff t eff

I
S

N I N

   
 
  

  (5.1) 

where tI  is the irradiance transmitted by the plasmonic grating toward the 

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 structure layout, 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 device, we 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 and only the 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 project. Afterwards the 

device fabrication, characterization and performance evaluation will be discussed. This 

research activity has been funded by “Fondazione CARIPARO” within the SPLENDID 

(Surface PLasmonics for Enhanced Nano Detectors and Innovative Devices) project – 

“Progetto eccellenza 2008”. 

5.2 High Electron Mobility Heterostructures and Photo-Transistors 

In this section we briefly review the basic principles of high electron mobility 

heterostructures and their application to phototransistors. In Fig. 71 the conduction band 

diagram of a graded n-AlGaAs/i-AlGaAs/i-GaAs heterojunction is shown. GaAs is a 

semiconductor having a direct band gap of about 1.42 eV. On the other hand the band 

gap of AlGaAs increases with Al mole fraction up to the value of about 2.16 eV for 

AlAs and becomes an indirect band gap ternary alloy for x>40%. In a heterojunction at 

thermal equilibrium band bending occurs and a triangular potential well in the 

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 free to move in the 

plane of the junction thus forming a 2DEG [155]. Holes, unlike electrons, are swept 

away from the interface by valence band bending. The 2DEG population (and band 

bending) is effectively increased by n-doping 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 impurities (typically 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 AlGaAs spacer layer in the multilayer as represented in Fig. 71.  

Record mobility values have been obtained in modulation-doped heterostructures 

with a spacer layer, of the order of 10
7
 cm

2
/Vs at liquid helium temperatures [156]. The 

high mobility, high electron saturation velocities and high sheet carrier densities 

provided by transistors realized with these structures are increasingly becoming 

important for millimetre wave and microwave monolithic integrated circuits, an 

application where high gain and low noise at high frequencies are required [157].  
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Fig. 71: Band diagram of a n-AlGaAs/i-AlGaAs/i-GaAs heterojunction[158] 

The use of HEMTs 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 theoretically 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 of the undoped GaAs buffer induces an open 

circuit photovoltage which tends to forward bias the device and is responsible for the 

high optical responsivity of HEMTs [151]. Also the 2DEG may play a role in 

determining the optical response in HEMTs. Indeed, Nabet et al. [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 electro-optical characteristics of the heterostructures 

realized, we briefly introduce the epitaxial growth technique and the setup used to 

characterize the photodetector substrates.  
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5.3.1 Molecular Beam Epitaxy (MBE) 

The growth technique we used to realize the semiconductor heterostructures is 

Molecular Beam Epitaxy (MBE). The distinguishing features 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 ultra-high vacuum condition 

(~10
-11 

 torr) and very low rates (~1 monolayer per second). Molecular beams, travelling 

ballistically toward the heated substrate, are generated by evaporation of separate 

elemental charges (Ga, As, Al) in different effusion cells. The epitaxial quality and the 

growth rate can be monitored in real time by Reflection High Energy Electron 

Diffraction (RHEED), whose signal intensity oscillations allow the determination of the 

individual growth rates with less than 1% precision. Such growth rates are used in 

computer-controlled growth processes to set the opening of the shutters in front of each 

effusion cell. 

The epitaxial samples have been grown at IOM-CNR, TASC Laboratory, in a 

Veeco Gen-II High Mobility MBE apparatus, custom modified for high purity 

materials. This equipment has produced high quality 2DEGs with mobility up to 8.6·10
6
 

cm
2
/Vs at liquid helium temperature (1.4 K), for single GaAs/Al0.33Ga0.67As modulation 

doped heterostructures. Our samples, whose structure is described in the following 

sections, have been grown on substrates constituted by a semi-insulating (100) GaAs 

wafer, a 300 nm-thick i-GaAs buffer and a 500 nm-thick GaAs(2 nm)/Al0.42Ga0.58As(8 

nm) superlattice: the latter two layers serve to separate the potentially contaminated 

substrate surface from the active epitaxial layers and as impurity blocking 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, which is related to the channel population n by: 

 1 en      (5.2) 

Assuming that the mobility does not change considerably, the electron density 

modulated by light absorption can be measured by the resistivity with the standard four-

point probe method [98]: current is driven between two external probes, voltage drop 

between other two probes in-between is measured and the sheet resistance is obtained 

by their ratio, applying a correction 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 pre-characterized the bare epitaxial samples, 

before fabricating the photodetectors, 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 mm
2
 samples. A current (I) flows between two 

contacts on one side of the square and 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: 

 1horiz vertR R
e e
    

    (5.3) 

The Hall voltage (VH) is obtained applying a uniform magnetic field normal to the 

sample surface (B=0.23 T, provided by a permanent magnet) and taking resistance 

measurements between pairs of opposite contacts by proper averaging data for both 

field polarities. Finally: 
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    (5.4) 

Measurements were performed automatically through an interfaced PC by means of 

a lock-in amplifier and a switch box. The sample was put in series with a known resistor 

(1 MΩ) and a driving voltage (Vdrive, typically 0.1V) generated the desired current 

flowing through the system, under the assumption that the sample resistance is much 

smaller. This condition is usually verified, as the samples resistance values are of the 

order of 10
4
 Ω. Some samples were more resistive than expected and measured data 

were consequently corrected to compensate the reduction of the driving current. 

5.3.3 Van der Pauw measurements under illumination 

Sheet resistance characterizations were also performed illuminating the sample by a 

LED with controlled irradiance. We used a LED (HLMP-NG07) emitting at 635 nm and 

having an approximately constant luminous intensity within a viewing angle of 40°. The 

sample-LED distance (6 mm) was chosen in order to have a uniform irradiance on the 

sample, to fulfil 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 source-sample 

distance, an irradiance range between 10
-4

 and 10
-2

 W/cm
2
 can be covered. A wider 

irradiance range (down to 10
-9

 W/cm
2
), necessary to cover the whole device 

responsivity-irradiance 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 the non-linearity of 

LED current-luminous intensity curve, the heterostructures responsivity curves were 

fitted using data 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 in Fig. 72(left), which is similar to the one presented in Fig. 71, but 

have 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 electro-optical 

properties of the whole structure. Subsequently and progressively we moved to a thicker 

GaAs capping layer (up to 300 nm) with the aim to realize the V-groove grating by 

anisotropic etching of this layer (Fig. 72 right). 

