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Abstract  

Organic photovoltaic (OPV) cells based on Bulk Heterojunction (BHJ) architecture, have 

reached a record efficiency of 8.3% approaching the value of 10% which is considered the 

threshold for commercial exploitation of this technology. However, BHJ OPV cells suffer 

from charge collection issues, which hinder significant further increase of efficiency. A few 

theoretical studies have given clear indications that the most efficient nanoscale architecture 

consists of nano interdigitated structure of donor (D) and acceptor (A), the materials 

composing the active layer of OPV cells. The width of these interdigitated structures needs to 

be comparable to the exciton diffusion length in the two phases (10-20 nm) while their height 

has to be of the order of the attenuation length of the light (over 100 nm). However, obtaining 

this structure is challenging and in spite of the several attempts reported, the results up to date 

were unsuccessful.  

In this work an indirect approach is proposed to circumvent problems of direct top-down 

nanostructuring of the active layer. The idea is to nanostructure by nano imprinting 

lithography (NIL) an electron-blocking, hole-transporting  poly(3,4-ethylenedioxythiophene): 

poly(4-styrenesulfonate) (PEDOT:PSS) layer, a very common anode buffer layer in OPV. The 

reason for patterning a PEDOT:PSS layer is that it would act as:  

 A nano interdigitated electrode with increased interface area with the donor 

material, for enhanced positive charges collection. 

 A framework to guide the nanostructuring of the active layer.  

 A diffraction grating for incident light to increase cells absorbance. 

 

However, PEDOT:PSS don't have a clear glass transition temperature and in standard lab 

condition the obtained structures suffer of deformation problems during stamp separation 

phase. For these reasons various attempts reported in literature to carry out standard thermal 

NIL process have led to very modest results in terms of aspect ratio and structure quality. 

Therefore, we investigated a modified NIL process, Water Vapour Assisted NIL (WVA-NIL), 

based on the accurate control of the environmental relative humidity to influence mechanical 

properties of PEDOT:PSS. After process optimization, we were able to fabricate sub-100 nm 

features in PEDOT:PSS with high aspect ratios (up to 6). WVA-NIL process resulted also to 

be able to modify, in a controlled and reproducible way, the electronic properties of the 

material, leading to a conductivity increase up to 5 orders of magnitude and a decrease in 

work function (Ф) up to 1.5 eV. This open new opportunities to tune PEDOT:PSS properties 
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for specific application, and even for use as cathode instead of anode in OPV.  

 

We have investigated the possibility to fabricate  nanostructured OPV cells by conformal 

coating and/or infiltration of PEDOT:PSS nanostructures with different organic 

semiconductors, either by thermal vacuum evaporation or solution processing, with the 

purpose of implementing two main architectures consisting of: 

1. A nano interdigitated A/D structure, obtained by conformal deposition of the donor 

material on PEDOT:PSS structures, followed by infiltration with the acceptor 

material. 

2. A BHJ cell with an interdigitated electrode, obtained infiltrating the PEDOT:PSS 

structures with a blend of the two active materials. 

 

As donor materials we tested Poly[2,7-(9,9-dioctyl-dibenzosilole)-alt-4,7-bis(thiophen-2-

yl)benzo-2,1,3-thiadiazole] (PSiF-DBT), poly(3-hexylthiophene) (P3HT), pentacene, copper 

phthalocyanine (CuPc).  As acceptor materials were tested: C60; phenyl-C61-butyric acid 

methyl ester (PCBM); indene-C60 bisadduct (ICBA). 

Nano interdigitated structures of aspect ratios up to 2 were successfully implemented 

according to architecture 1, using the combination of Pentacene and PCBM, while the main 

issues and limitations using the other materials were identified. The architecture 2 was 

successfully implemented with P3HT-ICBA and P3HT-PCBM BHJ on PEDOT:PSS gratings 

of lines. From the testing of the obtained cells, the most promising system resulted to be the 

architecture 2. Nanopatterned P3HT-ICBA BHJ cells have shown a 60% relative increase of 

efficiency compared to flat BHJ reference cells (in absolute values 1.3% vs 0.8% efficiency). 

 

Additional experiments were performed on the hybrid system PSiF-DBT/CuInS2, with a 

nano interdigitated structure of the two materials. This structure was implemented by NIL 

processing of PSiF-DBT, followed by an infiltration of the obtained structures with copper 

and indium xanthates, precursor materials that can be  thermally converted  into CuInS2. The 

nano interdigitated structure was successfully obtained, and a first series of cell was produced, 

showing a more than doubled efficiency, starting from 0.13% of a flat bi-layer cell to 0.30% 

of the nanostructured one, for thermal conversion performed at 160°C.  
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Riassunto  

Le celle fotovoltaiche organiche (OPV) basate sull’architettura “Bulk Heterojunction” 

(BHJ) hanno raggiunto un record di efficienza del 8,3%, avvicinandosi al 10%, considerato 

soglia da superare per lo sfruttamento commerciale di questa tecnologia. Tuttavia, le celle 

fotovoltaiche organiche BHJ soffrono di problemi di raccolta di carica, che impediscono di 

ottenere ulteriori significativi incrementi di efficienza. Alcuni studi teorici hanno dato chiare 

indicazioni sul fatto che, la più efficiente nano architettura per le celle fotovoltaiche 

organiche, consiste in una struttura interdigitata di donore (D) ed accettore (A), i due materiali 

che compongono lo strato attivo delle celle fotovoltaiche organiche. La larghezza di queste 

strutture interdigitate deve essere comparabile alla distanza di diffusione degli eccitoni nelle 

due fasi (10-20 nm), mentre la loro altezza deve essere dell’ordine della lunghezza di 

attenuazione della luce nel materiale (più di 100 nm). Tuttavia ottenere queste strutture è 

complesso e nonostante diversi tentativi  riportati in letteratura, fino ad ora non si sono 

ottenuti risultati soddisfacenti. In questo lavoro viene proposto un approccio indiretto che 

aggira i problemi della nano strutturazione “top-down” dello strato attivo. L’idea è di nano 

strutturare mediante ”nano imprinting lithography“ (NIL) un film di poly(3,4-

ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT:PSS), comune strato intermedio 

anodico delle celle fotovoltaiche organiche. La nano struttura di PEDOT:PSS così ottenuta 

agirà da: 

 Elettrodo nano interdigitato ad elevata interfaccia di contatto con il materiale 

donore, per facilitare la raccolta di cariche positive. 

 Da ossatura per guidare la nano strutturazione dello strato attivo. 

 Da reticolo di diffrazione per la luce in modo da incrementare l’assorbimento della 

cella. 

Tuttavia il PEDOT:PSS non ha una chiara temperatura di transizione vetrosa, ed in 

condizioni di laboratorio standard, le strutture soffrono di problemi di deformazione durante 

la fase di separazione dello stampo. Per questo motivo vari tentativi riportati in letteratura di 

utilizzare il processo NIL termico standard, hanno portato a risultati modesti in termini di 

rapporto di forma e qualità delle strutture. Abbiamo quindi studiato un processo NIL 

modificato, Water Vapour Assisted NIL (WVA-NIL), basato su un'accurato controllo 

dell’umidità relativa ambientale al fine di influire sulle proprietà meccaniche del 

PEDOT:PPS. A seguito dell’ottimizzazione del processo siamo stati in grado di fabbricare 

strutture con dettagli sub-100 nm e con elevato rapporto di forma (fino a 6). Il processo 
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WVA-NIL è inoltre risultato in grado di modificare in modo controllato e riproducibile le 

proprietà elettroniche del materiale, portando ad un incremento di conducibilità fino a 5 ordini 

di grandezza ed una riduzione di funzione lavoro (Ф) fino a 1.5 eV. Questo apre la possibilità 

di regolare le proprietà elettroniche del PEDOT:PSS per applicazioni specifiche, ed 

addirittura usarlo come catodo anziché come anodo nelle celle OPV. Abbiamo studiato la 

possibilità di ottenere celle OPV nano strutturate con una deposizione conformale ed/o 

infiltrazione delle strutture di PEDOT:SS con diversi semiconduttori organici, depositati per 

evaporazione termica a vuoto o per deposizione da soluzione.  Lo scopo di ciò è di ottenere 

due principali architetture: 

1. Una struttura nano interdigitata A/D ottenuta per deposizione conformale del materiale 

donore sulle strutture di PEDOT:PSS, seguita da infiltrazione con materiale accettore. 

2. Una cella BHJ, con un elettrodo interdigitato, ottenuta infiltrando le strutture in 

PEDOT:PSS con una mistura dei due materiali attivi. 

 

Come materiali donori abbiamo testato: Poly[2,7-(9,9-dioctyl-dibenzosilole)-alt-4,7-

bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PSiF-DBT); poly(3-hexylthiophene) (P3HT); 

pentacene; ftalocianine di rame (CuPc).  Come materiali accettori: C60; phenyl-C61-butyric 

acid methyl ester (PCBM); indene-C60 bisadduct (ICBA).  Strutture nano interdigitate con 

aspetto di forma fino a 2 sono state ottenute con successo, secondo l’architettura 1, usando la 

combinazione di materiali Pentacene-PCBM mentre i principali problemi e limitazioni 

nell’utilizzo degli altri materiali sono stati identificati. La seconda architettura è stata 

implementata con successo con celle BHJ in P3HT-ICBA e P3HT PCBM, usando reticoli di 

linee di PEDOT:PSS. Dai test di caratterizzazione delle celle è emerso che il sistema più 

promettente è costituito dalla architettura 2. Celle BHJ P3HT-ICBA nano strutturate hanno 

mostrato un aumento relativo di efficienza del 60% confrontate ad una cella BHJ di 

riferimento planare (in valore assoluto 1,3% contro 0.8%). 

Sono stati eseguiti anche esperimenti su celle nano interdigitate ibride in PSiF-

DBT/CuInS2. Questa struttura è stata ottenuta mediate processo  NIL del PSiF-DBT, seguito 

da infiltrazione con xantati di indio e rame, precursori che possono essere convertiti 

termicamente in CuInS2. La struttura nano interdigitata è stata ottenuta con successo e dalla 

prima serie di celle prodotta, ha mostrato una raddoppio dell’efficienza, passando da 0,13% 

delle celle piane bistrato di riferimento, allo 0,30% delle celle nano strutturate, per una 

conversione termica eseguita a 160°C 

 



 Introduction. 
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1 INTRODUCTION. 

This first chapter is dedicated to the introduction of the work and its objective and 

motivation. The today energetic and environmental crisis will be discussed, along with the 

explanation of how photovoltaic energy is the most promising solution to those problems so 

defining the motivation of the work. The traditional inorganic photovoltaic technologies will 

be briefly introduced and compared to the organic photovoltaic (OPV). The state of the art of 

organic photovoltaic will be presented, and its limits will be described, leading to the 

presentation of the solution proposed in this work. 
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1.1 Solar energy as a solution to today energetic and 

environmental crisis. 

The today world is facing two big crises that are deeply tied together, the energy crisis and 

the environmental crisis. Their common source is our dependence on fossil fuel to satisfy our 

energetic needs, a source that is finite and polluting. The motivation of this work reside in the 

firm belief that the solar energy is the solution to this problem and organic photovoltaic as a 

new and fast growing PV technology is one of the most promising PV solution to achieve that 

objective. 

 

 

1.1.1 Environmental and energetic crisis: 

The global warming was heavily debated in the past but in more recent years, with the 

increase of proof and sign of this process, the denial in academics was reduced to a minority. 

This have increased the political effort to find agreement on a plan to reduce green house gas 

and CO2 that up to now have failed to reach an international consensus, with the strong 

opposition of several countries. This is mostly due to the lack of economically competitive 

alternative energy sources that could insure the growth of the developing countries and at 

least a conservation of the standard of living in the yet developed ones. Because of this the 

today projection for CO2 emission in the next years are showing a continuous growth. If the 

trend will not change the increase of cumulative CO2 for the next 22 years will be more than 

double of the increase of the last 22 years, making nearly impossible avoid reaching CO2 

budget that should cause an increase of 2°C of the earth temperature (Fig. 1). 
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Fig. 1: Estimation of the world cumulative CO2 emission from 1900 to 2013 and the predicted emission till 

2035. Country divided in OECD members and not OECD members. On the right a pie chart with the CO2 budget 

that could cause an increase of 2°C of mean Earth temperature. Data source: Annual Energy Outlook 2013 form 

International Energy Agency (IEA) 

 

Energy Crisis instead is due to the impossibility to satisfy the energy demand with the 

production. The total energy demand keep increasing (Fig. 2) driven mostly by a fast growth 

of developing countries and is expected to reach in the 2035 the value of 13070 Mtoe (million 

tons oil equivalent, over 152 TW).  

 

 

Fig. 2: On the left the energy demand projection to the 2035 divided in macro region and expressed in 

million tons oil equivalent (MToe). On the right the growth shares of the different country. 90% of the growth 

will be due to developing country especially Asia, with China becoming the biggest energy consumer. Data 

source: Annual Energy Outlook 2013 form International Energy Agency (IEA) 



Solar energy as a solution to today energetic and environmental crisis.   

12  Radivo A. 

The energy production strives to keep up with the increasing demand causing the increase 

of cost of energy and fossil fuel of the recent years Fig. 3. This is happening, despite a huge 

increase of energy produced by alternative sources, because the traditional energy sources are 

not able to keep up to the demand anymore. It’s still debated if the peak for fossil fuel is 

already reached
1
, but today is clear that the era of cheap fossil energy is at an end and 

alternative solution must be found. This situation has added an economical drive to the 

research of alternative energy sources and to the development of the already existent.  

 

 

Fig. 3: Price in dollars of crude oil barrels between 1986 and 2013.Source Energy Information 

Administration (EIA) of US government. 

 

Another important aspect to consider for energy sources is the safety of process and the 

infrastructure used for extraction, transportation and conversion in energy. Some recent 

incidents as the British Petroleum oil spill in the Gulf of Mexico in 2006 or the nuclear 

disaster at Fukushima in the 2011, had a strong impact on public opinion, leading to an 

increased concern for the safety of energy sources. Gas, Oil and Nuclear infrastructures are 

particularly dangerous for populations living near the plants, workers and the environment so 

they found opposition in the local population. This has added a demand for a “safe 

alternative”, driving for example many countries to slow down the use of nuclear power as 

low carbon and economically competitive energy source. Moreover, uranium is a fuel that 

will be depleted in time, so it is not a long time solution to the energy problem.   
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1.1.2 Solar energy. 

In this economic and social scenario, renewable resources are the most promising solution 

to all those problems as they offer a carbon free, safe, and unlimited alternative energy source. 

Within the renewable family many different alternatives are present, like hydro-power, 

geothermal, wind power, biofuel/biomass and solar are contributing into the renewable mix 

(Fig. 4). 

 

 

Fig. 4:Graph with the renewable source energy mix for electric energy production from 2000 to 2012. CSP 

stands for concentrated solar power. The percentage on the right represent the contribution of the 

corresponding renewable source to the global world wide electricity production. Source: National Renewable 

Energy Laboratory (NREL) of Us government.  

 

While renewable sources are not “consumed” like fossil fuels so are stable in time, there is 

still a maximum level of exploitation: wind energy require an area with steady and strong 

winds; Hydropower needs rivers and lakes and an altitude drop; Biofules require fertile land 

and water, competing with food production; geothermal requires a reachable geothermal 

source. The main point of the problem is well summarized by the so called “Terawatt 

challenge”,
2
 the search for an energy source that is not only environmentally friendly and 

economically competitive, but also that is able to give enough power to substitute fossil fuel 

and satisfy the ever-growing energy demand that could reach 150TW in the 2035 according to 

IEA. And the only energy source that can count on hundred of terawatt potential capacity with 

today technology is the solar energy as the earth is showered with a radiation of 165,000 TW 
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from the sun. This means that only a fraction of earth area, is sufficient to satisfy our needs, 

and with much less competition for land usage with other applications as the solar panels can 

be architecturally integrated, and there are wide arid and uninhabited areas with high 

irradiation as deserts that can be used.  

 

The energy of the sun radiation can be exploited by two main means: concentrating the 

radiation to heat or boil a liquid or by photovoltaic effect to convert solar energy directly into 

electric energy. 

 

The main element that have slowed the development of the solar energy was economical, 

as the cost per Watt of the energy produced by photovoltaic panels was much higher than 

other energy sources. But in the recent years, thanks to the increase of efficiency of solar 

panels, the reduction of production costs due to scale economy and process optimization, and 

the global increase of energy costs have made solar energy a viable solution. Moreover, after 

the carbon economy was introduced many administrations have started with incentives to 

solar energy. Those elements have driven a fast growth of photovoltaic’s installed power and 

share in world energy mix (Fig. 4). Still the share of the solar energy is very small (1,8% in 

2012) mostly because of the still high cost of photovoltaic energy and its impossibility to be 

regulated and be “always available”. 

 

This work is inserted in the global effort to develop new types of photovoltaic technologies 

and to optimize the existing ones, to make it more economically competitive and versatile to 

become a real alternative to today energy sources.  

 

1.1.3 Photovoltaic effect: 

The Photovoltaic effect was discovered in the late 1839 by Edmond Becquerel but only in 

the more recent time it’s become practically usable to mass produce electric energy. The 

photovoltaic effect is a photo electric effect, where an electron bounded to an atom or 

molecule of a semiconductor material is excited by a photon turning it in a conductive state. 

This effect creates a couple of charges, a hole in the valence level, and an electron in a 

conduction level. To be absorbed and cause the excitation, the impinging photons need to 

have an energy matching the energy gaps between the valence and conductive levels. So 

insulant material that have a too big gap between levels can’t be excited by solar radiation 
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while conductive material instead have too small energy difference between levels undergo a 

continue creation and destructions of charges couples by thermal vibration. So semiconductor 

materials are needed, with gap of intermediate energy matching with the solar wavelengths. 

The first materials to be used successfully for photovoltaic effect were inorganic 

semiconductors. In bulk inorganic semiconductors the energetic levels of the semiconductors 

are organized in continuous band: a “valence band” of occupied states and a “conduction 

band” of unoccupied conductive levels, separated by a band gap Eg. An inorganic 

semiconductor material is capable of absorbing all the photons having a wavelength with 

energy higher than the band gap.  However, the electrons reaching levels higher than the edge 

of the conductive band thermalize decreasing their energy till reaching the gap edge, losing 

part of their the energy. The mechanism is schematized in Fig. 5 

 

 

Fig. 5: Scheme of the excitation due to photovoltaic effect. Example of excitation by photon with energy 

lower  (red) equal  (orange) and higher (blue) than Eg .   

 

As a result the gap of an inorganic semiconductor is important to define the maximum 

efficiency that can be obtained by that material in converting photons in charges, resulting in 

a maximum efficiency of 31% for a single band gap material and not concentrated solar light, 

with an ideal gap of 1.3 eV.
3
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1.1.4 Photovoltaic cell: 

A photovoltaic cell, is a device that exploits photovoltaic effects to create a bias between 

two electrodes. While the mechanism changes between different technologies, three steps can 

be generally recognized: 

 Charge generation: trough photovoltaic effect as described in the last paragraph; 

 Charge separation: separation of positive and negative charges to avoid 

recombination and generate the bias between the two sides of the cell; 

 Charge collection: to extract the charges from the device and create a current, that 

can be applied to a load, closing the circuit.  

 

The solar cell if not irradiated works like a rectifier diode, the I-V characteristic obtained is 

named "dark current". When is irradiated a photo current is generated, changing the I-V 

characteristic of the cell. I-V curves are used to characterize and define the performances of 

the cell. In particular: 

 Short circuit (JSC).  The current measured for 0 voltage (no load). 

 Open circuit voltage (Voc). The Voltage measured for current 0. 

 Maximum power point (MPP). Point where the power delivered by the cell is 

maximum.  

 Solar cell efficiency η and the filling factor (FF) defined by the following 

equations: 

 

MPP MPP SC OC

opt opt

I V I V
FF

P P
         

MPP MPP

SC OC

I V
FF

I V
 

 

With Popt as optical power of the radiation that have hit the cell. IMPP and VMPP are current 

and voltage at the maximum power point. The cell efficiency is so defined as the ratio 

between the power of the radiation and the power converted in electricity by the cell. An 

example IV characteristic can be seen in Fig. 6 
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Fig. 6: IV characteristic of an organic photovoltaic cell fabricated in this work. 

 

1.1.5  Comparison between different photovoltaic technologies. 

Several different technologies are used to produce photovoltaic cells that are roughly 

divided into 3 generation.  

