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Abstract  

Thin-film photovoltaic (PV) cells based on the bulk hetero-junction of organic materials 

reached a record efficiency of 8.3%i and have the potential to become a lower-cost alternative 

to amorphous silicon. Some of the issues related to the intrinsic properties of generation, 

separation and transport of charges, may be addressed not just by working on the details of the 

chemistry and processing of the organic/fullerenes materials, but also by implementing new 

cell architectures organized and well controlled down to the nanoscale. The present work of 

thesis is based on the conviction that the latter approach, complementary to that focused on 

the improvement of the intrinsic properties of the materials, will substantially contribute to the 

progress of this field of applied research. The goal of this work is that of demonstrating the 

working principle of a series of different and new micro- and nano-architectures into 

prototypical organic solar devices. In particular, we realized: a 1 cm2 nanomodule with almost 

1 kV of open circuit voltage, a solar cell with a controlled nanostructured interface 

heterojunction with interpenetrating features of 20 nm, and we optimized the sputtering 

deposition of indium tin oxide (ITO) for our light trapping device based on microlenses array. 

However, we believe that additional efforts in the same direction will be necessary to 

demonstrate the usefulness of nanoarchitectures in organic photovoltaics. Part of the research 

work was devoted to the development and the commission of specific instrumentation for PV 

processing and characterization as an oblique angle vacuum evaporator connected to a 

nitrogen glove-box for the deposition of metals and organics. 

 

                                                 
 
i Konarka Inc., NREL certified measure. M. A. Green et al., Prog. Photovolt: Res. Appl.; 19 (2011) 84–92. 
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Riassunto  

Abstract 

Le celle fotovoltaiche basate su strati sottili di materiali organici hanno raggiunto 
efficienze dell' 8.3%i ed hanno le potenzialità per diventare un'alternativa a basso costo delle 
celle basate su silicio amorfo. Alcune delle problematiche legate alle proprietà intrinseche di 
generazione, separazione e trasporto delle cariche possono essere affrontate non solo con lo 
studio della chimica e dei processi per materiali organici e fullerene, ma anche con lo 
sviluppo di nuove architetture delle celle basate sul controllo e l'organizzazione alla scala del 
nanometro. Il presente lavoro di tesi è basato sulla convinzione che quest'ultimo approccio, 
complementare a quello basato sul miglioramento delle proprietà intrinseche dei materiali, 
contribuirà sostanzialmente al progresso di questo campo della ricerca applicata. L'obiettivo 
di questo lavoro è quello di dimostrare il principio di funzionamento di una serie di diversi e 
nuovi prototipi di dispositivi basati su micro- e nano-architetture. In particolare, abbiamo 
realizzato: un nanomodulo di 1 cm2 che mostra una tensione di circuito aperto di quasi 1 kV, 
una cella solare basata su un'eterogiunzione con interfaccia avente strutture di 20 nm 
interpenetrate, e abbiamo ottimizzato deposizione di ossido di indio stagno (ITO) per lo 
sviluppo di un nostro dispositivo di intrappolamento della luce basato su serie di microlenti. 
Tuttatavia, riteniamo che ulteriori sforzi nella stessa direzione siano necessari per dimostrare 
l'utilità delle nano-architetture nel fotovoltaico organico. Parte del lavoro di ricerca è stato 
dedicato allo sviluppo e messa in opera di strumentazione specifica per la lavorazione e 
caratterizzazione per il fotovoltaico come un evaporatore in vuoto ad angolo inclinato 
connesso ad una camera a guanti in azoto per la deposizione di metalli e di organici. 

Stato dell'arte nel fotovoltaico organico 

La cella fotovoltaica organica che ad oggi ha dimostrato la più alta efficienza è basata sul 
modello dell'etero-giunzione diffusa (Bulk Hetero-Junction, BHJ). Lo strato attivo di queste 
celle solari è composto da due sostanze tra loro immiscibili che, una volta depositate e 
sottoposte a trattamento termico, segregano in domini di fasi distinte aventi dimensioni 
dell'ordine della decina di nm. La struttura di una tipica cella solare a BHJ è riportata in 
Figura 1. 

 
Figura 1 Struttura di una tipica cella solare organica a giunzione diffusa (BHJ). 

Tra i materiali più studiati, troviamo il poly(3-hexylthiophene) (P3HT) come elettron-
donatore (D) e il phenyl-C61-butyric acid methyl ester (PCBM, un derivato del fullerene) 
come elettron-accettore (A) (vedi Figura 2). Il principio di funzionamento delle celle 
fotovoltaiche organiche si basa sulla foto-generazione di un eccitone ovvero di una coppia 
elettrone-lacuna legata con energia di dissociazione dell'ordine di 0,4 eV. GLi eccitoni 

                                                 
 
i Konarka Inc., misura certificata dal NREL. M. A. Green et al., Prog. Photovolt: Res. Appl.; 19 (2011) 84–92. 
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generati diffondono termicamente e, qualora incontrino un'iterfaccia tra D ed A possono prima 
di decadere attraverso processi radiativi o non radiativi separarsi, grazie al campo elettrico 
presente all’interfaccia,con un trasferimento di carica tra D ed A. La tipica distanza che un 
eccitone riesce a percorrere prima di ricombinare è dell'ordine di 20 nm, e da qui deriva il 
punto di forza delle celle BHJ. Queste infatti, presentano una elevatissima densità di area di 
interfaccia D/A e perciò gli eccitoni generati hanno alta probabilità di raggiungere e dissociare 
in cariche libere ad una di queste interfacce. 

 
Figura 2 Struttura molecolare del P3HT e del PCBM. A destra sono raffigurati i livelli elettronici dei materiali 
che compongono una tipica cella organica BHJ. Il diagramma è disegnato in base al modello che prevede 
l'allineamento del livello di vuoto (VL) in quanto il piegamento dei livelli non è definito ed è estremamente 
dipendente dalle condizioni di deposizione. 

Problematiche attuali 

Sulla base di una accurata ricerca nella recente letteratura in materia, possiamo affermare 
che i fattori che maggiormente limitano le attuali prestazioni delle celle fotovoltaiche 
organiche basate su giunzione diffusa possono essere riassunti nei seguenti tre: 

La ricombinazione dei portatori di carica liberi durante il loro trasporto nello strato attivo; 
Il non ottimale accoppiamento ottico, dovuto ala relativamente piccola porzione dello 

spettro solare che viene assorbita da una singola coppia di materiali donore/accettore (D/A); 
Il non ottimale allineamento dei livelli elettronici tra i vari materiali che compongono la 

cella, che causa delle perdite di tensione. 
Nel seguito verranno delineate le questioni sopra elencate e successivamente si darà una 

breve descrizione di come abbiamo inteso trovarne delle soluzioni basate sull'uso controllato 
di micro- nano-architetture. 

Ricombinazione 

In un recente lavoro di S. Cowan et al.i viene data una convincente spiegazione dei 
fenomeni di ricombinazione in celle solari basate su polimero/fullerene individuandone la 
causa in trappole elettroniche che si formano all'interfaccia tha donore ed accettore. Nelle 
celle BHJ, la giunzione è per definizione distribuita nell'intero volume dello strato attivo e di 
conseguenza lo sono anche le trappole. Ne deriva che la probabilità di ricombinazione è 
direttamente proporzionale alla lunghezza del cammino che le cariche devono percorrere per 
raggiungere gli elettrodi. Per via della caotica distribuzione dei domini di A e D nelle BHJ, il 
percorso delle cariche è di molto superiore al solo spessore dello strato attivo ed, inoltre, è 

                                                 
 
i S. R. Cowan, A. Roy, and A. J. Heeger, Recombination in polymer-fullerene bulk heterojunction solar cells Physical 
Review B 82 (2010) 245207. 
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molto probabile la formazione di domini isolati o connessi solamente all'elettrodo sbagliato 
(cioè D con il catodo ed A con l'anodo). Di conseguenza sarebbe oppurtuno ridurre al minimo 
la distanza tra gli elettrodi ma, per assorbire al meglio la luce sarebbe opportuno massimizzare 
lo spessore dello strato attivo. In genere viene individuata dunque la migliore soluzione di 
compromesso che però limita le potenzialità di questa tecnologia. 

Accoppiamento ottico 

Lo spettro solare si estende dai 300 ai 1800 nm di lunghezza d'onda ed ha il suo massimo, 
in termini di densità di fotoni, intorno ai 700 nm. I materiali organici impiegati attualmente 
nelle celle fotovoltaiche, hanno il loro picco di assorbimento intorno ai 450 nm e presentano 
un'estensione spettrale limitata (larghezza a mezza altezza di 300 nm). Ne consegue che 
buona parte dello spettro solare non viene convertito in energia elettrica. Va detto che nella 
regione di sensibilità, presentano tuttavia un'ottima efficienza di assorbimento. 

Accoppiamento elettronico 

La terza questione può essere divisa in due aspetti: l'accoppiamento elettronico tra D ed A 
e quello tra lo strato attivo ed i contatti (Figura 2). Una soluzione al primo aspetto è limitata 
dalla necessità che la coppia D/A soddisfi al contempo ad altri requisiti in termini di veloce 
trasferimento di carica, profilo di assorbimento e facilità di lavorazione, perché possa essere 
in grado di fornire prestazioni superiori alle attuali. Tuttavia, un'intensa attività di ricerca, sia 
pubblica che privata, rivolta alla sintesi di nuovi materiali, stà conducendo ad importanti 
progressi in questa direzione. 

Teoricamente, l'accoppiamento tra i livelli elettroni dello strato attivo ed i contatti 
potrebbe essere risolto facilmente con un'opputuna scelta dei materiali dei contatti. Nella 
pratica, la scelta dei materiali e fortemente ristretta dall'esigenza che, da un lato, almeno uno 
dei contatti sia al contempo trasparente e conduttivo e, dall'altro, che un contatto sia 
depositabile direttamente sopra lo strato attivo senza danneggiamento dello stesso. 

Soluzioni proposte 

Abbiamo voluto sfruttare l'esperienza del nostro gruppo di ricerca nella micro e nano 
fabbricazione per sviluppare tre prototipi di dispositivi legati al fotovoltaico organico: un 
nanomodulo composto da 2000 celle per mm connesse in serie; una cella solare basata su 
un'eterogiunzione con interfaccia avente strutture di 20 nm interpenetrate, e un dispositivo di 
intrappolamento della luce basato su serie di microlenti. 

Del primo, che rappresenta l'obiettivo principale di questa tesi, si darà una descrizione più 
ampia rispetto ai secondi. 

Nanomoduli 

La soluzione di compromesso sopra accennata (tra alto spessore della cella per favorire 
l’assorbimento e bassi spessori per limitare i problemi di trasporto), può essere evitata 
svincolando la scelta dello spessore dello strato attivo dalla distanza tra gli elettrodi. Lo 
abbiamo realizzato nel modello di dispositivo detto a nanomodulo (Figura 3), dove la 
direzione della luce e della corrente non sono più parallele tra loro, come nel caso usuale, 
bensì ortogonali. In questo modo lo spessore ottico dello strato attivo è slegato dalla distanza 
tra gli elettrodi. Lo sviluppo e realizzazione di questo dispositivo è l’obiettivo principale di 
questa tesi. Questo modello di dispositivo può, in linea di principio, porre un rimedio anche 
alle altre due questioni sopra descritte. Per quanto riguarda l’accoppiamento ottico, facciamo 
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notare che i nanomoduli possono essere illuminati da entrambe le parti o addirittura 
attraversati dalla luce. Ponendo uno sopra l’altro diversi dispositivi a nanomodulo, ciascuno 
ottimizzato ad assorbire una specifica porzione dello spettro solare, il primo potrebbe 
assorbire solo la componente ad alta energia dello spettro e lasciar filtrare al secondo la 
rimanente porzione e così via. Infine, l’allineamento dei livelli elettronici potrebbe essere 
favorito da una più vasta scelta dei materiali utilizzabili in quanto entrambi gli elettrodi vanno 
depositati prima del materiale attivo e non è richiesto che almeno uno di essi sia trasparente. 

 
Figura 3 Schema di principio dei nanomoduli. Direzione della luce e della corrente non sono più parallele, come 
nel caso usuale, ma bensì ortogonali. Questo modello può, in linea teorica, superare le tre questioni sopra 
elencate. 

Il processo fabbricativo da noi sviluppato (Figura 4) ha richiesto la progettazione e 
realizzazione di un evaporatore in alto vuoto per la deposizione di metalli e/o di organici ad 
angoli di incidenza variabili. L’evaporatore è stato disegnato per essere connesso ad una 
camera a guanti in atmosfera inerte (azoto) per preservare le funzionalità dei materiali 
organici vista la loro sensibilità a contaminanti come ossigeno ed acqua. 

 
Figura 4 Schema del processo sviluppato per la nanofabbricazione dei nanomoduli. Il dispositivo si compone di 
due parti: una porta le nanostrutture e l’altra il materiale attivo. Le due vengono poi unite mediante un processo 
di pressatura a 40 MPa a caldo. 

Alcuni prototipi di nanomoduli sono stati realizzati e caratterizzati nei nostri laboratori 
arrivando, nel caso migliore, ad una tensione di circuito aperto di quasi 1 kV come ricavato da 
misure della caratteristica corrente-tensione (Figura 5). 
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Figura 5 Misura della caratteristica corrente-tensione di uno dei prototipi di nanomodulo realizzati di cui è 
riportata un immagine a destra. Si noti il leggero effetto di diffrazione della luce (alone violetto) dovuto alla 
presenza di strutture nanometriche periodiche. 

Tuttavia l’efficienza generale dei prototipi è di ordini di grandezza inferiore a quella delle 
celle organiche standard da noi realizzate come riferimento (~1%). Da un’indagine più 
approfondita, è emerso che il materiale attivo, nel corso del processo di fabbricazione, non è 
penetrato completamente all’interno degli spazi tra anodo e catodo, riducendo quindi la 
corrente generabile ed inoltre ponendo in parziale corto circuito celle adiacenti per via del 
rimanente strato continuo formato dal materiale attivo in disavanzo (Figura 6). Varie soluzioni 
tecniche al riguardo sono al momento in fase di sviluppo ed includono lo stampaggio di 
substrati polimerici termoplastici quali il PET. 

 
Figura 6 Immagine al microscopio elettronico a scansione della sezione di un nanomodulo. Sono visibili delle 
cavità tra le strutture, segno di un’impleta penetrazione del materiale attivo durante il processo di fabbricazione. 
E’ visibile, inoltre, uno strato continuo di materiale attivo residuo che mette in contatto celle adiacenti 
provocando una dispersione di corrente. 

Celle ad intefaccia nanostruttrata 

La realizzazione di percorsi di carica più semplici e diretti nello strato attivo di celle 
organiche è stata ottenuta mediante Nano Imprinting Lithography (NIL) dello strato donore in 
P3HT e successiva evaporazione di fullerene. Il concetto di interfaccia nanostrutturata è 
descritto in Figura 7. 

 
Figura 7 Confronto tra le strutture formate da donone ed accettore in celle organiche BHJ (sinistra) e nel nostro 
prototipo (destra). 
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Prototipi di queste celle sono stati realizzati in collaborazione con il Dr. M. Mazzeo del 
Laboratorio Nazionale di Nanotecnologie (NNL) del CNR, Lecce. Sebbene sia riuscita la 
nanostrutturazione del P3HT, avvenuta per mezzo della replica di uno stampo da noi 
realizzato (Figura 8), le prestazioni dei dispostivi sono risultate nettamente inferiori al 
campione di riferimento a causa di un’insufficiente riempimento delle strutture per via di 
effetti ombra durante l’evaporazione di fullerene. 

 
Figura 8 Stampo in silicio con fori di 20 nm di diametro e 90 di profondità (sinistra) e la sua replica (destra) una 
volta stampato a 20 MPa e ~60°C su polimero elettron-donatore (P3HT). 

Microlenti per trappole di luce 

Un altro modo di porre rimedio alla necessità di questione trovare un compromesso tra 
alti spessori di assorbimento e corti cammini delle cariche agli elettrodi, è quello di realizzare 
una cella solare organica con gli elettrodi molto vicini e di sopperire allo scarso assorbimento 
di luce aumentandone il cammino ottico al suo interno. Abbiamo realizzato un dispositivo che 
produce questo risultato mediante riflessioni multiple della luce all’interno di una cavità a cui 
la luce accede tramite piccoli fori o fenditure poste sul fuoco di una serie di microlenti (Figura 
9). 

 
Figura 9 Schema ottico dei dispositivi da noi sviluppati per l’intrappolamento di luce basati su serie di 
microlenti. In una successiva evoluzione si intende aggiungere un’ulteriore cella solare, integrata nel dispositivo 
ottico, per l’assorbimento della componente diffusa della luce solare. 

In questo lavoro di tesi, l’autore ha seguito lo studente F. Morpurgo dell’Università di 
Padova nella parte sperimentale della sua tesi di laurea in Scienza ed Ingegneria dei Materiali 
volta all’ottimizzazione della deposizione dell’elettrodo trasparente conduttivo (ITO). Questo 
processo è ritenuto strategico per la fase di sviluppo ulteriore del dispositivo di 
intrappolamento di luce che prevede l’integrazione di un’ulteriore cella solare assieme al  
dispositivo ottico, per l’assorbimento della componente diffusa della luce solare. 

 





 

 

1 INTRODUCTION TO ORGANIC SOLAR CELLS 

 
In order to understand the motivations of this thesis and for a better comprehension of the 

issues concerning the organic photovoltaic technology, some insight of the fundamental 

mechanisms is described in this chapter. 

The photovoltaic effect is the basic principle that cause a device to produce electricity 

when exposed to light. A review of the physics underlying this effect is given in the first 

paragraph by pointing out the current models for the description of charge generation and 

transport in organic semiconductors. The content of this paragraph is mainly based on works 

of Y. Gao [1], H. Ishii et al. [2] and Blom et al. [3] unless otherwise noted. 