 

Fig. 72: Schematic cross section of the epitaxial multilayer. Left: starting “standard” structure 

having a thin (5 nm) GaAs capping layer. Right: final structure with a thick (300 nm) GaAs 

capping layer suited for the V-groove grating integration. 

Gaio [154] developed a Schrödinger-Poisson numerical model of the AlGaAs/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 used to plan 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 intensity.  

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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i) increasing the electric field in the GaAs epilayer: electron-hole pairs are 

created by light absorption and subsequently separated by the field, 

reducing the probability of recombination and increasing the carrier 

concentration; 

ii) reducing the dark signal in order to maximize channel population variation 

with illumination: a low populated gas in dark condition was targeted for 

this reason.  

A trade-off 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 increases 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) the doping density of the Al0.42Ga0.58As:Si layer must ensure the full bending of 

the conduction band minimum toward the Fermi level, while avoiding the 

generation of an extra conducting channel (Fig. 73 left). It is fundamental to 

reach the so called “doping saturation regime”, which makes the structure 

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 

on the distance to the surface, where the Fermi level is pinned to mid gap; 

ii) the i-AlGaAs (deep) spacer thickness, between the doped layer and the 2DEG, 

must be tuned in order to provide a suitable electron density in the 2DEG (Fig. 

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 10
10

 cm
-2

 in the dark, the lower limit in order to reduce the dark signal 

and still having measurable charge density values;  

iii) the growth conditions: a relatively high growth temperature, near the upper limit 

of the GaAs growth window, is required to maximize the electron mobility 

measured at cryogenic temperatures [160]. At the same time such a growth 

temperature reduces the doping efficiency because Si diffuses in AlGaAs toward 

the top surface. The development of samples in which the temperature of the 

Al0.42Ga0.58As: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 optimization step 

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

  

Fig. 73. Left: effect on the band 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 addressed when using thick GaAs capping layers 

(Fig. 72 right) is that an extra undesired electron channel at the top GaAs cap – AlGaAs 

interface could be formed due the increased 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 nm-thick) can, at least in dark condition, keep the surface 2DEG 

scarcely populated [154]. 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 thickness (not constant after V-groove etching).  

The final result of this electrical design task, performed by simulations in dark 

condition supporting the electro-optical 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 represented in Fig. 70. From the front 

surface downward the stack is made of: i-GaAs cap (300 nm) / i-AlGaAs top spacer 

(100 nm) / n-AlGaAs (30 nm, Si doping 4·10
18

cm
-3

) / i-AlGaAs bottom spacer (100 nm) 

/ i-GaAs absorber (500 nm). The band diagram of this structure in dark condition, 

calculated by numerically and self-consistently solving the Poisson and the Schrödinger 

equations [154], is reported in Fig. 74. We refer to the works of 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 the heterostructure 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 machine. The 

results of the first batch are summarized by the responsivity curves of selected samples 

(Fig. 75) and the relative characteristics reported in Tab. 2.  

Sample HM3124 is the only one of this batch suited to V-groove 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 

deteriorate the detection capability of the structure. Nevertheless, it seems not to be the 

case since the conductance of HM3124 is higher than in HM3099. We hypothesize that, 

despite the potential well at the top GaAs/AlGaAs interface is not populated in dark  

condition (Fig. 74), under illumination the surface channel can get conductive due to 

photogeneration and contributes to the structure optical response. This hypothesis was 
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also supported by measurements on specific samples lacking selectively the deep or the 

surface 2DEG [153]. 
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Fig. 75: Responsivity curves of selected samples realized during the first optimization stage. Filled 

points correspond to measurements 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.  

Sample 
Cap 

thickness 

Surface 

spacer 

thickness 

Deep 

spacer 

thickness 

nDark µDark σ0 Ith mσ 

 nm nm nm 10
10

 cm
-2 

cm
2
/Vs 10

-5
 Ω

-1 
W/cm

2
 10

-5
 Ω

-1
 

HM3003 5 0 70 - - 0.5 2·10
-5 

5.4 

HM3079 5 70 70 9.5 5400 8.4 3·10
-6

 4 

HM3099 5 70 100 2.2 3300 2 2·10
-5

 4 

HM3124 300 100 100 5.4 5500 4.3 2·10
-6

 3.4 

Tab. 2: Characteristics of selected samples whose responsivity curve is reported in Fig. 75 

The conductance versus incident irradiance (Ii) curves are well fitted by the 

following empirical curve: 

 0( ) log 1 i
i

th

I
I m

I
 

 
   

 
  (5.5) 

Two distinct regions are individuated in these trends for irradiance values much 

lower and much higher than a threshold value (Ith). Al low light levels the conductance 

is almost constant and close to its dark value (σ0) while, over the threshold irradiance, 

conductance grows logarithmically with a characteristic slope (mσ). 

Considering again the expression for device sensitivity (5.1), the irradiance 

transmitted toward the absorbing substrate can be expressed as: 
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 0t iI I T I T    (5.6) 

 where T is the transmittance of the gate, I0 the light luminous intensity and α is the 

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

sensitivity, working at It >> Ith, as: 

 
i i
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I I





  (5.7) 

and so 
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  (5.8) 

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. The figure of merit to be optimized is mσ, the slope 

of the straight line (log( ))tI 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 mσ of more conductive 2DEGs by reducing the deep AlGaAs spacer thickness in 

doping saturation 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 with (5.5) are reported in Tab. 3.  
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Fig. 76: Responsivity curves of samples in doping saturation condition having different deep i-

AlGaAs spacer thickness, indicated in brackets in the legend. Cap thickness 300 nm, surface spacer 

thickness 100 nm. 
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Sample 
Deep spacer 

thickness 
σ0 Ith mσ 

 nm 10
-5

 Ω
-1 

W/cm
2
 10

-5
 Ω

-1
 

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 samples whose responsivity curve is reported in Fig. 75 

It appears that the sensitivity can be improved tuning the dark channel population 

and that 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 

samples belonging 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 incident irradiance 

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 variation /T T between the bare and the coated surface. In 

particular, the bio-coating was treated as a 5 nm-thick 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 and refractive index values 

are typical in common biosensing experiments [161–163]. Variations of thickness or 

refractive index of a layer attached to the metal surface, which is thin compared to the 

SPP field penetration depth, are equivalent [164].  