 

The first generation is composed by crystalline silicon cells. This technology was the first 

one to be developed and is still the commercially most successful. Its success is mostly due to 

the fact that Silicon gap is 1.11eV, close to the ideal 1.3eV and so those cells have high 

efficiency. Being studied by decades and sharing many common elements with the silicon 

technology used in electronics, this kind of cells are highly optimized ad have nearly reached 

the theoretical limit (~31%) as the lab cell have reached 25%, and mass produced commercial 

module 15-18%. Moreover, these kinds of cell are on the market by decades so their 

reliability is well known, fixing the standard for all the other photovoltaic technologies. The 

main limit of these cells is the cost. To absorb the light effectively a thick layer (~125μm) of 
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high cost crystalline silicon is needed. The cost of crystalline silicon is not due to material 

shortage, as sand is the base component, but to the production process that require high 

temperature (1800°c) and high environmental control.  Additionally those kind of cells are not 

flexible and don’t work as well with artificial cold light or low intensity irradiation.  

 

To solve those problems second generation cells were developed. Like the first generation 

also the second use inorganic material, produced with process typical of the semiconductors 

industry. This new generation though uses different material that can be processed at lower 

temperature, and have a higher extinction coefficient, making possible to absorb the whole 

solar radiation with thinner layers (~2 μm or less) limiting the material required. Moreover, 

using thin layers those cells can be produced on flexible substrates, making easier their 

integration on structure and devices. 

The main cells types representing this generation are the CdTe, CIGS (copper indium 

sulphide) and Amorphous Silicon, all already commercialized but with a limited market share. 

Their limited success is due to the fact that, crystalline silicon still have the best efficiency 

and can take advantage of a more consolidate production chain. Typical efficiency value for 

second generation cells compared to silicon can be seen in Tab. 1. Moreover, CdTe and CIGS 

contain cadmium a material that is dangerous for health and environment and that is severely 

limited by some legislation.  

 

Cell type Crystalline silicon CdTe CIGS Amorphous silicon 

Cell record 25% 19.6% 20,8% 13,4% 

Commercial modules 14-18% 9-11% 10-13% 4-7% 

Tab. 1: table with efficiency level for different type of photovoltaic technology. Cells lab record from NREL.  

 

The third generation was developed with the idea that to make economically competitive 

photovoltaic the whole system must be rethought. So many different approach, architecture 

and materials were proposed. Multijunction inorganic cells, dye sensitize solar cells, Organic 

photovoltaic (OPV) cells, quantum dot cells and the most recent perovskite cells are the most 

important type of third generation cells.  

 

Multijunction inorganic cells are the most similar for production process to the old 

inorganic cells of the first two generation but they overcome the 31% efficiency limit of the 

single junction cell using a stacked tandem structure with multiple cell. This approach has led 
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to cells that have up to 44,4% efficiency but a very high cost confining them to niche market 

as aerospace and cells for solar concentrators. 

 

The other third generation cells instead aim to obtain a low production cost, using cheaper 

materials that can be processed by low temperature and simple processes. This aim is often 

combined by the use of heterojuctions that can use more than one material to adsorb light or 

the possibility to “tune” the absorption and the color of the cell, for aesthetic integration, 

selective adsorption (for example window that absorb IR and UV)
4
 or to optimize the cell for 

indoor use. This is reached by different means: for Dye sensitize solar cell, the selection of the 

dye to use, for OPV the selection or the synthesis of specific organic materials, and the 

quantum dot by tuning the nanoparticles dimension.   

 

This generation is not yet penetrated in the commercial market. Most of the cell type are 

still prototypes, or occupy market niche but they have shown great improvement in recent 

years. The lab efficiency record for different type of cell is monitored and summarized by the 

chart published and updated by NREL (Fig. 7). 
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Fig. 7: NREL efficiency chart displaying Research cells records. Updated to December 2013. 
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1.2 Organic photovoltaic 

While the main steps to exploit photovoltaic effect in organic Photovoltaic (OPV) are the 

same as in inorganic photovoltaic (excitation, charge separation, charge collection) the 

different nature of the organic material makes the processes considerably different. So also 

strong points and weaknesses of this technology are different leading to new problems to 

solve. 

 

 

1.2.1 Photovoltaic effect in organic materials. 

In organic materials electrons are localized in molecular orbitals, not in bands, like in 

inorganic materials. This is due to the fact that the organic molecules in a molecular solid are 

bounded between them by week Van Der Waal interaction, not by covalent bound as in 

inorganic semiconductors, so the energetic levels are quantized and localized on the 

molecules even in bulk solid materials (Fig. 8). 

 

 

Fig. 8: Energy levels representation in a molecular solid. On the right the simplified diagram. Adapted from
5
  

 

The electronic levels of an organic semiconductors are represented with simplified scheme 

similar to inorganic semiconductors (Fig. 8) indicating the Highest Occupied Molecular 

Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). The difference 

between the HOMO and the vacuum level (VL) is the Ionization Energy (IE) and the one 

between LUMO and VL is the Electron Affinity (EA). Those two values are dependent on the 

environment in which the molecule are immersed and usually are referred to the gas phase (an 
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isolated molecule in vacuum). The difference between HOMO and LUMO is corresponding 

to the bad gap of inorganic semiconductors and is indicated with Eg. Also as for the inorganic 

semiconductors the Fermi level (Ef) is localized inside in the gap. 

 

The conduction in those materials follows a variable range hopping model and the mobility 

is generally lower than in inorganic materials. In organic semiconductors, electrons are photo-

excited from the Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied 

Molecular Orbital (LUMO), creating an electron and a hole with opposite spin, bound by 

Coulomb attraction in a singlet exciton state.  As for inorganic semiconductors this excitation 

requires photons with energy greater or equal to the energy gap Eg, but organic material are 

not able to efficiently absorb electrons of much higher energy than the bad gap. This is due 

again to the fact that the molecular excitations are localized and there is no band to band 

transition, leading to absorption spectra with narrower absorption region than inorganic 

materials. However, as organic semiconductors have a high absorption coefficient (~10
-5

 cm
-

1
), even if their absorption is limited at a narrow wavelength range, only ~100 nm of material 

are necessary to a complete absorption near the absorption peak. This is partially 

compensating the low mobility making the organic photovoltaic a viable solution and 

particularly suitable for flexible cells.  

 

The low dielectric constants of the organic materials (3-5) respect to the ones in inorganic 

semiconductors (12-16) results in strongly bound Frenkel-like localized excitons. The bind 

energy was estimated in 0.1- 0.4 eV 
6
 by electric field assisted photo-luminescence making 

excitons in organic semiconductors generally stable at room temperature so the charges are 

not separated by thermal vibration, as instead happen for Wannier-type excitons in inorganic 

semiconductor. 

 

As result in an organic photovoltaic cell composed by a single active material most the 

exciton recombine and the final efficiency is very low (Ghosh et al. 
7
). This limitation was 

resolved introducing a second organic semiconductor (Fig. 9A), creating an heterojunction 

between two different material with enough electron affinity and ionization energy difference 

to act respectively as electron Donor (D) and an electron Acceptor (A), effectively separating 

the charges (Fig. 9B).
8
 This separation take place only at the interface of the two materials so 

the generated excitons need to diffuse and reach the A/D interface before being recombined.  

Once separated the charges drift to the contact driven by the electric field caused by the 



 Organic photovoltaic 

 

Radivo A.  23 

difference in work function of the contacts (Fig. 9C). Moreover, both the materials actively 

participate in the absorption and generate exciton with their own absorption spectrum, 

compensating the narrow wavelength absorption range of a single organic material.  

 

 

 

Fig. 9: Diagram of the energy levels and of the steps of the charge generation process in by layer OPV cell. 

(A): Energy levels of the material composing an example ITO:P3HT:PCBM:Auminium cell. (B-C): real cell 

band diagrams, the work functions of the electrodes are aligned and the active layers are subjected by an 

electric field. (B): As the Light hit the cell, excitons are generated in both the active layers of the cell and diffuse 

to the surface of separation. (C) The excitons are separated by the EA and IE differences of the two active 

materials, the charges drift to the electrodes driven by the electric field and are collected. 

 

The result of this process is that the η of a organic photovoltaic cell is composed by 4 

contribution, one for each step:
9
 the absorption efficiency ηα, measuring the portion of 

incident photons that are effectively absorbed leading to the generation of excitons; the 

exciton diffusion efficiency  ηED accounting for the excitons recombined during the diffusion 

before reaching the interface of separation; The charge transfer efficiency ηCT accounting for 

the energy losses of charge separation process and the recombination at the interfaces; the 

charge collection efficiency ηCC accounting for recombination and energy losses during 

charge drift to the electrodes. The resulting efficiency is: 

 

η =ηα∙ηED∙ηCT∙ηCC 

 

To have a high η all those efficiency components must be optimized. 
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1.2.2 Heterojunction by layer cell. 

The simplest OPV architecture is a planar multi layer cell with Anode-donor-acceptor-

cathode layers. The main limit to the efficiency of this kind of cell is due to the diffusion of 

the excitons as their typical diffusion length (LD) in organic materials ranges from 4 to 20 nm. 

Because of this only the excitons generated within a distance smaller than the length of 

diffusion from the D/A interface will be able to reach the interface and be effectively 

separated before they recombine (Fig. 10). 

 

 

Fig. 10: Scheme of a Bi-layer heterojunction cell. Only excitons within LD from the heterojuction are 

effectively separated. The exciton generated at a greater distance will most likely recombine. 

 

 This lead for flat by layer cell to a difficult compromise between ηα a ηED as ηED drops 

heavily with active layer thicknesses superior to LD while ηα decrease for thicknesses inferior 

to the photon absorption length (~100nm). Several materials combination were studied  trying 

to find materials with higher exciton diffusion rate and higher absorption or using alternative 

architectures as light trapping and tandem cell to increase absorption with thin layers
10

 but 

with limited success.  

 

OPV cells were optimized adding two additional layers, between the active materials and 
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the electrodes. Those layers have multiple porpoise optimizing the cell form the 

optoelectronic point of view. Their first use is to insure a homic contact between the electric 

contact and the active layer. Secondly they act as exciton blocking layer and insure charge 

selective conductivity. This is necessary to avoid the recombination of the excitons on the 

contact-active material interface  and the leakage of electron into the anode and holes into the 

cathode. So the two additional layers act respectively as electron and hole blocking layers.
(11 

and reference within)
(EBL and HBL). Those layers are often used also as optical spacer, to optimize 

the optical field inside of the cell, so the maximum of the optical field falls at the center of the 

cell near the heterojunction.
12,13

  They are also exploited for fabrication reason, to flatten the 

contact surface, or protect the active layers form damage due to the deposition of the contact. 

The final typical structure of a planar cell can be seen in Fig. 11. Anode and cathode are 

defined by the materials work functions. One of the two contacts must be transparent to let the 

light reach the active layer, the second contact is normally reflective, but it could be also 

transparent to obtain partially transparent cell. The active layer donor and acceptor are 

deposited on the side of the corresponding contact. The most used material for the front 

transparent contact is indium tin oxide (ITO) a transparent oxide with high conductivity that 

can be deposited both on rigid and flexible substrates. Having a relatively high work function 

(ФITO=4,7eV) ITO is used as an anode, coupled with Aluminum (4,28ev) or Silver (4,26 eV) 

as cathode. As electron blocking layer the most used material is PEDOT:PSS, material that 

will be deeply described in paragraph 2.1.1 while as hole blocking layer few nanometer of LiF 

and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) are used or thicker layer of TiO2 

and ZnO to act also as optical spacer.  

 

 

Fig. 11: Scheme of a bi-layer solar cell 
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This kind of architecture is still used in research, especially with small molecule organic 

materials, deposited by high vacuum thermal evaporation with relatively good results
(14,10 and 

reference within)
 but still with η value that are too low to make OPV economically competitive. 

The ηCT and ηCC are generally very high with this kind of structure, due to the straight 

collection path for charges and the low thickness. The low η is mostly due to the impossibility 

to maximize both ηα and ηED if not by using tandem structure that cause an increase in the 

costs production and other types of losses.  

 

1.2.1 Bulk Hetero Junction (BHJ) OPV. 

The most successful architecture in solving the problem of the limited exciton diffusion 

length in organic semiconductors is represented by bulk hetero junction (BHJ) structure. This 

kind of cell architecture developed in 1995
15,16

 is obtained by co-deposition by solution 

processing of two active materials, a donor polymer and an acceptor fullerene,  followed by a 

thermal  annealing  to obtain phase separation. The result is a percolation structure of the two 

materials with features of dimension comparable with the length of diffusion of the materials 

involved. This kind of structure has a very high D/A interface surface density, resulting in a 

good exciton separation
17

 and leading to efficiency up to 8.3%  (Konarca Inc. NREL certified 

measure). Moreover, this kind of structure is obtained by cheap solution processing and is 

compatible with high throughput process like inkjet priting
18

. 

 

BHJ cell structure, schematized in Fig. 12, have a very high ηED (nearly 100%), even using 

thick layers that are able to maximize the ηα and as the separation process is the same as for 

planar cell the ηCT remains high. The main limiting factor now is represented by the ηCC. The 

charges to reach the electrodes need to follow a percolation path increasing greatly the travel 

distance and this kind of structure has often isolated domains trapping the charges. Moreover, 

as the two phases are mixed the active materials domains are often in contact with the wrong 

electrode causing possible leakage of charges and recombination of already separated charges. 

For this reason the use of Electron and hole blocking layers introduced in the previews 

paragraph is even more important for BHJ. 
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Fig. 12: Structure of a BHJ cell. All the excitons are separated as domain are smaller than the length of 

diffusion of the exciton. The 3 main problems of this structure are illustrated: the long percolation path that the 

charges need to follow to reach the electrodes; the isolated domains without connection to the electrode; the 

domain connected only to the opposite electrode. 

 

The BHJ structures were deeply studied
19

: testing different combination of materials
20

;  

optimizing the phase separation step;
21

 find the optimal rate between the two materials 

composing the cell;
22

  searching for the optimal thickness for the active layer.
23

 But again the 

situation arisen is a competition between efficiency of the different steps, as the optimal 

thickness for ηα and the optimal domain dimension for ηED are not optimal for ηCC. Using a 

tandem architecture, with two BHJ cell in series, partially solve the problem, leading to 

efficiency up to  10.6%
24

  but increasing the cost of production. It's clear that to increase 

further the efficiency keeping the production cost low new materials or new architectures are 

needed.     
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1.3  Objective and motivation 

Even if organic photovoltaic cells have greatly increased their efficiency in the last decade, 

the BHJ cell structure has shown its limits, with a situation that again poses different 

competing efficiency that can't be all optimized at the same time. The limited collection 

efficiency due to the percolation structure of BHJ is a structural limitation that will always 

hinder the final efficiency even if light absorption, material’s conductivity and exciton 

separation are further optimized. One of the most promising roads to obtain an increase to the 

OPV efficiency is fabricate cells with a new and more ordered active layer nanostructure that 

can insure both a complete separation of the exciton and higher charges collection efficiency. 

 

 

1.3.1 The Ideal nano-interdigitated structure. 

From theoretical study, comparing different types of possible structures and domain 

dimensions it has been found that the BHJ structure is far from being the optimal one. Instead 

the structure that could guarantee the highest efficiency possible is a nano interdigitated 

structure with features smaller than the length of diffusion of the excitons and taller than the 

attenuation length of the light in the active layer.
9
  

 

As can be seen in Fig. 13, a structure with this section will guarantee a complete separation 

of the excitons so a high ηED and ηCT , but also a straight collection path with the minimum 

distance possible to reach the contact for any generated exciton, maximizing ηCC . With this 

architecture is also possible to increase the active layer thickness to maximize ηα without 

impact on ηCC. This section can be obtained with different nanostructure, as line  

patterns or pillar arrays insuring good improvements, but the ideal layout is a chess board 

pillar structure.
9
  

 



 Objective and motivation 

 

Radivo A.  29 

 

Fig. 13: Scheme of the ideal nano interdigitated structure. 

 

From simulation a 5 fold increase from BHJ cell was predicted as possible with this kind of 

nanostructures.
25

 This ideal structure is well know and several groups have tried to obtain it
(26 

and reference within)
 but several technical problems are still to be solved and up to now the BHJ 

results are still unbeaten. The main difficulties encountered in this fabrication are the high 

resolution and high aspect ratio needed for the nano structuration: feature of the size of LD so 

~20nm and up to 100nm tall or more to obtain complete light absorption. Moreover, organic 

materials are unstable and delicate if compared to inorganic materials and cell production 

require a multi step process where every result of a production phase have to endure the 

following steps. This is particularly challenging considering the fact that the materials 

normally used are often soluble in the same solvents, and even in solid solution are frequently 

not stable and inclined to phase segregation. 

1.3.2 Proposed nano architectures. 

As the direct nano structuration of the active layer haven't lead to a consistent increase of 

efficiency, in this work a more indirect approach is proposed: instead of nanostructuring the 

active layer directly, to start by nanostructuring the PEDOT:PSS electron blocking layer and 
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to use it to give shape at the active layers. In particular the PEDOT:PSS structures can be used 

for two main porpoise: to fill them with a blend of active materials, followed by a thermal 

annealing to cause phase separation and obtain a BHJ cell with an interdigitated PEDOT:PSS 

electrode; to use the PEDOT:PSS structure as a framework to deposit a conformal layer of the 

donor material, followed by a filling with the acceptor material, to obtain a nano interdigitated 

structure. The scheme of those two approaches is shown in Fig. 14 

 

The first approach is not completely new and it has shown already good results with low 

aspect ratio PEDOT:PSS nanostructures obtaining  relative efficiency increase between 28%
27

 

and 15%.
28

 The use of a nanostructured PEDOT:PSS is beneficial to the BHJ efficiency for 

two main reasons: it acts as an interdigitated electrode that facilitates the extraction of the 

positive charges; a nanometric and periodic PEDOT:PSS structure with the right period can 

act as a diffraction grating, increasing the absorption of the cell. The main limit for this 

approach up to now is represented by the difficulties in nanostructuring the PEDOT:PSS, 

which are limiting resolution and aspect ratio of the obtainable structure. Our objective is so 

to develop a new procedure to nanostructure PEDOT:PSS obtaining better structure to test for 

this approach. 

 

The second approach instead is to our knowledge a novel proposition. The final structure is 

illustrated in Fig. 15 and presents features smaller than LD so ηED should be maximized like in 

the ideal interdigitated structure. ηCC that should be matching and even surpassing the 

expected value for ideal structure as the collection path is straight and minimized like in 

interdigitated structure. The hole collection should be even more effective thanks to the 

presence of the high conductivity PEDOT:PSS nanostructure. ηCT should not be a concern as 

the usual material will be used. The only possible problem could arise from ηα as the portion 

of volume occupied by the active layer is reduced due to the space occupied by the 

PEDOT:PSS that is not able to photogenerate excitons. But from the efficiency increase 

obtained by BHJ with interdigitated PEDOT:PSS electrode it has been seen that this potential 

reduction is more than compensated by the diffraction induced, absorption increase, by the 

PEDOT:PSS grating.  
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Fig. 14: General scheme of the two nanostructuration approach proposed in this work. 
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Fig. 15: Scheme of the nano interdigitated D/A structure proposed in this work.   

Moreover, this process should simplify the dimensional control of the features. Obtaining 

features of 20-40nm or less with direct nano structuration is challenging. With this approach 

the donor layer thickness is determined by the deposition that can be performed by spin 

coating or high vacuum thermal evaporation process that easily obtain the desired thickness 

resolution. The acceptor domain is obtained filling of the remaining gap between the lines that 

is equal to the space between PEDOT:PSS feature reduced of twice the thickness of the donor 

conformal layer deposited. This means that to obtain a 40nm acceptor feature with 20nm 

conformal layers of donor the gaps between the lines of PEDOT:PSS should be 80nm wide, a 

resolution that can be easily obtained by NIL.  

 

For the fabrication, common donor and acceptor material will be used, deposited by 

standard deposition process as spin coating and high vacuum thermal evaporation. For the 

nano structuration  NIL was selected, as it’s a technique that is  potentially cheap and high 

throughput
29

 and have the resolution necessary to obtain the desired PEDOT:PSS 

nanostructure. It's our opinion that those two architectures could lead to a consistent increase 

of efficiency for the OPV, without excessively increasing the cell cost. 
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2  NANOSTRUCTURED PEDOT:PSS. 

This second chapter of the thesis will be dedicated to the fabrication and characterization 

of PEDOT:PSS layers. The chapter is divided in 4 sections, to give a full overview of the 

problems in PEDOT:PSS nano structuring, along to the solutions and results obtained in this 

work. In the first section PEDOT:PSS will be introduced and described with the presentation 

on the state of the art in PEDOT:PSS nano patterning. In the second section our work on 

PEDOT:PSS nano structuration and the WVA-NIL process for PEDOT:PSS will be 

described. In the third section the results obtained with different characterization techniques 

will be presented and discussed along with the possible new applications for WVA-NIL 

processed PEDOT:PSS. The final section will summarize and discuss results and possible 

future application of this work. 
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2.1 PEDOT:PSS: Introduction. 