Two of the most succesfull and established realization layout of organic solar cells are 

described in the second paragraph. 

Finally, in the third paragraph, some of the possible applications for organic solar cells 

are described. 



2 E. Sovernigo 

 

1.1  Physics of organic solar cells. 

Research on the photovoltaic (PV) effect in organic cells began to a large extent in the 

1950s when several groups [4 and ref. therein] characterised the electric behaviour of various 

organic semiconductors when exposed to light. 

The archetypal organic solar cell is composed of a single organic semiconducting layer 

posed between two electrodes having different work functions similarly to what has been 

studied by Ghosh et al. [5] on Au/tetracene/Al cells. It is worth to notice that a photovoltaic 

effect is realized even for an organic layer between identical electrodes [6].  

For what concerns the physics of organic electronic materials and devices, the scientific 

community is particularly interested in the understanding of metal/organic and 

organic/organic interface phenomena [1, 7 and ref. therein] since, in contrast with inorganic 

crystalline semiconductors, a reliable general model describing “band” bending and electronic 

levels arrangement for this class of semiconductors is still to be defined [1, 20, 8, 9 and ref. 

therein]. Therefore, first we report a discussion on of the energy level alignment at the 

interface between an organic semiconductor and a metal. Then, we summarize the exciton 

generation and the properties of an organic-organic junction. Some important physical aspects 

of the so called Bulk Hetero-Junction based device are described in the last two paragraph of 

this section. 

1.1.1 Energy levels in organic semiconductors 

Starting from the basic concepts, the potential well for a single (hydrogen) atom (Figure 

1.1 a) describes the the potential energy V of an electron as a function of its distance R from 

the nucleus. The potential energy raise up to a constant value for distances large enough for 

the electron to be considered as a "free electron" in vacuum. This potential energy level is 

called the vacuum level (VL). 

Bonding more than one atom to form a molecule or a polymer (Figure 1.1 b), the valence 

electrons energy levels are rearranged according to the Molecular Orbitals (MO) model (e.g. 

by Linear Combination of Atomic Orbitals (LCAO)) while the core electrons remain localized 

at the nuclei. The electronic rearrangement gives the definition of an Highest Occupied 

Molecular Orbital (HOMO) and a Lowest Unoccupied Molecular Orbital (LUMO). The gap 

between the HOMO and the VL is called Ionization Energy (IE) while the gap between 

LUMO and VL is named Electron Affinity (EA) and are dependent on the environment in 

which the molecule is immersed. Usually IE and EA are referred to the gas phase i.e. for an 

isolated molecule in vacuum. 

In a molecular solids (Figure 1.1 c), weak Van Der Waals interactions occurs between 

adjacent molecules leaving the HOMO and LUMO levels localized in the single molecules 

and with usually narrow intermolecular energy steps around 0,1 eV in height. This last 

configuration is usually represented in a more compact form (Figure 1.1 d) in which the 
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vacuum level may be intended, wrongly, to be inside the material while it is actually on the 

outside. 

The vacuum level (VL) plays an important role in the description of the electronic energy 

levels alignment. VL is sometimes intended as the energy level for an electron posed at 

infinite distance from the system (VL( )) or posed just outside the surface of the system 

(V(s)). This has often generated some misunderstanding since for a typical organic 

semiconductor the absence of surface dipoles makes V(s) to be substantially at the same 

energy of VL( ) but this is not the case for metals or crystalline semiconductors which 

electrons are described by energy bands rather than localized MOs. 

 
Figure 1.1 Representations for the electronic strutctures adopted for: a) electron potential energy (V) as a 
function of distance from the nucleus (R) for a single, isolated atom; b) Single molecule with Electron Affinity 
and Ionization Energy in gas phase (EAg and IEg, respectively). An HOMO-LUMO gap with Eg in the visible 
range is present in solar organic semiconductors; c) Organic solids are usualy composed of molecules weakly 
interacting via Van Der Waals forces and the typical representation for an organic semiconductor is often 
simplified as in d). Adapted from ref. [2]. 

It is well known [10, 11] that different work functions ( , i.e. the energy difference 

between the fermi level and the VL(s)) are measured for different crystallographic faces of a 

crystal (Figure 1.2). However, a common VL( ) can be defined. The formation of surface 

dipole layers, surface reconstructions or chemical reactions at the interface, may also strongly 

modify the working function of a surface. 

The comprehension of the electronic band coupling for the metal/organic semiconductor 
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interface was initially [12] addressed in 1999 by the Vacuum Level Alignment model (VLA) 

by which one simply aligns the VL of all the materials composing the device and the HOMO 

and LUMO levels are shifted consequently. This model was soon passed by the interface 

dipole model [2] introducing a vacuum level bending at the interface due to an abrupt charge 

discontinuity. Althogh the origin of this interface dipole layer are still under investigation [1], 

it is clear that metal/organic interfaces play a key role in the electronic structure and 

performances of organic electronic devices [13]. 

 
Figure 1.2 Representation of the different structures of the facets of an FCC crystal (E.g. Aluminium, 
Φ(100)=4.20eV, Φ(110)=4.06eV, Φ(111)=4.26eV [11]) and electron energy diagram (see Figure 1.1 a) for a metal 
showing different work functions Φ for the two boundaries. 

1.1.2 Exciton generation 

The main physical process involved in the photovoltaic effect is the energy transfer from 

a photon to an electron that makes the latter to change its state from a lower energy to an 

higher energy state followed by a charge separation of the resulting electron and hole. In 

organic semiconductors, electrons are photo-excited from the Highest Occupied Molecular 

Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO). This transition 

occurs only for photons carrying an energy amount greater or equal to the energy gap between 

the HOMO and LUMO states and lead to the creation of an electron and a hole with opposite 

spin, bound by their Coulomb attraction in a singlet exciton state. 

Organic semiconductors for solar cells show a high absorption coefficient (ca. 10-5 cm-1), 

thus they absorb light very efficiently at the maximum of their absorption spectrum and a 

layer thickness of only a few hundred nanometer is required to absorb all the light at their 

peak wavelength absorption. As a comparison, silicon based solar cells need an active layer 

thickness of an hundred of micrometers since silicon is an indirect semiconductor. However, 

only a relatively narrow region of the solar spectrum is absorbed by typical organic 

compounds while inorganic semiconductors absorb ideally all photons having energy greater 

than the energy band-gap. 

Because coupling between neighboring molecules in molecular solids is low, the 

molecular excitations are localized and there is no band to band transition, unlike in inorganic 

semiconductors. Moreover, the relative dielectric constant of the order of 3, as compared to 10 

in inorganic semiconductors, results in strongly bound Frenkel-like localized excitons. Hence, 

excitons are expected to be stable at room temperature, in contrast to Wannier-type excitons 

with a binding energy of about kT at room temperature for inorganic semiconductors. An 
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important question is the magnitude of the binding energy (Eb) of the exciton in conjugated 

polymers. The disorder present in conjugated polymers prevents the exciton binding energy 

from being a well-defined material quantity however, values of exciton Eb of the order of 0.1 

to 0.4 eV has been estimated [3] by electric field assisted photo-luminescence. 

1.1.3 Donor-Acceptor heterojunction 

Quenching of excitons is one of the most important loss mechanism to be avoided in solar 

cells and it is particularly efficient near the metal/organic interfaces. The introduction in 1986 

of two-layer based organic solar cells [14] reduced to a large extent the excitons quenching 

since they are efficiently splitted into free charges at a properly matched organic/organic 

interface. At their interface, the two organic semiconductors act as a an electron Donor (D) 

and an electron Acceptor (A) conducting holes in the material with the lower IE and electrons 

in that with the higher EA. The typical exciton diffusion length (LD), i. e. the distance an 

exciton population diffuses from its generation site before being reduced to an 1/e factor, in 

organic semiconductors ranges from 4 to 20 nm. Because the exciton diffusion length in these 

materials is typically less than the photon absorption length (ca. 100 nm), the efficiency of a 

two-layer cell is limited by the number of photons that can be absorbed within the effective 

exciton diffusion range at the D/A interface. 

 
Figure 1.3 Schematic cross-section illustration of the photovoltaic energy conversion in an organic solar cell. a) 
Upon the absorption of a photon, a bound electron-hole couple is generated (exciton) and (b) excitons thermally 
diffuse along the P3HT chains or across the PCBM clusters with a typical diffusion length of about 10nm. When 
an exciton reaches a D/A interface, then it is dissociated into free charges. c) Free charge carriers will then 
diffuse across the layers and untill they reach the electrodes. d) Charges collected at the semiconductor-electrode 
interfaces has to flow laterally for distances of the order of centimeters to the external contacts. 

The two-layer Organic Solar Cell (OSC) layout is composed of two stacked layers of 
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electron donor and acceptor materials in between two electrodes (Figure 1.3). Once a photon 

is absorbed by either the D or A materials, an electron-hole couple is generated in the form of 

a bound exciton S1 (Figure 1.3 a). When an exciton reaches a D/A interface, it dissociate into 

free charges via a fast Charge Transfer (CT) mechanism between D and A (Figure 1.3 b). The 

resulting metastable electron–hole pairs across the D/A interface may still be Coulombically 

bound and an electric field is needed to separate them into free charges [15]. Free charge 

carriers will then drift across the layers under the electric field associated with the different 

work functions of the electrodes (Figure 1.3 c). Finally, charges must be collected through at 

least one thin and quite resistive electrode (common transparent conductive layers have a 

sheet resistance of about 10  , see sec. 3.3 and 7.3) for relatively large distances 

(centimeters) (Figure 1.3 d). 

1.1.4 Bulk heterojunction 

To circumvent the problem of the limited exciton diffusion length in organic 

semiconductor, the Bulk Hetero-Junction (BHJ) PV cell architecture has been developed in 

1995 by simply blending a donor polymer with a soluble electron acceptor [16, 17]. By 

suitable deposition process conditions, an interpenetrating network of D and A materials 

(Figure 1.4 a) is formed by controlled phase segregation resulting in domain sizes of the order 

of LD. Hence, a very high D/A interface density can be attained resulting in a good probability 

for an exciton to get dissociated into free charges before quenching. 

 
Figure 1.4 Bulk Hetero-Junction organic solar cell: a) schematic cross-section showing the arrangement in phase 
separated domains of the D (red) and A (blue) materials; Band structure and electronic transitions for the simple 
two-layer layout (B) and for the bulk-heterojunction layout (C). The numbers refer to the operation processes 
explained in the text. The dashed line represents the energy levels of the acceptor, while the full lines indicate the 
energy level of the donor in the PV cell. The band structure of a BHJ device is represented with the superposition 
of the D and A levels in all the thickness of the active layer. Adapted from ref. [3]. 

The fundamental physical processes in a BHJ device are schematically represented in an 

energetic diagram as depicted in Figure 1.4. Photons excite an electron of the HOMO level 

(1), leading to the creation of an exciton. The created exciton thermally diffuse (3) within the 

phase in which it has been generated and if it encounters the D/A interface then a fast 

dissociation takes place (4) leading to the charge separation. Subsequently, the separated free 

electrons (holes) are transported (5) with the aid of the internal electric field, caused by the 
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use of electrodes with different work functions, towards the cathode (anode) where they are 

collected by the electrodes (6) and driven into the external circuit. However, the exciton can 

decay (2), yielding, e.g., luminescence, if it is generated too far from the interface. Thus, the 

excitons should be formed within one diffusion length (LD) from the interface, being an upper 

limit for the size of the phase domains in the BHJ. 

Efficiency limitations of the BHJ scheme are mostly related to the not straight path of the 

free charges towards the electrodes (Figure 1.4 a), to the formation of domains connected only 

to the wrong electrode (charge injection barriers) and of isolated domains made of a single 

phase and not directly connected to any of the electrodes. 

As mentioned above, the interfaces between organics and metals or inorganic contacts 

have a crucial role in determining the final performances of OSCs. Hence, intense researches 

have been carried on in the recent years [18] for the engineering of hole and electron 

extraction layers. These additional layers do not participate in the photo-generation process 

but only in the transport of free charges having the role of matching the electronic levels of 

the active material and of the electrode leading to a reduction of recombination and in the 

increase of VOC. 

 
Figure 1.5 An hole extraction layer and an electron extraction layer are interposed between the active layer and, 
respectively, the (positive) transparent electrode and the (negative) metal electrode. Charge extraction and the 
open circuit voltage are improved by engineering the electronic coupling with the use of suitable interlayer 
materials [18]. 

To improve the absorption of the solar radiation by organic solar cells, a multiple 

junctions design was introduced in 2002 [19] also for organic solar cells by stacking different 

narrow-band absorbers resulting in a cell showing a VOC which was the sum of the VOC of the 

single cells. When two (or more) donor materials with non-overlapping absorption spectra are 

used in a tandem (or multi-junction) solar cell, a broader range of the solar spectrum (whole 

visible and part of the IR range) can be covered. The role of the metallic interlayers is that of 

forcing the alignment between the donor HOMO and acceptor LUMO levels to the metal 

Fermi energy by charge carriers recombination, resulting in the addition of the electrical 

potential between consecutive active layers. 
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Figure 1.6 Sketch of a multi-junction solar cell: light (coming from below) is partially absorbed by the bottom 
cell which selectively converts to electricity only the high energy part of the light’s spectrum. The remaining 
radiation can reach the top cell to be absorbed and converted in turn. An intermediate layer is necessary to ensure 
recombination between charges of opposite sign coming from the adjacent cells [40]. 

1.1.5 Origin of the open circuit voltage 

The origin of the open circuit voltage (VOC) in organic photovoltaics cells has been object 

of intense debates in the last decade. The understanding of the physical mechanisms that 

determine the VOC has been obtained in steps, and recently reported evidences seems to have 

clarified the problem and settled the controversy. 

In 2001 Brabec et al. [20] reported a study on the origin of the VOC of plastic solar cells, 

studying a series of highly soluble fullerene derivatives with varying acceptor strengths (i.e., 

first reduction potentials) employed as electron acceptors in solar cells. These fullerene 

derivatives, show a variation of almost 200 mV in their first reduction potential. The open 

circuit voltage of the corresponding devices was found to correlate directly with the acceptor 

strength of the fullerenes. In particular, a fit of the Voc versus the first reduction potential (i.e. 

the LUMO) showed that these quantities are linearly correlated with a slope of -1.0. 

 
Figure 1.7 Voc versus acceptor strength (left) and Voc versus negative electrode work function (right). The 
slopes S1 and S2 of the linear fits to the data are given inside the figures. From ref. [20]. 

The authors concluded that open circuit voltage of this type of donor/acceptor bulk-

heterojunction cell is related directly to the energy difference between the HOMO level of the 

donor and the LUMO level of the acceptor components. In the same paper by comparing cells 

with different metal cathodes (but with the same transparent PEDOT:PSS on ITO anode) the 

authors found the VOC rather insensitive to variations of the metal work function (the fit of the 

slope of VOC vs metal work function is -0.1). 
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More recently, a deeper understanding of the role of the donor/acceptor interface in the 

formation of the VOC has been gained by a series of investigations to probe EQE and 

absorbance of bulk heterojunctions cells by very sensitive spectroscopic techniques, such as 

Fourier Transform Photocurrent Spectroscopy (FTPS) [21, 22]. These techniques, exceeding 

the sensitivity of the similar techniques implemented with dispersive setups, have highlighted 

very weak contributions to the absorbance and to the EQE upon blending acceptor and donor 

in a bulk heterojunction, red-shifted with respect to the corresponding spectra in the pure 

acceptor and donor components. This fact has been understood in terms of the formation of 

Charge Transfer Complexes (CTC) upon blending, i.e. low energy states of electron and holes 

bound at the acceptor/donor interface. The importance of these intermediate states for 

understanding the VOC of the BHJ cells has been in particular highlighted by Vandewal et al. 

that found that the formation of the ground-state interaction between the polymer determines  

the VOC in bulk heterojunction cells for a number of different donor/acceptor combinations. In 

fact a good linear correlations between the open-circuit voltage and the spectral position of 

the charge-transfer absorption [23], photoluminescence [24], or electroluminescence [25] 

could be made. 

 
Figure 1.8 The EQEPV spectra of polymer–fullerene devices. The devices comprise active layers: P3HT–
PC61BM (1:1) (annealed), PCPDTBT–PC61BM (1:2), LBPP5–PC71BM (1:3), MDMO-PPV–PC61BM (1:4) 
and APFO3–PC61BM (1:4). The spectra on a logarithmic scale, to make the weak contribution of the low 
oscillator strength CTC visible. A charge-transfer band is clearly visible for all five material blends. Depending 
on the donor polymer, the spectral position of the charge-transfer band varies. On the right axis of b, the 
emission spectrum of a black body at room temperature is shown. 
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1.2 State-of-the-art in organic PV technologies. 

Thin-film solar cells based on organic materials reached a record efficiency of 8.3%i [26] 

on 1 cm2 area cell and have the potential to become a lower-cost alternative to amorphous 

silicon. The cell structure for obtaining the currently best performances on organic solar cells 

is based on the Bulk Hetero-Junction (BHJ) of, presumably, a derivative of poly2,6-4,4-bis-2-

ethylhexyl-4H-cyclopenta2,1-b;3, 4-bdithiophene-alt-4,72,1,3-benzothiadiazole (PCPDTBT, 

Figure 1.9) and PCBM [27, 28] although the exact chemical structure of the materials 

composing the record efficiency cell are owned by Konarka Inc.. 

 
Figure 1.9 Chemical structure of poly2,6-4,4-bis-2-ethylhexyl-4H-cyclopenta2,1-b;3, 4-bdithiophene-alt-
4,72,1,3-benzothiadiazole (PCPDTBT). The record efficiency of 8.3%[26] has been obtained likely with a 
derivative of this semiconducting donor polymer. 