The plasmonic crystal layout considered is a 1D array of gold-coated triangular 

grooves engraved in the GaAs cap as shown in Fig. 70. 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 Søndergaard [166], who 

demonstrated the existence of three types of resonances, namely: geometric resonances 

determined by the shape of individual grooves; standing-wave surface-plasmon 

polariton resonances due to SPPs reflected by the neighbour grooves; very sharp 

resonances related to Wood-Rayleigh anomalies at wavelengths near the cutoff 

wavelength of higher grating-reflection orders. 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 the V-grooves has been 

fixed to 70.5°, which is the typical angle formed by {111} planes exposed by 

anisotropic wet etching of GaAs (100) surface for grooves aligned along the [011]  

direction. The other parameters that we fixed in the optical simulations are the distance 

between the tip and the top AlGaAs/GaAs interface (20 nm) and the AlGaAs thickness 

(230 nm). We verified that, since Al0.42Ga0.58As does not absorb photons at the design 

wavelength of 633 nm, variations of the spacers thickness discussed in the previous 

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 surface 

refractive index variations.  

A FEM multi-parametric study and optimization of the optical response of the 

structure has been performed varying simultaneously grating pitch (200-800 nm), 

groove width-to-period ratio (duty cycle, 40-90%) and gold layer thickness (0-500 nm). 

Reflectance, transmittance and relative transmittance variation maps as a function of 

pitch and duty cycle are reported in Fig. 77, for normal incidence 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 10
-3

-10
-4

. The use of high 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 an evidence 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.  



 

 128 

 

 

Fig. 77: Reflectance (top left), 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=1.45 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 provides 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 nm-thick layer having refractive index of 1.45 (optimum pitch 628 nm). 

 The magnetic field norm distributions of these two configurations (bare and coated 

surface) are reported in Fig. 78 together with the power flows (arrows). The field 

distribution has 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 magnetic field 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 nm-thick layer of refractive index 1.45 (right) 

In order to clearly identify the resonances involved in the observed maximum 

sensitivity configuration, we performed a Bloch mode analysis of the structure by the 

method described in reference [127]. The mode dispersion curves are reported in Fig. 

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°.  

  

Fig. 79: Reflectance (left) and relative transmittance variation (right, calculated in this case as 

1.45 1 1.45 12 ( ) / ( )T T T T   ) maps as a function of photon frequency and incidence angle. Black 

(red) dotted line: real part of the Bloch SPP propagation constant for nCOATING=1 (nCOATING=1.45). 

White solid line: Wood-Rayleigh anomaly. Green solid line: SPP dispersion relation on a flat Au-air 

interface (coupled by a shallow grating).  

It is evident that the SPP Bloch mode (black dotted line ncoating=1, red dotted line 

ncoating=1.45), which is the only mode detected by the analysis, follows the features of 

the maps closely, better than the Wood-Rayleigh anomaly dispersion (white line). Note 
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that the SPP dispersion for a gold-air interface in the 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 dispersion (Fig. 80), we notice a 

sudden increase in Im(kx) at ω ~ 2.97·10
15

 Hz (λ=633 nm), highlighting the possible 

presence of a band gap at kx=0. This cannot be directly seen in the Re(kx) dispersion due 

to the particular simulation technique used [127]. The presence of the gap is also 

suggested by the dispersion of the reflection dip (Fig. 79 left), which seems to be 

interrupted at ω ~ 2.97·10
15 

Hz and normal incidence. Similar features were observed 

for example by Barnes [12] studying band gaps in sinusoidal metal gratings.  

 

Fig. 80: Dispersion of the imaginary part of the SPP Bloch mode 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 layout (Fig. 81), 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 for transport 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, are used for electrical contacts. Two pads are 

used as source and drain contacts that drive a known current (IDS) through 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 drop (VDS) 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. Finally, one 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 area (dark red area in Fig. 81), and does not form 

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

 

Fig. 81: Optical microscope image of a Hall bar device (left) and schematic cross section of an arm 

of the MESA under the pad (right). 

We fabricated two batches of these devices with slightly different layouts. The first 

one has a rectangular active area (60x240 μm
2
) and does not allow gate polarization. 

The second one has a squared area (500x500 μm
2
) and more distant pads, with the aim 

to make possible also ellipsometric characterizations on the device and in prospect of 

integrating a microfluidic delivery system of the analytes. One 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 (see Fig. 82): three aligned 

optical lithographies (MESA, contacts, gate); one electron beam lithography 

nanopatterning (grating) aligned with microstructures; two wet etching processes 

(MESA, V-groove grating); two e-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 lithography exposures performed 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 UV-optical lithography of MESA structures. We used Shipley S1818 (1.9 

µm-thick) as optical photoresist. The micro-pattern is aligned along the principal 

crystallographic orientations using wafer’s flats. In particular the main channel between 

source and drain, along which IDS flows, is oriented normal to the [011] direction, along 

which the V-grooves are aligned. The resist pattern is used as mask for the wet etching 

process, performed in a H3PO4:H2O2:H2O 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 in de-ionized water, at a thickness (~900 nm) 

greater than the 2DEG depth and lower then 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 epi-layer. The undercut below the resist mask is negligible 

compared to MESA dimensions. Alignment marks necessary for the following optical 

and Electron Beam Lithography (EBL) steps are also realized in this step.  

For the contacts definition step, a lift-off resist (LOR7B, 700 nm-thick) is spun 

before the optical photoresist. Contact areas are opened on the MESA structures. The 

GaAs surface of the contact areas is deoxidized by a 5’’ dip in diluted HCl and dried via 

nitrogen blow, just prior to the loading of the sample in the evaporation chamber. A 

Nickel\Germanium\Gold tri-layer (20\60\130 nm-thick) is deposited by e-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 annealed. It is well established that the eutectic  

alloy of Au and Ge, melting at 330 °C, forms excellent n
+
 contacts on GaAs [167]. 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 made by placing the sample on a copper strip, heated by Joule effect up to the 

temperature of 420° for about 1’, in nitrogen atmosphere. The annealing process allows 

the metals to melt, diffuse and reach the 2DEG depth, making an effective Ohmic 

contact (represented in Fig. 81). 