This first section in the PEDOT:PSS chapter is dedicated to the description of  this peculiar 

material. PEDOT:PSS is an organic conductive material commonly used in several 

applications, included OPV where is used as electron blocking layer (EBL) in combination 

with ITO front transparent contact. The success of this material is due to its optoelectronic 

properties and its simple process ability but its composite structure and instability in humid 

environment make its properties heavily influenced by process parameter. A detailed 

knowledge of the material is necessary to use it for the application proposed in this work, to 

successfully nanostructure it and to optimize its optoelectronic properties.  

 

 

2.1.1 PEDOT:PSS. Material overview. 

PEDOT:PSS is a blend of two materials: Poly(3,4-ethylene  dioxythiophene)  (PEDOT), 

and Poly(styrene  sulfonate) (PSS), linked together by electrostatic interaction between the 

negative SO3
-
 group of PSS and the PEDOT chain. Their structure is shown in Fig. 16. 

 

 

Fig. 16: Chemical structure of PEDOT (Bottom) and PSS (top). (Bayer AG) 

 

PEDOT is a conductive, insoluble π-conjugated polymer with high conductivity (~550 

S/cm) and transparency.
30,31

 PSS, instead, is an insulant, water soluble polyelectrolyte and is 

used as a charge balancing counter ion during polymerization of PEDOT. PSS is kept in blend 



 PEDOT:PSS: Introduction. 

 

Radivo A.  35 

with PEDOT because while the latter is insoluble, the blend of the two materials, with an 

adequate ratio, is fully soluble in water and some other polar solvents
30

. The solubility is 

important because it makes possible to deposit the material by cheap solution processing 

technique as spin coating, inkjet printing, doctor blading, drop casting, to obtain thin 

PEDOT:PSS films of controlled thickness. 

 

Being a composite made from two very different materials, the resulting film properties are 

highly influenced by the ratio between PEDOT and PSS and by their internal arrangement. In 

solution the material takes the shape of PEDOT-rich spherical particle, surrounded by a PSS-

rich shell
32

, so it’s normally referred to as a dispersion. PEDOT:PSS dispersion is a complex 

rheological system with suspended micelle-like particles, of two materials one soluble and the 

other not. The dispersion stability and suspension conditions influence not only the film 

thickness and quality, but also the internal structure of the obtained film, and so it's 

optoelectronic properties. The system is schematically shown in Fig. 17. The particle 

dimensions are influenced by the solvents and additives used in the dispersion and during the 

drying phase, leading to a different grain size in the final film.
33

 Moreover, the dispersion at 

room temperature, if not agitated, tends to aggregate into clusters of particles (Fig. 17. A) with 

a statistical size distribution
34

 determined by rheological conditions. As large clusters are 

detrimental to film quality, usually the dispersion is heated, stirred or sonicated, and filtered 

before deposition (Fig. 17. B). 

 

 

Fig. 17: Spherical particle with PEDOT core (olive green) and a PSS shell (light green) in water dispersion 

with clusters of particles (A.) After agitation by sonication or stirring and filtering the dispersion has a lower 

density and dimension of clusters (B). The dispersion is than deposited by spin coating (C) to obtain a thin film 

with a “lasagne-like” structure (D).  

The most common deposition technique at the research level for PEDOT:PSS thin films is 

spin coating. In this technique the dispersion is poured by drops on a rotating substrate (Fig. 

17. C). The dispersion spreads all over the surface due to the centrifugal force and 
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progressively dries becoming a solid film. It has been found
35

 that this process is deforming 

the PEDOT:PSS particles, leading to a "lasagne-like" structure with PEDOT-rich cores that 

are not longer spherical but it is flattened down orthogonally to substrate surface, and results 

separated by PSS-rich layers (Fig. 17. D). This structure has been reported by several groups 

35,36
 and it was indicated as a cause for the anisotropic optoelectronic properties of spin coated 

PEDOT:PSS. In fact PEDOT:PSS spin coated films have a different conductivity and 

conduction mechanism between in plane and out of plane directions.  

 

Several groups reported, that PEDOT:PSS thin films tend to present a PSS rich layer 

estimated to be about 3-4 nm in thickness at the surface.
33

 This layer modifies greatly the 

properties of the material, in particular the work function 
37

 that was found to correlate with 

the PEDOT to PSS ratio at the surface.
38

 This is due to the fact that PEDOT itself has a low 

work function (4.0 - 4.2 eV) but PSS layer screens the PEDOT causing a work function 

increase up to 5.65 eV.
39

 This phase segregation seems to be determined mostly by the 

deposition and drying condition, and  by the "solvent annealing" process that PEDOT:PSS 

undergo every time it is exposed to polar solvents 
40

 or to atmospheric humidity.
39

 Moreover, 

thermal processes at high temperatures (200-250°C or more) 
39,41

 are able to change the work 

function of the PEDOT:PSS film, probably because of the sublimation or degradation of the 

PSS layer. Thus, its work function, given its importance for OPV performances 
38,42,43

 must be 

monitored closely. 

 

Another peculiarity of PEDOT:PSS is the fact that it is highly hygroscopic. The PEDOT 

particles in the film are hydrophobic but the matrix of PSS is hydrophilic and tends to absorb 

and release water to be in equilibrium with the relative humidity of the environment. The 

water content of the film affects the volume and also the mechanical and optoelectronic 

properties of the material. The water swelling was found to be quite high. Nardes et al. 

measured by Thermogravimetric analysis (TGA) a 25% weight reduction, during the 

annealing at 0% RH and 200°C of a PEDOT:PSS film previously equilibrated at 49% RH and 

room temperature.
37

 In their work emerged also that the films take short time to reach the 

equilibrium with external RH, few minutes for micrometric thick films or seconds for 

nanometric films such as the ones used in our own work. The first visible effect of water 

swelling is that the PEDOT:PSS films change their volume, proportionally to the ambient 

relative humidity 
44

 with an increase of volume and mass of up to 100% when passing from 

dry to wet condition. The water is absorbed mainly by PSS matrix which determines the 
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change of volume. As PSS is an amorphous material, in absence of constraints, an isotropic 

change of volume is expected. But as we are dealing with thin films, that are bound to the 

substrate surface, the film cannot expand in the horizontal direction. Moreover the film is not 

composed only by PSS, and the distribution of PEDOT inside PSS matrix is anisotropic. Thus 

the change of volume in PEDOT:PSS films is anisotropic and not straightforward to predict, 

especially in presence of nanostructures.  

 

For flat thin films the result can be seen in the schematic image, Fig. 18 A and D. Change 

in hydration will cause change of films thickness and distance between PEDOT grains in the 

vertical direction. Another evident effect of the water content on the PEDOT:PSS is that the 

relative humidity influence the mechanical properties of the material, from hard and brittle in 

dry environment to plastic and soft in wet environment. This changes radically also the 

fractures’ mechanics inside the material and its response to deformation.
32

 If the material is in 

a wet atmosphere the fracture will avoid the PEDOT grains, proceeding along the softer wet 

PSS (Fig. 18 B). Also as the material is more plastic, the fracture show sign of plastic 

deformation, as it was confirmed by our work (Fig. 18 C). If instead the film is in a dry 

atmosphere, the fracture will be sharp like in a brittle material, going through both PEDOT 

and PSS (Fig. 18 E). In this case being the dry PEDOT:PSS, hard and not plastic, the fracture 

will not be coupled with deformation of the film (Fig. 18 F). 

 

Another parameter of the material influenced by water content is the conductivity as 

differences in conductivity between measurements performed in different environmental 

condition were found 
37,45

.  

 

As for thermal treatments, PEDOT:PSS is stable for heating in air up to 100°C even for 

long time (more than 1000 hour), without any degeneration or permanent change in 

optoelectronic properties.
46

 For heating over 100°C in air,  instead, a slow degeneration of the 

material an it’s conductivity occurs,
47

 apparently starting by the top layer of PSS. In absence 

of oxygen or moisture the material is stable up to 250°C
46

 making it able to withstand most of 

the thermal treatments needed to the production of electronic devices. 
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Fig. 18: PEDOT:PSS films in wet atmosphere contain water in the PSS matrix (A). Drying the film cause 

shrinkage and so a reduction of film thickness and of the distances between PEDOT grains (D). Fracture in wet 

films will travel in the soft PSS matrix (B) and the separation will lead to deformation of the film. As an example 

SEM micrograph (C) shows a PEDOT:PSS nanostructure, with 180nm period line grating and ~2 Aspect ratio, 

cleaved in wet atmosphere showing plastic deformation of the lines. Fracture in dry films instead will travel 

straight trough PEDOT and PSS, (E) and the separation is sharper without deformation of the film. As an 

example SEM micrograph (F) show a PEDOT:PSS nanostructure with 180nm and ~5 Aspect ratio period line 

grating, produced in with the process presented in  this work, cleaved in dry atmosphere showing a sharp 

fracture without deformation even with the high aspect ratio of the structure. Both the micrographs are of 

sample produced with the process presented in this work. 

 

Another element to take into account when using PEDOT:PSS is that in dispersion it has 

an acidic behavior, with a pH between 1 and 2. That is why PEDOT:PSS is aggressive against 

other layers onto which it is deposited or remains in contact with.
43

 Its interaction with ITO 

especially is a known problem. Already during the spin coating PEDOT:PSS attacks the ITO 

surface, partially dissolving indium and tin that diffuse in the material forming sulfonate salts 

with S group of PSS.
48

 Also after spin coating, etching slowly continues if the film on ITO is 

kept in a humid environment. It has been seen that this process is dissolution-limited and not 

diffusion-limited as no gradient of In and Sn concentration is found in the bulk of the film but 

a constant concentration.
49

 This fact is of particular importance as "doping" of the 

PEDOT:PSS by Sn and In influences the work function and valence band of the material as it 

was reported in literature.
43,48,50. 
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2.1.2 Applications of PEDOT:PSS. 

The first application of PEDOT:PSS was as antistatic layers for photographic film, and 

later as a conductive coating for glass and plastics with patent for different applications, such 

as: through-hole plating of printed circuit boards; antistatic coatings for cathode  ray  tubes;  

primers  for  electrostatic   spray   coating   of   plastics; electro chromic windows; corrosion 

protection; membranes  for  the  preparation  of  4p beta radioactive sources.
(30 and ref. There in)

 In 

the following years, with the refinement of the processing, the optimization of its 

optoelectronic properties and obtaining better control in deposition and patterning, new 

application possibilities in the organic electronic were opened for PEDOT:PSS. For example: 

organic thin film  transistors  (OTFTs);
51,52

 solid state capacitors where the PEDOT (without 

PSS) was used as counter electrode, showing good performance especially at high 

frequencies;
53

 as humidity sensors,
45

 exploiting the dependence resistivity with the 

environmental relative humidity; as pyroelectric sensors acting as both absorber in the 

infrared (IR) and conductive layer.
54

 

 

Today the main application of PEDOT:PSS is as a hole transporting, electron blocking, 

transparent buffer layer, typically deposited on Indium tin oxide (ITO) transparent electrode, 

in organic light-emitting diodes (OLEDs) 
55

 and in organic photovoltaic (OPV) devices. This 

role is attributed not only by reason of its transparency and conductivity, but also for its work 

function and HOMO level, that are well aligned with usual donor organic material in OPV 

(PEDOT:PSS exhibits work function typically in the 5-5.2eV range, higher than the 4.8eV of 

ITO). This is resulting in a smaller barrier for holes extraction from other organic materials, 

an electron blocking effect that avoid leakages of electrons in the anode and more important 

PEDOT:PSS provide a homic contact with p-type organic materials.
11

  In addition to those 

advantages PEDOT:PSS layer also smoothes the rough ITO surface, reducing the problem of 

short circuits caused by ITO spikes leading to dark spot in OLED and OPV. 
56

 

 

Also the possibility of using PEDOT:PSS directly as a cheap substitution for the high cost 

ITO transparent contacts, for flexible OPVs, was tested by many groups, striving to obtain 

higher conductivity PEDOT:PSS layers, keeping the transparency and processability of the 

material.
57

 To obtain that result, different approaches were tested, such as using solvent 

additives to the dispersion,
58

 or introducing a metallic grid to enhance charge collection over 

macroscopic scale, complementing short range charge transport by PEDOT:PSS,
59

 or using 

metallic nano wires along with PEDOT:PSS.
4
 Such efforts have allowed to nearly matching 
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the performance of ITO-PEDOT:PSS contacts, which anyway remain still the most common 

and convenient dispersion for OPV anodes. 

 

2.1.3 Nanostructuring PEDOT:PSS thin films.  

High resolution patterning of PEDOT:PSS represents, an important issue in the 

development of organic optoelectronic applications based on innovative architectures. This 

capability of producing fine structures is important to enable the fabrication of smaller 

devices, increase the density of components per unit area, reduce the current consumption 

with smaller travel distances for the current and for OLED to increase the resolution of the 

displays. Moreover, to obtain the OPV architecture that we have proposed 1.3.2, not only high 

resolution but also a high aspect ratio in the nano structuration is needed. 

  

 Because of the interest in the PEDOT:PSS nanostructuring many attempts have been 

reported by several groups. For PEDOT:PSS’s patterning at the scale of tens of micrometers 

several techniques were studied and tested with good results 
60

, such as: soft lithography,
61

 

vapor phase deposition,
62

 inking and stamping,
63

 pulsed UV laser patterning,
64

 ink jet 

stamping, ink jet printing, roll to roll.
51

 

 

Applications requiring sub-micrometer resolution are instead still an unsolved challenge 

since PEDOT:PSS offers problem to the standard lithographic techniques used for inorganic 

nano electronics. In fact PEDOT:PSS is sensitive to many chemical solvents used in 

lithography and his acid nature causes a deterioration of acid sensitive UV photoresists. To fix 

this issue special solvents and resists were tested, 
65

 but also alternative technique are 

emerging, like AFM nanoscratching,
66

 and nanoimprinting lithography (NIL). 

 

Especially, NIL is a promising technique for making commercially competitive OPV and 

organic electronic device as it has the high resolution necessary for those applications, and it 

is potentially a high-throughput and low cost technique in comparison to other lithography 

techniques.
29,67

 Moreover, the patterning of PEDOT:PSS electrodes by NIL was already 

confirmed as a good way to improve OPV cells efficiency by Silva et al.
68

 The main problem 

with this approach is that PEDOT:PSS nanoimprinting is not straightforward and results into 

rather poor performances. PEDOT:PSS at room temperature and standard lab condition is a 

soft material, with low internal cohesion and so a primary issue in the NIL process is that the 
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film are easily damaged, during the stamp separation (“demolding”)
32

 leading to deformation 

or ripping-off of the structures. PEDOT:PSS also does not show a distinct glass transition (at 

temperatures below decomposition), as needed in thermal NIL process, while the addition of 

organic plasticizer for a solvent-assisted NIL process has led to only partially successful 

results.
69

  

 

The approach pursued in this work points instead to exploiting the already mentioned 

effects of water on PEDOT:PSS mechanical properties. Other groups had already highlighted 

the importance of water for PEDOT:PSS NIL. Young at al. tried dehydration-assisted NIL, to 

exploit the higher cohesion of the dehydrated PEDOTT:PSS to reduce demolding damage, 

and obtaining an aspect ratio of 0.86 with lines 70nm wide 
28

. Recently another group tried a 

completely opposite approach, more similar to ours, using water vapour as plasticizer for the 

PEDOT:PSS.
70

 However, they report the patterning of very low aspect ratio structures. 

Having discovered in our experiments the main problem that have limited the results of those 

two work, we have devised a solution consisting in a Water-Vapor-Assisted NIL process, 

based on a better control and exploitation during the process cycle of the variation of the 

mechanical properties of the PEDOT:PSS as a function of the water content. Understanding 

of the equilibrium between relative humidity in the environment and the water in the material 

as a function of temperature is the key to the successful implementation of the nanopatterning 

process based on nanoimprinting lithography concept. 
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2.2  Water Vapor Assisted NIL process. 

This Chapter is dedicated to the presentation of the Water Vapor Assisted Nano Imprinting 

Lithography (WVA-NIL) process, developed in this work. We were able to reproduce the 

imprinting process presented in literature, but the resulting aspect ratio was too low to obtain 

the cell architecture discussed in 1.3.2. To solve this problem we have directed our effort to 

the development a slightly modified imprinting process able to obtain higher aspect ratio, 

resolution and structure quality than the traditional thermal assisted NIL. 

 

 

2.2.1 The concept of WVA-NIL process.  

The idea behind Water Vapor Assisted Nano Imprinting Lithography (WVA-NIL) is 

simple and consists in exploiting the effects of relative humidity on the mechanical properties 

and volume of PEDOT:PSS to assist the imprinting process.  In order to achieve this 

objective, we considered that the process could be improved if the PEDOT:PSS properties 

could vary during the imprinting cycle: it should be wet and soft during the indentation of the 

stamp features and dry and hard in the demolding step. Additionally drying the material 

during imprinting would cause shrinkage of the structures, with a consequent reduction of 

friction during stamp separation, leading to an easier demolding step. 

 

We planned to obtain this with a process whose steps are listed in Fig. 19. Starting with a 

PEDOT:PSS film of the desired thickness on a flat substrate (Fig. 19 A), the substrate is than 

exposed to an atmosphere with high relative humidity, to make PEDOT:PSS softer and 

increase its volume (Fig. 19 B). After reaching the equilibrium, the mold is laid down face to 

face onto the substrate and pressure is applied (Fig. 19 C). By doing this, water remains 

partially trapped in the PEDOT:PSS film, as it can enter or exit the film only from the sides of 

the thin film, greatly reducing the exchange surface with the external atmosphere and 

therefore slowing down the equilibration with the external environment relative humidity. The 

system is then heated up (Fig. 19 D) in order to proceed with the imprinting. The idea behind 

is that the drying of the confined film is slow enough to let the system reach a point where 

temperature and water  inside the material are both high enough to contribute to plasticize the 
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PEDOT:PSS. The high plasticity obtained should allow the full indentation during the 

heating, before the film dries. When a set upper temperature is reached, it is maintained for a 

sufficient time to bake the film and complete the drying (Fig. 19 E). At high temperature the 

drying is rather fast as water is “boiling” inside and pressure builds up favoring the escape 

from the sides. If the heating and imprinting steps are fast enough D and E are separate steps, 

and so the structure are formed while the material still wet, and the bake will not only harden 

the material but also shrink the structures, causing the detachment of the structures form the 

mold. This will help the demolding step (Fig. 19 F) by reducing the friction between mold and 

structures. Once PEDOT:PSS is dried, the demolding can be performed at any temperature, as 

dry PEDOT:PSS is hard even at high temperature. This detail may become  useful in future 

for speeding up and up scaling the process with the help of automated equipments. For the 

fabrication of the sample presented in this work instead the demolding was mainly done 

manually after cooling down the system at room temperature.  

 

The key to this process is the control of PEDOT:PSS hydration during the different stages 

of the process, obtained by controlling both temperature and relative humidity of the 

environment. The WVA-NIL process was tested and studied on a wide range of process 

parameters, and not only the high temperature and high humidity region that is the most 

promising to obtain the best results. Also it is clear that the previous attempts to perform a 

NIL process on PEDOT:PSS,
28,70

 were not fully successful because they were carried out 

without fully understanding how PEDOT:PSS water content and temperature influence on the 

NIL process. 
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Fig. 19: WVA-NIL process concept. 
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2.2.2 WVA-NIL process - Sample and mold preparation. 