Neglecting the above cited remarkable recent result, a well established couple of D-A 

materials for BHJ is formed with poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric 

acid methyl ester (PCBM) respectively (Figure 1.11 a) [29]. The layout of the cell is depicted 

in Figure 1.10 and it is composed of a staking of layers over a glass. In order to allow the light 

to reach the active layer of the cell, at least one electrode must be transparent. This layer is 

typically realized with a thin (~100 nm) layer of Indium Tin Oxide (ITO, see sect. 7.3). As 

mentioned in sect. 1.1, the electronic levels matching between layers has a great influence on 

the final performances of the cell. For this reason, the active layer is not in direct contact with 

the electrodes and thin layers of poly(3,4-ethylenedioxythiophene) doped with poly(4-

styrenesulfonate) (PEDOT:PSS, Figure 1.12) and of Lithium Fluoride (LiF) are used to 

improve the charge extraction and increase the open circuit voltage [30, 31]. Other strategies 

to improve hole extraction from the photoactive layer include incorporation of several 

different types of hole extraction layers, such as conductive polymeric materials, self-

assembled molecules and metal oxides, as well as surface treatment of the positive electrodes 

and the conductive polymeric layers. Other interlayers are located between a negative 

electrode and a photoactive layer to efficiently extract electrons from the active layer [32]. 

These materials include titanium oxides [33], metal fluorides and other organic layers [34, 

35] (see chap. 5). 

                                                 
 
i Konarka Inc., NREL certified measure. 
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Figure 1.10 Typical layout for a bulk-heterojunction solar cell as described in the text. 

The electronic levels of pristine P3HT and PCBM (Figure 1.11 a) are expected to be 

altered by the interaction of the molecules with each other and with the other interfaces of the 

solar cell [1, 13]. Moreover, during the fabrication of cells, materials undergo a number of 

physical and chemical processes that may further alter the conditions. Thus, the simple 

electronic diagram of Figure 1.11 b) should be conceived just as guide for the discussion. 

 
Figure 1.11 a) Molecular structure, electron affininity (EA) and ioniztion energy (IE) of pristine P3HT and 
PCBM, one of the most studied couples of D/A organic semiconductors for PV [36]. b) Electronic diagram of an 
organic solar cell based on the P3HT-PCBM bulk heterojunction [37]. This diagram is based on the vacuum 
level alignment model (VLA, see sect. 1.1) since levels bending at interfaces are unknown and strongly 
dependent on deposition conditions [2, 3]. 

 
Figure 1.12 Chemical structure of poly(3,4-ethylenedioxythiophene) (PEDOT) that is usually doped with 
poly(4-styrenesulfonate) (PSS) to form the hole extraction layer in organic solar cells. 

One of the key advantages of OSCs technology is the possibility to deposit organic 

materials from a solution in a controlled atmosphere (dry nitrogen). This is in contrast with 

inorganic semiconductor processing that requires energetically and economically costly 

processes dealing with high vacuum (at least 10-6 mbar) and high temperatures (from 600°C 
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for PECVDi grown amorphous Si to 1400°C for mono or multy crystalline Si). 

Among the film-forming techniques that are used currently, spin coating, doctor blading 

and casting are used almost exclusively in research labs and are not suited for high-volume 

production whereas slot-die coating, gravure coating, knife-over-edge coating, off-set coating, 

spray coating and printing techniques such as ink jet printing, pad printing and screen printing 

are highly suited, but little explored in the context of polymer solar cells [38].  

Spin coating is a procedure used to apply uniform thin films to flat substrates. In short, an 

excess amount of a solution is placed on the substrate, which is then rotated at high speed 

(500 to 10000 r.p.m.) in order to spread the fluid by centrifugal force (Figure 1.13). A 

machine used for spin coating is called a spin coater, or simply spinner. Spin-coating is the 

typical method used for forming thin films of soluble organic materials on a small scale (up to 

8”) sizes of substrates. 

 
Figure 1.13 Sketch of the spin-coating deposition process: a drop of a solution containing the material to be 
deposited is placed in the middle of a substrate; the substrate is put in rotation with controlled acceleration and 
spinning speed making the solution to wet completely the substrate; Rotation is continued while the fluid spins 
off the edges of the substrate, until the desired thickness of the film is achieved. The applied solvent is usually 
volatile, and simultaneously evaporates. So, the higher the rotation speed of spinning, the thinner the film. The 
thickness of the film also depends on the concentration and viscosity of the solution and on the evaporation rate 
of the solvent. 

In regard of the layout of Figure 1.10, organic solar cells are built, in most cases, in a 

superstrate configuration that means the first step is the deposition of the front, transparent 

contact by plasma sputtering of ITO (see sect. 7.3) on the front glass. Then a thin layer of 

PEDOT:PSS of about 50 nm is spin casted over the ITO coated substrate starting from a water 

solution of the polymers. The active layer of this cells consists in a blend of an electron donor 

polymer and a fullerene derivative as acceptor (Figure 1.11 a). The two components are not 

miscible and their intermixing is forced by agitation in a dichlorobenzene solution. The choice 

of the solvent for the active blend has to be done considering the solubility of the 

PEDOT:PSS underlayer in order to avoid the intermixing of the two layers. After the 

deposition by spin coating, a controlled phase segregation of the active blend is realized by a 

thermal annealing process in order to have single-phase domains with sizes ranging in the 5-

20 nm. These dimensions are intended to be comparable with the exciton diffusion length (see 

                                                 
 
i Plasma Enhanced Chemical Vapor Deposition, an high rate vacuum deposition method used in thin film Si solar industry. 



1 Introduction to organic solar cells 13 

 

sect. 1.1).Then, the cell is completed with the vacuum thermal evaporation deposition of a 

extremely thin (0.5 nm) layer of LiF and a thicker (~100nm) layer of Al as back electrode. 

 
Figure 1.14 Layout for a typical multi-junction solar cell obtained from an all-solution based processes [40]. For 
a description of the workin principle see caption of Figure 1.10 and the text. 

The emerging field of stacked layers (double- and even multi-layers) in organic 

photovoltaic cells has reached a production-relevant efficiency record of 8.3%i on a 1.1 cm2 

tandem organic photovoltaic cells [26]. The result is not just scientifically pertinent, but also 

of great practical relevance, as the measurements of the record-breaking cell are those of a PV 

module currently in the production line. This means the record-breaker has all the properties 

and characteristics of a future product, as the individual cell strips can be connected to one 

another in series, similarly to other thin-film technologies. Furthermore, all the materials used 

can be produced economically and processed efficiently as a photoactive layer [39]. Owing to 

the limited absorption spectral width of organic molecules and polymers, only a small fraction 

of the solar flux can be harvested by a single-layer bulk heterojunction photovoltaic cell. 

Furthermore, the low charge-carrier mobilities of most organic materials limit the thickness of 

the active layer. Consequently, only part of the intensity of the incident light at the absorption 

maximum is absorbed. A tandem or multi-junction solar cell, consisting of multiple layers 

each with their specific absorption maximum and width, can overcome these limitations and 

can cover a larger part of the solar flux. In addition, tandem or multi-junction solar cells offer 

the distinct advantage that photon energy is used more efficiently, because the voltage at 

which charges are collected in each sub-cell is closer to the energy of the photons absorbed in 

that cell [40]. 

The deposition technology for the best performing multi-junction OSCs is based on the 

thermal deposition of organic molecules in vacuum. Although vacuum based production is 

more expensive than solution based one, using low-molecular-weight or small molecules for 

tandem structures has the advantage that different layers of donor and acceptor (or mixed 

layers) materials can be evaporated (or co-evaporated) with sharp interfaces on top of each 

other, without affecting the already existing layers. 

                                                 
 
i Institute of Applied Photophysics (IAPP) at Dresden University and Heliatek GmbH of Dresden, certified by the Fraunhofer 
ISE CalLab. 
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1.3 Applications for organic solar cells 

Organic photovoltaics, the technology to convert sun light into electricity by employing 

thin films of organic semiconductors, has been the subject of active research over the past 20 

years and has received increased interest in recent years by the industrial sector. This 

technology has the potential to boost the development of a new generation of low-cost, solar-

powered products with thin and flexible form factors [41]. The main features of organic solar 

cells that made them intersting in the research field and attractive in the PV industry are: 

o An higher absorption coefficient for solar light compared to inorganic materials 

that allows the fabrication of thinner devices with lower material consumption; 

o A potentially lower cost of raw organic compounds and lower manufacturing 

costs for organic solar modules compared to current PV technologies; 

o A high production rate for large scale factories based on printing techniqes and/or 

roll –to-roll productions; 

o A clear advantage of organics over crystalline silicon is the relative ease of 

monolithic series integration in large modules of adjacent cells (Figure 1.16), 

which reduces the module assembly cost considerably [42]; 

o A large variety of colours, shapes and applications for organic solar cells which 

can also be made semi-transparent, flexible and low weight. 

 
Figure 1.15 A possible application for organic solar technology: a bag having a Li-
ion battery for charging small portable devices. From Konarka Technology. 

 
Figure 1.16 Monolithic series integration in modules of single adjacent cell elements. This design allows 
automated high throughput production of large area modules also reducing the series resistance for the charge 
collection and resulting in a operating voltage which is the sum of all cell elements. Adapted from ref. [42]. 

 



 

 

2 OBJECTIVES AND MOTIVATIONS 

 
A large fraction of the research activity in the field of organic photovoltaics is devoted to 

the investigation of material-related aspects, from the chemical design and synthesis of 

innovative compounds with improved light harvesting (enhanced absorption coefficient in a 

wider spectral range) and higher charge carrier mobility, to the nanoscale morphology of 

blended active layers and molecular level alignment between donor/acceptor domains and 

with respect to the electrodes, from which the overall photovoltaic cell performances depends. 

Yet, as will become evident from the first paragraph of the current chapter, some of the issues 

related to the intrinsic properties of generation, separation and transport of charges, may be 

addressed not just by working on the details of the chemistry and processing of the 

organic/fullerenes materials, but also by implementing new cell architectures organized and 

well controlled down to the nanoscale [18]. The present work of thesis is based on the 

conviction that the latter approach, complementary to that focused on the improvement of the 

intrinsic properties of the materials, will substantially contribute to the progress of this field of 

applied research. The goal of this work is that of demonstrating the working principle of a 

series of different and new micro- and nano-architectures into prototypical organic solar 

devices. In most cases, we failed to improve the performances of our OPV cells with respect 

to the common structures used as reference. However, we believe that additional efforts in the 

same direction will be necessary to demonstrate the usefulness of nanoarchitectures in organic 

photovoltaics. 

Nano-fabrication know-how and instrumentation is not common in the photovoltaic 

community and, vice versa, detailed knowledge of PV processing is not often encountered in 

the nano-lithography laboratories. Hence, the Laboratory for Interdisciplinary Lithography 

(LILit, see front matter) has chosen to engage into the research on the nano-architectures for 

organic solar cells by promoting this doctoral thesis, as described in the second paragraph. 
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2.1 Current issues in organic BHJ solar cells 

Based on the accurate screening of recent literature on the subject, we argue that the most 

limiting factors to the photon-to-current conversion efficiency (PCE) of polymer-fullerene 

based organic solar cells are: 

1. The recombination losses along the transport of photo-generated free charges 

across the active layer; 

2. The relatively narrow portion of the solar spectrum absorbed by a single couple 

of D/A organic materials; 

3. The voltage losses due to electronic levels mismatch between the stacked 

materials of the cell. 

In the next paragraphs, a brief description of the problems listed above is given. Then, 

proposal by ours for a possible solution based on the use of controlled micro/nanostructures 

will be outlined, and which may hopefully amend partly or entirely the items of that list of 

open issues. 

2.1.1 Recombination 

As to the first issue, i.e. the loss of charge carriers by recombination, a recent work by S. 

Cowan and co-workers [28] addresses and answers convincingly to the question of which 

mechanisms leads to charge recombination. The authors identify in the presence of traps at the 

D/A interface the cause of both monomolecular or bimolecular recombination events showing 

that the monomolecular recombination dominate in the region of the I-V characteristics from 

the short circuit condition to the point of maximum extracted power (where the FF is 

calculated), whereas the bimolecular recombination dominate the part of the I-V 

characteristics from the point of maximum extracted power to the open circuit condition. In 

BHJ the D/A interface (along with charge trapping states) is, by definition, dispersed within 

the whole volume of the active layer and, as a consequence, the probability for a free charge 

to meet the opposite charge at a D/A interface and recombine will be directly dependent on 

the path length the charge carrier has to travel in that phase separated blend. As mentioned in 

section 1.1, a thickness of about 100 nm is necessary for the BHJ active layer to absorb a 

significant amount of solar radiation. Moreover, the distance that free charge carriers have to 

travel to reach the electrodes is not merely the thickness of the active layer but also the 

extremely intricate charge conduction paths in P3HT-PCBM blend should be taken into 

account (Figure 1.4). 

Hence, the thickness of the active layer should be minimized in order to reduce the 

recombination losses on one hand and maximized in order to improve light absorption on the 

other. This contrariety dramatically constrains the possibilities for the implementation of a 

high efficiency solar cell device resulting instead in trade-off solutions. 
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Most of the scientific community involved in organic PV, is approaching to this problem 

trying to synthesize new materials with increased light absorption coefficients and to optimize 

the morphology of phase-separated nanodomains of the heterojunction. 

2.1.2 Spectral matching 

The research for new organic PV materials is focused on solving also the second issue in 

the list above by looking for materials with a wider absorption band, in particular extending it 

towards longer wavelength spectral regions. Recent success in this direction have been 

obtained. J. Peet et al. report cells with efficiency of 5.5% made using as donor material a 

novel low-bandgap polymer, such as poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-

b;3,4-b_]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) [43]. This polymer 

extends significantly the absorption compared to the more common regioregular P3HT 

organic polymer (Figure 2.1), though still part of the radiation at low photon energy is still not 

contributing to the generation of photocurrent. 

 
Figure 2.1 The molecular structure of PCPDTBT (left) and the IPCE spectra (right) of polymer bulk 
heterojunction solar cells composed of P3HT:C61-PCBM before (dotted red line) and after (solid red line) 
annealing, and PCPDTBT:C71-PCBM with (solid green line) and without (dotted green line) the use of 1,8-
octanedithiol. The AM 1.5G reference spectrum is shown for reference (blackline). From ref. [43]. 

In addition to the problems related to the partial matching of the solar spectrum with the 

absorption by organic polymers, organic compounds suffers from an intrinsically limitated 

stability and durability: when electrons are promoted to higher orbitals (LUMO+1, LUMO+2, 

ect.), anti-binding states arise and the probability for decomposition of the compound 

increases. This occurs particularly for n-type semiconductors [44]. Similarly to inorganic 

semiconductors, even if a wide absorption band organic semiconductors will be found, the 

thermalization losses of hot carriers will remain a problem. Therefore, the solution to this 

issue has been better applied with the introduction of the multi-junction solar cell design 

(Figure 1.6) demonstrating the great potential of this design [40]. 
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2.1.3 Electronic levels matching 

The third issue, related to the electronic levels matching between the materials composing 

the cell, may be divided in two separated problems: i) the matching between D and A HOMO-

LUMO levels and ii) the matching between the active layer and the rest of the cell. 

A solution to the former is limited by the difficulties in finding new materials 

outperforming the presently available PV organic semiconductors in terms of fast charge 

tranfer, absorption profile and ease of processing. By the way, intense public and private 

research is rapidly growing towards the development of new organic PV materials. 

In principle, the matching between the active layer and the rest of the cell should be easily 

solved by the choice of suitable materials for the contacts. In practice, the choice is severely 

restricted by the need of employing a transparent front contact (see sect. 7.3) while more 

options are available for the back contact although, some concerns arise due to the migration 

of metallic atoms because of the deposition techniques, usually HV thermal evaporation, 

employed to produce the contact to the active layer. Thus, a big effort is being spent for the 

engineering of electronic levels alignment with the use of interlayer materials and surface 

treatments [18]. An effort in this direction was attempted also in this Ph.D. thesis, within a 

collaboration with the Centro Ricerche Plastottica (see front matter). What was attempted was 

the introduction of a novel material, the bis(2-methyl-8-quininolinato)-4-phenylphenolate 

(BAlq) acting at the same time as exciton blocking layer, and as an optical spacer, in order to 

reduce the quenching of the excitons at the metal cathode and to move away from the metal 

electrode, which represents the node of the e.m. field, the active layer of the cell. This work is 

reported in chapter 8. 
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2.2 Our proposed solutions 

A relatively new research field concerns the control of OSCs nano-structures. We use the 

expertise of our research group in nanofabrication to develop three device models: a 

nanomodule (chap. 5) consisting of 2000 sub-cells per mm connected in series, which is the 

main objective of this thesis; a solar cells having a nanometric controlled interdigitated D/A 

interface (chap.6), which is still at an early stage of development due to problems encountered 

in the material processing issues; and, in a former PhD thesis by S. Dal Zilio [48], a light 

trapping device based on micro lenses arrays (chap. 7). 

2.2.1 Nanomodules 

By arranging the cell layout in order to have the light orthogonal to the current direction 

(Figure 2.2), in principle one can set the thickness (vertical) of the nanomodule in order to 

absorb all the incident light and, independently, reduce the distance between anode and 

cathode of a single cell with the aim of lowering the free charge carriers recombination 

probability and, thus, circumvent the first issue described above. 

 
Figure 2.2 Our concept of nanomodule: in a standard cell the light is parallel to the current path while in a 
nanomodule they are orthogonal to each other. Potentially, this design can overcome all the three issues listed 
above. The development and realization of organic solar cells based on this design is the main objective of this 
thesis. 