The V-groove grating is integrated on the active area by EBL nanopatterning 

followed by anisotropic GaAs wet etching. PMMA (AR-P 671.05, 490 nm-thick) was 

used as electron beam resist. Periodically spaced 70 nm-wide lines were exposed by a 

100 keV electron beam having a current of 2 nA and with a dose of about 860 μC/cm
2
. 

The EBL apparatus is a Jeol JBX-6300FS 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. The samples were developed for 1’ in H2O:IPA 3:7 and rinsed in 

DI water. 

A variety of etchants has been reported for GaAs crystals, most of them being 

anisotropic because of the different surface activity of Ga- and As-terminated planes 

[168–172]. In particular, several solutions based on acids – hydrogen peroxide mixtures 

work as crystallographic orientation-dependent etchants. We used a solution of 

H2SO4:H2O2:H2O 1:8:40 by volume, as reported in reference [173], for 25’’. The 

PMMA mask endure this dilute etching process, which creates a significant undercut 

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, thus forming an array 

of V-shaped grooves (Fig. 83). The process latitude of this nanofabrication step turned 

out not to be wide and groove widths ranging between 330 and 410 nm have been 

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 results in terms of 

grating duty cycle. 
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Fig. 83: SEM images of V-groove gratings 

Another UV lithography step is performed to pattern the gate contact (see Fig. 82). 

A LOR7B\S1818 bi-layer is spun, exposed and developed. Samples are then loaded in 

the vacuum chamber for e-gun evaporation of a 180 nm-thick gold layer on top of a thin 

(3 nm) titanium adhesion layer (deposition rates 0.05 nm/s). After the final lift-off step, 

the V-groove grating on the active area is conformally coated by gold (Fig. 84) and 

electrically connected to the central lead (on the bottom in Fig. 81), by which it is 

possible to bias the gate. From the FIB-SEM 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 V-grooves oriented along the [011] direction (Fig. 84 left). 

  

Fig. 84: FIB-SEM cross section (left) and SEM top view (right) of the gold coated V-groove 

gratings. 

Finally the samples were cut and the dies were glued on sockets by a bi-component 

epoxy resin. Electrical connections between the socket and the pads on the die were 

realized by a wedge bonder equipment and 12 μm-thick Au wires (Fig. 85). 

628 nm



 

 135 

 
 

Fig. 85: Pictures of two dies bonded to sockets and belonging to the first batch (left) and to the 

second batch (right) of devices. 

5.8 Optical characterization of V-groove gratings 

Bare plasmonic crystals integrated on the gate of the devices have been characterized by 

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 

been used 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 excellent (Fig. 

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 0° (Fig. 86b). As can be seen the reflection 

dip, located at about 750 nm for 15°, blue-shifts for smaller incidence angles and a 

second shallower dip manifests in the plots relative to 3° and 6°. The two dips merge at 

normal incidence. This is in agreement with the reflectance map shown in Fig. 79 (left). 

Note that the deep at normal incidence corresponds to a wavelength of 626 nm (R=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 nm-thick film of refractive index 1.45 (Fig. 86c). The 

reflectance dip slightly red-shifts after coating and the design wavelength is located 

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. 

 

(a) 

  

(b) (c) 

Fig. 86. (a): specular reflectance of a V-groove grating at 15° incidence angle for TM polarization, 

measured by ellipsometry and simulated by FEM from experimental geometric parameters. (b): 

specular reflectance simulated by FEM for incidence angles between 0° and 15°. (c): 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 the working 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 used 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 the working 

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 plasmonic gate is illuminated, is 

needed. Indeed, 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 here) were very similar each other. 

This is clearly not reasonable, considered that the gate transmits only a fraction of about 

10
-4

 the incident photon flux. Actually, using a laser beam with spot size at beam waist 

smaller than the gate area and centred on it, the 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 

(see Fig. 81), could flow through the gate contact and create a conductive channel 

between source and drain [153].    

In particular, the light source used in this setup is a HeNe laser emitting at 633 nm. 

The beam passes through a polarizer placed on a 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 tuned by a Galilean beam expander (variable in the 2X – 

5X range) and focused on the sample by a lens placed on a translational mount and 

having a 250 mm-focal length. The divergence of the beam on the sample, and thus the 

angular resolution of the measurement, can be tuned between ±0.11° (2X expansion, 80 

μm FWHM spot size) and ±0.29° (5X expansion, 25 μm FWHM spot size). The sample 

socket is placed on a horizontal platform having translational degrees of freedom, two in 

the sample plane and one in the normal direction, 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, and intersects the incident beam axis. This 

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 Hz (~1 μA rms) is driven through the device between source 

and drain, by the output voltage of a lock-in amplifier in series with a 5.8 MΩ resistor, 

and the Vds voltage is measured (see Fig. 81). A DC voltage can be applied to the gate 

by a Keithley Source Measure Unit, simultaneously reading the gate leakage current. 
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5.10 Electro-optical characterizations of bare devices 

Before analyzing the sensitivity to surface coating, we measured the electro-optical 

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 function of incident irradiance is reported in Fig. 

87 for two gate biases. Irradiance values are normalized to that incident on the sample 

when no attenuators are inserted in the 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 comparable but slightly lower value of the slope mσ is 

found (1·10
-5

 Ω
-1

), for gate voltage Vg=0 V, compared to the same bare epitaxial sample 

(2.8·10
-5

 Ω
-1

, HM3337). This fact could be attributed to the non uniform illumination of 

the gate area (spot size 80 μm compared to 500 μm gate side). Indeed the equivalent 

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 to the uniformly illuminated sample at the same optical power 

density.  

 

Fig. 87: Responsivity curve of a device, realized using HM3337 epitaxial substrate, for two gate 

biases. In the legend is also reported the mσ value extracted by curve fitting.    