For this work was used a low conductivity commercial PEDOT:PSS dispersion, CLEVIOS 

P VP Al 4083, widely used in organic photovoltaic cells for its good film forming properties 

and convenient electronic characteristics. With this dispersion it is possible to obtain by spin 

coating films of 30 to 70 nm depending on the spin coating rotation speed. This range covers 

the typical needs in OPV cells, but is too thin for our purpose of obtaining structures of high 

aspect ratio. In order to obtain thicker PEDOT:PSS films we have pre-concentrated the 

dispersion by hot stirring in air at ~100°C monitoring the reduction of its volume. For most of 

the experiments an evaporation of 50% of the volume was performed corresponding to a 2:1 

concentration. For specific experiments, requiring thicker layers the evaporated volume was 

increased up to 60% (concentration of 2.5:1). The obtained dispersion is unstable, a problem 

already reported by others,
34

 due to a process of clustering of PEDOT:PSS particles. With 

time the dimension of clusters increases until reaching a new equilibrium determined by the 

new concentration. As a result, spin coating from the same dispersion at different times after 

the concentration, leads to different film thicknesses. Thus, the thickness is function of 

decantation time as shown in Fig. 20. Surprisingly, the thickness obtained with a dispersion 

freshly concentrated was similar to that obtained with the pristine dispersion, while the film 

thickness increase fast in the first few hours of decantation, making difficult to obtain 

repeatable results shortly after the end of concentration step. The film thickness increase 

versus decantation time reach a plateau after few hour of decantation, when a new equilibrium 

is reached by the dispersion leading to reproducible spin coated film thickness for decantation 

times between 8h to several weeks. It was also seen that hot stirring or sonication of the 

dispersion disrupts this equilibrium, leading again to thinner and irreproducible film 

thicknesses until equilibrium is recovered. To avoid this instability in layer thickness all the 

densified dispersions were used cold only after an overnight resting in refrigerator at ~4°C, 

and filtering the dispersion with a 450nm pore filter without any sonication or hot stirring 

prior to deposition.  
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Fig. 20:Curve of PEDOT:PSS film thickness, function of the decantation time, obtained by spin coating at 

2000 RPM, from a cold dispersion (~4°C), after filtering with 0,45 micron cellulose acetate filter. The dispersion 

used for the test was concentrated at a 2:1 ratio, standard process for all the samples used in this work, if not 

otherwise specified. Point take every 5 minutes in the first hour than at 60,120,180,240,480,1440 min. 

 

PEDOT:PSS films were deposited on 3 different types of substrates: Boron doped 

crystalline Si (100) wafers (~1-50 Ω cm), chosen because of their flatness, good electrical 

conductivity and because they are easy to cleave (which is useful for SEM characterization of 

the lithographic results in cross section); Si(100) wafers with 200 nm thermal SiO2 layer, for 

the measurement of the PEDOT:PSS in plane conductivity;  OLED Grade ITO Coated Glass 

with 15 Ω/sq (Visiontek Systems Ltd) for the fabrication of photovoltaic cell and for UV-VIS 

absorbance measurement. The substrates were all thoroughly cleaned in class 1000 clean 

room by 30 min of sonication in demineralized water with a detergent, and sequential dipping 

in hot acetone, IPA, and milli-Q water. After drying under nitrogen stream the cleaning 

procedure was concluded with 5 minutes of oxygen plasma to improve the wetting of the 

substrates by the aqueous PEDOT:PSS dispersion 

 

To obtain smooth continuous film, the spin coating must be performed within few hours 

from substrate cleaning, otherwise the wettability of the substrates decline. This is especially 

true for ITO, whose surface conditioning is notoriously difficult. The spin coating is 

performed by dropping the dispersion on an already spinning substrate (with speeds between 

1000rpm  and 3000rpm), from a cold and rested dispersion filtered by a 450nm pore cellulose 

acetate filter. 

 

The importance of the relative humidity is evident since the spin casting phase, as its value 

in the clean room greatly influence thickness, film quality, and maximum extension of sample 

area that can be coated with a uniform film. With high relative humidity (70%) we were able 

to easily spin coat an entire 2” wafer with few drops of the dispersion, obtaining uniform 

films. In those conditions 120 second of spinning time is needed to dry the film. With low 
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humidity (25%) the spin coating of uniform films is difficult even for 25x25mm square 

samples. Moreover, their thickness increases slightly and the film dries in less than 30 

seconds. It is not in the aim of this work to use RH to control spin coating thickness so for 

most of the samples an intermediated RH of around 45% was used. 

 

 The thickness of the films was verified by scratching the film and measuring the trenches 

with a profilometer, confirming a good repeatability (-/+ 5nm) of the process for a given set 

of deposition parameters. The films thicknesses were measured in air, and thus their value 

depends also from the RH at the moment of the measurement. Drying the films and measuring 

their thickness right afterwards was attempted but it was confirmed that the water uptake is 

extremely fast, and the film increase its thickness while it cools down during the 

measurement. The extremely high effect of water on film thickness was confirmed, but the 

possibility to calibrate a RH-thickness correction curve was discarded. In fact, already at 60% 

RH the measurements become unstable, as the PEDOT:PSS is too soft to be measured by 

profilometry. Also measuring by AFM is problematic in this condition as the material tends to 

stick to the AFM tip. The possibility to measure the thickness by ellipsometry was evaluated, 

but we would face the problem of measuring the refraction index of PEDOT:PSS as a 

function of RH. As pointed out already in literature the extinction coefficient and refractive 

index in PEDOT:PSS are anisotropic and may vary with processing,
71

 so measurement by 

ellipsometry would be also probably not trustworthy. Therefore, for this work, the film 

thickness were all measured at around 45% environmental RH by profilometry. 

 

Standard samples were produced with a 2:1 concentrated PEDOT:PSS dispersion, spin 

coating at 2500 rpm and 45% RH, leading to 160-170 nm thick films (measured at 45% RH). 

Few thicker samples were also produced to test the limits in features’ aspect ratio, by 

increasing dispersion concentration and decreasing rotational speed. It has been seen that just 

increasing slightly the concentration a huge thickness change can be obtained, sign that the 

dispersion is near to instability. For 60% volume reduction for example 350 nm PEDOT:PSS 

films were obtained with a 1000 rpm spin coating. 
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As molds for the samples on Si and SiO2, silicon stamps were used, with different 

nanostructures:  

 gratings of lines, with 180, 250, 300, 500nm period, ~50% duty cycle and 1 to 6 in 

aspect ratio; 

 holes with 90x90 nm square cross-section and ~2 in aspect ratio, arranged in square 

arrays of 180 nm period; 

 holes with round cross-section of ~250 nm diameter and ~2 in aspect ratio, 

arranged in arrays of 500nm period; 

 

 The stamps were obtained in our laboratory by different nanoimprinting lithography-based 

processing, starting from commercially available gratings (Amo GmbH). All molds prior to 

use were cleaned in Piranha solution ( H2SO4:H2O2 - 3:1 in volume), washed in milli-Q water 

and cleaned with 2 minutes of oxygen plasma. After the cleaning the stamps were 

functionalized on the surface by self-assembling a monolayer of dodecyltrichlorosilane from 

vapour phase, to make their surface hydrophobic and ease the demolding. Also flat stamp 

substrates in Silicon, glass were cleaned and functionalized, to make “flat imprinting test”. In 

addition for the imprinting on ITO/glass another type of molds was used, consisting of a layer 

(flat or nanostructured) of Ormostamp (microresist technologies GmbH) on glass. The reason 

for using this different type of stamps when imprinting PEDOT:PSS on ITO/glass will be 

discussed in the paragraphs 4.1.2 and 4.1.3. 

 

2.2.3 WVA-NIL process implementation. 

The process was implemented following the steps proposed in paragraph 2.2.1 (page 42), 

exploring a wide process parameters’ window, in pressure, temperature and relative humidity 

parameter space, and testing all the different types nanostructured stamp presented in 2.2.2 

(page 45). The process time was fixed to 30 minutes to reduce the number of free parameters, 

however for most of the experimental conditions a much shorter time is sufficient. For the 

imprinting two different presses were used, a PW 20 E hydraulic press with heating plates 

(Paul-Otto Weber GmbH) and a smaller custom-made press with heating plates installed 

inside a glove box with dry nitrogen. 

 

Process temperature was regulated presetting the maximum temperature reached after the 

heating and kept for the bake step, testing values between Room temperature and 150°C. Only 
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for the case of the process performed at 0% the temperature was increased up to 250°C. Some 

of the resulting experimental heating curves obtained with the press outside the glovebox for 

different preset temperatures can be seen in Fig. 21. The heating was performed with a 

maximum heating speed of 8°C/minute and ~50°C/minute of cooling rate. Different heating 

rate were tested but not systematically. The hot plates have a high thermal inertia, which 

limits the heating rate but makes the curve very reproducible. 

 

 

Fig. 21: Example of thermal cycles obtained with 150°C, 100°C and 80°C preset temperature. 

 

Relative humidity was changed between 0% and 100% using three different methods in 

three different ranges. The imprinting tests at 0% RH were performed in a glove box fluxed 

with nitrogen. In the range between 25% and 75% the relative humidity was controlled by 

setting the desired value in a clean room equipped with active 

humidification/dehumidification system. In those first two systems the sample was kept 

during the entire process at constant RH, and no equilibration step was necessary. For the 

high humidity tests (75%-100%)  in addition to setting high RH values in the clean room, the 

humidity was increased locally with a home-made bubbler, by fluxing nitrogen into milli-Q 

water, and delivering the water-saturated nitrogen in the gap between the press plates, in a 

partially sealed environment. In this case, the film was exposed to wet atmosphere for at least 

5 minutes to equilibrate with RH before being covered by the mold. 

 



Water Vapor Assisted NIL process.   

50  Radivo A. 

The applied pressure was changed between 2MPa and 12MPa for most of the tests, with 

10MPa as standard value. Only for the imprinting at 0% relative humidity higher pressures 

were tested, increasing pressure up to 60 MPa. 

 

All the WVA-NIL process used in this work, if not otherwise stated, use a standard 

procedure defined by 3 parameters: pressure applied, preset temperature, starting relative 

humidity. The process implementation is schematized in Fig.22 with a plot of temperature, 

pressure and RH as a function of time during the process. The following procedure was used. 

The sample is positioned between the plates. For the high humidity processes (RH>75%) the 

film equilibrated in high humidity condition with the procedure described above. The mold is 

positioned face to face against the sample, with on its back compliance layer and the pressure 

is applied, and kept constant for the entire process; The RH around the samples at this point is 

taken as defining value for the process RH. After applying the pressure, heating is started 

following the cycle described above. For the process carried out at high relative humidity the 

high RH is kept during the heating, once the preset temperature is reached the compartment is 

opened and the bubbler stopped resulting in a drop of the RH to the surrounding 

environmental level. After the bake time the plates are cooled down rapidly to ~40°C, the 

pressure is relieved and the sample is separated from the mold. 
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Fig.22: Plot of RH, Temperature and pressure as a function of time for a WVA-NIL process at 80°C, 95% 

RH 10 MPa. Also the process steps are schematized with an indication of their position on the time axis. .  
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2.3 WVA-NIL process - Results. 

This chapter is dedicated to the characterization of the imprinting results on PEDOT:PSS 

films. As PEDOT:PSS is meant to be used in optoelectronic devices, the results of the 

nanolithography process needs not to be assessed only at the topographic level, but also in 

view of the possible effects that the process has on the fundamental physical properties of the 

material itself. To this purpose, the material topography was characterized by AFM and SEM, 

while the optoelectronic properties were characterized by current-voltage (I-V) 

measurements, UV-VIS absorption spectroscopy, and UPS. These measurements were 

performed exploring the effect of all process parameters, i.e. temperature, relative humidity, 

and pressure. Also to discriminate between effects related to material flow from the effects 

due to the thermo-hydro-mechanical treatment, imprinting with flat stamps was performed 

and compared with the results of imprinting with different types of nanostructures. 

 

 

2.3.1 Nanostructure and topography characterization. 

To determine the quality of the pattern transfer by WVA-NIL the imprinted samples need 

to be topographically analyzed to confirm the obtained structure quality, the presence of 

demolding damage and to measure the dimension of period, features dimension, height, 

residual layer. Two different characterization techniques were used, i.e. AFM and SEM. The 

comparison between AFM and SEM condition of measurements can be seen in Fig. 23(a-c).   

 

 AFM was tested initially as it is a non destructive technique that gives a precise 

topographical image of the nanostructure, but resulted not to be a suitable technique to 

measure this kind of material. The measurements were performed in air, so the measured 

dimensions are function of relative humidity in the air and the PEDOT:PSS become softer and 

tends to stick to the tips of the AFM. Also it's not possible to measure with high aspect ratio 

and narrow groves as tip is not able to follow the profile.  

 

SEM on other hand, performed in high vacuum, provided far better results with stable 

structure dimension, even though PEDOT:PSS has a limited conductivity resulting in a minor 

charging effect and being slightly modified when exposed to electron beam. Moreover, to 
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obtain a good view of the structure and to see the cross section it is necessary to cleave the 

sample, making this characterization technique more destructive. In spite of those minor 

problems, it was possible to obtain detailed images and extract reliable values for the relevant 

morphological parameter (height, width, aspect ratio) checking in top and angled view the 

sample and the cross section. For the cleavage of the sample it was fundamental to operate in 

"dry" conditions, to produce sharp cross-section, preventing the plastic deformation of 

PEDOT:PSS. As for the problem of film charging, this could be mitigated by proper selection 

of the electron beam parameters, i.e. using low acceleration voltage (max 3 kV) and a 

conductive substrate (B doped silicon 1-50Ω/sq or ITO 4-100 Ω/sq), resulting in fairly good 

images (example Fig. 23d), from which details of the PEDOT:PSS grains can be also 

appreciated. 

 

 

Fig. 23: Scheme of the characterization of imprinted sample with AFM (a) and SEM (c). Example image of 

the AFM topography (b) and SEM cross section image (d) of a line grating with 500nm period in PEDOT:PSS 

imprinted by WVA-NIL.  

  



WVA-NIL process - Results.   

54  Radivo A. 

2.3.2 WVA-NIL nano structuring results. 

To evaluate the nano structuration results the WVA-NIL process was tested, changing 

initial RH between 0% and 100% and temperatures from 25°C to 150°C. Pressure was also 

tested between 2 and 12 MPa to better understand its effect but as it was found to be the less 

crucial and was set to 10 MPa as standard value for most of tests. Molds with different 

structure were also used, lines, square or round holes, with grating period from 500nm to 

180nm and features down to 90nm. Then all imprinted sample were cleaved and characterized 

by SEM. The results obtained at 10 MPa pressure for different temperatures and different 

relative humidity are summarized in Fig. 24.  

 

Tests of imprinting at 0% RH showed that plastic deformations of PEDOT:PSS, in dry 

condition, could be obtained only at temperature and pressure as high as 250°C and 60 

MPa, respectively (Fig. 24.(b), micrograph A), and lead anyhow to the formation of structures 

with limited aspect ratio (AR<1), whereas no pattern could be obtained at all in the 20-150°C 

range. Moreover, at 0% RH, 250°C and 60 MPa, we observed the presence of brittle fractures 

in the resulting structures. This damage is probably due to friction force exerted during stamp 

separation as in general, we observed that the width of the PEDOT:PSS features imprinted in 

dry conditions (at 0% RH) exactly reproduces that of the mold. This confirms that a minimum 

content of water is necessary to imprint PEDOT:PSS at reasonable temperature and pressures.  

 

Increasing the relative humidity, the imprinting become possible also within 150°C. At 

25% RH, and 100 °C the imprinted features were shallow (Fig. 24.(b), micrograph B), while 

at 150 °C they appear fully indented (Fig. 24.(b), micrograph C). However, in the latter cases, 

we did not detect any appreciable lateral shrinkage of the features, which leads to the build-up 

of friction forces between PEDOT:PSS and stamp during the demolding and explains why the 

resulting structures were partially damaged. 

 

On the opposite side, at 100% RH (vapor saturation), the PEDOT:PSS film becomes 

unstable, with a tendency to de-wetting, resulting in poor and irreproducible imprinting 

results. However, slightly below saturation (90-95% RH) the previous issues disappear. 

Nevertheless, at temperatures below 60°C the film could not be dried within the 30 minutes of 

process time and the structures in the film were severely distorted or ripped away during 

demolding  (Fig. 24.(b), micrograph D).  

 



 WVA-NIL process - Results. 

 

Radivo A.  55 

A convenient “good imprinting” process window in the (RH, T) plane leading to features 

exceeding AR of 1 and without demolding damage was identified in the approximately 

triangular region defined by the vertexes (40% RH, 150 °C), (95% RH, 150 °C) and (95% 

RH, 80 °C). Structures of moderate aspect ratio (AR≥1) were obtained along the (95% RH- 

80 °C) – (40% RH - 150 °C) edge of the “good imprinting region” (Fig. 24.(b) micrograph F 

and E) while structures of increasing AR can be obtained going towards (95%RH -150 °C) 

corner, increasing relative humidity and temperature (Fig. 24.(b) micrograph G and H).  

 

The optimal WVA-NIL process parameters for the fabrication of high AR nanostructures 

are represented by the region at high RH and high temperature such as 95% RH, 150 °C 

and 10 MPa . At these conditions the high content of water and the high temperature result 

in excellent plasticity and high shrinkage (up to 20-25%) of the features’ width, making 

possible to obtain high aspect ratio structures, which can also be easily and reliably separated 

from the stamp without damage. The “record” structure obtained in this work at 95% RH - 

150°C -10 Mpa is a line grating with 180nm period, 70nm wide lines more than 420nm tall, 

reaching up to 6 aspect ratio (Fig. 24.(b) micrograph I), with a full imprint in partial filling 

condition, so the result can be most likely increased using a thicker PEDOT:PSS starting film 

(the one used for this imprint was 350nm thick) as the limiting factor in that sample was the 

film thickness. 
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Fig. 24: (a) WVA-NIL process window obtained in a systematic set of experiments, by fixing the applied pressure and the process 

duration to 10 MPa (safe for point A obtained at 60MPa) and 30 min respectively while varying imprinting temperature and relative 

humidity. Lithographic results were characterized by SEM and the regions of the (T, RH) graph were qualitatively classified on the basis 
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of the aspect ratio and integrity of the structures. The regions where imprinting wasn’t possible or characterized by stamp release issues 

(ripping-off of the structures or collapse during demolding) are delimited as high interest zones. The experimental points on the graph are 

indicated by: square dot for sample with aspect ratio AR>1; cross for sample with AR<1; capital letters for samples illustrated in the 

SAM micrograph in (b) table. 3 different structure were imprinted:  arrays of square pillars 180nm period (A-B-H); arrays of round 

pillars 500nm period (G); lines grating with 180nm period (C-D-E-F-I). The other points were either square pillar or line gratings at 

180 nm period. Scale bars on the image are 500 nm. 

 

The diagram just presented was done fixing pressure to 10Mpa, process duration to 30 

minutes, and maximum heating speed of 8°C/min (heating curves as the ones presented in 

paragraph 2.2.3 page 48). It was anyway seen that the “good imprinting region” can be 

slightly enlarged acting on those parameter. Increasing pressure has a positive effect on the 

imprinting result, but less obvious is the effect of the heating ramp.  In fact, the faster was the 

heating, the lower was the end temperature needed to fully indent the stamp features into the 

PEDOT:PSS film. We presume that this is related to the fact that the faster is the heating, the 

larger is the water quantity still present (i.e. not evaporated) at any given temperature reached 

during the heating, and consequently higher is the plasticity. Moreover, higher heating speed 

coupled with and higher temperature will also lead to faster drying and a shorter total process 

time. Those facts may become useful for further process optimization or industrialization. 

 

To confirm that WVANL process follow the steps as schematically depicted in Fig. 19 

paragraph 0, additional tests was performed at high relative humidity (75-95%) and  

temperature from 80° to 150°C (all condition that gives AR>1), changing the process time. In 

particular, we tested full bake time and immediate cooling after reaching the preset 

temperature. An example of process and corresponding results can be seen in Fig. 25. What 

we have found is that in those conditions in any case the structures form during the heating, 

even before reaching 80°C. However, skipping the bake phase the resulting structures were 

heavily deformed. This means that imprinting (indentation) and bake (dry and hardening) of 

the structures take place in two distinct steps (if the heating is fast enough). The bake time 

necessary to harden the nanostructures is obviously determined by the maximum temperature 

and the initial RH, which could be optimized to reduce process time.  
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Fig. 25: Experimental heating curve for WVA-NIL at preset imprinting temperature of 80 °C, RH 75%, 10 

Mpa, imprinting with 180 nm period line grating. Standard process time of 30 minutes (blue line) and the same 

process but interrupted with an earlier cool down soon after the maximum temperature is reached (red dashed 

line). In the insets the SEM image of resulting structure, deformed lines in case interrupted process (red inset) 

and fully formed and undamaged for the standard process with the bake (blue inset). 

Another important fact to mention is that no significant difference in the optimal 

imprinting conditions was found using different molds, in the whole tested range of periods 

(500-180nm), features size (250-70nm), and geometry (square or circular holes, lines). We 

have instead noticed that the minimum residual layer that can be achieved could not be 

reduced below 20-30 nm, even going towards extreme conditions, i.e. increasing pressure up 

to 30 MPa and the temperature up to 200°C. This is probably correlated to the size of the 

PEDOT core in the PEDOT:PSS colloids (~10-30nm)
72

 in the dispersion and in the film. This 

seem to indicate that, while the PEDOT cores could drift in the PSS matrix in the film under 

imprinting conditions, their structure cannot be uncoiled and elongated, as it typically occurs 

in thermoplastic polymers used in the conventional thermal NIL process. Down to 70 nm 

feature size PEDOT:PSS does not show to suffer from squeezed flow issues, but we expect 

imprinting problem approaching the 30nm feature size (which approximately matches with 

the size of the grains visible in some SEM images). 
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2.3.3 Shrinkage of the nanostructures.  