In contrast with the standard cell design, light can be absorbed from both sides of a 

nanomodule and even pass through it if not absorbed by the active material. This latter 

property would allow a simple staking of different nanomodules on top of each other to 

absorb selectively the radiation in bands with decreasing optical energy gap, i.e. subtracting 

the high energy band and passing the remaining radiation to the next ones. In this way, the 

second issue of the list may be overcome similarly to what happens in the tandem or multi-

junction scheme, but with a reduction of the constraints for their integration (sect. 1.1 and 

1.2). 

In a nanomodule, the presence of a transparent electrode is not necessary and both the 

anode and cathode are formed before the insertion of the photo-active materials. As a result, a 

larger choice of materials and processes for the electrodes is possible providing a fine tuning 

of the electronic level alignment of the active layer with the rest of the cell and, thus, partly 

solving the third issue. 
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Another issue related to the organic materials for OSCs is the long term stability of these 

molecules. Polymer and organic solar cells degrade with time if illuminated and, to a lower 

extent, also in the dark [45]. This is in contrast to photovoltaics based on inorganic 

semiconductors such as silicon. Long operational lifetimes of solar cell devices are required in 

real-life application and the understanding and mitigation of the degradation phenomena are a 

prerequisite for successful application of this new and promising technology. Methods for 

enhancing the stability involve the choice of better active materials, encapsulation, application 

of getter materials and UV-filters [46]. 

The fabrication process of nanomodules (sect. 5.2) provides a simple way to obtain a safe 

encapsulation of the active materials against moisture and oxygen and at the same time a 

dielectric isolation of the cell. Moreover, the particular geometry of nanomodules could make 

it possible to apply surface analytical techniques or other characterization tools from the side 

of the cell during its normal operation. As a consequence, this give an opportunity to have a 

different view of the degradation processes in organic solar cells during their operation. 

2.2.2 Nanostructured interface 

The second device model we have developed is based on the standard solar cell design 

but with an interdigitated D/A interface (Figure 2.3) as already proposed by other researchers 

in the field [47]. The basic idea of this model is to preserve the high density of the interface 

area of the common BHJ and to give a more ordered organization of domains with the intent 

of: i) reducing the conduction path towards the electrodes and, as a consequence, the 

recombination of free charge carriers; ii) prevent the formation of isolated domains; and iii) to 

avoid the contact of one phase with the wrong opposite electrode (i.e: of the D with the 

cathode and of the A with the anode). The last point is automatically fulfilled by the 

fabrication process for this device (chap. 6), although residual problems related to material 

processing, in particular solvent induced dissolution of the patterned donor component, will 

require further developments. 

 
Figure 2.3 Comparative sketch between the standard random distribution of donor and acceptor domains in a 
standard bulk-heterojunction OSC (left) and the controlled, dense array of nanopillars forming an interdigitated 
D/A interface (right). By the fabrication process, a residual layer remains at the base and top of the nanopillars 
preventing the direct contact of one phase with the wrong opposite electrode. 

The potential advantages of a nanoarchitecture just described, engineered by top-down 

lithographic processes, in particular by nanoimprint lithography, should, in principle, solve 

the first of the three issues listed at the beginning of the paragraph. However, practical 
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problems make difficult the formation of the ideal nanostructures, specially due to the limited 

height that nanopillars made in a donor polymer can withstand without collapsing. Because of 

the short exciton diffusion length, the critical dimension is the diameter of nanopillars that 

should be around 10 to 20 nm. From our experience, the height of features with that resolution 

is practically limited to about 60 nm for P3HT. This restricts the thickness of the active layer 

and the absorption of a greater portion of solar radiation intensity. 

2.2.3 Micro-lenses for light-trapping 

Finally, the third model integrating micro/nano structures and organic PV is a light-

trapping device based on an array of spherical or cylindrical microlenses (chap. 7). The 

concept, in its earlier definition, was based on an independent device to be placed in front of a 

solar cell (Figure 2.4, left) in order to trap the light in a cavity between the reflecting back 

electrode of a cell and the trapping device itself. By multiple reflections within the cavity, the 

optical path of light within the active layer of the cell is extended. Thus, a much thinner active 

layer is sufficient to absorb the light and, as outlined before to describe the first issue of the 

list, less recombination losses are expected for the free charges while travelling towards the 

now closer electrodes. Moreover, at wavelengths at which the material show low absorption 

coefficient, photons will be recycled and get additional chances for absorption providing a 

remedy to the second problem listed above. 

 
Figure 2.4 Concept for a light trapping device developed at LILit [48]. In a first model of device (left) a light-
trapping effect is obtained by focussing the direct component of sunlight with an array of microlenses to a 
correspondingly aligned array of holes. Light is confined within the cavity of two reflecting layers and, possibly, 
by multiple reflections is absorbed by a solar cell. In a second layout (right) an additional cell provide the 
absorption also of the diffused component of sunlight (see chap. 7). 

In a evolution of the previous device, an additional cell is placed between the patterned 

mirror of the light-trapping device and its lenses (Figure 2.4, right). In this way, also the 

indirect, or diffused, portion of the solar spectrum can be absorbed. From a lithographic point 

of view, the fabrication of a patterned solar cell having "holes" aligned with the focal points 

of the microlenses is simplified if an in-house deposition process for ITO is available (see 

sect. 7.2 and 7.3). The development of this light trapping device, although conceived in the 

frame of the same research objectives, is not the main subject of this thesis. More properly, it 

is the continuation of a former work of the LILit group and in particular of Dr. S. Dal Zilio 

[48, 73]. The implementation of the complete scheme of the device, including the exploitation 
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of the diffused light is ongoing and has required as intermediate step the development and the 

optimization of the deposition process for ITO, task that has been performed in an 

undergraduate thesis work by F. Morpurgo [49], under the direct supervision of the author of 

this Ph.D. thesis (i.e. E. Sovernigo), on the base of a former similar experience of the latter as 

undergraduate working at the Center for Solar Energy and Idrogen Researchi, on the 

deposition of ZnO:Al [50]. 

                                                 
 
i Zentrum für Sonnenenergie- und Wasserstoff-Forschung (ZSW) - Industriestr. 6, 70565 Stuttgart - Germany. 
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2.3 Research plan for the thesis 

In this paragraph, an outline is given of the plan followed (Table 2.1) to attain the main 

objective of this thesis which was to realize organic solar cells based on controlled 

nanostructures. As mentioned at the introduction of this chapter, in a typical micro- and nano-

lithography based research lab the knowledge and instrumentations for photovoltaics are not 

usually included, since this topic is more in the interest of laboratories devoted to material-

science research. Unfortunately, as to the development of nanomodules (chap. 5), 

contaminations issues before the final encapsulation of the devices as it would be required by 

the need of performing a sequence of nanofabrication steps and material processing steps 

induced us to exclude the option of grounding the plan on a collaboration with an external 

laboratory with established PV experience and technologies. However, this option has been 

possible for the development of interdigitated cells (chap. 8) thanks to the collaboration with 

the National Nanotechnology Lab. (NNL, see front matter). 

To summarize, the realization of nanostructured organic solar cells required the setup of 

specific characterization and preparation systems and the development and optimization of 

fabrication processes. The details are shown in the following Gantt chart. 

 
Table 2.1 Chronological chart of the main activities performed in the three years of research for the thesis. 

 





 

 

3 SETUP OF CHARACTERIZATION SYSTEMS 

 

This chapter gives a description of the characterization systems that have been set up by 

the author in order to measure some of the basic properties of the materials and devices 

fabricated in this work. When the author joined the LILit group in January 2008, the activity 

on the fabrication from solution of organic solar cells was at an early stage. Hence, the design, 

assembling and calibration of the standard characterization systems for solar cells had the 

priority. Soon after the characterization equipments had been set up, also other groups within 

the University of Triestei, the Elettra Synchrotronii and CNRiii (see front matter) had access to 

these facilities to measure their samples recognizing the need of such systems also within the 

local scientific community. 

                                                 
 
i ATMOcube project - Department of Electronics, Physics Department and INFN Trieste. 
ii Carbon nano and micro structure laboratory - Dr. C. Castellarin Cudia; Small Lab - A. Fraleoni Morgera. 
iii ORION european project FP7 - F. Romanato. 
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3.1 Energy conversion efficiency under simulated solar light 

The measure of the maximum Photon-to-current Conversion Efficiency (PCE) of a solar 

cell is done by exposing it to a standard reference source of light while acquiring the current-

voltage (I-V) characteristic of the cell in order to extract the most relevant informations, i.e 

the open circuit the voltage, short circuit current, the fill factor and the working point of 

maximum power delivered to the external circuit. 

The common reference solar spectrum (Figure 3.1) for PV technologies is the ASTMi 

G173-03 AM1.5G at 100 mW/cm2 intensity [26]. To measure the device under test (DUT) 

with a light spectrum reasonably close to the reference and to preserve the test reproducibility, 

a sun simulator (ABET Technologies, Sun 2000; Figure 3.4) was purchased, installed and 

calibrated. The calibration was performed by measuring the simulated sunlight spectrum 

(Figure 3.1) with a monochromator (ACTON, SpectraPro 300i) equipped with a 1200 

grooves/mm blazed grating at 500 nm and a calibrated silicon photodiode (Newport, 818-UV, 

SN.4518, NISTii traceable). The spectral efficiency curve of the monochromator (i.e. the ratio 

of the scattered to the impinging light intensities as a function of the wavelength; Figure 3.1) 

had been previously measured with the aid of a second monochromator (ACTON, SpectraPro 

500i) and a 600 nm low-pass filter to cut the second diffraction order of the grating. In all the 

measurements involving a monochromator the wavelength interval band pass was considered 

[51]. 

 
Figure 3.1 Measure of the spectral efficiency of the monochromator (left) and measure of the sun simulator 
spectrum (right, black line) compared to the reference ASTM G173-03 AM1.5G at 100 mW/cm2 (red line) and a 
black-body radiation at 5800 K (green dot). 

The electrical behavior of a photovoltaic solar cell can be modelled [52], at the lowest 

level approximation, as a single pn diode having an additional term for the photo-generated 

current JPh by: 

                                                 
 
i American Society for Testing and Materials. 
ii National Institute of Standards and Technology. 
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where J0 denotes the reverse saturation current of the diode, q the elementary charge, n 

the diode ideality factor, kB the Boltzmann constant and T the absolute temperature. When the 

cell is in the dark, it is possible to extract information about the diode parameters while, under 

illumination (see Figure 3.2), the photo-current term is also measured. 

 
Figure 3.2 Typical layout for a current-voltage characteristic of an organic solar cell measured in dark (blue 
line) and under illumination (red line) with an AM1.5G solar spectrum simulator. The open-circuit voltage VOC 
and the short-circuit current density JSC are indicated, together with the current (IMPP) and the voltage (VMPP) at 
the maximum power point MPP which are used to calculate the fill factor FF {3.3} and the efficiency η {3.2} of 
the cell as reported in the inset. 

When measuring the short circuit current density JSC, the voltage between the cell’s 

contacts is ideally zero. Therefore, from {3.1} the photo-generated current is found 

Ph SCJ J . The open circuit voltage can also be calculated from {3.1} while the conversion 

efficiency is calculated from: 

 MPP MPP SC OC

opt opt

I V I V
FF

P P
    {3.2} 

where the maximum power point (MPP) current and voltage are divided by the optical 

power Popt of the incident light, which is, for standard characterizations, 100 mW/cm2. The 

efficiency may also be calculated form the fill factor FF, which is defined as: 

 MPP MPP

SC OC

I V
FF

I V
  {3.3} 

and is represented by the shaded area in Figure 3.2, normalized to the area of the 

rectangle with edges (0,0)-(Voc,0) and (0,0)-(0,Jsc). 

When considering a real device, at least a series and a parallel connected resistances 

should be added to the model (Figure 3.3) in order to account for losses. 
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Figure 3.3 Equivalent circuit for a solar cell accountig for the series resistance and the parallel, or shunt, 
resistance. Simulations of the properties of large area cells with electrical lateral inhomogeneities can be 
performed considering a large number of this circuit connected in parallel. 

Therefore, equation {3.1} is modified with terms containing the values of series (RS) and 

parallel (RP) resistances: 

 
 

0 exp S S
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B P
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J J J

nk T R

   
        

. {3.4} 

The electric I-V measurements were done with different instruments depending on the 

kind of cells (Keithley, 2420, 236, 6517; HP 34401A; Agilent B1500A) controlled by 

software written by the author in high level languages (National Instruments, LabView 7.1; 

Agilent, EasyEXPERT). Measurements as a function of light intensity, will be possible with a 

future upgrade of the setup by varying controllably the source intensity from the sun simulator 

over an order of magnitude or more and measuring it in real-time. With this technical 

improvements and with recent fitting models [53, 28], more information about key parameters 

of the solar cells could be extracted providing guidelines for the optimization of their 

fabrication. 

 
Figure 3.4 Schematic of the sun simulator (ABET Technologies .Inc.) used for the characterization of the solar 
cell’s parameters. The system is equipped with an optical integrator to improve the radiance homogeneity over 
an area of 5x5 cm2. 
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3.2 External Quantum Efficiency as a function of light’s wavelength 

The External Quantum Efficiency is defined as the number of electrons flowing in the 

external circuit per incident photon on the PV cell. For a device based on exciton dissociation 

by charge transfer at D/A interfaces, the EQE is the product of the efficiencies of four 

sequential steps: 1) the number of absorbed photons (which is equal to the number of excitons 

generated) on the number of incident photons is the absorption efficiency, A ; 2) exciton 

diffusion efficiency, ED , which is the probability that the photo-generated exciton diffuses to 

a D/A interface before recombining; 3) the exciton dissociation efficiency by charge transfer 

at a D/A interface, CT ; and 4) the free charge carriers collection efficiency at the electrodes, 

CC . That is: 

 A A ED CT CCEQE IQE           {3.5} 

where IQE is the Internal Quantum Efficiency defined as the ratio of the number of 

carriers collected at an electrode to the number of photons absorbed in the device. Since the 

exciton diffusion length is typically shorter than the optical absorption length, this step is 

often the efficiency limiting process while a CT  of about 100% is typically considered for the 

material systems for photovoltaics [54]. 

The EQE is typically measured as the current produced by a solar cell, operating in short 

circuit conditions, when illuminated by a monochromatized light. Scanning in steps over the 

wavelength range of interest, and recording the current at each step, a spectral response of the 

solar cell is obtained. This measure can be very useful to understand the electronic transitions 

within the active material which are responsible for the energy conversion. Moreover, EQE is 

a useful tool for diagnostic in defective devices. 

The setup realized (Figure 3.5) is composed by a 250W tungsten-halogen lamp coupled 

through an adjustable entrance slit to a Czerny-Turner monocromator with 300 mm of focal 

length (ACTON, SpectraPro 300i) equipped with a 1200 grooves/mm blazed grating at 500 

nm. A narrow wavelength interval (<0.27 nm) is selected by an adjustable exit slit (typical 

100 μm wide) and it is shone on the solar cell Device Under Test (DUT). First, a baseline is 

acquired i.e. the intensity of light on the DUT at each wavelength is first measured and 

calculated from a spectral response curve of a calibrated photodiode (Newport, 818-UV, SN. 

4518, NIST traceable). The current produced by the DUT in, virtually, short circuit condition 

is measured by a picoammeter (Keithley, 236) and, by comparison with the baseline, a 

spectrum corresponding to the EQE is obtained. The whole system is synchronized by a 

software (National Instruments, LabView 7.1) in order to operate a scan along a selected 

wavelength interval (for this setup within 250 to 1100 nm). 
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Figure 3.5 Simplified scheme of the quantum efficiency measurement setup. The light coming from a tungsten-
halogen lamp is dispersed by a motorized monocromator and a narrow wavelegth interval is selected by an exit 
slit. The short circuit current, produced by the solar cell device under test (DUT) when illuminated with a known 
intensity of monocromatized light, is recorded by a computer which is synchronized with the monocromator. 

Although not intended for absolute certifications of solar cells, this EQE setup has an 

estimated accuracy of better than 5%. 
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3.3 Sheet resistance of conductive thin films 

The measurement of the resistivity of thin films must consider the finiteness of the 

substrate in one of its dimensions. Therefore, it is common practice to use instead another 

quantity, the sheet resistance R  (often reported as Rs or Rsquare), defined as the bulk 

resistivity   divided by the thickness of the thin film d expressed in cm: 

  [ ]R
d


   , {3.6} 

the sheet resistance is expressed in [ ]  although often indicated as [ ] . 

A common technique to measure the sheet resistance is that of the four point probe 

method [55] with the in-line configuration shown in Figure 3.6. The advantage of this method 

is to overcome the unavoidable presence of contact resistances between the probe and the 

substrate (Rc at the left side of Figure 3.6). This is achieved by injecting a controlled constant 

current I through the external contacts (+ and -). The current will flow, through the contact 

resistances and through the resistance represented by the substrate material, at the constant 

preset value, presuming that the resistances are not extremely high (>1G ). The potential 

difference is measured by a high impedance voltmeter between two internal points (1 and 2) 

placed along the current flow path between the external current sources. 

 
Figure 3.6 The in-line configuration of the four point probe method for measuring the sheet resistance. In the 
simplest layout, the points are supposed to be equally spaced and the surface lateral dimensions to be large 
compared to the spacing S. 

The high impedance of the voltmeter implies that a very small current will flow through 

the contact resistances of points 1 and 2. Therefore, a negligibly low voltage drop will be 

present across these contact resistances, and the voltage drop due to the current flow through 

the material will be predominant. 

For an in line 4 point probe, the ratio of voltage drop measured on the imposed current 

gives, with proper constants, the sheet resistance: 

  [ ]
ln(2)

V
R C

I


    {3.7} 

where C is a correction factor based on the ratio of the probe spacing to substrate 
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dimensions and shape and on the ratio of film thickness to probe spacing [55, 56, 57]. 

A measure setup (Figure 3.7) based on these principles has been designed and assembled 

by the author. In particular the 4 point probe head was designed to have a 1 mm spacing 

between points and 25 μm of curvature radius for a single tip (tungsten carbide, AP&T 73CT-

CMIA-50). The head has been mounted on a high precision triple axis micrometer for a better 

positioning on small samples. 