When a negative voltage, relative to the grounded source, is applied to the gate, the 

responsivity curve is significantly re-shaped. The dark conductivity lowers because the 

channel is depleted of charge carriers for a negative bias voltage. Interestingly the slope 
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mσ of the curve increases compared to the zero-gate bias. This means that device 

sensitivity can be improved controlling gate polarization. 

In Fig. 88 the measurement in dark condition of channel sheet resistance and gate 

leakage current as a function of gate bias is reported. In this sample the sheet carriers 

density is effectively reduced by a factor of 5 between 0 V and -2 V. 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 characteristics of 

the Schottky barrier between GaAs (at the 2DEG depth) and Au [167], [174] which 

form a small interface on the lateral sides of the MESA (Fig. 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 bias (Fig. 89). The sensitivity is enhanced by 

almost a factor of 3 for Vg= -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 nm-thick deep spacer and a 

considerable total dielectric thickness between the 2DEG and the metal gate (530 nm). 

It is reasonable to 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 limited bandwidth 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 of gate bias 

for a sample having a 100 nm-thick deep spacer. 

The measured output signal of a device, which is the drain-source voltage drop Vds 

across the active area driving a current Ids=500 nA rms through them, is reported in Fig. 

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 nm, duty 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 between the two graphs, the bell-shaped 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 

photo-generation and 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 the non-linear 

electro-optical response of the detector, a calibration curve will be needed to 

quantitatively compare the output signal of the device and the simulated transmittance 

curve.   
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Fig. 90. Top: measured output signal of the device (drain-source voltage drop Vds across the active 

area driving a current Ids=500 nA rms) as a function of incidence angle of the laser beam for both 

polarizations. Measured parameters of the grating in the device under consideration: pitch 628 nm, 

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 angular-resolved signal 

output. In Fig. 91 the Vds voltage trend in two angular scans performed at Vg= 0 V and 

-1.5 V is plotted. The improvement of device sensitivity with applied bias is confirmed 

by this measurement. Indeed the transmittance modulation with incidence angle is 

amplified by the opto-electronic 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 optimized 

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 constant [175–177]. The sample 

was cleaned with multiple rinses in ethanol and pre-characterized with the bare gold 

surface. Then few drops (~50 μl) of a 2 mM ethanolic solution of a biotin derivative, 

bringing a thiolated side chain for gold grafting, were deposited on the sample and kept 

in an ethanol-saturated atmosphere for 16 hours. Further rinses in ethanol were 

performed to wash away biotin molecules not stably bonded to the gold active area by 

the Au-S bond. The sample was characterized after this functionalization step too. 

Finally few tens micro-litres of 4 µg/ml avidin in DI water solution were applied on the 

surface for 15’ and the sample was rinsed in water to wash un-bound avidin molecules 

away.  

The output signal after the avidin binding step is reported in Fig. 92, 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 perfectly 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 biotin [178]), appears to be squeezed in the angular range around normal 

incidence and appreciably distinct from the reference ones. All the curves present a 

marked dip at about 2° incidence angle and a shallower valley for normal incidence, 

instead of a single bell-shaped peak for the optimized grating. This is again qualitatively 

in agreement with the transmittance trend simulated using the experimental grating 

parameters (shown later). 
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Fig. 92: Device output signal in angular 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 nm-thick 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 device (Fig. 93). The latter was measured acquiring the 

conductivity in angular scans performed with different neutral density filters attenuating 

the incident laser beam (attenuation factors in the range 10-10
6
). From the left graph of 

Fig. 93 it is evident that, even attenuating by a factor 10
6
, the 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 attenuation 

factors of the incoming beam. Right: responsivity curve of the device out of resonance (4° incidence 

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° incidence angle. 

In the right part of Fig. 93, the conductivity measured at 4° incidence angle (out of 

resonance) is plotted as a function of relative intensity, which corresponds to the optical 

density of the attenuator applied. Due to equation (5.6), modulations of irradiance 

incident on the device, by changing the filter optical density , and modulations of 

transmittance T, by grating angular response, are equivalent from the point of view of 

transmitted irradiance (It) that causes the conductivity modulation. Thus the three data 

in the relative intensity range around 10
-1

 are interpolated by a parabola and the 

resulting curve can be used to calibrate the conductivity against the relative 

transmittance. The red points in Fig. 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 the abscissa of 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 behaviour is linear as 

expected). Moreover this demonstrates that, once the responsivity of the device is 

calibrated, the effect of the resonance can be evaluated in a very broad range of 

incoming intensity (six orders of magnitude). This is a crucial result for possible 

scalability and array application of the device. 
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Using the responsivity curve of Fig. 93 (right), the conductivity (or Vds) signal 

reported in Fig. 92 is transformed into a transmittance modulation curve and this can be 

compared with the simulated transmittance of the plasmonic grating (Fig. 94). 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 avidin monolayer coating has been found. Note that, for this non-optimized 

grating layout, the maximum sensitivity point corresponds to a small non-zero 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 curves are normalized to their value at 4° incidence angle. The 

experimental curves are obtained by converting channel sheet resistance (Fig. 92) into 

transmittance by using the device responsivity curve measured (Fig. 93 right). 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 simulations. This should provide a quite accurate estimate since the 

simulations are validated by both the ellipsometry and preliminary detection tests on the 

non-optimized structure. 
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Elaborating the expression (5.1) for device sensitivity by using equations (5.6)-(5.8) 

one gets 

 
1t

t eff eff

m I T
S m

I N T N




  
   

   

  (5.9) 

This quantity could be experimentally measured immersing the sample in water 

solutions containing different glycerol concentrations and having known refractive 

indices [150], [164] and acquiring the conductivity signal variation per Refractive Index 

Unit (Ω
-1

/RIU). The quantity in brackets can be estimated by simulations as the bulk 

refractive index sensitivity normalized to the transmittance of the optimized grating. 

Simulations have been performed for the bare gold surface (no bio-coating) in a uniform 

dielectric medium having refractive index Neff in place of air. The results are reported in 

Fig. 95. 