We have performed also a set of imprinting tests with the specific purpose of quantifying 

the shrinkage of the structures as a function of the starting relative humidity and temperature. 

This can be obtained simply by comparing the size of the imprinted structures, with the 

corresponding features in the mold, expressing the shrinkage as the ratio between the size 

variation and the original size in the mold. Reproducible and reliable evaluation of the 

shrinkage requires to work in “partial filling condition”, i.e. with an initial film thickness 

insufficient to fill the cavities of the stamp. Working in “total filling conditions” does not 

provide useful and reproducible indications, since while the material shrinks due to drying, 

there is still material available in the “buffer layer” to enter the cavities. In addition the 

structures should not be deformed during demolding and the imprinting should be complete 

reaching the minimum residual layer thickness, requirements that are limiting the range of 

parameters that could be explored. The tests were performed in the 50-95% RH and 100°C-

150°C range plus the imprinting at 0% RH that showed 0% shrinkage. The results can be seen 

in Fig. 26 and show an approximately linear behavior as a function of relative humidity.  

 

 

Fig. 26: Linear shrinkage of features’ cross-sectional width as a function of the relative humidity set initially 

for the WVA-NIL process, for lines and pillars imprinted at 10 MPa. 
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Also while the results are highly repeatable and no effect of the grating period was seen in 

the 180-500 nm range, some little difference can be seen with temperature and type of 

structures. That difference can be explained by the fact that shrinkage is proportional to the 

water content inside the material at the end of the imprinting step. Lines in the mold have a 

structure that facilitate the evacuation of water in comparison to the array of holes used for 

pillars, and so lines will be dried faster leading to lower shrinkage. For the specific setup used 

and in the range of process parameters explained at the beginning of the paragraph, the 

shrinkage is reproducible and can be controlled and used as a mean to enhance the resolution 

of nanostructures features by up to 25%. 

 

2.3.4 Conductivity. 

To understand the effect of the WVA-NIL process on the material's in plane conductivity I-

V measurements with a 4-point method were done. The samples were prepared by spin-

coating PEDOT:PSS on crystalline silicon wafer with 200 nm thermally grown SiO2, and by 

performing WVA-NIL with flat stamp or with gratings of lines with 250 nm period. As the 

measurements were difficult for the small conductivity of some films, two macroscopic 

contacts with a well defined gap were realized on top of PEDOT:PSS by thermal evaporation 

of 80 nm of gold, using a wire of calibrated diameter as stencil mask to define the gap. The 

measurements were performed with a 4 probe system, to measure the current and the voltage 

on two different couple of probe to avoid the error introduced by contact resistance. The 

structure is sketched in Fig. 27. As gold has far higher conductivity than PEDOT:PSS, the 

total resistance is dominated by the one of the volume h∙W∙L, where L is the length of the gap 

front, h the thickness of PEDOT:PSS layer and W the width of the gap. In the experiment W= 

220 micron (measured by SEM)  L = 1 cm  and h=160nm measured by profilometer. For 

films imprinted with gratings the starting thickness of the film before imprinting was used and 

the resistance was measured in the direction perpendicular and parallel to gratings lines. Gold 

was chosen for the contacts as its Fermi energy is close to the work function of PEDOT:PSS 

making in almost homic contact with PEDOT:PSS (whereas using aluminum a large barrier 

was present leading to a inaccurate and overestimated evaluation of the resistivity by up to 1 

order of magnitude, as reported also by others
73

). The measurements were performed in the 

range from -2 V to 2 V, and the resistance was obtained by a linear fit of the IV curve in the 

same range. From the total resistance (R) of the gap, the resistivity (ρ) and conductivity (1/ρ) 

were calculated as:  ρ = (R∙h∙L)/W. 
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The conductivity was measured for a reference films of 32 nm (obtained with pristine 

PEDOT:PSS dispersion) and 160 nm (obtained with concentrated dispersion) and for three 

different series of WVA-NIL processed films.  The three series were prepared, varying 1 

parameter at the time in the WVA-NIL, among pressure, temperature and relative humidity 

and keeping the other two fixed. 

 

 

Fig. 27: Layout for conductivity measurement, top view and cross section. A1 A2 B1 and B2 represent the 

contacts of the 4 point measurement.  

 

 The first effect observed was that the conductivity is affected by the pre-concentration of 

PEDOT:PSS dispersion. In fact, films spin-coated from the concentrated dispersion showed 

~1 order of magnitude increase in the film conductivity compared to those deposited from the 

pristine dispersion (from 3,6 10
-4 

S/cm to  3,0∙10
-3 

S/cm).  

 

It was found also that the WVA-NIL process strongly influences the PEDOT:PSS in-plane 

conductivity, causing an increase of up to 5 orders of magnitude with respect to the 

corresponding value of the reference film obtained with the pristine dispersion. The 

conductivity increase resulted to be dependent on the relative humidity and temperature with a 

behavior that can be seen in Fig. 28. 
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Fig. 28 In-plane conductivity of PEDOT:PSS films as a function of a) the relative humidity and b) the 

temperature set for the WVA-NIL process. Two non treated films are used as reference, i.e. 32 nm thick film 

(dashed red line) spin-coated from the pristine PEDOT:PSS dispersion and 160 nm thick film (dashed violet 

line) deposited from the pre-concentrated dispersion. The conductivities of the as-coated films are confronted to 

those of films processed by water-vapor-assisted NIL process on thick films (160 nm) using a flat silicon 

substrate for flat imprinting. For temperature test b) also a 250 nm period line gratings silicon mold was used. 

Imprinting for a) series were performed at 150°C and 8 MPa, with varying RH, from 0% to 95%. Imprinting for 

b) series were performed at 8 MPa, 95% RH and different imprinting temperature in the 80 - 175 °C range. The 

lines are guides to the eye. 
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Relative humidity influence was studied with a series of flat imprint performed at 150°C, 

10 MPa and RH variable between 0% and 95%. The result can be seen in Fig. 28a, and shows 

a monotone increase to the RH of the process, starting with nearly no effect at 0% RH to an 

increase of almost five orders of magnitude in the conductivity (up to 37 S/cm) for imprint at 

95% RH. The influence of the temperature instead was studied with a series of imprint with 

gratings of lines (250nm period) and with flat stamp imprinting, performed at 95%RH, and 10 

MPa, varying the temperature between room temperature and 175°C. A strong dependence of 

conductivity on temperature was found with an increase up to 152 S/cm for flat imprinting at 

175°C. However, below 80°C, no change due to the imprinting process was found, and the 

effect appears only at 100 °C. This suggests that this effect may be linked to the confined 

water, “boiling” inside the material and be forced to flow to the sides of the film during the 

process. Moreover, the effect can be seen both in flat imprint and imprint with topography, 

indicating that the change in conductivity is not linked to the shearing of the material inside 

the structures. Quantitatively the increase is even stronger for flat imprint, probably due to the 

more efficient  water confinement by the flat stamp during imprinting. The conductivity did 

show only limited difference if measured along or perpendicular to the lines, due probably to 

the change of section in conduction perpendicular to lines, while no difference at all was seen 

in the two direction of the flat imprinting, elements that indicate the in plane isotropy of the 

effect. 

 

As for the influence of the pressure, a series of imprint, at 95% RH and 150 °C, with 

pressure between 0 and 20 MPa was done. No change was seen in the 2-20MPa region, some 

fluctuations in the results were seen for lower pressure while for no pressure only a very 

limited increase (less than 1 order of magnitude) was measured. This seems to indicate that 

the pressure plays a role only in trapping the water without direct influence on the process, 

which appear instead to be due to water boiling inside the material and consequently 

influenced by temperature and relative humidity. The effect was repeatable, giving a new 

possibility to modify the final conductivity between 3,6 10
-4 

S/cm and 152 S/cm so in a rage 

of more than 5 order of magnitude. 
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2.3.5 UV-VIS. 

To determine if WVA-NIL process changes the absorbance of PEDOT:PSS film, UV-VIS 

transmission measurements were performed, on 160 nm thick PEDOT:PSS film deposited on 

ITO substrates and processed with WVA-NIL in different condition. Both flat imprint and 

imprint with 500nm period line grating were performed, changing relative humidity between 

0% and 95% and temperature between 80°C and 150°C at pressure of 10 MPa, comparing the 

results with the spectrum of the starting untreated 160nm film and 32nm film. The result for 

flat imprint shows almost no change for any of the conditions of relative humidity and 

temperature investigated as it can be seen in Fig. 29 displaying the reference and imprinted 

with the most extreme condition (150°C 95% RH). Nanostructured film instead shows an 

apparent adsorption due to an artifact of the measurement related to diffraction from the 

imprinted gratings. In our setup the angular acceptance into the detector for the transmitted 

signal was not sufficient to include the first or higher diffracted orders. 

 

 

Fig. 29: UV-VIS absorption spectra of ITO-glass slides with 160nm thick PEDOT:PSS layers: non treated 

reference, compared with two films imprinted at 150 °C, 95% RH and 10 MPa, respectively with a flat silicon 

substrate (flat imprint) and with a silicon lines grating with 500 nm period 50% duty cycle and ~2 aspect ratio. 

The absorption of the patterned film is an artifact, part of the light being counted as absorbed simply scattered 

out the acceptance angle of the detector by diffraction from the PEDOT:PSS grating.  
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2.3.6  Ultraviolet photoemission Spectroscopy (UPS) 

Ultraviolet Photoemission Spectroscopy (UPS) measurements were performed at Elettra in 

collaboration with the Dr. Andrea Goldoni and Marco Caputo. The main study consisted of 

measuring PEDOT:PSS 160 nm thick film on ITO/glass substrate, processed by WVA-NIL at 

different temperatures and relative humidity (with pressure fixed at 10 MPa) and comparing 

them to reference flat unprocessed film. Both tests with flat imprint and nanostructured mold 

were performed. The results were similar but with somehow poorer quality for the spectrum 

of nanostructured films. Therefore, imprinting with flat stamp was used to produce the set of 

sample for most of UPS measurements. Also no difference was found in UPS spectrum 

between 32 nm untreated  film obtained with the pristine dispersion and the 160 nm thick film 

obtained with concentrated dispersion, used as starting film for the WVA-NIL process.  

 

The Secondary electron cutoff of the UPS spectrum was analyzed to extract the value of 

the work function (Ф). From the measurement emerged that the WVA-NIL process strongly 

impacts on the PEDOT:PSS work function depending on the temperature and relative 

humidity. Up to 1.6 eV decrease in the work function was obtained as an effect of WVA-NIL 

process, reaching 3.5 eV from an initial value of 5.1 eV of the reference. Relative humidity 

effect was studied fixing temperature at 150°C and varying relative humidity between 0% and 

90%. The resulting spectrum can be seen in Fig. 30. Again, as for the conductivity, no effect 

on Ф was detected at 0% relative humidity, and increasing shifts of Ф were found increasing 

the starting relative humidity of the WVA-NIL process. To understand the effect of the 

temperature other samples were obtained by WVA-NIL at two different temperatures, 80 °C 

and 150°C, the two extreme of the range of interest for the imprinting,  with 90% RH and 10 

MPa fixed. The resulting graph can be seen in Fig. 31 and shows that the effect is 

proportional to the temperature, with an extremely week shift for 80°C, only 0.1eV from 

reference to a stronger shift at 150°C with 1.5 eV from reference. 
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Fig. 30: Secondary cut-off graph of sample imprinted with WVA-NIL at 150°C, 10Mpa and different relative 

humidity. Ф value found by linear fitting of the edge, it’s decreasing with process RH, with no sensible change 

for processing at 0% RH.  

 

Fig. 31: Secondary cut-off for PEDOT:PSS films processed by WVA-NIL at 90%RH, 10 Mpa and different 

temperatures. Ф was found by linear fitting of the edge and it decreases with process temperature. 
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The work function shift seems to correlate with the WVA-NIL process conditions as the 

conductivity does. This may indicate that both effects are probably linked to the same 

morphological change in the film. However, while the sheet resistance of the PEDOT:PSS 

film is determined by conductivity in the whole film, the UPS spectrum and work function are 

heavily influenced by few nanometers (<10 nm) at the film surface. In fact, as already 

mentioned previously (paragraph 2.1.1 page 34), the work function of PEDTO:PSS was found 

to be related to the composition of the superficial layer, with larger values in presence of a 

PSS rich layer (up to 5.65eV) to a lower level in presence of a PEDOT rich surface tending to 

the 4.0-4.2 eV of the pure PEDOT
74

. To better understand if the change is correlated only to 

the superficial change some samples were measured before and after a gentle plasma oxygen 

treatment, aimed at removing just a few nanometers of PEDOT:PSS at the surface. Two 

samples imprinted at 80°C and 150°C both at 90% RH and 10 MPa, with a 300nm period, 2 

AR and 50% duty cycle line pattern, were measured before and after an oxygen plasma 

treatment of  5s and 20s (with the following plasma parameters: 100W RF power on 6” 

cathode, pressure of 0.7x10
-2

  mbar and 115 V bias). The result can be seen in Fig. 32  and 

shows that the oxygen plasma can reverse the effect of WVA-NIL on Ф, bringing it closer to 

the original value (and even exceeding it as for the case at 80°C imprint and 5s of oxygen 

plasma were Ф attains 5,2 eV). The most probable explanation to this is that the layer 

enriched at the surface in PEDOT is removed, exposing layers with PEDOT to PSS ratio 

closer to the bulk value. 
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Fig. 32: UPS spectrum in the region of the secondary electrons edge for samples imprinted with WVA-NIL at 

80°C and 150°C with 90% RH and 10Mpa either without or with further oxygen plasma treatment (5s or 20s). 

Work function value found by linear fitting of the edge shows that oxygen plasma is able shift the Ф value 

towards the 5.2eV of bulk PEDOT:PSS . 

The effect on topography of the oxygen plasma treatment was also checked by SEM as can 

be seen in Fig. 33. Plasma oxygen up to 30 s (Fig. 33B) causes no visible damage to the 

starting structure (Fig. 33A). One order of magnitude longer time (300 s) leads instead to a 

heavy damage of the structure (Fig. 33C). No significant change in conductivity was found 

for oxygen plasma within 30s while for longer time change in thickness and in film continuity 

makes difficult the evaluation of any effect on conductivity. 

 

 

Fig. 33:500nm period round PEDOT.PSS pillars. (A) Starting untreated structure. (B)after 30s of oxygen 

plasma. (C) After 5 minutes of oxygen plasma.    
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In addition to work function, we analyzed also the region of the valence band of the UPS 

spectra for the whole set of samples. The relevant portion of the spectra is shown in Fig 34 

 

From it appears that WVA-NIL is influencing also the states of the valence band in the 

PEDOT:PSS. Upon processing at 150°C and 90% RH, all valence band peaks appear smeared 

out and the onset of the valence band shifts away from the Fermi level by about 2.9 eV (it is 

now at 5.27± 0.05 eV). On the other hand processing at 80°C and 90% RH causes very 

limited effect on valence band with just a slight shift. This effect could be important for OPV 

applications as it influences the barrier that the charges need to overcome to be injected in the 

PEDOT:PSS.  

 

 

Fig. 34: Valence band zone of UPS graph of sample imprinted with WVA-NIL at 80°C and 150°C with 90% 

RH and 10 MPa as imprinted and after 5 s or 20 s of oxygen plasma treatment. The origin of the binding energy 

axis is fixed at the Fermi Lever of the system 

 

As it has been mentioned previously (paragraph 2.1.1) PEDOT:PSS tends to etch ITO, 

dissolving and In and Sn, that diffuse into the PEDOT:PSS layer causing also a decrease in 

work function
43,50

. This effect was observed, not only during the spin coating but also at RT 

for long times of exposure of the film to moisture, and WVA-NIL, even if it requires a limited 

time of exposition to moisture, is also performed at higher temperature, so it is possible that in 

part the effect on the density of states and work function induced by WVA-NIL could be 
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traced to an unintentional doping with In and/or Sn. 

 

To check the above hypothesis, few additional measurements were performed by WVA-

NIL processing PEDOT:PSS films deposited on silicon substrate, to compare the results with 

the case of films on ITO/glass. The region of the secondary electron edge of the UPS spectra 

is plot in Fig. 35. While the work function we measured for PEDOT:PSS reference films on 

ITO agrees with those in literature (5.0 - 5.2 eV), the sample with Silicon surprisingly shows 

work function of 5.75 eV, i.e. significantly higher than what is commonly reported. Silicon is 

not normally used as a substrate for PEDOT:PSS UPS mesuraments, and we could not find 

data in the literature to compare with our value. The difference may be due to the absence of 

unintentional doping by In and Sn or to the formation of a thicker PSS surface layer when 

PEDOT:PSS is spin coated on a Si substrate. Nevertheless, Ф as high as 5,65eV had been 

already reported by another group,
39

 which could obtain this value by different means on ITO 

with standard PEDOT:PSS. As for the effect due to WVA-NIL, the dependence of work 

function on the relative humidity and temperature is preserved, even though the range resulted 

slightly reduced and shifted to higher work function levels due to the higher starting point of 

the reference.  

 

 

Fig. 35: UPS spectrum in the secondary electrons cut-off region for PEDOT:PSS film on Si flat imprinted 

with WVA-NIL at different temperature and relative humidity at 10 MPa of pressure.  
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No significant effect was seen on the valence band this time as it can clearly be seen in Fig. 

36, suggesting that the previews value were probably due to the In and Sn doping. 

 

 

Fig. 36: Valence band region of the UPS spectrum for 160 nm thick PEDOT:PSS film on Si, processed by 

WVA-NIL with a flat stamp at different temperatures and relative humidity at 10 MPa of pressure. The origin of 

the binding energy axis is fixed at the Fermi level. 

 

 

2.3.7 Additional experiments and observations. 

To better understand the mechanical behavior of PEDOT:PSS at different relative humidity 

and temperature conditions, and the effective importance of water's trapping, additional 

experiments were performed. 

 

Nanostructured PEDOT:PSS films were subjected to different processes in order to assess 

the stability of the structures to humidity, temperature, mechanical stress and solvents. The 

first experimental observation was that nanostructured films exposed to high humidity (95-

100%) loose trace of any pattern within few minutes, even with no force applied and at room 

temperature. The material has not even been able to keep its shape due to the softening caused 

by water uptake. On the other hand the nanostructures were able to withstand annealing 
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processes at rather high temperatures. No visible change was detected by SEM in structures 

undergoing thermal cycles to 250 °C in glove box up and up to 150 °C in air, for 12h. Also 

the resistance of the structures to several solvents used for the deposition of donor and 

acceptor materials used in organic photovoltaic cells was tested by 2 min dipping in pure 

solvent.  No sign of change in the morphology was detected in the case of dichlorobenzene, 

Chloroform, dimethilformalmide (DMF) and dichloromethane when the tests were performed 

in glove box. When the same processes were done outside, in presence of high environmental 

humidity some deformation can be seen. It’s not clear if this can be ascribed to some 

cooperative effect of the water and solvents or some other effect as hydrodynamic or pressure 

effects that can affect high aspect ratio nanostructures of soft material dipped in solvents 
75

 

but is clear that the water weakens the resistance of the substrate to solvents. For this reason 

all the solution processing deposition performed on PEDOT:PSS in this work, were executed 

on dry PEDOT:PSS inside the glovebox. 

 

Imprinting with flat stamps was  performed, at different temperature and relative humidity 

on nanostructured PEDOT:PSS films. While this experiment was more interesting for the 

effect on optoelectronic properties of the material, also from the topography point of view few 

interesting elements were obtained. For RH, pressure and temperature levels that were 

sufficient to create a topography on a flat film, obviously was true the contrary, i.e. that 

imprinting with flat stamp flattened the nanostructured PEDOT:PSS film. However, more 

interesting was the result of flat imprinting on dry structure. It was seen that with 0% RH a 

flat imprint at 20 MPa and 150°C, no deformation to the structures can be seen. Even in the 

case where the process is performed in open atmosphere at 70% RH, if the pressure is applied 

after the temperature has reached 150 °C no deformation of the structures is observed. This 

explains why Htay Hlaing et al. with their version of WVA-NIL process 
70

 could achieve only 

extremely limited aspect ratio. In fact, they were performing an imprinting as usually in 

thermal NIL process, increasing the pressure only once the temperature is reached, so without 

paying attention to the trapping the water inside the film, a fact that revealed to be vital for the 

process. 