 
Figure 3.7 Four point probe for the measure of the sheet resistance as designed and assembled by the author. 
The tips have 25 μm curvature radius and are separated by 1 mm. Each single conductor is coaxial with an 
external conductor that may function as a grounded noise shield or as a guard. 



3 Setup of Characterization systems 33 

 

3.4 Low-noise adaptable sample holder 

The fabrication of novel architectures for solar cells implies the need of a flexible 

measurement setup which should be easily adapted to different sizes of the cells and contact 

pads positions. Moreover, the characterization setups have shown to be useful among the local 

scientific community (see notes at the introduction of this chapter), thus a large variety of 

solar cells technologies and sizes from different sources need to be measured. In particular, 

contacts side and illumination side may be on opposite faces of the cell or, instead, on the 

same face. In addition, solar cells realized in research have often smaller efficiencies than 

commercial due to non-optimized desing architecture, materials, and processes involved in the 

research path itself. Thus, extremely sensitive to low current and low voltage measures need 

to be carried out. 

For the above listed reasons, a special sample holder (Figure 3.8) was designed having 

easily adjustable contact probes positions and triax cable connections for reliable measure 

with a 4 probes kelvin configuration and a well shielded container for low noise measures. 

Moreover, the whole sample holder is easily placed in the different, reproducible positions for 

the two characterization setups described above (PCE, sect. 3.1; EQE, sect. 3.2). 

 
Figure 3.8 Adaptable sample holder for testing solar cells either illuminating the device from the opposite side 
of contacts (through a hole in the holder plate) or from the same side of contacts through a hole in the cover (not 
shown here). The holder is electrically shielded and the contacts are guarded (standard triax connections) and 
posed in Kelvin conficuration for very low level measures. 

 





 

 

4 SETUP OF PREPARATION SYSTEMS 

 

One of the aims of this work was the realization of organic solar cells based on novel 

architectures. Thus, a part of the experimental work consisted in setting up a suitable 

ensemble of tools for the preparation of organic solar cells. Because of the known problem of 

fast degradation of photovoltaic organic materials in the presence of water or oxygen, most 

part of the equipments had to be installed inside an inert gas (nitrogen) filled glove-box. 

In order to exploit the possibilities given by the combination of patterned substrates and 

in-vacuum deposition of metals by thermal evaporation (see sect. 5.2), a devoted instrument 

(sect. 4.1) was designed and realized in-house. 

Thermal treatments have demonstrated to be crucial [e.g. 58] for achieving the phase 

segregation in bulk-heterojunction solar cells; thus a well controlled, uniform and stable hot-

plate was needed for annealing in inert atmosphere and optionally in vacuum, was needed. 

For these reasons, a small vacuum hot-plate / oven (sect. 4.2) was realised in-house. 

The available glove-box (sect. 4.3) required an upgrade consisting in the addition of an air 

filtration system to reduce the dust particles inside and, of course, to enlarge the working 

space. 

For the realization of the PV devices with special nanoarchitectures as described in 

section 5.2, a fast method to obtain high resolution replicas of large-area patterned substrates 

and masters is desirable. An almost ideal technology for this purpose, at least in the stage of 

device prototyping, is the soft X-ray lithography, which is available at the LILIT beamline. In 

order to use X-ray lithography at the limits of its potential resolution (which is necessary to 

reduce the “dead area” of the device) the understanding of the optics and of the hardware of 

the LILIT beamline at the Elettra Synchrotron had to be improved. In particular, the author 

has developed a user-friendly optical ray-tracing software (sect. 4.4), considering all elements 

of the exposure system (X-ray source source, beamline with mirrors and filters, mask, and 

resist) for the accurate prediction of the exposure conditions and for guiding optimization of 

X-ray lithographic process. 
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4.1 High-vacuum organic and metal evaporator with adjustable angle of incidence 

A principle that we considered as useful for the implementation of novel 

nanoarchitectures in organic PV cells  is that of “shadowing” effect realized when 

evaporations occurs in high vacuum conditions and with patterned substrates posed at inclined 

angles in respect of the substrate-source direction (see sect. 5.2). Therefore, the evaporator to 

be directly coupled to the glovebox was conceived in order to ensure the widest flexibility in 

the implementation of solar cells by deposition of metals and organic materials from normal 

incidence to grazing angle. 

 
Figure 4.1 Vacuum chamber concept for the oblique-angle thermal evaporator. The core element is a standard 6-
way cross ISO-K DN160. At its arms the following objects are connected: a turbo-molecular pump (Pfeiffer, 
TMH261YP); a set of 3 sources for metals; a set of 6 sources for organics; a rotatable sample holder that can 
translate into the glove-box for substrates loading; a viewport; and QCM feedthrough. 

The core of the evaporator is a 6-way cross arranged as in Figure 4.1. and the main 

features of this machine are: 

 3 independent metal sources by crucibles heated up to 1600°C; 
 6 independent organics sources by crucibles heated up to 800°C; 
 independent automatic shutters for co-evaporations; 
 incidence angle from -90° to +90° for both sources types by a motorized rotatable 

substrate holder; 
 adjustable distances between sources and substrate from 13 to 60 cm; 
 quartz crystal microbalance (QCM) for rate/thickness monitor; 
 seven K-type thermocouples monitoring the temperature of sources and substrate; 
 limit pressure of 3x10-7 mbar (after overnight), base pressure 3x10-6 mbar after 20 

minutes from ambient pressure; 
 substrate loading directly from the nitrogen glove-box (Figure 4.3); 
 substrates in any shape and size up to 4” wafer; 
 mask-substrate distance 0.3 mm with mask changing without moving the substrates; 
 automated and easy operations also wearing thick gloves; 
 limited foot-print of just one standard server rack. 
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Figure 4.2 Oblique-angle high-vacuum thermal evaporator (left) connected to a nitrogen glove-box (right). The 
core of the vacuum chamber (Figure 4.1) is a 6-way cross ISO-K DN160. Independent power supplies (Organic 
sources driver and Metal sources driver) have been designed and realized together with a completely analogic 
Main control unit that automatically controls the vacuum system and provides safety interlocks for the water 
cooling, sources activation, and shutters controls. 
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Apart from the specific task (i.e. the realization of nanomodules, sect. 5.2) for which this 

evaporator has been realized, the deposition of organic materials for the fabrication of planar 

solar cells is obviously also possible. Moreover, evaporation at oblique angle of incidence 

would be a useful tool also in fabrication strategies for other applications of micro/nano 

lithography. 

Among the technical solutions adopted for the realization of this system, three of them 

may be of some interest and are described in the captions of the following images. 

 
Figure 4.3 Substrates loading within the nitrogen-filled glove-box. The opening (left), closing (right) and 
rotation of the substrate holder can be operated by doubled control panels placed inside and outside the glove-
box to reduce the operation times and increase the operator confort. The main flange carrying the samples holder 
is actioned and supported by compressed nitrogen pistons. This solution results in a small occupied internal 
volume of the glove-box when the chamber is closed. 

For the realization of specific parts and components, that were not readily available on the 

market, the support of technical service of TASC is greatly acknowledged. 

 
Figure 4.4 Schematic of the power supply for the heaters of the evaporation sources for metals. A commercial 
phase angle power regulator drives the primary winding of a custom made transformer. The secondary is 
conncted to a resistive heater for the crucible. The solution is simple, relatively cheap and easy to operate 
although provides only manual control of the evaporation temperature. 
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Figure 4.5 Cross section of the actuation mechanism for the shutters of the evaporation sources (left). The 
shutters were designed to be independent in order to perform controlled simultaneous co-evaporations of 
different materials. A standard, low cost compressed nitrogen micro-actuator has been used as a linear motion 
feedthrough. The double gasket sealing of these cylinders (right) provide a differential pumping sealing by 
connecting the fore vacuum pump to the "Purge". 
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4.2 Design, assembling and testing of a compact vacuum oven 

Annealing of bulk heterojunction solar cells has proven to be a key issue, by which the 

nanoscale phase separation of the blended organic compounds can be finely controlled [58, 

59]. Thus, a highly stable and uniform heating system has been realized (Figure 4.6). 

Moreover, the atmospheric conditions of the annealing have to be controlled to avoid the 

diffusion of electrically poisoning elements (e.g.: oxygen and water) for organic solar cells. A 

PIDi loop controller is used to reach quickly a stable temperature (up to 200°C) and the heat 

uniformity is addressed by the use of well distributed heating elements coupled with a thick (3 

mm) nikel-coated copper plate. Two of these plates have been thermally shielded and placed 

inside a small vacuum vessel in order to irradiate the heat to the sample both from below and 

above and to anneal samples either in nitrogen atmosphere or low vacuum (10-1 mbar). 

 
Figure 4.6 Compact low vacuum oven placed inside a nitrogen-filled glove-box. The oven is rated to work at 
stable and uniform temperatures up to 200°C. 

4.3 Glove-Box extension 

An extension module for the nitrogen glove-box (Figure 4.3) with two additional gloves 

(one pair) and a system rated for ISO4 class in particles filtration capabilities is currently 

close to completion. The filters module will also contain a silica gel water trap (that can be 

regenerated by annealing) and an active carbon filter to remove solvents. 

                                                 
 
i Proportional, Integral and Derivative feedback control. 
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4.4 Ray tracing for soft X-ray lithography beamline 

The X-ray lithography, similarly to traditional UV lithography, involves the use of a e. m. 

radiation source, a patterned mask and a photo-resit coated substrate on which the initial 

pattern is transferred (Figure 4.7). 

The size of the smaller object reproducible by optical lithographic techniques is limited 

by the diffraction phenomena occurring when features of the mask have dimensions 

comparable with the wavelength of the light used. Thus, lithographic techniques are evolving 

towards the use of light with smaller wavelengths in order to improve the maximal resolution 

attainable. 

Nowadays, the best resolutions are obtained by electron beam lithography (EBL) that, in 

the limit of secondary electron diffusion, reaches the definition of structures below 10 nm [60, 

61]. However, this technique implies a direct sequential writing of the pattern resulting in 

long operation times to obtain a large (>1 cm2) nanostructured area. Hence, it is a common 

practice to first fabricate a mask or a master by EBL and then to transfer the pattern to a new 

substrate with fast replication techniques of high resolution patterns over large areas. Such 

techniques are, for example, Nano Imprinting Lithography (NIL) or Soft X-Ray Lithography 

(soft-XRL). Indeed, the substrates needed for the preparation of nanomodules (see chap. 5) 

are nanostructured surfaces with a high resolution pattern (< 100 nm) over a large area (~1.5 

cm2). Thus, soft-XRL with peak intensity at 1.8 keVat the LILit beamline has been used to 

fabricate some of the substrates used within this thesis work. 

 
Figure 4.7 Schematic of the procedure for an x-ray lithography. A substrate, on which a suitable photo-resist 
(e.g. PMMAi) is spin casted, is exposed to x-ray radiation through a mask defining the wanted pattern. After 
developement of the resist in a suitable solution, a replica of the initial pattern is obtained. 

However, to attain a good accuracy and reproducibility of the replicas, geometrical and 

spectral ray-tracing software has been written by the author specifically on the actual setup 

                                                 
 
i Poly(methyl methacrylate), a positive resist which chains are broken up by X-ray exposure and then easily dissolved. 
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configurationi of LILIT beamline at ELETTRA synchrotron light source (see front matter). 

Given the linear actuators positions, the mirrors and slits positions are calculated for a correct 

alignment of optical elements (Figure 4.8). 

 
Figure 4.8 Schematic cross section layout along the vertical longitudinal plane (XZ) of LILIT beamline at 
ELETTRA synchrotron radiation facility (see front matter). On the ordinates the heigth from the ground and on 
the abscissae the distance frome the source (bending magnet). 

The beam shape and intensity profile are calculated upon the fundamental equation of 

bending magnet radiation taking account of both geometrical and spectral features of all the 

beamline elements (Figure 4.9). 

By changing the incidence angles of the beam upon the mirrors, an intensity and spectral 

modulation is possible in order to match the spectral characteristic of the mask and, thus, to 

increase the mask contrast (Figure 4.10). 

 
Figure 4.9 Image of the beam cross section (left) at the beam stopper as calculated upon the geometrical 
propagation of the beam through the beamline. Intensity profile of the beam in the vertical plane at the outlet of 
the beamline, separately calculated for S and P polarization of light. 

The informations about the geometry, intensity and spectral distribution of the x-ray beam 

                                                 
 
i The absolute initial positions of the beamline optical elements have been measured by means of high precision procedures 
by the specialized technical group of Elettra synchrotron. 
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are used to calculate the absorption of the photo-resist (PMMA, Ormocer, or HSQi) and, 

together with experimental data of resist developmentii, to predict the proper dose for a given 

mask, resist thickness and developer solution. 

 
Figure 4.10 Simulation of the absorption spectra of the resist (PMMA) in the not masked areas (black line) and 
in the regions shaded by the mask (red line). The ratio between the integrals of the two curves has been defined 
as the mask contrast. 

 

 

                                                 
 
i Hydrogen Silsesquioxane 
ii Courtesy of A. Carpentiero. 





 

 

5 NANOMODULES 

 

This chapter reports on the development and realization of nanomodules which is the 

main objective of this thesis. This new type of photovoltaic cell, consisting of about 2000 

organic solar cells per mm connected in series should, in principles, generate high voltages in 

the order of several kV per cm of cells’ length (sect. 5.1). 

The fabrication method (sect. 5.2) involves techniques such as nanoimprinting 

lithography, oblique angle deposition of electrodes, and infiltration of organic materials 

between cathode and anode gaps. Though, by construction, a significant fraction of the light 

impinging on the cell is reflected by the partially exposed metallic electrodes, the joint use of 

this type of nanomodular photovoltaic cell with a recently demonstrated light-trapping device 

(see chap. 7) would allow minimizing the loss associated with light reflection. 

From recent results (sect. 5.3) an open circuit voltage of almost 1 kV has been obtained. 

Although some difficulties emerged from the realization process, possible alternative 

fabrication strategies are discussed. 

Among the possible applications (5.4), these devices may be used as low-noise stand-

alone high voltage power supply for: organic field effect transistors; electroactive dielectric 

actuators; or bias voltage in silicon avalanche photodiodes. As a longer-term view, this 

technology may play a role in the feeding of long distance high voltage direct current power 

transmission lines. 
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5.1 Concept 

Resistors (R) are the only electric component where a stationary DC signal can dissipate. 

The power (W) dissipation is ruled by Ohm’s law: W = R I2 showing the strong dependence 

on current (I). Thus, assuming equal power densities, the reducing of the overall current 

handled (e.g.: by series connection between cells) can be of great benefit in order to reduce 

losses. 

Our approch is to realize a pile of solar cells connected in series at the nanoscale by 

lamination of a periodic array of interconnections with a thermoplastic photoactive composite.  

 
Figure 5.1 Concept of nanomodule: in a standard cell the light path is parallel to the current path while in a 
nanomodule they are orthogonal to each other. Moreover, in a standard cell, light comes only from one side due 
to the difficulty to realize transparent electrodes [62] over the active layer. 

We considered these advantages: i) being the active area of a single cell relatively small, 

the nanomodule, in principle, will supply a low current density (hundreds of nA/cm2) 

resulting in a low ohmic dissipation along contacts; ii) the device concept (Figure 5.1) allows 

illumination symultaneously from both upper and lower sides and it also enables, in 

principles, the stacking of multiple cells operating on different spectral regions; iii) in this 

device scheme, light path and current path results to be orthogonal to each other giving the 

possibility to overcome the compromise between light extinction length (about 100 nm) and 

recombination of free charges along their transport to the electrodes; iv) the lamination 

process (Figure 5.5) satisfy three condition in a single operation: the electric isolation both 

between single cells and for the entire device; the encapsulation of the active layer in respect 

to air exposure; and the filling of nanostructures with the photoactive composite; and v) The 

complete process is compatible with a ribbon roll-to-roll technology ensuing in a flexible 

solar cells construction; 

Another advantage, related to the real fabrication conditions, can be found in the electric 

design of the cell being, in principle, more robust than the standard cells in regard of the 

presence of local defects. A standard solar cell can be electrically modelled with a one 

dimensional series of N elements as in the top of Figure 5.2. Though each element n may be 

further analyzed with a circuit as in Figure 3.3, for the sake of simplicity here will be 

represented just as a photodiode. By considering the defects that may be present in the cell 

after the fabrication process, we can divide them into two limit classes as conductive (shunts) 
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and nonconductive (breaks) defects. In normal solar cells, the lateral transport of charges is 

typically supported by a transparent conductive layer (e.g. ITO) depicted in Figure 5.2 as a 

series of resistors bridging between adjacent elements. One of the drawbacks of this layout is 

that the current In produced by the nth element has to be added to that produced by the n-1 

element and so on. 

 
Figure 5.2 Models of the equivalent circuit topology for a standard planar cell (top) and for nanomodules 
(bottom). Defects from the fabrication process can be simplified into conductive (shunts) or nonconductive 
(breaks). In principle, when a break defects occurs in a standard cell it negligibly affect the device efficiency, 
instead a shunt may dramatically reduce the current and voltage. In contrast, the presence of a limited density of 
defects in a nanomodule is not so critical for the performance of the device. See the text for further details. 