 

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 the effective (bulk) refractive 

index and the refractive index and thickness of the model bio-analyte film, respectively 

about n=1.45 and t=3 nm (normal to V-groove surfaces, about 5 nm on the horizontal 

surfaces). This correspondence can be found comparing numerical simulations of the 

optical response as a function of Neff (refractive index of the environment surrounding 

the bare device) with those ones as a function of n and t (thin film on gold in air 

environment), reported in Fig. 96(a) and (b). Scanning the transmittance values (vertical 

cross sections of Fig. 96(a) and (b)), the equivalence between Neff and t-n is extracted 
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for film characteristics close to the working ones and plotted in Fig. 96(c)-(d). Around 

the nominal parameters of the film, a linear relation between Neff and t (or n) represents 

a good approximation and Neff ~ 1.005 constitutes a reasonable value to model the bio-

analyte coating. 

 

Fig. 96: Comparison of trends of transmittance as a function of Neff with transmittance as a 

function of t, keeping fixed n = 1.45 (a), or as a function of n, keeping fixed t = 3nm (b); (c,d) 

resulting trends of Neff as a function of t and n. 

For such a Neff value, the relative transmittance sensitivity T
-1

∂T/∂Neff obtained from 

Fig. 95 is about 4.5·10
4
 % / RIU. Finally, considering a mσ value of the order of 10

-5 
Ω

-1
, 

calculated as rel
rel

d
I

dI


 in the high irradiance range of Fig. 93(right), by equation (5.9) 

we can estimate a device sensitivity value 34.5 10S    Ω
-1

/RIU. 

On the other hand, the sensor resolution, which is the smallest change of the 

measurand which produces a detectable change in the sensor output [23], can be 

expressed as 
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 where is the experimental error on the conductivity measurement and 

 
V

V


    (5.11) 

 where V is the standard deviation in Vds measurement, at fixed driving current 

amplitude, performed by the lock-in amplifier. This is affected by electronic noise and 

laser power fluctuations. Averaging over 80 angular scans we measured 

47 10V V   and using an attenuator having optical density 10 the conductivity is 

about 8·10
-5

 Ω
-1

, which gives  ~5.6·10
-8

 Ω
-1

. Finally, the estimate of the biosensor 

resolution is 51.2 10R   RIU, which is comparable to other high performing intensity-

based biosensors [23], [179]. 

5.13 Conclusion 

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 constituting also 

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 semiconductor device. Such 

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 devices. In particular the 

detector consists in a High Electron Mobility photo-Transistor (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 

electronic model of energy bands in dark. We also briefly presented the growth 

technique employed, which is Molecular Beam Epitaxy, and the optoelectronic 

characterization setups used. We found that the heterostructure shows a logarithmic 

responsivity curve over a 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 between the doped region and the 2DEG channel. Furthermore the GaAs 

capping layer thickness was chosen in order to incorporate a V-groove grating, 

engraved by anisotropic etching of this epitaxial layer with (100) crystalline orientation. 

The gold coated grating has been 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 periodic grooves play a role in the optical response of the 

structure. 

We presented the micro-fabrication process developed to realize the devices, 

having a Hall-bar layout, and to integrate on the active area the periodic nanostructures 

by high resolution nano-lithographic techniques. The spectroscopic ellipsometry 

characterizations of the plasmonic crystals fabricated are in really good agreement with 

the simulated specular reflectance spectra. 

Finally, electro-optical characterizations of complete devices show that 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 operation as 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 of 10
-5

 RIU, comparable 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 resonances in periodic 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 corrugations on 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 otherwise “dark” surface modes, nanostructured metallic gratings support 

specific SPP-related phenomena like Extraordinary Optical Transmission and plasmonic 

band gaps together with conventional diffraction effects. All these features can be 

exploited to mould the flow of light both in near field, generating high field 

enhancements in sub-wavelength extended regions, and in far field, modifying 

macroscale optical properties like reflection, transmission and absorption. Integrating 

plasmonic crystals into opto-electronic devices we aimed at improving their 

performances, in terms of sensitivity and of energy conversion efficiency respectively 

dealing with sensors and solar cells, and to electrically measure modulations of photo-

generation in the semiconductors.   

We approached this topic analyzing a case study, a one-dimensional 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 surface, we identified 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 the Au-Si 

interface is matched, a field intensification within shallow Si layers (~100 nm) is 

obtained for scarcely absorbed NIR photons. On the other hand, in proximity to Wood-

Rayleigh (WR) anomalies the effective absorption depth in Si is decreased compared to 

the case of bare surface, due to the scattering 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 channelled into the substrate through the subwavelength slits between 

metal nanowires. In particular the absorption enhancement in Si at λ=1 μm amounts to 
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350% within 300 nm for the case of CM-SPP resonance and to 51% within 80 µm for 

the case of CM-WR. 

The findings on this case study motivated us to examine the light trapping 

potentialities of lamellar plasmonic crystals integrated in photovoltaic devices, that is to 

say their ability to enhance light harvesting and to manage photon absorption in order to 

maximize photogeneration. In particular we performed a comparative analysis of light 

trapping by plasmonic resonances in ultra-thin organic solar cells and in conventional 

wafer-based Si solar cells. Considering the characteristic length scales of these devices 

and the balance between power dissipation in metal and power losses due to light 

outcoupling, SPP resonances are more suited for ultra-thin cells while grating 

diffraction orders coupled to cavity resonances are more suited for wafer-based cells. 

For what concerns thin film cells, we considered a realistic heterostructure organic 

photovoltaic device, with a CuPc-C60 absorbing bi-layer having a total thickness of 30 

nm. We demonstrated by simulations that an optimized silver lamellar grating 

embedded in the organic layers is able to enhance the absorption, integrated over the 

solar spectrum, up to about 11.8%. Our analysis was focused again on the identification 

of the phenomena involved. We showed that the improvement compared to unpatterned 

reference cells comes mainly from TM polarized light and is due to both SPPs, 

propagating on the flat silver back electrode, and localized surface plasmons, bound to 

the single silver nano-strips constituting the grating.  