 

It is clear that the hydration of the material is a function of both environmental RH and 

film temperature, because the heating dries the material even if exposed to wet atmosphere, 

but atmosphere RH is still able to make a difference. This is compatible to the behavior of a 

psychrometric process. Relative humidity, temperature, moisture content and so condensation 
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and evaporation process in a given environment are regulated by a psychrometric chart (Fig. 

37). Pre-heating the sample, before applying the pressure, works as a “sensible heating” 

psychrometric process: the temperature is increased keeping constant the quantity of water 

(no substantial quantity of water added or removed), resulting in a reduction of relative 

humidity. On this subject no systematic study was performed as a specific setup is needed, but 

with a few tests it was found that pre-heating and stabilizing the temperature of the sample 

above room temperature, leads to results that are compatible with the RH value calculated by 

the corresponding sensible heating, with imprinting result and conductivity in line with a 

normal process started at room temperature and this new RH value. A quantitative study of 

this effect is not in the scope of this work but a possible topic for future studies. 

  

 

Fig. 37: Psychrometric chart for water at 1 atm pressure. If the system is in condition (A) at 20°C and 90% 

RH, a sensible heating with constant moisture content (or humidity ratio) is represented by an horizontal 

movement on the chart, leading for example for an increase of temperature by pre-heating from 20°C to 40°C 

(point B), to a decrease of RH from 90% to 30%. 

  

Another important element is represented by the contact between the film and the mold. It 

has been seen that uniform pressure ad perfect contact is necessary to trap efficiently water. 

Local defect of the film may cause imperfect contact in some regions, and thus not optimal 

water trapping and local transport of water. This leads, for WVA-NIL process at high relative 

humidity (75%-100%) and temperature over 100°C, to defects or damages probably caused 
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by the flow of boiling water, on the nano-, micro-, and millimeter scale. 

 

This problem is particularly visible with flat imprinting as it has only a limited effect on 

flattening big scale dishomogeneity and the vapor can escape only trough the edge. 

Nanostructured mold instead are penetrating the material, insuring a better contact, and the 

stamps have structures that can act as exit path for the overheated water vapor, so this kind of 

defect are rare. This effect is enhanced if the flat imprinting is performed on a substrate with a 

not perfectly flat surface, like a glass with ITO. Some example can be seen in Fig. 38 

 

 

Fig. 38 Flat imprint performed at 150°C, 95% RH and 8 MPa. With Si substrate, in a defect free zone (A) 

and near a defect (B) where a wide zone around the defect present strange pattern on the film probably due to 

boiling water trying to escape. With a glass substrate that have a rough surface and it is not able to trap the 

water efficiently leading to disruptive effects by boiling water (C).  

 

Another example of damages to the film due to water evaporation it has been seen when a 

film in equilibrium with humid air (50-100% RH) is subjected to a too fast pressure reduction. 

This happen for example when the samples are taken to the glove box, and they need to pass 

thought the load lock where the atmosphere is evacuated and subjected to nitrogen purging 

cycles. It has been seen that the standard cycles with our load lock damage the film as can be 

seen in Fig. 39. The water is extracted too fast from the PEDOT:PSS layer, causing circular 

defect zone where the film is detached from the substrate, deformed like crumpled cloth. To 

avoid this, the load lock was modified with a bypass to slow down the vacuum, avoiding 

completely the problem. 

 



 WVA-NIL process - Results. 

 

Radivo A.  75 

 

Fig. 39: SEM micrograph of vacuum damage on an imprinted film. On the left a zoom on a damaged zone at 

45° view, on the right top view of the film. 

 Another element to be always taken in consideration is a uncovered  thin film equilibrates 

with environmental RH in few seconds, and in our test not “persistent” effect obtained by 

dehydratation or hydrating were seen like claimed by other groups 
28

. For our process means 

that the stabilization time at high humidity, and keeping high humidity during the heating of 

the process have a limited effect. What is really defining the RH of the process is the relative 

humidity the film is exposed in the few seconds immediately before being covered with the 

mold and applying the pressure. For the high humidity process, as the positioning procedure 

requires an open in the sealing, this steps must be done with caution, and measuring the RH 

during the positioning to acquire the RH value to define the process.  
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2.4 PEDOT:PSS nanostructured electrode - Conclusion. 

 Our initial hypotheses about the working principle of the WVA-NIL process were  

confirmed and the process can be controlled simply by two parameters: maximum bake 

temperature and starting relative humidity. Water absorbed in PEDOT:PSS acts as a 

plasticizer and its amount is in equilibrium with the moisture in the environment. This 

equilibrium depends on the relative humidly of the environment and the temperature of the 

film seems to follow the psychrometric diagram of the water (in air at 1 atm). For a thin-film 

exposed to environment the equilibrium is reached in few seconds, but by partially trapping 

the water is possible to slow down the process and, with a reasonably fast heating, reach a 

meta stable condition with both high temperature and high water content. Exploiting this 

effect with WVA-NIL was possible to obtain high quality structures with up to 6 aspect ratio 

and 70nm features, an unprecedented result to our knowledge. We have confirmed that the 

indentation is completed in the first few minutes with the material still wet. Most of the 

drying happens with the structures already formed leading to “shrinkage” of the structures, an 

effect that can be exploited to reduce the friction during the stamp separation step, avoiding 

demolding damages. This shrinkage is a function of the starting relative humidity and can be 

controlled and used as an effective mean to obtain structures features up to 25% smaller than 

the ones defined by the mold.  

 

Form our experiments emerged also that the WVA-NIL process causes a dramatic change 

in conductivity and work function of the PEDOT:PSS. We have found that these effects are 

unrelated with the nanostructures obtained or with the material flow but caused only by the 

water trapped and heated inside the material. As result, using a suitable mold, is possible to 

change the electronic properties of selected areas of the material. The conductivity increases 

with temperature and relative humidity, with no change for 0% RH, or for T under 100°C and 

reaching an increase up to over 5 order of magnitude from 3,6∙10
-4

 S/Cm to 152 S/cm for an 

imprinting at 95% RH and 175°C. The work function instead decreases with T and RH, with 

again no change for 0% RH, and decreasing from 5.1eV of the reference film to 3.5 eV for an 

imprinting at 150°C and 95% RH on ITO substrate. The results on Silicon quantitatively 

differ from those on ITO where the dissolution of In and Sn by the acid PEDOT:PSS and their 

diffusion inside the film causes a doping of PEDOT:PSS. However the Ф trend was found to 

be similar confirming the presence of a structural effect unrelated from the unintentional 

doping. Both these effects are of technological interest to the use of PEDOT:PSS as an 
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electronic material. Controlling the work function of PEDOT:PSS opens the possibility to 

obtain a homic contact with different active layer materials or even use PEDOT:PSS both as 

an anode and as a cathode. As already mentioned in (reference) highly conductive  

PEDOT:PSS can be easily used to substitute the high cost ITO as a transparent contact 

material. This can be already achieved with specific PEDOT:PSS dispersion, often heaving 

higher cost or lower film forming capability. The advantage of using WVA-NIL as a mean to 

increase PEDOT:PSS conductivity is that also dispersion optimized for their film forming 

capability, can be used and  is possible to obtain a pattern of high conductivity on the film. As 

conclusion of all the characterization emerged that WVA-NIL in one step is able to imprint 

the PEDOT:PSS with a controlled shrinkage and maximum aspect ratio, increasing its 

conductivity and reducing its work function. All those effect are reproducible and controlled 

by two parameter (T and RH) so it was possible to draw a diagram in T and RH (Fig. 40). 

With this diagram is possible to determine the right process parameter to obtain the desired 

imprinting result, conductivity and work function. This diagram is setup specific, defined by 

the fixed parameter as imprinting pressure and heating rate, but that can be easily defined for 

other setup following the same procedure.  

 

Fig. 40: Graph of WVA-NIL proposed in Fig. 24A with the indication of conductivity (σ) and work function 

(Ф)and shrinkage obtained in different imprinting condition. 
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As a consequence of being all the effect function of the same parameters these effects 

result to be coupled and they can’t be controlled separately. This complicates the application 

introducing some trade-off for some application, especially for the nanostructured OPV, 

where the dependence between Ф and the imprinting result is problematic. For this reason, 

resulted to be of particular importance the finding that with oxygen plasma is possible to 

reverse the effect on work function without altering significantly the other parameter. Doing 

so, is possible to partially decoupling the work function by the other parameters. As future 

work a third sensible control parameter will be studied: the heating speed. Preliminary tests 

have shown that this parameter can be useful to partially decouple those effects,  increasing 

the aspect ratio obtainable with a given T-RH, keeping the effect on conductivity but 

hindering or even blocking the effect on work function.  

 

Tests performed on dry nanostructured PEDOT:PSS have shown that the nanostructures 

are able to withstand temperature at least up to 150 °C, high pressure, mechanical stress, and 

the solvents that are typically used for the deposition of active layers in bulk heterojunction 

OPVs. This confirms that the nanostructures can survive the processes needed to complete the 

desired OPV architecture. Additionally, since dry PEDOT:PSS is hard at temperatures used to 

imprint most of the conductive π-conjugated polymer, it’s possible to indent PEDOT:PSS 

nanostructures into the active layer, opening new fabrication possibility for nanostructured 

OPV. 
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3 NANOSTRUCTURED ACTIVE LAYERS. 

This chapter is dedicated to the fabrication and characterization of nanostructured active 

layers for OPVs. Following architectures proposed in paragraph 1.3.2 (page 29), PEDOT:PSS 

nanostructures, fabricated as described in the previous chapter, are used as framework to 

nanostructure the active layer. Here, we will present the deposition of conformal layers of 

donor materials by high vacuum thermal evaporation or solution processing, followed by a 

step of over-coating and filling of the structures with acceptor materials. The filling of the 

PEDOT:PSS structures directly with the blend of A/D material used for BHJ cell will also be 

tested. Moreover, an additional experiment on direct nanopatterning of the active layer for 

hybrid solar cell will be described. Problems and limitations of the different approaches 

investigated will be discussed along with the results obtained with the most promising 

structures type. 
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3.1 High Vacuum (HV) thermal evaporation: 

This section is dedicated to the use of HV thermal evaporation of the active materials. HV 

thermal evaporation is a well-established and common technique for the deposition of a wide 

range of materials that allow a fine control of the film thickness down to sub-nanometer 

resolution. Moreover, using masks to shadow part of the substrate, the deposited material can 

be patterned to define the device layout. This technique, particularly suited for the fabrication 

of multi-layer devices, is already used in OPV cells to deposit the metallic electrodes, active 

layers of organic “small molecules” and hole blocking layers. For these reasons HV thermal 

evaporation is a strong candidate to deposit active layers for the fabrication of nanostructured 

OPV architecture proposed in this work. 

 

3.1.1 HV thermal evaporation setup and calibration. 

For this work a custom made thermal evaporator designed and realized by our research group
5
 

was used. The equipment is a multi source HV thermal evaporator, connected to a glove box, 

for loading/unloading samples under inert atmosphere (N2). The scheme of the evaporation 

chamber can be seen in Fig. 41. The samples are fixed to a sample holder that can hold up to 

nine 25x25 mm samples, with interchangeable masks to obtain patterned depositions. The 

sample holder can be exchanged to fit of samples of different sizes and shapes (Si wafer, or 

free form samples). The sample holder can be rotated along an axis to vary the angle at which 

atoms or molecules impinge onto the substrates. A number of 6 sources for organic small 

molecules and 3 for metals are present in the evaporator, which enables the evaporation of 

multi-layered structures without breaking the vacuum (3∙10
-7

 mbar).  
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Fig. 41: Scheme of the core element of the evaporator’s vacuum chamber. At the different mutually 

orthogonal arms are connected the following objects: a turbo-molecular pump (Pfeiffer, TMH261YP); a flange 

supporting 3 sources for metals; a flange supporting a set of 6 sources for organics; a roto-translating arm 

supporting the sample holder to translate sample from the glove-box into the evaporator and orienting the 

samples towards the desired source (and control evaporation angle); a viewport; and quartz crystal 

microbalance (QCM) feed through. 

 

The deposition is monitored by a quartz crystal microbalance (QCM), using physical 

parameters found in literature and geometrical parameters calculated from the knowledge of 

source and sample relative positions. To calibrate the deposition’s thickness and quality, test 

evaporations of all the material were performed. The thickness measurements were performed 

by AFM, on the edge of the deposition to check also the sharpness and precision of the 

shadowing effect. An example AFM profile of a pentacene deposition can be seen in Fig. 42. 

From those experiments emerged that the error in deposition thickness is acceptable (error 

within 5% for all the materials) as the extension of edge’s slope (than 1 micron). 

 

 

Fig. 42: AFM image of a 60 nm step obtained by shadow-deposition of pentacene, used for the calibration of 

QCM of the evaporator. 
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3.1.2 HV thermal evaporation of organic photo active material 

on PEDOT:PSS nanostructures. 

Two donor materials were tested to obtain a conformal layer on PEDOT:PSS structures by 

HV thermal evaporation: Copper phthalocyanines (CuPc) and Pentacene. Copper 

phthalocyanines are already used with success in OPV, normally combined with C60 to 

obtain cells that have efficiencies up to 4% in planar bi-layer layout.
76,77

 Pentacene is also 

used in OPV, combined with fullerenes C60 
(78,79 and ref. within)

 with slightly lower efficiencies, 

though it is also used in organic field effect transistors
80

, humidity sensors
81

, exhibiting good 

adhesion
51

 and electrical contact 
52

 to PEDOT:PSS. 

 

The high directionality of the evaporation process resulted to be the main limiting factor to 

achieving a good conformal coating on the nanostructured PEDOT:PSS. With ideal fully 

directional deposition, obtaining a layer both conformal and with homogeneous thickness on a 

structure that has surfaces oriented in different directions requires depositions from multiple 

directions. Moreover, because for this project high aspect ratio and closely packed structures 

are required, the process becomes geometrically impossible due to shadowing effects. The 

problem is illustrated in Fig. 43. 

 

 

Fig. 43: Representation of PEDOT:PSS structures in cross section (green) and deposition of an active donor 

material (yellow). Direction of deposition indicated by red arrow. On the left: Isolated structures can be covered 

by a conformal layer of homogeneous thickness by two depositions performed at two different angles of 

incidence. On the right: Highly packed structures cannot be covered entirely due to shadowing effect.  

 

In the real process the directionality of the deposition is not perfect as atoms or molecules 

once deposited can diffuse on the surface of the substrate, and nucleate and grow as 

crystalline or amorphous structures. The resulting morphology vary depending on the 
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deposited material, the substrate and deposition parameters as substrate temperature, 

evaporation rate and deposition direction. 

 

In the available home-made setup one key aspect of HV thermal evaporation, the substrate 

temperature, could not be controlled, therefore the tests were done changing evaporation 

angle and deposition rate. Tests with CuPc at different deposition rate in the 0.1 Å/s to 0.5 Å/s 

range have shown high directionality. Therefore, no conformal coating could be obtained on 

nanostructured surfaces. 

 

 Infiltrating the structures with C60 or C70 was also attempted (with normal incidence flux, 

and in the same range of rates), but alignment errors and self shadowing (the growing 

deposition on the top of the structure shadows the deposition on the bottom of the structures) 

made difficult to obtain the desired filling without voids or a flat top surface. An example can 

be seen in the SEM cross section micrograph in Fig. 44.  

 

 

Fig. 44. Top: cross-sectional SEM micrograph of a normal incidence deposited film of 25 nm of CuPc and 25 

nm of C60, both deposited at 0.2 Å/s rate, on a substrate of PEDOT:PSS nanostructured as 180 nm period lines 

grating. Bottom: same image with highlighted PEDOT:PSS (green) and evaporated material (brown). It is 

evident that the high directionality of the evaporation process, the low diffusivity of both CuPc and C60, and 

shadowing result in a non-conformal deposited layer and the formation of voids. 
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3.1.3 Pentacene HV thermal evaporation. 

 Pentacene film deposited by HV thermal evaporation grows differently from CuPc and 

fullerenes. We discovered that this makes it possible to use pentacene to produce conformal 

layers on PEDOT:PSS nanostructures. On polymer substrates, such as PEDOT:PSS, 

evaporated pentacene tends to diffuse on the surface (Fig. 45A) nucleating in crystalline 

monolayer islands (Fig. 45B) that grow in size laterally (Fig. 45C) while new layers can 

nucleate on top of a previous layer (Fig. 45D). This  2D-3D growth mechanism was well 

studied by Mayer et al.
82

 describing it as: “A distributed-growth model, according to which 

pentacene molecules adsorbed on the nth layer can either nucleate and contribute to the 

growth of the (n+1)th layer or transfer downward and contribute to the growth of the nth 

layer”. 

 

 

Fig. 45: Cartoon illustrating the layer by layer growth of pentacene films. 

As result on a flat substrate the deposited film consists of islands with terraces with 

anisotropic and fractal structure 
83

 typical of pentacene. An example can be seen in Fig. 46.  
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Fig. 46: SEM micrograph with a top view of 50nm pentacene deposited at 0.5 Å/s on flat PEDOT:PSS 

substrate. Terraced pentacene islands are clearly visible as their anisotropic growth along the plane.  

The topography of the substrate has a great impact on nucleation and growth of pentacene 

crystalline islands, influencing their nucleation position, orientation, and limiting their size, as 

already reported for the case of pentacene on PEDOT:PSS with different superficial 

roughness.
84

 Moreover, the deposition rate has strong influence on the deposition results. 

Increasing deposition rate increase the nucleation speed more than the growth speed, leading 

to smaller crystal domains.
85,86.

It also influence the equilibrium between the growth of nth 

layer and the nucleation of the (n+1) layer, an effect that can be used to control the ratio 

between vertical and horizontal growth. It has been also reported that pentacene molecules 

has weak interaction with PEDOT:PSS, which results in a high diffusion of the molecules on 

the surface and to a layer of high crystallinity.
87

 This fact also makes pentacene a good 

candidate for the formation of conformal layer on a nanostructured surface.
 

 

Different tests of pentacene deposition were made on PEDOT:PSS nanostructured 

substrates, varying the types, periods and sizes of the structures, and the deposition rate from 

0.08 Å/s to 1 Å/s. Moreover, the deposition was performed from a single fixed direction 

(perpendicular to the substrate) or using multiple incidence angles between 0° and 45° 

(measured as deviation from the perpendicular direction). Films morphology was 

characterized by SEM and AFM. 

 

At 1 Å/s rate the pentacene tends to nucleate at fast rate only on the areas of the surface 
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directly exposed to the flux of molecules. Therefore, at high deposition rates, conformal 

deposition in densely arranged nanostructures was not possible. Nevertheless it was found 

that the substrate can guide and influence the growth in an interesting way. At high deposition 

rate smaller and taller crystalline domains are formed. In Fig. 47A-B a 1 Å/s deposition at 0° 

angle of 50 nm pentacene was performed on PEDOT:PSS pillars with square section arranged 

in 180nm period square array. As it is visible in Fig. 47A Pentacene islands nucleate on the 

top of the PEDOT:PSS pillars, forming a regular array of pentacene columns. From Fig. 47B 

is possible to see that the material is not deposited on the vertical sidewalls of PEDOT:PSS 

pillars and only a thin layer is present at the bottom caused by the shadowing due to the 

pentacene crystal growing on the top of the pillars. Using wider spaced structures, e.g. a 

grating of 500nm period as shown in Fig. 47C-D, crystal were found growing on the top of 

the pillar and on the bottom surface.  

 

 

Fig. 47: SEM micrographs of a 50nm of pentacene deposited at 1 Å/s on nanostructured PEDOT:PSS: A-B 

180nm period Square section pillars, ~2 aspect ratio; C-D  500 nm period round section pillars, ~2 aspect ratio; 

A-C are top view, B-D 45° view. 
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On the bottom surface morphology is consisting of crystal domains with terraced islands 

similar to the one obtained on flat substrate but limited by the presence of the pillar in their 

lateral growth. Also in the case of large periods no deposition on the vertical surfaces was 

observed (Fig. 47D). 

 

By lowering the evaporation rate (to 0.6 - 0.2 Å/s), the deposition on pillars is still 

determined mainly by the molecules landing site, as visible for both densely packed (Fig. 

48A) and sparse (Fig. 48B) structures. As the previous test only the top of the pillars and the 

bottom surface are covered however, the coating is more conformal, at least with the top of 

the pillars.  

 

 

Fig. 48: 45° view SEM micrograph of Pentacene deposition on nanostructured  PEDOT:PSS with: (A-C) 180 

nm period square section pillars, 50% duty cycle, ~2 aspect ratio; (B-D) 500 nm period round section pillars, 

50% duty cycle, ~2 aspect ratio; Evaporation executed with singular direction at 0° (A-B) and multi direction 

20°/0°/-20°(C-D).  
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Moreover, this effect is enhanced lowering the deposition rate from 0.6 Å/s (Fig. 48B) to 

0.2 Å/s (Fig. 48A). To improve this result multi directional deposition at 0.2 Å/s, was tested. 