Thus, the current density grows up by approaching the external contacts of the cell and 

the power losses n
dW  for the nth resistive element R can be written as:  

 2
N

n
d n

n

W RI  {5.1} 

Therefore, to reduce losses: i) the resistivity of the transparent front contact material is 

desirable to be as low as possible and ii) also the current density flowing in R should be kept 

low (e. g.: with the use of intermediate metal fingers). In principle, when a break defect 
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occurs in a standard cell it negligibly affects the device efficiency, instead a shunt may 

dramatically reduce the cell's output current and voltage for small values of R. In contrast, the 

presence of a limited density of both shunt or break type defects in a nanomodule is not so 

critical for the performance of the device. In detail, the presence of a shunt defect reduces the 

output voltage of a nanomodule of the order 1/2000 of the nominal voltage while the presence 

of a break, as for standard cells, only negligibily reduces the output current. The resistance 

between the M and M+1 sub-cells of the nanomodules can be omitted because of the tiny 

distances between cells and the extremely low current densities handled, as calculated in the 

next section. Also the power losses across the (vertical) in-line resistances can be ignored 

because no current is supposed to flow in them in normal conditions. Hence we can conclude 

that almost no resistive or defect induced losses are expected in principle for the 

nanomodules. 

However, some problems arise in the practical implementation of the device: i) High 

voltages are quite difficult to handle in such tiny structures and just a relatively little leakage 

is enough to dissipate the small currents provided. Our solution for a good electrical isolation 

is to imprint a transparent dielectric polymer; ii) The active area of the nanomodules is likely 

to be smaller compared to standard cells due to the presence of the metal interconnections 

between adjacent cells. Thus, special geometries have to be implemented in order to reduce 

the area subtracted by interconnections; iii) Diffraction at visible wavelengths on nanometric 

periodic stuctures (Figure 5.13) is likely to affect in a non trivial way the in-coupling of light 

in the active layer and the absorption of the device, resulting in a considerable reflection of 

light. However, light trapping approaches may partially solve the problem, as discussed 

below. 

The partial reflection of light on the surface of nanomodules can be overcome by placing 

a light trapping device [63] in front of the nanomodule, as schematically depicted in Figure 

5.3, although only the direct component of sunlight is efficiently trapped. 

 
Figure 5.3 Schematic of the working principle of the micro-lenses array light trapping device (see chap. 7). By 
posing this light trapping device in front of a nanomodule, light reflection losses could be reduced. 

These devices showed a strong asymmetry between the forward and backward 

transmission as confirmed by Tvingstedt et al. [64], with transmittance of about 90% in the 
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forward direction (first through lenses and then mirror) and <15% measured with the sample 

illuminated from the mirror side. 

5.2 Methods 

In this section the fabrication steps for nanomudules will be described by first giving an 

outline of the complete procedure and then by giving the details of the single steps with their 

alternative implementations to optimize the final device performances. 

5.2.1 Outline of the fabrication procedure 

The fabrication process for the nanomodules consists of two sub-processes (Figure 5.4), 

namely one for the lower part of the device carrying the nanostructures and one for the upper 

part carrying the photoactive composite, for which we made the choice of using a conjugated 

polymer/fullerene bulk heterojunction. Then, the two parts are coupled together by a 

lamination process, so as to fill the space between consecutive electrodes with the bulk 

heterojunction material, resulting in thousands of PV cells per millimetre connected in the 

series. The details of the process follow. 

The lower part is realized starting from a 1 mm thick microscope glass on which about 40 

μm of a transparent, UV curable negative resist (Ormocomp, Micro Resist Technology 

GmbH) is spin-casted. The nanostructures are realised by replica moulding using a silicon 

master generated by interference lithography (AMO GmbH) patterned as grating with 50% 

duty-cycle square-wave section of 500 nm pitch (i.e.: 2000 grooves/mm) and 320 nm 

amplitude. After the separation of the master and a hard bake of the resist (150°C 2 h), metals 

(20 nm of Al for the cathode and 20 nm of Au for the anode) are thermally evaporated in 

vacuum (better than 1x10-6 mbar) at inclined angles suitable to obtain a shadow-like effect 

resulting in the formation of what will be the interconnections between adjacent cells. Two 70 

nm thick contact pads are deposited by thermal evaporation of Al. 

The upper part of the device is prepared starting from a microscope glass 1 mm thick 

spin-coated with about 100 nm of polyvinyl alcohol (PVA, a transparent, water soluble 

polymer). The photoactive material is a 1:1 wt. blend of 15 mg of poly-(3-hexylthiophene) 

(P3HT, a polythiophene derivative), and 15 mg of (6,6)-phenyl-C61-butyric acid, (PCBM, a 

fullerene derivative) dispersed in 1 ml of dichlorobenzene. After the removal of the residual 

water from the PVA film by thermal treatment at 85°C for 5 min, the active materials solution 

is spin-casted over the PVA film being the latter almost not soluble in dichlorobenzene. 

The two parts have been coupled together by hot embossing with a precision hydraulic 

press (Paul-Otto Weber GmbH PW 20 E) using a two step process (Figure 5.5). The method 

[65] is based on the exploitation of the different glass transition temperatures (Tg) of the 

photoactive material (Tg=40°C [66]) and of PVA (Tg=80°C [67]). Thus, in a first step a 

pressure of 24 MPa is applied while keeping the device at about 85°C for 5 minutes in order 

to induce the flow of the photoactive composite, inside the channels of the grating, but not 
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that of the PVA. In the second step pressure of 40 MPa is applied while heating up the device 

at 120°C for 20 minutes. 

 

Figure 5.4 Fabrication process for the realized nanomodules: 1a: Cutting and cleaning of a microscope glass; 2a: 
Spin-coating of resist; 3a: Silicon master imprinting and UV curing of resist; 4a: Master removal and thermal 
annealing; 5a: Oblique evaporation of Al; 6a: Oblique evaporation of Au; 7a: Evaporation of 70 nm of Al for 
contact pads. 1b: Cutting and cleaning of a microscope glass; 2b: Spin-coating of PVA; 3b: Evaporation of 
residual water from PVA film at; 4b: Spin-coating of about 100 nm of P3HT:PCBM blend 1:1 wt diluted in 
dichlorobenzene; 5b: Removing of blend edges. The two elements are then coupled and imprinted as shown in 
Figure 5.5. 
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Figure 5.5 The last fabrication step of nanomodules: imprinting at 85°C of the active layer (blend P3HT:PCBM, 
Tg 40°C) to fill spaces between electrodes; and imprinting at 120°C of PVA (Tg 80°C) to either further indent the 
active material, to electrically isolate adjacent cells and to encapsulate against air exposure the device. 

5.2.2 Fabrication of nanostructured substrates 

The shape of the nanostructures of the substrate, on which the metallic interconnection 

are realized by oblique evaporation, is a key element of the device. The substrates are required 

to be electrically nonconductive and to withstand the relatively high temperatures and 

pressures of the subsequent fabrication steps without deformations. The fabrication process of 

these substrates should be fast and with accurate definition of the pattern over large areas. In 

addition, the material composing the substrate should be transparent to allow illumination of 

the organic photoactive materials with minimized optical losses. The replica by UV-moulding 

of a nanostructured master stamp (Figure 5.6, left) on a suitable optical negative photoresisti 

fulfills all these requirements. The photoresist we chose is a solvent-free commercial UV-

curable negative photoresit (Ormocomp, Micro Resist Technology GmbH) being thermally 

stable up to 270°C and showing a good optical transparency (Figure 5.6, right). 

As a first task we developed the oblique angle evaporation process on the Ormocomp® 

replicas of readily available commercial silicon masters. These masters have square-wave like 

profile with a 50% duty cycle and we tested successfully the oblique evaporations on 

structures down to 180 nm of pitch (Figure 5.7). The substrates were completed with contact 

pads as in Figure 5.4 at stage 7a and then electrically tested to check whether the individual 

interconnections were actually electrically isolated from each other or if conductive bridges 

were present. The measurements were done with a higly sensitive instrument (Agilent 

B1500A, voltmeter input resistance >1013 Ω) and the measures on nanomodule substrates after 

oblique evaporations resulted in resistances of better than 500 G . 

 

                                                 
 
i A polymer that is cross-linked with the aid of ultra-violet light. 
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Figure 5.6 UV-moulding process (left) of a solvent-free negative photoresist (Ormocomp®, Micro Resist 
Technology GmbH). The optical absorbance spectrum of the resist (right) meets the requirements discussed in 
the text. From Ormocomp® datasheet. 

 

 
Figure 5.7 Scanning Electron Microscope (SEM) cross-section image of a 180 nm pitch square-wave grating 
coated on one side with Al and then on the other with Au by oblique angle evaporation. 

To accelerate the development of nanomodules, we started from the simplest design that 

is the square-wave profile with 50% of duty cycle provided by a commercial silicon master 

generated by interference lithography (AMO GmbH) patterned as grating with 500 nm pitch 

(i.e.: 2000 grooves/mm) and 320 nm amplitude (Figure 5.8 a). On the Ormocomp® replica of 

this master we realized the first prototypes of nanomodules with an output voltage of almost 1 

kV (see sect. 5.3). However, with this structure design, at least the 50% of the aperture area of 

the nanomodule is occupied by the interconnections. Hence, we began the development of a 

master with a reduced duty cycle with the procedure described in Appendix A and, in a first 

attempt with a 500 nm pitch grating, a reduction from 50% to 15% of the duty cycle was 

obtained (Figure 5.9). Although the duty cycle was largely reduced, the distance between 

electrodes would be too large to circumvent free charge carriers recombination of standard 

solar cells. 
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Figure 5.8 Possible structures for the substrate of nanomodules after the oblique angle evaporations (dimensions 
in nm). a) The first prototypes were realized with the UV-moulding replica on Ormocomp® from a readily 
available silicon master (AMO GmbH). However, less than 50% of the device is occupied by photoactive 
material. Thus, we start to develop a 25% duty cycle master to obtain a replica with dimensions as in b). c) The 
structure can be further optimized by means of X-Ray lithography and subsequent electro-plating growth of gold 
lamellae from a tungsten seed layer (then removed by anysotropic dry etching). 

 

 
Figure 5.9 SEM cross-section image of a Ormocomp® replica of silicon master with modified duty cycle. The 
parameters are 500 nm pitch, about 15% duty cycle and 250 nm of height. 
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In order to obtain a substrate for nanomodules having the dimensions reported in Figure 

5.8 b, a second master was realized according to the procedure in Appendix A. The ensuing 

25% duty cycle master had a pitch of about 300 nm (Figure 5.10). 

 
Figure 5.10 SEM image of the square-wave profile master realized with a reduced duty cycle of about 25% 
(about 300 nm pitch, 70 nm line) dry etched to a depth of about 250 nm. 

Nanomodules based on the latter substrate structure are currently under fabrication at 

LILit both on microscope glasses and on flexible polycarbonate sheets. 

As a future prospect, the further reduction of the distance between electrodes with the 

method just described above will result also in the reduction of the height of structures on the 

substrate (i.e. a reduction of the depth of cavities between the electrodes) because of the limits 

on the maximum aspect ratio of structures for a successful UV-moulding process (Figure 5.6). 

As an alternative route for the fabrication of substrates for nanomodules, a process based 

on x-ray lithography (XRL) is proposed (Figure 4.7). A glass is first coated with a thin layer 

of tungsten and then with a 350 nm layer of PMMAi resist for XRL. With a suitable mask, a 

grating with 50 nm of line width and 180 nm of pitch is defined on the PMMA. After the 

development of the structures, thin gold lamellae are grown by electro-plating from a tungsten 

seed layer. The resist template is dissolved in acetone and the remaining seed layer exposed 

and anisotropically etched in a SF6 plasma process. Finally, a thin layer of Al is evaporated 

from an oblique angle to obtain the structure of Figure 5.8 c. Since the aspect ratio of the 

PMMA structures of the template can be as high as 3 (i.e. an height of 390 nm from a base of 

130 nm as in Figure 5.8 c), lamellae just 50 nm wide and with 300 nm of height could be 

obtained. 

                                                 
 
i Poly(methyl methacrylate), a positive resist which chains are broken up by X-ray exposure and then easily dissolved. 
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5.3 Results 

The measure of I-V characteristic (see sect. 3.1) of nanomodules have been performed 

using an electrometer (Keithley 6517, voltmeter input resistance >2x1014 Ω) and, for those 

prototypes showing an open circuit voltage (VOC) lower than 200 V, the measures have been 

repeated using a semiconductor device analizer (Agilent B1500A, voltmeter input resistance 

>1013 Ω). Measurements have been done both in dark conditions and illuminating the device 

with a sun simulator (ABET 2000) filtered for a AM1.5G spectrum and calibrated to an 

intensity of about 100 mW/cm2. 

The measurements for the best performing device (in regard of VOC) is reported in Figure 

5.11. Considering the geometrical dimensions of the device and the resistivity of PVA (ρ=109 

Ω cm [68]), a leakage current of about 10 pA/cm2 is estimated to drain through the PVA layer 

(ignored in the measure). However, a strong deviation from the ideal diode I-V behaviour is 

observed. Reasons for this deviations can be explained by a partial filling of nanostructures as 

determined by cross section scanning electron microscopy (SEM) images (Figure 5.12). 

 
Figure 5.11 Measured current-voltage characteristic of the nanomodule nr. Exp2c1 (Figure 5.13). 

The partial filling of the structures is likely to dramatically reduce the current collection 

efficiency; furthermore, the excess active material (i.e.: the material that did not fit into the 

cavities) remained over the structures resulting in an electric bridge between adjacent cells 

and of course reducing both the overall current and voltage output of the nanomodule. 

 
Figure 5.12 SEM image of a cross section of a nanomodule after the removal of the upper glass. The presence of 
the cavities indicates that an incoplete filling of the trenches by the photoactive composite, the P3HT:PCBM 
bulk heterojunction, is likely due to not fully optimized imprinting conditions. 
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Although the number of prototypes realized so far is not large enough to make statistical 

consideration, there are grounds to believe that the performances may be improved 

substantially in new devices by refining the fabrication process and by introducing different 

geometries for the nanostructures. In particular, the substitution of the above described master 

(i.e.: a 50% duty-cycle square-wave grating) with a 25% duty-cycle grating (see sect. 5.2.2) is 

expected to result in an easier imprinting process and in a considerable improvement of the 

active area. 

 
Figure 5.13 Picture of the realized nanomodule device nr. Exp2c1. Some effect of diffraction is visible (bright 
violet coloured area). 
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5.4 Possible applications for nanomodules 

The first devices based on nanomodules would be more probabilly found in niche 

applications. High voltages are actually produced with more traditional devices based on 

AC/AC iron-core transformers and, recently, step-up DC/DC switching power supply units. 

However, when dealing with high voltages, safe isolation between low and high voltage parts 

of a circuit becomes critical. A possible advantage of nanomodules on traditional devices is 

the possibility to realize an optically isolated DC/DC power converter by coupling a 

nanomodule with an Organic Light Emitting Diode (OLED) (Figure 5.14). Apart from safety 

considerations, also the noise transmission between the low and high voltage sides would be 

cut off. This may be useful in the power supply of detectors for photons or particles (e.g.: 

Multy Channel Plate) where the low noise of the high voltage polarized part of the detector 

becomes important. In a recent study [28], the open circuit voltage (VOC) of a polymer-

fullerene BHJ is found to be logaritmically dependent on the light intensity Wlight. In turn, in 

this hypothetical device, the light intensity is linearly dependent on the current I flowing in 

the OLED. That is: 

 ln( )B
OC light OLED

k T
V W I

e
    {5.2} 

where kB id the Boltzmann constant, T the absolute temperature and e the elementary 

charge. Thus, one may obtain an extremely fine control of the high voltage output by linearly 

controlling a current. This property could be applied in the control of piezoelectric actuators 

for very accurate movement of atomic resolution imaging instruments (e.g: Scanning Tunnel 

Microscope, Atomic Force Microscope, ect.) 

 
Figure 5.14 Nanomodules and Organic Light Emitting Diodes are both compatible with a roll-to-roll fabrication 
process on long (meters) flexible plastic substrates. By rolling up together the two devices, electric energy can be 
tranferred from one device to the other via optical interconversions. Similarly to a common electronic 
component called opto-isolator, the coupled devices can act as a single power transformer from a low voltage to 
a high voltage side without electric connection in between. 

The several kV/cm that may be produced by a nanomodule and its light weight make it 

almost the ideal power source for electroactive polymer (EAP) based devices. In particular 



58 E. Sovernigo 

 

dielectric EAPs, are materials in which actuation is caused by electrostatic forces between two 

electrodes which squeeze the polymer. Dielectric elastomers are capable of very high strains 

and are fundamentally a capacitor that changes its capacitance when a voltage is applied by 

allowing the polymer to compress in thickness and expand in area due to the electric field. 

This type of EAP typically requires a large actuation voltage to produce high electric fields 

(hundreds to thousands of volts), but very low electrical power consumption and require no 

power to keep the actuator at a given position. 

Considering a more visionary and far-looking perspective of the “nanomodule approach” 

in massive power generation it is very natural to think to the High Voltage Direct Current 

(HVDC, 300 - 800 kV) power transmission lines. These lines are currently used (Figure 5.15) 

to transport large amounts of electrical energy over long distances as from remote hydro-

power generators or large off-shore wind farms. In the field of solar energy, some project 

existsi for the construction of large solar electricity generation in remote places, as in the 

deserts, where a large amount of solar energy is available. However some losses occurs in the 

low/high voltage conversion stations at the nodes of HVDC lines. In a futuristic view of 

massive application of nanomodules, with their extremely high photovoltages they could 

directly power a HVDC line without the use of large conversion stations. 

 
Figure 5.15 High Voltage DC power transmission lines in Europe (from WikiPedia). 