Similarly we tried to optimize the layout and geometrical parameters of a silver 

nanostructured grating placed on the front surface of a Si3N4-coated Si substrate, 

modelling a flat wafer-based cell (thickness ~200-500 μm). In this case optical 

simulations predicted that a global broadband absorption enhancement cannot be 

obtained while an improvement for TM polarization is achievable and mainly related to 

the NIR part of the spectrum. We developed a nanofabrication process suited for the 

realization of the designed gratings over the large surface (~cm
2
) of photovoltaic 

devices and based on Laser Interference Lithography, dry etching and metal evaporation 

in vacuum. The geometrical characteristics of the fabricated structures turned out to be 

quite similar to those designed by simulations. The enhancement of short circuit current 

measured under sun simulator, compared to bare reference devices, was attributed to the 

reduction of the series resistance of the front electrode by the nanostructured silver grid. 

Although this efficiency enhancement is not expected on the same solar cells with 

optimized electrodes, this experimental result highlights the possibility to benefit of a 
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combined optical and electrical design to exploit the metallic nanowires both for their 

plasmonic properties and as nano-electrodes for semiconductor devices. Polarization-

resolved external quantum efficiency spectra are in good agreement with simulated 

spectra. Elaborating these data by a simple electro-optical model, we found that that the 

grating effectively re-shapes the absorption profile in Si and improves its overlap with 

regions of the device having high collection probability for the photogenerated carriers. 

This in turn enhances the internal quantum efficiency over a wide bandwidth, especially 

in the NIR for TM polarization, while losses are mainly related to front surface 

reflectance for TE polarization. 

Finally, we discussed all the design steps which led us to the realization of an 

innovative prototype of SPR biosensor based on the intensity modulation approach. One 

of the key feature of this architecture is the direct opto-to-electrical transduction of the 

signal on the sensor chip, which is constituted by a GaAs/AlGaAs phototransistor 

integrating a plasmonic crystal on the active area. The optical resonances of the 

functionalized gold grating shift due to the binding of target molecules and modulate the 

transmittance of incident light, at a fixed wavelength and incidence angle, toward the 

absorbing semiconductor. The electrons population of the transistor channel is 

modulated by photogeneration and detected by measurement of device conductivity. We 

defined figures of merit to optimize the electro-optical response of the semiconductor 

heterostructure and to maximize the plasmonic resonances sensitivity to surface coating. 

The substrates were grown by Molecular Beam Epitaxy and showed a high responsivity 

to low light levels, with a logarithmic trend of conductivity versus irradiance. Tuning 

doping level and layers thickness of the heterostructure we made it suited to the grating 

integration and we optimized the responsivity curve of the device. The nanostructured 

grating has a V-groove profile, realized by anisotropic wet etching of the GaAs capping 

layer, and is coated by a conformal gold film. By numerical simulations we 

demonstrated that both grating diffraction anomalies and the SPP mode coherently 

scattered by the periodic grooves play a role in the optical response of the structure. We 

presented the flow chart developed to fabricate the transistors and to integrate the 

nanostructures on the active area. Both optical and electro-optical characterizations of 

the devices are in good agreement with the simulated behaviour. These phototransistors 

constitute fully integrated electronic and plasmonic devices. Indeed measurements 

showed that the gold grating both control device absorption by plasmonic resonances 

and work as electronic gate of the transistor. Promising results were obtained from 
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preliminary tests of operation as a biosensor: the devices functionalized with thiolated 

biotin molecules are able to detect the coating with a monolayer of avidin, showing the 

predicted response to surface refractive index change. We estimated that the ultimate 

resolution limit of these devices is of the order of 10
-5

 RIU, comparable to other state of 

art sensors based on the same detection mechanism. The advantages offered by the 

proposed architecture lie in its compactness and scalability, the possibility to perform 

real-time parallel analysis of biomolecular interactions, in array of sensing channels on 

the same substrate, and to integrate micro-fluidic delivery systems onto the sensor chip 

with direct electrical read-out. 
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APPENDIX A: FINITE ELEMENTS METHOD 

 

As discussed dealing with the metallic lamellar grating on a semiconductor substrate, 

we set up a numerical model of our system to perform optical simulations of the EM 

field distribution, generated by the interaction of incident light with the designed 

nanostructures. We used such approach also to study all the other layouts presented 

throughout this thesis, for which a simple analytical solution is not available due to the 

increased complexity of the structure analyzed.  

In general, to solve such problems we need to solve the wave equation. We are 

interested to study high frequency time-harmonic waves propagation having TM 

polarization so that it is possible to excite SPPs. Considering one-dimensional grating 

structures, having translational invariance along the y axis, the problem to be solved 

gets two-dimensional and the unique variable to be considered is the component of the 

magnetic field along the y axis. In this case the wave equation is a scalar equation: 

 2
0( ) 0y yH k H      (A.1) 

This is a second order linear elliptic Partial Differential Equation (PDE) and, except for 

rare cases, it is not possible to find its solution in closed form or by purely analytical 

means. It is necessary to seek a numerical approximation to the solution considering 

proper boundary conditions to the problem.  

Among the possible numerical techniques, the Finite Elements Method (FEM) is 

suited for such kind of equations. FEM is a powerful tool whose key features are the 

ability to handle problems with complex geometries, on the domain where the PDE has 

to be solved, and the possibility to choose different degrees of refinement of the solution 

in different zones of the domain. The Radio Frequency module of the COMSOL 

Multiphysics package (version 3.5a) [80] implements the FEM to solve equations 

having the form of (A.1). From yH , using the Maxwell’s equations, it calculates all the 

physical quantities of interest, namely the EM field distributions resolved in space and 

time (but we will consider only steady state solutions), the Poynting vector and power 

absorption. This commercial software is a simulation graphical environment, interfacing 

also with MATLAB programming environment, where all the steps from geometry 

design, to domain discretization, to boundary conditions setting, to model solving and 

results plotting are performed.  
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By proper discretization of the problem, the FEM transforms a time-invariant PDE 

into a system of algebraic equations solved by numerical linear algebra methods [128]. 