With deposition by 3 different angle at +20° / 0° / -20° respect the vertical direction was 

possible to obtain a good coverage and conformal coverage of both packed (Fig. 48 C) and 

sparse (Fig. 48 D) pillar structures. 

 

Pentacene deposited on PEDOT:PSS substrate with close packed lines structures at high 

deposition rate (1 Å/s), gives similar results as for the case of PEDOT:PSS pillars. Small 

pentacene crystals, all of approximately the same size grow aligned on the on the top of the 

lines Fig. 49.  

 

Fig. 49: SEM micrographs of a 50nm of pentacene deposited at 1Å/s on nanostructured PEDOT:PSS with 

180 nm period line grating, AR ~2. 45°(left) and top view (right). 

 

However, at lower deposition rates the results on line gratings differs from the ones of the 

pillar structures. Deposition at 0.5-0.6 Å/s though still affected by shadowing, results in a 

significant amount of deposited material also on the side walls of the structure even for 

evaporation at normal incidence angle (Fig. 50 A). It’s not clear the reason of this effect but 

probably the more confined geometry is able to trap between the lines pentacene in gas phase 

or constrain the diffusion along the surface and cause a sufficient local concentration increase 

to trigger the nucleation. Moreover, a multi directional deposition (+20° / 0° / -20°), at lower 

evaporation rate (0.2 Å/s), leads to the formation of large crystal flakes with a broad 

distribution in orientation. This can be seen in (Fig. 50 B) that have well formed pentacene 

layers on the whole lines surfaces, but crystal are over boarding the structures surfaces, the 

orientation of the crystal domains becomes highly disordered. This becomes even more 

pronounced at very low deposition rates, 0.08 Å/s as thin and large scale of pentacene are 
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obtained (Fig. 50 C). For line structures with aspect ratio between 0,5 and 1,5 a normal 

incidence deposition at 0.2 Å/s rate resulted to be the optimal procedure, leading to an 

extremely ordered and conformal depositions as can be seen in Fig. 50 D. For lines structures 

over 1,5 aspect ratio, obtaining a conformal layer become more difficult as crystals of 

different dimensions are necessary to cover the horizontal and vertical surfaces of the 

structures, thus imperfect coverage or crystals over boarding of the surfaces are inevitable.  

 

Fig. 50: SEM micrograph at 45° view of PEDOT:PSS line gratings deposited with pentacene. (A) 500nm 

period line gratings, with vertical deposition at 0.53 Å/s of 50 nm pentacene. (B) 180 nm period line grating, 

with multi directional 20° / 0° / -20° depositions at 0.2 Å/s of 25 nm pentacene. (C) 180 nm period line grating, 

with vertical deposition at 0.08 Å/s of 25 nm pentacene. (D) 250 nm period line grating with vertical deposition 

at 0.2 Å/s of  25 nm pentacene. 

 

The deposition of C60 on pentacene unfortunately behaves as on PEDOT:PSS, the filling 

resulted to be not possible. In Fig. 51 a sample line pattern with deposition of Pentacene and 

C60 is shown, making easy to compare the result of the two different growth mechanisms. 

The filling of the structure by solution processing and PCBM will be presented in the next 

section. 
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Fig. 51: SEM cross section image of PEDOT:PSS grating of lines with 500 nm periods, with nearly 

conformal coating with 50 nm of pentacene and 30 nm thick non-conformal film of, C60.Bhoth the material were 

deposited by vertical deposition at 0.2 Å/s For easier interpretation colors corresponding to the different 

materials are superimposed to the original SEM image. 
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3.2 Solution processed deposition. 

This section deals with solution processing techniques for the deposition of soluble active 

materials, in particular with the target of obtaining conformal deposition or filling of 

PEDOT:PSS nanostructure. Solution processing techniques like spin coating, doctor blading, 

ink jet printing  are well established in organic material processing, because they are simple 

and cheap, ensuring a good control on films thicknesses. Moreover, solution processing is the 

system used for the production of BHJ cells, the current most successful OPV’s architecture
(19

 

and ref. within)
 and a wide variety of conjugated polymer as donor and several fullerene as 

acceptors, soluble in common solvents, can be processed by these techniques. For this reason 

solution processing is a good candidate technique for the fabrication of nanostructured OPV 

architecture proposed in this work. 

 

 

3.2.1 Materials and solution. 

Solution processing is a widely used class of techniques for the deposition of organic 

semiconducting material. Therefore, many solvents-materials combination were already tested 

in literature for this purpose. However, most of the studies were performed depositing flat 

layers of organic materials on flat PEDOT:PSS layers.  

 

In this project the deposition condition and the desired results are different: 

 The donor material needs to be deposited on nanostructured substrate of 

PEDOT:PSS, in a conformal and ideally uniform in thickness layer; 

 The acceptor material needs to be deposited, on the conformal donor layer, without 

damaging it, filling and fully covering the nanostructures with a flat over layer of 

controlled thickness.  

 The blend A/D solution for BHJ cell needs to fill completely the PEDOT:PSS 

structures. 

 

Moreover the substrate should be wetted by the solution to ensure uniform spin-coated 

films and the solvent should not alter the structures formed on the previously deposited and 

patterned layers. So direct experimentation of deposition using different solvents, changing 
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the concentrations and the active materials were performed to better understand the problem. 

As solvents were used: chloroform, dichlorobenzene, dichloromethane, Dimethylformamide 

(DMF). As donor we worked with Poly(3-hexylthiophene-2,5-diyl) (P3HT) and Poly[2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophenediyl(9,9-dioctyl-9H-9-silafluorene-2,7-diyl)-2,5-

thiophenediyl] (PSiF-DBT). As acceptor we used the fullerenes Phenyl-C61-butyric acid 

methyl ester (PCBM 60),  (6,6) Phenyl-C71-butyric acid methyl ester (PCBM70) and indene-

C60 bisadduct (ICBA). All those material are widely used and tested for BHJ cell.  

 

The solution were prepared, stored and used inside a nitrogen filled glove box. To achieve 

full dissolution of polymers and molecules, the solutions were hot stirred in sealed vials for at 

least 24 hours before use. The temperature maintained during stirring was set between 30-

80°C depending to the boiling point of the solvent used. Solution concentration between 5 

mg/ml and 40 mg/ml and spin coating rotational speed between 500 rpm and 3000 rpm were 

tested. The stability of the various nanostructured layers was assessed, by immersion in pure 

solvents for 2 minutes, followed by SEM inspection.  

 

3.2.2 Filling of pentacene covered PEDOT:PSS nanostructures. 

Pentacene is normally coupled to C60 in OPV cells
 (79

 
and ref. within)

 and the deposition of the 

acceptor material is performed by evaporation. Only in few works the acceptor is processed 

from solution, depositing PCBM by spin coating on Pentacene films. Pentacene-PCBM planar 

bilayer cell achieving 0.87% efficiency were obtained by Reddy et al.
87

, and infiltration of 

pentacene nano column array structure with the same material deposited from chloroform was 

performed by Yu et al. 
88

 Even if the efficiency obtained in literature with this combination of 

material is low as no better candidate were found in literature, PCBM[60] was selected as 

acceptor material for our tests for the time being.  

 

Pentacene film morphology was found to be resistant to all the solvent used in this work. 

In fact pentacene on nanostructured PEDOT:PSS showed no morphological change after 2 

minutes immersion in chloroform, dichlorobenzene, DMF and dichloromethane.  

 

Wetting its surface with the acceptor solution proved to be instead much more problematic. 

Pentacene is generally not wetted well by all solvents that were tested. Spin coating at speeds 

over 1500 rpm lead to nearly no deposition, with most of the material projected away from the 
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substrate with the solvent.  For speed over 1000 rpm still some problems of dewetting are 

present, causing inhomogeneous deposition and local dewetting especially at low PCBM 

concentrations (Fig. 52). Lower rotational speed and concentration above 10 mg/ml generally 

reduce the above problems though results in a worst control of film thickness. Increasing too 

much the concentration instead, causing problem for infiltration (Fig. 53).  

 

 

Fig. 52: Infiltration test with 10 mg/ml PCBM solution in chloroform at 1000 rpm on 25 nm pentacene 

conformally deposited on nanostructured PEDOT:PSS.. 

 

 

Fig. 53: Infiltration test with 25 mg/ml PCBM solution in chloroform at 500 rpm on 25 nm pentacene 

conformally deposited on nanostructured PEDOT:PSS. A thick layer is formed on top of the lines while empty 

space is left in the trenches likely due to wetting issues. 

 

The optimal conditions for infiltration were found to be 500-1000 rpm rotational speed and 
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concentration in the 10-20 mg/ml range. Moreover, the choice of the solvent is critical for the 

infiltration, as faster evaporating solvents like chloroform or dichloromethane give thicker 

layer but also more inhomogeneous results. The optimal parameter needs to be calibrated for 

the specific structure to infiltrate, making this process time consuming and leading often to 

unsatisfactory results (Fig. 54 A). Even in case that filling is obtained (Fig. 54 B) the coating 

is not exempt from local defects and pin-holes. These kinds of defects are detrimental to cell 

efficiency as the pentacene or even worse the PEDOT:PSS are in contact directly with the 

aluminum cathode, resulting in a short circuit.  

 

 

Fig. 54: SEM image of a PEDOT:PSS line grating 180 nm period and ~2 AR, with 25 nm deposition of 

pentacene. Filling test with (A) 20 mg/ml 1000 rpm in dichlorobenzene, (B) 13 mg/ml 800 rpm in chloroform.  

 

The filling by spin coating, already unreliable for lines structures of moderate aspect ratio, 

become even more problematic for pillars structures and high aspect ratio structures that 

“emerge” from the film. Therefore a different approach was tested. 

 

Instead of depositing by spin coating we tested a new process that we have named  

“Solvent Evaporation through PErmeable Membrane” (SEPEM). The idea is to trap by 

capillarity the solution between the substrate and a membrane, through which the solvent can 

be extracted, leaving behind the dissolved material, i.e. PCBM in the present case. Applying a 

gentle pressure the excess of solution is “squeezed out”, while the amount of deposited 

material is controlled by the solution concentration. As a permeable membrane we used 

25x25x5 mm Polydimethylsiloxane (PDMS) blocks with 2 very smooth planar surfaces: one 

was put in contact with the solution and the substrate to fill, the other with a silicon or glass 
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back rigid substrate to apply the pressure. PDMS was chosen as it can absorb dichlorobenzene 

and chloroform, it’s soft enough to adapt to the surface and transfer the pressure uniformly 

and is possible to obtain extremely flat surfaces with it. The process scheme is shown in Fig. 

55. 

 

 

Fig. 55: SEPEM process. On the left the solution with poor wetting of the substrate is not infiltrating the 

structures but is trapped between PDMS and substrate by capillarity forming a layer of uniform thickness. After 

evaporation/absorption of the solvent trough the PDMS, the more concentrated and viscous solution flows into 

the structures helped by a gentle pressure applied. The process is much slower than spin coating and is 

pressure-assisted, thus infiltration occurs more easily.  

 

SEPEM process was tested with PCBM solution in dichlorobenzene with concentration 

between 5 to 20 mg/ml. It was confirmed that the solution dries through the PDMS and that 

the concentration can be used as a system to control filling and film thickness. Also in this 

case calibration is needed to avoiding partial filling (Fig. 56A) or excessive over coating (Fig. 

56B). Good filling results were obtained by this process both on pillars (Fig. 56C-D) and lines  

(Fig. 56E), and with uniform results over macroscopic areas (Fig. 56F). Critical to the results, 

is the application of the pressure especially when the solvent excess is “squeezed out”. The 

process requires a gentle (e.g. 50 g weight for 25x25 mm sample) uniform pressure to be 

applied. At the end of the process PDMS can be cleaned with chloroform, dried and used 

again. To conclude, the results obtained by SEPEM are better than by spin coating, moreover, 

SEPEM has still room for improvement and optimization. 
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Fig. 56: SEM micrograph of pentacene covered PEDOT:PSS structures filled with PCBM with SEPEM using 

dichlorobenzene as solvent and different solution concentration. Line grating 180 nm period ~2 AR covered with 

20- 25 nm pentacene filled using a 5 mg/ml (A) and 16 mg/ml (B) solutions, resulting respectively in incomplete 

filling and excessive filling with a micrometer thick over layer. Infiltration with 10 mg/ml solution of different 

structures deposited with 25 nm pentacene by multi directions deposition: 500 nm period round pillars (C), 

180nm period square pillars (D) and 180nm period line (E) obtaining a good filing. (F) Lower magnification of 

a sample similar to (E), showing an homogeneous and flat film without defect over several square microns area. 
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3.2.3 Entirely solution-processed nanostructured active layers 

For conformal deposition of donor films from solution mainly P3HT was used as 

benchmark material, though preliminary tests were performed also with PSiF-DBT, a recent 

and less studied polymer. Since PEDOT:PSS nanostructure resulted to be stable and relatively 

easy to wet with all tested solvents the polymers were dissolved in dichlorobenzene, which is 

a good solvent for all the material tested and gave the best processing results. The process was 

tested on different sizes and shapes of PEDOT:PSS structures. The most critical parameter for 

the deposition is the solution concentration. For relatively highly concentrated solutions of 

P3HT (15-25 mg/ml) the structure are filled (Fig. 57 A-B-C) by a thick layer. The filling 

appears to be complete for lines structures while in cases of pillar structures infiltration 

problems appears as thick polymeric layer is covering the structure without apparently being 

able to reach the bottom surface and so leaving voids. However, for low concentration (5-10 

mg/ml) the material is able to infiltrate and form a conformal coating even for structures with 

180 nm periods (Fig. 57 D-E-F) both with lines and pillars. The optimal concentration need to 

be calibrated for the specific structure to insure full infiltration, while the thickness of the film 

can be fine tuned controlling the rotational speed of the spin coating. 

 

 

Fig. 57: SEM image of PEDOT:PSS structure coated by spin coating of P3HT with: 500 nm period round 

pillars (A-D), 180 nm period square pillars (B-E) and 180 nm period lines (C-F) with ~2 AR. Spin coated 

performed at 1000 rpm with 20 mg/ml solution (A-B-C) and 7 mg/ml (D-E-F). 

Similar results as for P3HT were obtained for PSiF-DBT at corresponding concentrations 

as it can be seen in Fig. 58. 
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Fig. 58: SEM micrographs of 500 nm period PEDOT:PSS line gratings covered by polymeric conformal 

layers deposited by spin coating. On the left P3HT deposited at 1000 rpm from a 7 mg/ml solution in 

dichlorobenzene and on the right PSiF-DBT deposited at 2000 rpm from 10 mg/ml solution in dichlorobenzene. 

After annealing the films at 150°C for 30 minutes, to dry the materials, the films stability 

was tested in DMF and dichloromethane. Both these solvents are indicated in literature as able 

to dissolve PCBM but not P3HT or high molecular weight polymers,
89,90

 fact confirmed with 

immersion of the sample in these solvents for 2 minutes and subsequent inspection by SEM. 

For the acceptor infiltration step two  fullerenes were tested PCBM(60) and ICBA. Both the 

fullerenes have a limited solubility in DMF and dichloromethane, and this is limiting the films 

quality and the maximum concentration of the solutions. The resulting films show that good 

filling can be obtained with both fullerenes, PCBM and ICBA, though at the macroscopic 

scale it is difficult to ensure the uniformity, (Fig. 59) especially using dichloromethane that 

have a too fast evaporation rate (boiling point 39,6°c). 

 

Fig. 59: SEM micrographs of PEDOT:PSS 300 nm period line structure, covered by conformal layer of 

P3HT, filed with: on the left, ICBA on the right PCBM, both in 10 mg/ml solution in DMF and spin coating at 

800 rpm. 
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While the conformal film is resistant to the pure solvent, adding the fullerenes in the 

solution may change the result. Moreover, it is known that the fullerenes and the polymers 

tends to phase separate even when in solid solution, phenomenon widely studied and used for 

the creation of BHJ cell.
19,91,92

 From the SEM image the contrast is too weak to distinguish 

the two materials so it was not possible to infer about the stability of the polymer conformal 

layer on PEDOT:PSS. To investigate the problem, few additional experiments were 

performed. PEDOT:PSS structure covered by P3HT or PSiF-DBT conformal layers were 

partially filled with PCBM or ICBA, so that the top of the structures remains exposed. The 

produced sample were then dried and cleaved at 100°C to check the cross section at SEM. 

Fracturing at 100°C the partially filled samples allows to highlight the different films, since 

their different mechanical properties leads them to break in different ways, and helps 

identifying the interfaces. Dry PEDOT:PSS and fullerenes breaks with a brittle fracture, the 

polymer stretch with plastic deformation and the active materials de-laminate from the 

PEDOT:PSS substrate. The result can be seen in Fig. 60. and as illustrated in Fig. 61, the de-

lamination structure is not compatible with the ideal structure that has a preserved conformal 

layer. Instead it seems to suggest that the polymer was removed by the top of the lines, 

flowing in a single flat layer on the bottom of the lines.  

 

 

 

Fig. 60: SEM image of a 500 nm period PEDOT:PSS line structure, covered by a conformal layer of donor 

polymer, P3HT and than filled with PCBM by spin coating from a 7 mg/ml solution in DMF. 
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Fig. 61: Cartoon showing the cross section of line structures of the PEDOT:PSS lines with the starting 

conformal layer (on the left), the two possible filling outcomes (center) and the section along the lines direction 

(right), showing the delamination and stretching seen in Fig. 60. The ideal structure is not compatible with the 

delamination, so it was discarded as possible outcome while the other section was identified as representation of 

the obtained structure. 

 

To strengthen this hypothesis can also be seen that in Fig. 60 and Fig. 62A there isn't any 

visible hint of residue P3HT on the top of the lines. Moreover, in PSiF-DBT filling test the 

film at the top of the lines is visibly altered (Fig. 62B). Therefore, it is clear that the polymer 

conformal layer is not able to fully withstand the process of infiltration and the drying 

necessary to the cell production.   

 

 

Fig. 62: SEM micrograph of 500 nm period PEDOT:PSS line structure, covered by a conformal layer of 

donor polymer, P3HT on the left and PsiF-DBT on the right and filled by PCBM deposited from a 7 mg/ml 

solution in DMF. On the left, after the delamination of the phase separated material between the lines, shows no 

sign of residual P3HT on the top or lateral wall of the PEDOT:PSS structures. On the right, the top of the lines 

shows a rough and altered surface, suggesting that the conformal PSiF-DBT layer was altered. 
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3.2.4 BHJ cell with nano interdigitated PEDOT:PSS electrodes. 

The possibility to fabricate BHJ cell with nano interdigitated PEDOT:PSS electrodes, as 

proposed in 1.3.2 (page 29) was tested. To obtain that PEDOT:PSS structure were filled by 

solution processing, with blends of 1:0.8 P3HT-PCBM and 1:1 P3HT-ICBA, dissolved in 

dichlorobenzene or chloroform. The polymer-fullerene ratios were selected starting from 

typical literature value
22,93

 and optimized respect to planar BHJ cell efficiency for our specific 

setup and procedure. (described in chapter 4).  

 

The obtained results were similar to the spin coating of pure P3HT. The good wettability of 

the substrates allows a reasonable film quality by spin coating. At high concentration 

infiltration problem appears on pillars structure (Fig. A-B), while with low concentration is 

not possible to obtain a complete filling. Obtaining a complete filling resulted to be not 

possible with pillars structures of ~2 aspect ratio produced in this work. However, in case of 

PEDOT:PSS line grating structures with moderate AR (1-2), a complete filling (Fig. 64), 

homogeneous over a wide area can be easily obtained, using a concentration of 20 mg/ml and 

controlling the filling with rotational speed (500-1000 rpm). No sensible differences were 

found between the P3HT-PCBM and the P3HT-ICBA blends.  

 

 

Fig. 63: SEM micrograph of: (A) 500 nm period PEDOT:PSS round pillar and (B) 180 nm period 

PEDOT:PSS square pillar, filled by spin coating at 1000 rpm of P3HT-PCBM 1:0.8 solution in dichlorobenzene 

with 15 mg/ml concentration. The result is a "blanket-like" film with incomplete infiltration.   
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Fig. 64: SEM micrograph of a 500nm period PEDOT:PSS line grating, filled by spin coating at 700 rpm with 

20mg/ml solution of ICBA-P3HT 1:1. 