 

                                                 
 
i For example: DESERTEC Foundation 



 

 

6 NANO STRUCTURED INTERFACE 

 

The science and technology of organic solar cells has been revolutionized by the 

breakthrough of the Bulk Hetero-Junction (BHJ, see sect. 1.1.4) testified by a jump in the 

power conversion efficiency reported in literature. The success of this thermodynamically 

controlled nanoarchitecture is universally interpreted as the result of a large increase of the 

density of interface surface area between the donor D and acceptor A materials [69] with 

respect to the case of bi-layer cells. However, due to the intrinsic morphology of the BHJ 

active layer, the transport of free charges throughout the cell is not straight and their 

recombination probability increases with the path length (see sect. 2.1.1). The charge 

transport is further affected by the formation of isolated domains of a single phase and of 

domains connected only with the wrong opposite electrode (i.e: of the D with the cathode and 

of the A with the anode, see Figure 1.4). To overcome these problems, we tried to realize by a 

top-down nanopatterning techique a device model with a nanometrically controlled 

interdigitated structure of D and A. The idea is that of preserving the high density of the D/A 

interface area of the common BHJ but ensuring a more ordered organization of domains 

within the active layer. 

The control of the morphology at the nanoscale is studied in this work by the 

nanoimprinting lithography technique as explained in the first paragraph. The process of 

nanoimprint lithography and its optimization on P3HT has been carried out at the TASC 

laboratory. Part of the work reported in the second paragraph, has been performed in 

collaboration with the Organics Division of NNLi, where a wide experience on the realization 

of vacuum evaporated organic solar cells is available. 

                                                 
 
i Dr. M. Mazzeo of the National Nanotechnology Laboratory, CNR, see front matter. 
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6.1 Nano-imprinting of P3HT 

The need to maximize the interface area between donor and acceptor materials and at the 

same time to ensure straight paths to the electrodes for the photogenerated charges lead to the 

design of a solar cell having the donor layer (poly-(3-hexylthiophene), P3HT) with nano-

pillars pattern (Figure 6.1, and completed filling the cavities, e.g. by evaporation of the 

acceptor (fullerene, C60). The diameter of the pillars should be, in principle, smaller than the 

exciton diffusion length (about 20 nm [70]) and the height should be larger than the extinction 

length of light within the active layer (about 100 nm). 

 
Figure 6.1 Comparative sketch between the standard random distribution of donor and acceptor domains in a 
standard bulk-heterojunction OSC (left) and the controlled, dense array of nanopillars forming an interdigitated 
D/A interface (right). By the fabrication process, a residual layer remains at the base and top of the nanopillars 
preventing the direct contact of one phase with the wrong opposite electrode. 

The only available technology capable of nanopatterning a thin film at this scale, 

uniformly over large areas, employing processes potentially upscalable both in throughput 

and substrates size, and at low cost, according to the industrial needs is certainly Nanoimprint 

Lithography (NIL, see Appendix B), In order to fabricate a demonstrator of organic 

photovoltaic cell with the donor structured as ensemble of nanopillars of a conjugated 

polymer (such as P3HT), it was necessary to produce first a master having a dense array of 

holes, with a diameter of about 20 nm and a depth of about 100 nm, over a large area of at 

least 1 cm2. To define this pattern, we optimized a process, known as Block Copolymer 

Lithography, suitable for the fabrication of large area templates with nanodots densely 

arranged with a short-range hexagonal order. This technique, based on a spontaneous self-

organazation into type A and B phase separated nanodomains, where A and B are the blocks 

of a diblock copolymer, representes an important resource for patterning when no long-range 

order is not required by the application. In the specific case of the work described here we 

used Polystyrene-Poly(methyl methacrylate) block-copolymers (PS-b-PMMA). 

 
Figure 6.2 Molecular structures of Polystyrene and of Poly(methyl methacrylate). A PS-b-PMMA block-
copolymer has been used in this work to obtain a self-assembled layer nano pattern on silicon. 
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A more detailed description of the block-copolymer technique is given in the Appendix E. 

Here we mention only few fundamental facts. Similar to many self-assembling materials such 

as surfactants or liquid crystals, block copolymers undergo mesophase formation. By tuning 

the thermodynamic conditions during the deposition by spin-coating they form a layer over a 

surface self organized in a 2D network of domains occupied by only one of the blocks. Thus, 

we found the conditions for obtaining a lattice with a short-range hexagonal order of small 

(~20 nm) circular domains of -PMMA on a matrix of PS- over a clean and polished silicon 

wafer. Block copolymer thin films require selective elimination of one of their constituent 

blocks to access their potential as lithographic nanopatterns. It is important to notice that upon 

UV irradiation at ~250 nm, the PMMA and polystyrene components behaves as positive and 

negative resists, respectively. Therefore, after UV exposure, a development step (in an acetic 

acid based solution), can selectively dissolve the PMMA block and leaving a PS matrix with 

holes. The features of that template, being not sufficiently stable to be used directly as a 

stamp, have been transferred by Inductively Coupled Plasma (ICP) dry etching into the 

underlying silicon substrate to a depth of about 90 nm (Figure 6.3). Finally, the master was 

coated with an anti-adhesion self assembled monolayer of octadeciltrichlorosilane (OTS), 

which lowers the surface energy and helps the separation of the stamp from the indented 

materials. 

 
Figure 6.3 SEM image of the silicon master with an array of ~20 nm holes with a short range hexagonal lattice 
order and a depth of about 90 nm. 

As for a standard solar cell (see sect. 1.2), an ITO coated glass has been covered with a 

thin layer of PEDOT:PSS by spin coating and then tranferred in a nitrogen filled glove-box to 

be coated with about 80 nm of P3HT. The latter has been spin coated from a dichlorobenzene 

solution containing 15 mg/ml of P3HT. The master described above has been replicated on 

the P3HT layer by nanoimprint lithography (see Appendix B) for which, after several tests, 

the optimal conditions were found to be 20 MPa of pressure, ~80°C of temperature applied 

for a duration of 10 minutes (Figure 6.4). 
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Figure 6.4 SEM images of P3HT nanopillar array after the nanoimprintig with the master of Figure 6.3 resulting 
in 20 nm diameter pillars of about 50 nm of height. 

The imprinting process was optimized for a special pressing tool, in order to keep the 

sample either under nitrogen or in low vacuum so as to prevent the degradation of P3HT 

induced by oxygen or water during the thermal cycle. 

After optimizing the process of NIL, the experiments were moved to the NNL in Lecce, 

The aim of this was to be able to fabricate on site nanopatterned P3HT films (either as 180 nm 

pitch gratings or as nanopillars), immediately prior to the steps necessary to complete the 

cells, i.e. thermal evaporation in vacuum of a C60 layer, and deposition of 0.5 nm of LiF and 

100 nm of Al as cathode. 

6.2 Results and discussion 

Several solar cells have been prepared on nanostructured P3HT film either with a 180 nm 

pitch grating or with ensembles of 20 nm diameter nanopillars, as described above. In addition, 

samples with a flat P3HT interface were prepared as a reference. The measurement of the I-V 

characteristic (see sect. 3.1) were performed using a source-meter (Keithley 2400), both in dark 

conditions and illuminating the device with a sun simulator (ORIEL) filtered for a AM1.5G 

spectrum and calibrated to an intensity of 100 mW/cm2. The samples have been measured as 

prepared, after an annealing at 75°C for 1 min and after an additional minute at 110°C. 

The results (Figure 6.5), reveal that a certain improve of the conversion efficiency is 

observed for the nanostructured cells as prepared and after the first annealing. After the second 

annealing a large difference is observed in favor of the reference samples. 
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Figure 6.5 Measured conversion efficiencies for organic solar cells having a flat (red points) interface between 
P3HT and C60 or having a nanostructured interface in shape of a grating with 90 nm half-pitch (blue) and with 
the 20 nm pillars described above (black). 

Some additional substrate were coated only with C60 and without the LiF/Al cathode to 

check by Scanning Electron Microscopy (SEM) the resulting morphology, in particular with 

focus on the filling of the cavities in the nanostructured film without the annealing. 

SEM micrographs highlight that a shadowing effects occurred during the evaporation of 

C60 on a P3HT grating (Figure 6.6) resulting in a partial filling of the trenches. This effect, is 

likely to have occurred also for the case of dense ensemble of nanopillars althougth due to the 

much smaller scale of these last structures the SEM micrographs do not provide full evidence 

of the incomplete filling. 

 
Figure 6.6 SEM image of a nanostructured P3HT patterned as a 180 nm pitch grating. The sample has been 
coated with about 57 nm of C60 and then cleaved for imaging. The channels among structures have not been 
filled by the evaporation process except for a thin lateral layer of about 20 nm. 
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Figure 6.7 Cross view SEM micrograph of an ensemble of P3HT nanopillars coated with C60 by evaporation. 
From the bottom the layer structure comprises a ~250 nm of ITO, ~80 nm of PEDOT:PSS, ~270 nm of 
nanostructured P3HT and C60. Several cavities are visible within the active layer. Therefore an uncomplete 
filling of the structures is likely to have occured because of shadow-like effects during the evapoartion. 

To obtain a complete filling of the donor structures by the acceptor, two additional routes 

have been pursued: the spin coating of PCBM and the spray coating of PCBM. 

It has been reported [71], that the spin coating deposition of the acceptor over the 

nanopatterned donor layer should be possible using a solvent that preferentially solubilises 

PCBM without, in principle, dissolving the nanostructures of the P3HT. In our experiments, 

performed by spin coating a small quantity of the pure solvent under test on a nanostructured 

film of P3HT, we found systematically a complete disappearance of the nanostructures. The 

tests were done with several solvents such as dicholorobenzene, chloroform, dichloromethane.  

Some further attempts to deposit the acceptor layer were done at NNL by means of a 

spray coating process. However, for the solvents tried, a complete intermixing of the D and A 

components is likely to occur during the deposition, since the performances of the cells show 

to remain unaffected even by the reversal of the order in the deposition of the A and D 

materials. 

The future perspectives of the nanostructured interface design could be more interesting if 

modified acceptor and/or donor materials would be synthesized with the intent to be soluble 

in different solvents (obiously, with the exclusion of water to avoid dissolving the 

PEDOT:PSS underlayer). 

A possible alternative would be that of depositing an insoluble small molecule donor 

layer and, after the nanoimpatterning by NIL, spin-casting the acceptor. Pentacene seems to 

be a good candidate in this direction, since is almost insoluble in cold organic solvents and its 

electronic properties have been studied in detail. Moreover, although more difficult than with 

polymers, the process of nanoimprinting on pentacene films has been already reported in 

scientific literature [72]. 

 



 

 

7 MICRO-LENSES ARRAY FOR LIGHT TRAPPING 

 

In the past years, a light trapping device has been developed at LILit [73] as a possible 

application for lithographic techniques in the photovoltaic research field. To further improve 

the concept of the device, an organic solar cell having a micro structured transparent electrode 

should be added to the device. Thus, a further step for this project has been done by 

optimizing the deposition of Indium Tin Oxide (ITO) transparent electrodes with the facilities 

of LILit. 
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7.1 Concept 

The current performances of organic semiconductors for solar cells application, although 

showing very high absorption coefficients and near to unity exciton dissociation efficiency 

(see sect. 2.1.2), are affected by recombination of free charges at the donor/acceptor interfaces 

which are densely distributed within Bulk Hetero-Juction (BHJ) solar cells [28] (see sect. 

2.1.1). Thus, a tradeoff has to be found between the thickness of the active layer necessary to 

get a sufficient light absorption and the distance between anode and cathode electrodes to 

reduce transport losses by recombinations. 

Our solution to overcome this compromise is to reduce the distance between electrodes 

and to increase the optical path of light within the active layer by multiple reflections. The 

device scheme, shown in Figure 7.1, is based on the focusing of light by an array of 

microlenses through a thin reflecting layer where a 2D pin-hole array (spherical lenses) or a 

slits array (cylindrical lenses) are opened in correspondence of the focuses of the microlenses. 

Light is then trapped within a cavity composed of the reflective back electrode of the 

organic solar cell and of the thin mirror layer of the light trapping device itself. Once light 

enters the cavity, it has a low probability to escape through the small apertures before being 

absorbed by the solar cell. Moreover, at wavelengths at which the photo-active materials of 

the solar cell show a low absorption coefficient, photons will be recycled and get additional 

chances for absorption providing a remedy to the spectral mismatch between the sunlight 

spectrum and the absorption curve of organic solar cells. 

 
Figure 7.1 Cross section showing the working principle of micro-lenses arrays for light trapping. Light is 
focused by a set of microlenses either spherical or cylindrical. On the focal plane of lenses, a thin reflecting layer 
is posed having a 2D pin-hole array (spherical lenses) or a slits array (cylindrical lenses) aligned with the focuses 
of the microlenses. Once light enters the cavity, it has a low probability to escape through the small apertures 
before being absorbed by the solar cell. 

In an evolution of the device just described, an additional solar cell is placed between the 

patterned mirror of the light-trapping device and its lenses (Figure 7.2). In this way, also the 

indirect, or diffused, portion of the solar spectrum can be absorbed. The cell should have a 

transparent front contact as anode and should use the thin reflecting layer as a cathode. 
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Figure 7.2 Evoluted concept of light trapping device based on microlenses (Figure 7.1) by the integration of an 
additional solar cell designed to absorb the indirect (diffused) component of sunlight. The additional cell need to 
be patterned, which complicates the fabrication process with additional constraints. In particular, a process for 
the deposition of the transparent electrode need to be optimized. 
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7.2 Fabrication of light trapping devices 

The fabrication of the micro-lenses devices is based on a self-aligned photo-lithographic 

process (Figure 7.4) developed at LILit [73, 74] that could be easily upscaled to production on 

large areas. A UV-NIL master (see appendix B) has been realized by isotropic etching of a 

fused silica glass. The pattern has been transferred into an optical UV-curable polymer (NOA 

73) deposited on a 1 mm thick microscope slide resulting in the arrays of microlenses of 

Figure 7.3. 

 
Figure 7.3 SEM images of the array of spherical (left) and cylindrical (right) microlenses having a pitch of 200 
microns. 

The realization of the reflecting metallic layer, on the opposite side of the glass 

supporting the microlenses, is based on a lift-off process with a negative resist (Figure 7.4). 

Since negative resists are notoriously not suitable for a lift-off process this required to 

implement the process in a double layer resist system with LOR 10-B (MicroChem) as a 

bottom layer for the lifting of the top negative resist and of the metal evaporated on it. The 

UV exposure of negative resist is done through the microlenses resulting in a mask-less self 

aligned photo-lithographic process that could be easily upscaled to production on large areas. 

 
Figure 7.4 Fabrication steps for the micro-lenses array device (left): a double layer of resist is exposed through 
the microlenses previously formed by UV assisted imprinting lithography; develop of resist produces an 
undercut of structures suitable for the metal deposition and lift-off. Transmission spectra (right) in the direct 
(lens first) and reverse (mirror first) directions for spherical and cylindrical lenses show a better trapping 
efficiency for the cylindrical layout. 
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By the optical scheme of the device, the diffused component of solar light is not guided to 

any element of the solar cell. For this reason, we considered to add an optimized solar cell 

integrated with the microlenses array device, having the Al/Ag mirror with holes as cathode 

and a Indium Tin Oxide (ITO) transparent electrode as anode. The fabrication strategy is the 

same for the previous device but with the depostion of the complete solar cell (ITO/Active 

Layer/Al/Ag) before the lift-off process. The device, arranged according to the scheme of 

Figure 7.5, will results in two organic solar cells that can be connected in series. The first cells 

will be optimized for the absorption of the diffused component of solar light while the second 

one for the direct component. 

 
Figure 7.5 Tandem-like design for the micro-lenses array coupled with two, series connected, solar cells one 
optimized for diffused light absorption and the other for the direct component of solar light. 
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7.3 Optimization of Indium Tin Oxide sputtering deposition 

Indium oxide (In2O3) is a wide band-gap (4.06 eV) inorganic semiconductor that is 

transparent to visible light. When doped with up to a 10% of tin oxide (SnO2) high free 

carriers concentrations are attained (~1019 cm-3) leading to sheet resistances (see sect. 3.3) of 

the order of 10   for a thickness of about 250 nm. 

From a lithographic point of view, the fabrication of a patterned solar cell having "holes" 

aligned with the focal points of the microlenses is simplified if an in-house deposition process 

for ITO is available. Hence, the sputtering deposition (see Appendix D) process of ITO on 

glass has been optimized in order to get a good optical transparency and a low sheet resistance 

of the deposited material. The experimental work for this optimization has been carried on, 

under the guidance of the author, by F. Morpurgo during his master thesis in Materials 

Science at the University of Padova [49]. 

First, the thickness uniformity of the deposited ITO layer was found (Figure 7.6) to be 

within 0.5% by a test on a 4" silicon wafer and sampling the thickness at several points by 

ellipsometric measurements. 

 
Figure 7.6 Thickness uniformity test on a 4" silicon wafer. The thickness has been measured with an 
ellipsometer (Rudolph Research, AutoEL IV-NIR3) on several points (empty dots on the XY plane, the 
coordinates refer to the distance from the wafer center in mm). The measured thickness values resulted to be 
within 0.5% from the nominal value (100 nm). 

To find the best parameters for the sputtering process of ITO, several samples have been 

deposited with different conditions of pressure, sputtering RF power, and substrate 

temperature (Figure 7.7). The thickness has been kept constant at about 100 nm as derived 

from previous tests to determine the growth rates at the different sputtering conditions and as 

confirmed by profilometric measurements. The gas composition in the plasma had been 

initially limited to pure argon, but similar tests were later performed with a mixture of oxygen 

(diluted) and argon. 

The response variable adopted is the ratio of the optical transmission, weighted on a 
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typical quantum efficiency spectrum for our organic solar cells, on the sheet resistance. In 

detail, the measured optical transmittance (T) has been weighted on the external quantum 

efficiency (EQE, see sect. 3.2) spectrum normalized to 1 (EQEn1) of a typical organic solar 

cell fabricated at LILit. Then, according to the relation: 
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The weighted transmission (Twt) has been divided by the sheet resistance ( R ) to obtain a 

response variable (Twt/ R ) according to the assumption that the photogenerated current by a 

solar cell is linearly dependent on the photons flux and inversely related to the series 

resistance. The sheet resistance has been measured with the in-line 4 point probe method (see 

sect. 3.3) and the optical transmittance with spectrophotometer (Perkin-Elmer, Lambda UV-

Vis). 