An algorithm which implements FEM performs several steps which are basically 

described hereafter. The PDE is first transformed in its weak form and the approximate 

solution is sought in the finite dimension subspace of the functions satisfying the 

boundary conditions: this operation makes the problem assume the form of a linear 

system of equations. The approximate solution can be written as linear combination of 

the basis functions of this subspace. These basis functions are chosen in the FEM in a 

smart way, such that the solution of the equations system is manageable. The 

continuous domain is separated into a set of discrete subdomains, called mesh. The 

basis functions vanish on most of these elements and are approximated by low order 

polynomials (e.g. linear functions), called ansatz, within each element (see Fig. 97). 

Each element possesses a set of distinguishing points called nodal points or nodes. 

Nodes define the element geometry and are the degrees of freedom of the ansatz 

function. So the number of nodes in an element depends on the ansatz function as well 

as on the geometry. The combination of the element shape, usually simple like triangles 

in 2D, and of the ansatz function chosen is referred as finite element type and, from this 

choice, the basis functions definition derives.  

After having discussed the principles of FEM simulations, we briefly outline again 

the procedure used to set up the model of 1D plasmonic grating on a semiconductor 

substrate, described more accurately in section 2.2. The first step consists in choosing 

the appropriate set of equations describing the physical system under study. In our case 

it is represented by equation (A.1), together with the considerations on the incident 

wave polarization and its propagation direction compared to the structure analyzed. 

Then one must define the geometry of the structure and materials properties. The 

domains are discretized creating the mesh. Its degree of refinement must be chosen in 

order to have convergent solutions and keep reasonable computational time. Before 

solving the problem, appropriate boundary conditions are set at domain boundaries, 

among which the characteristics of the incident radiation. Finally field distributions and 

power flows are calculated. 
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Fig. 97: Examples of triangular mesh for a circular domain (left) and finite elements types (right). 

For each element, an ansatz function type (usually linear or quadratic polynomial) is chosen to 

define the approximations to the basis functions of the problem. 

  



 

 157 

APPENDIX B: ELLIPSOMETRY 

 

The characterization tool that we have used to test the optical features of the plasmonic 

gratings fabricated and to check the validity of the modelling results is ellipsometry. In 

particular we used a Variable Angle Spectroscopic Ellipsometer (VASE) setup. 

Spectroscopic ellipsometry is the measurement of the change in polarization state 

of light reflected from a material. From the measured quantities, the optical properties 

of conventional and nanostructured materials can be calculated. The conventional 

application of this technique is the measurement of dielectric functions and thicknesses 

of isotropic and homogeneous materials and multilayered thin films. Nevertheless, in 

recent times it turned out to be very useful also for plasmonic structures.  

Compared to standard transmission and reflection measurements, ellipsometry 

simultaneously acquire both the amplitude ratio and phase difference of orthogonally 

polarized light: this provides two measured parameters with which to calculate the real 

and imaginary parts of the complex permittivity, thereby avoiding the need to resort to 

the Kramers–Kronig’s theorem [180]. In addition, by measuring ratios of the intensities, 

calibration procedures are simplified.  

Ellipsometry exploits the fact that polarized light, at off-normal incidence, is 

reflected (and transmitted) differently from a surface depending on whether its electric 

field is aligned parallel (p) to the plane of incidence, or perpendicular to it (s). Fig. 98 

shows the case of light reflected from a surface which originally contains equal 

components of s- and p-polarized light (i.e., linearly polarized with electric field 

oriented 45° from the incidence plane). The contrast in the dielectric functions at the 

interface causes the phase of one component to be delayed with respect to the other and 

the reflected electric field amplitudes to be dissimilar. Thus, in general, the reflected 

light will be elliptically polarized. While the case described above uses linearly 

polarized incident light, the ellipsometric principle applies to elliptically polarized 

incident light or even modulated incoming state-of-polarization. So long as the initial 

polarization state is known (prepared by a linear polarizer and a retarder on the incident 

beam), the dielectric function of the sample may be deduced from a measurement of the 

ellipticity of the final state (by a polarizer, or analyzer, on the reflected beam); hence the 

term ellipsometry. 
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Fig. 98. Left: Simplified representation of the ellipsometric measurement geometry. Right: J. A. 

Wollam Co. VASE Ellipsometer, the equipment used in our measurements. 

If the sample is non-depolarizing and isotropic, the only quantity of interest is the 

ratio of the complex reflection coefficients for the two orthogonal polarizations, pr and 

sr : 
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The angles   and   correspond to the amplitude ratio and the phase difference of 

the reflection coefficients, respectively. Even if the parameter   is directly 

measureable, in modern ellipsometers a large number of measurements at different 

azimuths of the input polarizer and of the analyzer are performed. This makes possible 

to characterize also anisotropic materials (generalized ellipsometry [180]). 

Predicting reflection and transmission spectra by solving Maxwell’s equations for 

specific geometries and permittivities is often termed the ‘‘forward problem’’. 

Ellipsometry is useful to deal with the ‘‘reverse problem’’: the retrieval of the 

permittivities and/or geometries from reflection and transmission spectra. Nevertheless 

ellipsometry is an indirect method, i.e. in general the measured   and   cannot be 

converted directly into the characteristics of the sample. To carry out this task, an 

optical model of the sample has to be constructed and, by a fitting procedure on the 

experimental data, the characteristic parameters defining the layers can be retrieved. For 

example, for the simple case of a single isotropic thin film of thickness t on a substrate, 

the reflection coefficient is: 
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where the subscripts 1, 2 and 3 denote the ambient, film and substrate respectively, 

and the last two equations are the Fresnel formulas for the single ij interface.  

In the cases of interest treated in this thesis, the optical model is created by 

numerical simulations and the reflectance is calculated for a range of key geometric 

parameters of the structure, e.g. obtained from morphological measurements on the 

samples. A comparison of angular or spectral resolved reflectance curves, measured and 

simulated, is performed to get the parameters that best describe the experimental optical 

response. Measurements have been done on the J. A. Woollam Co VASE. The 

equipment is capable of taking measurements over a wide spectral range from 193 to 

2200 nm and for incidence angles higher than 15°. It has flexible measurement 

capabilities such as reflection or transmission ellipsometry, intensity transmission (T) 

and reflection (R), anisotropic ellipsometry and cross polarized R/T, depolarization and 

scatterometry.  
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