The best results, in term of Twt/ R , have been obtained for the deposition conditions of 

200°C of substrate temperature, 300 W of RF sputtering power and 1.2*10-2 mbar of pressure. 

The weighted transmission (Twt) and the sheet resistance ( R ) for this conditions were, 

respectively, Twt = 92.5% and R = 21  . The dependence of the properties of ITO on the 

oxygen content in the working gas was found to be poorly reproducible with our deposition 

system and in most cases the sheet resistance was higher. 

 
Figure 7.7 Experimental results for the optimization of the RF sputtering deposition of ITO with pure argon as 
working gas. On the Z axis, the response variable adopted is the ratio of the optical transmission, weighted on a 
typical quantum efficiency spectrum for our organic solar cells, and the sheet resistance. From left to right, three 
substrate temperatures have been tested nominally 20 (red), 200 (orange) and 300 °C (yellow). The magenta 
wireframe grid are the result of a correlation matrix interpolation and must be considered just as a guide to the 
eye. 

The deposition conditions has been optimized on a thickness of about 100 nm of ITO and, 

although the transparency and electrical conductivity of the films were sufficient for the 

realization of an organic solar cell, by releasing the constraint of the the layer thickness and 

optimiziong the deposition with respect to this additional paramenter a further improvement 

of the properties would be possible. 





 

 

8 BALQ AS EXCITON BLOCKING LAYER 

 

At the very beginning of the first year of this doctorate, a collaboration was setup with 

CRPi for the preparation of about 50 solar cells by thermal evaporation in vacuum according 

to a new stacking of materials. These cells have been characterized with the setups cited 

above (see chap. 3). 

8.1 Realization of organic solar cells at CRP 

The main point to be investigated was the use of bis(2-methyl-8-quininolinato)-4-

phenylphenolate (BAlq) as an exciton blocking layer. This material is commonly used for the 

same function in organic light emitting diodes (OLED). Moreover, some trial was performed 

by comparing the performances of two kinds of stack of layers (Figure 8.1) to investigate the 

role of a co-evaporated interlayer on the formation of a bulk heterojunction cell after thermal 

treatment. 

 
Figure 8.1 Staking of layers to test the influence on the formation of a bulk heterojunction in the absence (left) 
or presence (right) of a co-evaporated interlayer (marked with a red arrow). Dimensions reported are just an 
indication of the order of magnitude of the various thicknesses tried. 

The construction layout (Figure 8.2) for the test device allows the realization of two 

                                                 
 
i Centro Ricerche Plast-optica, see front matter. 
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identical cells for each device to have a double check of the performance of a given structure. 

 

 
Figure 8.2 Construction sequence (from left to right) for the solar cells fabricated. The front contacts are defined 
by selective wet etching of Indium Tin Oxide (ITO) coated 25x25 mm2 glass. After the deposition of the organic 
layers stack, two identical cells are defined by the evaporation of the aluminium metal contacts. Finally, 
encapsulation prevent the contamination and poisoning from ambient agents. 

8.2 Characterization of organic solar cells realized by CRP 

The characterizations have been carried on with the setups described in section 1, and the 

results indicate that a better solar energy conversion efficiency is obtained for very small 

thickness of the BAlq exciton blocking layer and with the presence of a co-evaporated 

interlayer. Results are shown in Figure 8.3 in a condensed form according to a confidence 

ageement with CRP. 

 
Figure 8.3 Results in terms of solar energy conversion efficiency of the fabricated cells as a function of BAlq 
layer thickness and of the sum of active layers. According to a confidence ageement with CRP, values on axis 
are not shown. The coloured wire-frame grid is to be considered just as guide to the eye. 

 



 

XV 

Conclusions  

The research on organic solar cells has obtained in the last decade important successes 

bringing the power conversion efficiency close to the value of 10 % which is considered the 

threshold for economic viability of the technology. The best reported results are based on the 

principle of bulk-heterojunction application in field of photovoltaics. However, this is not 

believed to be the most efficient structure for organic solar cells based on the combination of 

donor and acceptor materials, and open issue have still to be settled. Beside the h research 

efforts in the synthesis of new materials, the implementation of nanotechnologies in the 

structure of organic solar cell represents a promising complementary option to pursue in 

research and possibly in industrial environment. We demonstrate the working principle of a 

series of different and new micro- and nano-architectures into prototypical organic solar 

devices. In particular, we realized: a 1 cm2 nanomodule with almost 1 kV of open circuit 

voltage, a solar cell with a controlled nanostructured interface heterojunction with 

interpenetrating features of 20 nm, and we optimized the sputtering deposition of indium tin 

oxide (ITO) for our light trapping device based on microlenses array. However, we believe 

that additional efforts in the same direction will be necessary to demonstrate the usefulness of 

nanoarchitectures in organic photovoltaics. To face the optimization of the prototypes and to 

further develop new device models, the LILit group is now equipped with basic and specific 

instrumentation for PV processing and characterization as an oblique angle vacuum 

evaporator connected to a nitrogen glove-box for the deposition of metals and organics. 



 

XVI 

Appendix A - Reduction of duty cycle in Si masters  

 

This appendix describes the procedure developed at LILit to obtain a nanostructured 

silicon master having a duty cycle which is a fraction of that of an original master. 

The procedure (Figure A. 1) starts with the spin coating of a nano-imprint resist on a 

clean, polished silicon wafer. The original master, onto which surface octadeciltrichlorosilane 

(OTS) were self-assembled from the vapour phase in order to provide anti-adhesion 

properties, was used to perform a Nano Imprinting Lithography (NIL [75]) process on a thin 

resist film, e.g. PMMA, S1805 (Shipley) or polystyrene. After the removal of the original 

master, the resulting structures on the thin resist film are treated with an isotropic oxygen 

plasma that selectively etch the organic resist, approximately at the same rate in all directions, 

without affecting the silicon wafer. By a fine control of the etch rate and process time, a 

reduction of the size of structures is obtained. With a second plasma process but with different 

gases (C4F8 + SF6 + Ar) a selective and vertical etch of the silicon results in the transfer of the 

mask pattern down to the silicon wafer with a progressive slow consumption of the mask. 

Finally, what remains of the resist mask is removed either in aceton or with a further oxygen 

plasma process. 

 
Figure A. 1 Procedure for the reduction of duty cycle from a given master. 
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Appendix B - Nano-Imprint Lithography  

 

One of the most complete definitions of Nano-Imprint Lithography (NIL) can be found in 

a work by H. Schift [76]: "NIL is a high throughput, high-resolution parallel patterning 

method in which a surface pattern of a stamp is replicated into a material by mechanical 

contact and three dimensional material displacement. This can be done by shaping a liquid 

followed by a curing process for hardening (e.g. UV-NIL see Figure 5.6), by variation of the 

thermomechanical properties of a film by heating and cooling, or by any other kind of shaping 

process using the difference in hardness of a mold and a moldable material. The local 

thickness contrast of the resulting thin molded film can be used as a means to pattern an 

underlying substrate on wafer level by standard pattern transfer methods, but also directly in 

applications where a bulk modified functional layer is needed. Therefore it is mainly aimed 

toward fields in which electron beam and high-end photolithography are costly and do not 

provide sufficient resolution at reasonable throughput". 

The two most widespread NIL techniques are UV-NIL and Thermal-NIL, the working 

principles of which are represented in Figure B. 1. The basic concept is to shape a low 

viscosity fluid material - typically a polymer or an oligomer - able to fill readily the 

nanocavities of a mold, and then to freeze its state (i.e. the morphology and the inner stress) 

before separating it from the mold. The freezing of the indented thin film is obtained either by 

UV assisted cross-linking of the polymer (or oligomer) – which corresponds to the case of the 

UV-NIL technique-, or by cooling the temperature of the polymer below the temperature at 

which the polymer cannot flow, which is often identified with the polymer glass transition 

temperature (Tg). 

UV-NIL exploits a steep change of the viscosity of the photo-resist after UV exposure 

due to cross-linking of the polymeric chains composing the resist. In this work we used an 

inorganic-organic hybrid polymer (MicroResit GmbH, Ormocomp®) that, because of its 

initial high viscosity, was heated at 85°C before molding and UV exposure in order to ensure 

a fast and complete penetration in the tiny nanocavities of the mold (<100 nm). 

In the case of Thermal-NIL technique instead, a thermoplastic polymer (e.g.: PMMA, PC, 

PS) is typically heated up to 70-90°C above its Tg while a pressure of 5 to 50 MPa is applied. 

The system is then cooled down holding the pressure constant until the temperature is brought 

back below Tg. This ensures that the polymer maintains its shape after the mold has been 

released. The minimal requirements to which a thermal-NIL process has to obey are: i) the 

resist’s Young’s modulus needs to be much smaller than that of the mold during the 

imprinting; ii) the minimal pressure required to perform the imprint should be higher than the 

shear modulus of the polymer; iii) the highest temperature reached during the imprinting cycle 

should be sufficient to reduce the viscosity of the polymer at a value at which the NIL process 

could take place within a practical time frame; a typical value of viscosity reached during the 

nanoimprint step is 104-105 Pa*s. These conditions are satisfied not only by dielectric 
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thermoplastic polymers but also by conjugated polymers and small organic semiconducting 

molecules. By taking advantage of the dependence of their viscosity on temperature, although 

sometimes not so favourable as for thermoplastic polymers (see Figure B. 2). In this work we 

successfully obtain a Thermal-NIL transfer of pattern on P3HT (6.1), although it has a Tg of 

12.1°C [77] (i.e.: below room temperature). 

 

 
Figure B. 1 Scheme of the working principles for UV-NIL (left) and Thermal-NIL (right). In the inset, a graph 
of the temperature (red) and pressure (blue) along the thermal cycle. 
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Figure B. 2 Mechanical properties of a typical thermoplastic polymer (PMMA, Tg ~105°C). The graphic shows 
schematically the behaviour of storage modulus (G) depending on temperature T, molecular weight Mw, and 
cross-linking for a polymer with a Tg around 100° C. The NIL process is promoted by large drop of G at two 
temperatures, Tg and Tf . 
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Appendix C - Block co-polymer self assembling  

 

In order to pattern large area surfaces with densely packed nanostructures a convenient 

combination of techniques is Block-Copolymer Lithography (BCL). In fact self-assembling 

represents a convenient method whenever the need for the deterministic arrangement of 

nanostructures is not justified, and when large areas need to be patterned with features size of 

tens of nanometers or less at low cost. 

The BCL in particular is a very powerful technique, gaining popularity for the above 

reasons, capable of attaining finer nanostructuring and higher packing density than electron 

beam lithography. The technique is based on the properties of phase diagrams of block 

copolymers. 

Block copolymers are composed of long sequences ("blocks") of the same monomer unit, 

covalently bound to sequences of unlike type. The blocks can be connected in a variety of 

ways; schematics of AB diblock and ABA triblock structures are shown below. 

 
Figure C. 1 Thermodynamic conditions influence the phases, ordered or disordered, in which diblock and 
triblock copolymers organize. Right: Diblock copolymer phase diagram as calculated using Mean-field Theory 
by Matsen and Bates, where fA is the Block fraction, χ is the Flory-Huggins Chi Parameter, and N is the length 
of the block; adapted from reference [78]. 

The blocks can sometimes intermix freely at sufficiently high temperature, or when 

sufficiently diluted with solvent, generating the "disordered" structure shown above at right. 

However, it is common for the blocks to spontaneously self-assemble ("ordered" phase, as 

shown above at left) into a diversity of mesophases, with the size scale governed by the chain 

dimensions (order tens of nanometers). In the mesophases, dissimilar blocks exist in distinct 

"microdomains" which are highly enriched in blocks of the same type, sometimes to the point 

of being essentially pure. The covalent bonds linking the dissimilar blocks are thus localized 

to the vicinity of the microdomain interfaces. While the cartoon above illustrates the case 
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where the A and B blocks are of comparable lengths, the block ratio is easily varied during 

polymer synthesis to alter the mesophase structure. The known equilibrium mesophases for 

diblock copolymers (spheres, cylinders, gyroid, and lamellae) are shown in the phase diagram 

of Figure C. 1 (right): 

The strategy to obtain a stamp with high density nanostructured holes to serve as stamp is 

that of first fabricating the compositional modulation according to the hexagonal phase 

separation nanopattern by BCL on silicon, then removing selectively one component (block 

A) by a combination of UV exposure and wet development, and finally transfer the pattern of 

the sacrificial template (residual of block B) by dry etching.  

The details of the process are detailed below. 

We used the self assembling properties of Block-Copolymers (BC) of PMMA-PS 

(composed by 30% of PMMA blocks and 70% of PS blocks) to produce a locally order 

hexagonal lattice shown in Figure D. 2. The protocol is based on the assembling onto the 

silicon surface of a layer of 3-(p-methoxyphenyl) propyltrichlorosilane (MPTS) from a 

solution 1 mM in toluene; the duration of the assembling process was 24 hours and was done 

in nitrogen  atmosphere in a glovebox. 

 
Figure C. 2 Left: Nanopattern obtained with a process of self assembling of PMMA-PS diblock-copolymers. 
Right: Cross-section SEM image of holes etched into silicon using a PS template as reactive ion etching mask. 

After rinsing in toluen and acetone, a solution of the copolymers with 5% weight in 

toluene was spin-coated on the prepared silicon substrates at 2100 rpm for 35 seconds. 

Annealing at 180° for 48 hours was done in vacuum. The cooling to room temperature 

was done also in vacuum during 24 h. In order to convert the phase separated domains into a 

pattern with topographic contrast we employed an UV lamp (wavelength 250 nm) to break the 

chain of the diblock copolymers, causing the scission of the blocks of MMA and from the 

blocks of styrene. Furthermore, the UV exposure while inducing the scission the PMMA 

chains, leads to the cross-linking of the PS part. Exploiting the different solubility into organic 

solvents of the PMMA and PS components PMMA were selectively washed away in glacial 

acetic acid (without affecting the PS component). The samples were exposed to a UV lamp 

with 250 nm wavelength, and developed in glacial acetic acid for 1’. 

In order to be used as a NIL stamp, the pattern needs to be transferred to a hard substrate, 
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such as silicon. We investigated the possibility of transferring the pattern directly by plasma 

etching. 

The process of pattern transfer by dry etching of the pattern from the thin (<40 nm) PS 

matrix into silicon has been investigated in an ICP reactor with fluorine-based chemistry. The 

process giving the most accurate pattern transfer was based on the following process 

parameters: the mixture of gases introduced into the chamber is a flow of C4F8 at 60 sccm, 

SF6 at 30 sccm, Ar at 10 sccm. The pressure was 8 mTorr and the power of the RF sources 

was 400 W for the coil and 20 W for the platen. The depth of the nanoholes transferred to the 

silicon is ~40-50 nm. 
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Appendix D - Principles of sputtering deposition  

 

The elements on which the sputtering deposition is based can be summarised in these 

four: a target made of the material to be deposited, a volume of gas at controled pressure, an 

electric power source and, of course, a substrate onto which deposit the desired material. 

These elements can be arranged in different configurations and with additional parts like 

magnets and electrodes, therefore only the relevant configurations for this work will be 

summarised. The simplest one is the planar diode actuated with a static potential according to 

the scheme of Figure D. 1. In this scheme, the upper plate, target, is formed with the material 

to be deposited and is bombarded with accelerated ionised gas atoms generated in the plasma 

as explained in the next section. Atoms of the target are removed by collisions of the incident 

ions and are subsequentely deposited on, mainly, the surfaces facing the target. 

 
Figure D. 1 Schematic of the simple planar diode configuration for sputtering deposition. The gas pressure in the 
chamber is controled by inserting a motor actuated valve in front of the vacuum pump, assuming a stable flow 
from the gas inlet. The aperture of this valve is automatically adjusted upon the pressure recorded by the gauge. 
Sometimes a bias potential is assigned to the substrate to deflect electrons. 

Adding a suitable magnetic field, usually produced by permanent magnets placed as in 

Figure D. 1, an improvement of the sputtering yieldi is attained leading to higher deposition 

rates Rs which is calculated as the thickness d of the deposited layer divided by the sputtering 

time ts: 

 -1nm ss
s s

d d
R

t t


     

. 

The main influence of the magnetic field B


 on a plasma is to confine the electrons to a 

limited space region becauce of their orbiting around the B


 field force lines according to 

Lorentz’s equation: 

                                                 
 
i Sputtering yield is defined as the number of knocked out atoms from the target divided by the number of impinging ions 
from the plasma, in the unit of surface and time. 
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 L (E v B)F q  
  

 

where LF


 is the force acting on the particle, q is its charge and v


 its velocity. 

 
Figure D. 2 Scheme of a planar balanced magnetron cathode. The magnetic field B force electrons to follow a 
spiral orbit around the field lines, therefore drawing a long trajectory in the gas volume just in front of the target 
thus increasing the probability of a useful ionisation of a gas atom. 

The great difference between the electron’s mass and the ions’ mass ( ion em m ), 

together with the relatively small intensity of magnetic field used in magnetrons, cause that 

only electrons actually follows spiral orbits while ions are negligibly deflected. Following the 

assumption that the initial velocity of electrons is mainly directed normally to the cathode’s 

surface by the applied electric field, most electrons are confined for a longer time in regions 

were the magnetic field lines are parallel to the target surface. This leads to a higher ionisation 

of argon atoms in these same regions, therefore a higher sputtering rate involves the target 

areas immediately in front of the confined regions causing the typical erosion tracks depicted 

in Figure D. 2. 

For what concerns the deposition yield, it should be noted that only a small part 

( 30% )79 of magnetron target material will be eroded before the target body material 

(usually copper) will be reached and sputtered itself. Conversely, in normal planar diodes, due 

to electric field effects, the erosion occurs primarily at the external edges of target’s surface 

leading to very small yields. 
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