 

Another unexpected effect emerged during the annealing of the samples as it was seen that 

the phase separation between P3HT and PCBM or ICBA is apparently enhanced by the 

presence of PEDOT:PSS lines gratings. This effect was visible immediately after spin coating 

(Fig. 65) with the development of round phase separate aggregates, probably fullerenes, 

which have a diameter in the scale of ~500nm. But the phase separation become severe if the 

film is annealed with formation of big acicular fullerene crystals, up to 20-25 μm long and 

2,5-3 μm large on the top of the structure(Fig. 66). This process cause a partial emptying of 

the line and disappearance of the over layer due to the diffusion of the fullerenes for their 

previous position. The effect is extremely fast, completed in matter of seconds, and 

temperature activated. The effect appears already for annealing at 100°C (Fig. 66A) but is 

incomplete even after 20 minutes of annealing. At 150°C instead in few seconds the phase 

separation is completed (Fig. 66B-C). 
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Fig. 65: SEM image of a 180nm period PEDOT:PSS line grating filled by spin coating at 500 rpm with a 

1:0,8, P3HT-PCBM solution in dichlorobenzene at 15mg/ml concentration. Image taken before baking the 

sample, but after drying it for 24h at room temperature.  

 

 

Fig. 66: SEM image of sample prepared as the ones in Fig. 65 and annealed before taking SEM image. (A)  

Sample annealed at 100°C for 20 minutes; Image (B-C) two different magnification of a sample annealed few 

seconds at 150°C. The Sample baked at 100°C present part of the surface still covered by the over layer even 

after 20 minutes of anneal. The sample annealed few seconds at 150°C  present a surface completely covered by 

acicular fullerene crystals, without over layer.   

 

This effect was seen with both the fullerene (PCBM and ICBA) and with both the tested 

solvents (chloroform and dichlorobenzene). The phase separation resulted also to be stronger 

for smaller period grating and in presence of a thick over layer as for 500 nm period lines with 

limited over layer the effect rarely appears. The process seems also to be related to the 

presence of residual solvent in the material. For this reason the process is initially very fast 

and once the residual solvent is evaporated slowdown. To avoid this problem a few extra 

precaution were taken. It was reported in literature that accumulation of solvents in the glove 

box can influence greatly the drying causing a great increase in the residual solvent.
91

 So spin 
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coating was done using an additional aspiration to remove the vapor of the solvents and 

facilitate the drying. Moreover, the films were pre-annealed for 10 minutes, in vacuum at 60-

80°C, before slowly increasing the temperature up to final annealing temperature. With these 

precautions the problem was completely avoided. 
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3.3 Hybrid organic-inorganic active layers. 

This section of the nanostructured active layer chapter is dedicated to an additional 

experiment of nano structuration, performed to overcome some limitation emerged with the 

fully organic, solution processed systems. The aim of this test is to obtain an hybrid organic-

inorganic nano interdigitated structure by direct nano structuration of the active layer. The 

experiment proposed in this section was performed in collaboration with Gregor Trimmel 

group from the Institute for Chemistry and Technology of Materials of Gratz university, in 

particular with Sebastian Dust and Thomas Rath. Our collaborator prepared the materials 

solutions, and characterized the structure by SAXS, while the nano structuration and SEM 

characterization were performed in our laboratory. A paper on the work was just been 

submitted. 

 

3.3.1 Hybrid solar cells. 

Hybrid solar cells are devices were donor and acceptor are one organic and one inorganic. 

The aim is to exploit the advantages of both the material types, in particular the processability 

of organic materials, and the stability of inorganic materials. The main approach tested up to 

now in literature was to use semiconductors nano crystals (NC) instead of the fullerenes, 

which have low absorbance in solar spectrum range, to obtain Hybrid BHJ cells. The 

semiconductors NC have the advantage to have a tunable dimension, shape and absorption as 

means to optimize the blend. Moreover, inorganic NCs have higher dielectric constant (e.g. 

10.4 for CdSe instead of 3.9 for PCBM), decreasing interaction between electrons and holes, 

facilitating charge separation. Even if hybrid solar cells have the potential to achieve higher 

efficiencies, up to now the results were limited. The best results were obtained with CdSe or 

CdS nanocrystals, (record 4.1% efficiency with P3HT-CdS 
94

 cell), system that use Cadmium, 

a toxic material that encounter hard safety and environmental opposition. Moreover, having a 

BHJ structure, those cells suffer of  the same collection problems of standard BHJ and using 

soluble nanoparticle introduce the additional problem of the capping ligands of the 

nanocrystals hindering the charge transport between separate nanoparticles.
.(more information on 

hybrid solar in 95,96 and reference within.)    

 

Nano interdigitated architecture thought as substitute for organic BHJ should work also for 

hybrid BHJ that have the same collection problems and as a continuous phase of the material 
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is used, the capping ligands problem will be avoided. Moreover, this approach could be also a 

potential solution for the phase separation problem encountered in fully organic nano 

interdigitated cells. At processing temperature the inorganic materials are more stable than 

fullerenes and should be capable to keep the nanostructure in shape during the annealing. 

 

3.3.2 Hybrid nanostructured active layer  PSiF-DBT /CuS-InS. 

As acceptor inorganic material CuInS2 was chosen, as it’s one of the most promising, not 

toxic alternative to CdSe and CdS for Hybrid solar cells
97

. This material is widely used for 

CIS solar cell and well known to our collaborators that have already used it for hybrid solar 

cells with poymer
98

, small molecule
99

 and for tandem cell
100

. As donor polymer material 

PSiF-DBT was used, already tested and introduced in the 3.2.1 and 3.2.3 paragraph. The 

process used for nanostructure the active layer is schematized in Fig. 67. 

 

 

Fig. 67: Scheme of the processing. Starting from a PSiF-DBT layer, nanostructuring it by NIL process to 

obtain a comb like pattern. Than the structure is filled by solution processing with copper and indium xanthates, 

which is thermally converted in CuInS2 obtaining at the end a nano interdigitated structure. 
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PSiF-DBT film was deposited by spin coating from 10 mg/ml chloroform solution. The 

material is well dissolved by the solvent and good quality films with controlled thickness are 

easily obtained with both of the process. Good quality film with thicknesses between 70nm 

and 220nm were obtained. As substrate Silicon (100) wafer were used, for easier 

characterization as for the experiments with PEDOT:PSS.  

 

 PSiF-DBT layer was than nanostructured by traditional NIL process. The material resulted 

to be easily imprinted  using a temperature of 125-150 °C, pressure of 5-10Mpa and 2-4 

minutes of imprinting time. Good quality imprint were obtained with aspect ratio up to 2. As 

mould, silicon line grating with 180,250,300 and 500 nm period functionalized with 

dodecyltrichlorosilane were used. 

 

CuInS2 was obtained from thermal conversion at 160-195°C  of a soluble precursor, 

consisting of a copper and indium xanthate mixture (12.1 mg/mL copper O-2,2-

dimethylpentan-3-yl dithiocarbonate, 1 eq; 55.4 mg/mL indium O-2,2-dimethylpentan-3-yl 

dithiocarbonate,1.7eq) dissolved in the solvent mixture isopropanol:dichloromethane:pyridine 

in 4:2:1 volumetric ratio. The PSiF-DBT structures were tested for resistance to solvents e 

temperatures necessary for the process. Immersion for 2 minutes in the solvent mixture for the 

precursor caused no change at all to the structures (Fig. 68A). Temperature test were 

performed at 160°C and 190°C, the temperature range used for thermal conversion, in air and 

with 30 minutes of bake time. It was seen that at 160°C the structures were just lightly 

smoothed, while at 195°C the structures melt (Fig. 68B). The structure infiltration with the 

acceptor precursors was done by spin coating  with a freshly prepared solution. The solution 

is able to wet well the substrate and the deposition with spin coating led to films of good 

quality and complete filling. As the precursor conversion cause a huge reduction in volume, 

the filling was performed with a thick over layer that covers completely the structure. Thermal 

conversion was performed annealing the substrates at 160°c for 30minutes or 195°C for 15 

minutes. After the thermal conversion the structures become again visible, showing the 

desired interdigitated structure (Fig. 68 C-D) even for thermal conversion at 190°C, so the 

inorganic part is able to support the softened structures. Moreover, the two materials seem to 

have a good adhesion that makes more difficult to distinguish the interface, probably due to 

the melting of the polymer.  
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Fig. 68:SEM micrograph of: (A) 500nm period line structures with Ar ~2 in PSiF-DBT; (B) Structure A after 

30minutes at 195°C, the structures are melted; (C) top view and (D)45° view of a 300nm period PSiF-DBT 

structure filled by xanthates converted at 195°C for 15minutes. The lines pattern is still visible.  

 While the filling resulted to be easy to obtain, the thickness of the over layer, controlled 

by the rotational speed of the spin coating, is more critical. It was seen that if the over layers 

is too tick it tends to mud cracks, as can be seen for the sample obtained by spin coating at 

1500rpm shown in Fig. 69A. Increasing the spin coating speed up to 2500rpm instead lead to 

a complete filling but with a thin and incomplete over layer (Fig. 69B), similar to the structure 

drawn in Fig. 67.  Fine tuning the spin coating speed for a specific structure, is probably 

possible to obtain a continuous film as generally there is a minimum film thickness to obtain a 

continuous film without mud cracking in this kind of conversion process.  
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Fig. 69:SEM micrograph of 300 nm period line gratings in PsiF-DBT, filled by xanthates by spin coating at 

1500 rpm (A) and 2500 rpm (B), thermally converted with an annealing at 195°C for 15 minutes.    
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3.4 Nanostructured active layers - Conclusions. 

With the experiment presented in this chapter the feasibility of the ideas discussed in the 

introduction was explored, identifying the main challenges posed by those nano structuration 

approaches, some of which were overcome obtaining interesting results. 

  

The deposition of conformal layers of active materials was successfully performed on 

moderate aspect ratio structures (up to 2 AR) and high resolution (with down to 70-90nm 

features). While for high aspect ratio structure the conformal deposition is still a challenge, 

the main limiting factors for the tested deposition technique were identified, opening the 

possibility to future optimizations. For HV thermal evaporation the main problem is the 

directionality of the deposition. A material that has a layered growth with high diffusion on 

the surface of the sample should be used. A suitable material for this approach resulted to be 

Pentacene, capable to grow in a nearly conformal, multi crystalline layers on PEDOT:PSS 

nanostructures. Moreover, this kind of deposition resulted to be highly sensible to deposition 

parameter, requiring a careful calibration specific to the substrate nanostructure. From 

experiments with evaporation of pentacene emerged that substrate pattern and evaporation 

rate could be used to control dimension, shape, orientation and organization of pentacene 

crystals. It resulted to be possible to obtain scale like crystals, fractal or polygonal multilayer 

islands and even columnar grains, opening new possibility for different nano structuration 

approaches for pentacene layers. The growth of pentacene pillars in particular was already 

performed, with limited results, using glancing angle evaporation
88

 but the approach described 

in this work offer a far better control over pillar dimension and layout. For deposition of 

donor polymer materials by spin coating the main issue is the infiltration. To insure good 

infiltration low concentration solution needs to be used limiting the maximum thickness of the 

conformal layer. However, in this work thin conformal layers (10-40 nm) of P3HT and PSiF-

DBT are needed, that were easily obtained, controlling film thickness by rotational speed.  

 

The filling of the structure resulted to be more problematic for both the deposition 

technique. HV thermal evaporation is not suitable for filling nanostructures. Both with 

conformal growth or directional growth this kind of deposition easily leaves void during the 

filling, and is not possible to obtain a filling with a flat top surface.  
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Filling by solution processing instead resulted to be possible, but with some limitation and 

problems that require attention: 

 Filling must be complete. Fixing a lower limit for solution concentration. 

 Structures must be completely infiltrated. Adding and upper limit for solution 

concentration. 

 The solvents used should dissolve the material that need to be deposited and wet 

the substrate, but not alter already present structures and layers. 

 Phase separation, enhanced by the nanostructure, should be avoided to obtain and 

maintain the desired structure.  

 

Those elements introduce several trades off, limiting the applications of this approach, and 

requiring some additional optimization of the process. In particular: 

 Pentacene conformal layers while not damaged by the solution used for fullerene 

deposition are difficult to wet and infiltrate, leading to bad spin coating results. The 

problem was solved by the introduction of the slower SEPEM process. 

 Filling PEDOT:PSS nanostructures with BHJ blend suffer of infiltration problems. 

For lines structure the issue was solved with an optimization of spin coating 

rotational speed and solution concentration to find a compromise between 

infiltration and filling. For pillar structure a suitable compromise wasn't found. 

Moreover, both polymer-fullerene ratio and annealing process must be optimized, 

respect to cell efficiency, for the specific structure used. A process that would 

require a wide campaign of experiments, and optimized and fully repeatable 

process so it was left for future works.  

 Filling PEDOT:PSS structures, covered by conformal layers of polymers, with 

fullerenes by solution processing have shown limited infiltration problems. The 

solution with pure fullerenes infiltrates easier the structures even with higher 

concentration. The main problem with this approach is the stability of the 

conformal layers. Even using solvents that are not dissolving the layers and mild 

bake condition, the interdigitated structure is clearly not able to withstand the 

process and phase separation occurs. 
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Summing up the results, two architectures are eligible for cell production: BHJ cell with 

PEDOT:PSS interdigitated contact (only lines grating) and PEDOT:PSS structures covered by 

conformal pentacene layers and filled with fullerenes by SEPEM process. In both cases with 

structure up to 2 aspect ratio and period between 180 and 500nm, while higher aspect ratio 

structures are more problematic.  

 

From the unsuccessful experimentation of the nano interdigitated polymer-fullerene cell 

instead we have understood that the main problem to that approach is the phase separation. 

This is probably the reason why experimentation of direct nano structuration of the active 

layers tried by many groups hasn't led to the expected results. Being the material used the 

same found in BHJ, where their capability to phase separate is the reason for BHJ success, 

probably the easiest way to avoid this problem is to use completely different materials. At this 

end in this work was tested with success the hybrid system, PSiF-DBT/CuInS2, obtaining a 

stable nano interdigitated structures that will also be tested for cells by our collaborator. 
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4 NANOSTRUCTURED OPV. 

This fourth chapter will be dedicated to the fabrication and characterization of OPV cells 

both of flat and nanostructured morphology. The selection and characterization of the optimal 

ITO substrate for the devices will be described. The application of PEDOT:PSS WVA-NIL 

process on patterned ITO-glass substrate will be presented, describing all additional problems 

emerged from the change of substrate. In particular the fabrication of Ormostamp replica of Si 

mold will be described, with the presentation of the results and limitation of this approach. 

The procedure used for cell production and the layout used in this work will be described 

along with the presentation of experiments performed to optimize the reference cells and to 

test our setup for OPV fabrication and nano structuration. Finally the results obtained with 

BHJ cell with nanostructured PEDOT:PSS electrode will be presented and correlated to the 

WVA-NIL temperature, the oxygen plasma treatment time and the pattern period. 

Additionally some results obtained within a collaboration with the group of Gregor Trimmel, 

on hybrid nanostructured solar cell will be presented.  
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4.1 Imprinting on glass-ITO patterned substrate. 

This section of nanostructured OPV chapter is dedicated to the application of the WVA-

NIL to imprint PEDOT:PSS layers on patterned ITO substrates, necessary step for the 

fabrication of nanostructured OPV. In the second chapter the WVA-NIL process was carried 

out and calibrated to imprint PEDOT:PSS deposited on a flat silicon substrate with a silicon 

mold. Changing the substrate and using a non flat topography have introduced some 

additional problems that need to be addressed. Moreover, while the process remains 

qualitatively the same, the change of the materials involved had required a recalibration of 

process parameters. 

 

 

4.1.1 Seletion of the ITO transparent electrode. 

Commercial glass-ITO substrates are known to have an irregular surface. These substrates 

have often problems of waviness, high superficial roughness and the presence of tall (even a 

hundred nanometer) "spikes" of ITO. The roughness problem as already mentioned in 

PEDOT:PSS chapter is normally solved using the PEDOT:PSS as planarization layer and 

waviness daes not represent a problem for planar devices. The spikes instead cause local short 

circuit leading to blind spot in OLED o OPV
56

. For imprinting the surface condition of ITO is 

even more critical as excessive waviness and roughness can compromise the quality of the 

imprinting and the spikes may damage the mold and introduce defects in the imprinting itself. 

  

Particular attention was put into the selection of the optimal substrate considering surface 

quality along with the thin film resistance, transparency and costs. ITO substrate were tested 

and characterized by AFM to measure roughness and to check for spike presence. As 

reference it was used a high quality substrate from Colorado Concept Coating (C
3
) LCC, 

substrate that present very low roughness, nearly absence of spikes and high planarity, but 

with a high cost that is not in line with the intention of producing low cost OPV cell. As 

cheaper alternative several commercial substrate of ITO provided by "Visiontek System 

LTD" and normally used in the LCD and OLED display industry were tested. 
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While the reference had a smaller roughness (Roughness average (Ra) 0.18-0.35 nm) the 

commercial ones remain in a reasonable range between 0.5nm and 3.75nm Ra. Considering a 

~20nm PEDOT:PSS residual layer the planarization is still ensured. The spikes were present 

on all samples, also on the reference even if fewer in number. On commercial samples was 

possible also to see a pattern of shallow scratches (~10nm deep), that seems to work as 

preferential nucleation site for spikes (Fig. 70 A–B) up to ~80nm tall. As the scratches were 

far too regular and sharper for low conductivity ITO samples that have a thinner ITO layer, 

we have hypothesized that those scratch are present on the glass substrate, under the ITO and 

due to the polishing process. After our feedback and characterization data the producer had 

optimized the polishing process and provided us with more sample with 2 alternative 

polishing processes for the glass substrate. For both of them the scratches were not present, 

the spikes are visibly reduced in number, and smaller. The second alternative system has 

shown a very low roughness and the lowest density of spikes but was also extremely wavy. 

First alternative system instead had both small spikes (in the 10-20nm range) and good 

planarity. Roughness results and sample list can be seen in the tab below: 

 

Sample name 
Ra 1 

[nm] 

Spikes Resistivity 

[Ω/sq] 
Polishing 

C
3
 Reference  0,26 ~10nm  4 - 

Visiontek 1 1,45 50-100nm 7 Standard 

Visiontek 2 1,30 50-100nm 20 Standard 

Visiontek 3 2,82 50-100nm 100 Standard 

Visiontek 4 1,65 10-20nm 15 Alternative 1 

Visiontek 5* 0,58 ~10nm 30 Alternative 2 

Tab. 2: list of the ITO sample tested. For every ITO sample multiple high resolutions 20x20 -10x10µm AFM 

scan were performed and 3 profile ~15µm long, avoiding spikes and scanning error, were taken for average 

roughness measurements. Additionally wider area 80x80-50x50µm scan were taken to have a better overview of 

the spikes problem. (*) sample 5 surface is wavy. 
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Fig. 70: Example AFM scans of ITO’s sample surface. AFM scan in top view(A) and 3d view (B) of a 20x20 

µm area of Visiontek sample n°1. (C) AFM scan of a 50x50 µm area of Visiontek sample n°4, with the 

alternative polishing procedure.  

To test the effect of the substrate resistivity, reference BHJ flat P3HT-PCBM cells were 

produced with the different samples showing no substantial change in efficiency for all the 

samples with resistivity between 4 and 30 Ω/sq. So the sample 4 was selected, as standard 

substrate for the cell produced in this work, being planar, with moderate roughness, low 

density and small size of spikes (Fig. 70C) and having a reasonable conductivity (15 Ω/sq) 

and transparency (>85%) along with a much lower price than the reference ITO. 

 

 

4.1.2 Thermal dilatation mismatch 

First tests of WVA-NIL process using Silicon mold to imprint PEDOT:PSS layer deposited 

on Glass-ITO as substrate were unsuccessful. The obtained structures were severely damaged, 

ripped off, and the molds presented heavy residue of PEDOT:PSS trapped inside the mold’s 

structures. This was interpreted initially as a demolding problem but for the imprinting of 

pillars the deformation has shown a strange pattern. The pillars were deformed and sometime 

ripped off, but all in the same direction, opposite to the center of the sample as can be seen in 

Fig. 71 with the red arrow indicating the direction of the center of the sample. Moreover, the 

pillars near the center have a lower deformation (Fig. 71A) than the pillars distant form the 

center (Fig. 71C). 
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Fig. 71: SEM micrograph of PEDOT:PSS 500nm period round pillars structures obtained with a Silicon 

mold on an ITO-glass substrate. All images are of the same sample taken in different points. The red arrows 

indicate the direction of the center of the sample. (A) Top view of the sample near the center. (B) A 45° view of 

the same sample. (C) Top view, at ~5mm from the center.   

 

We arrived at the conclusion that this damage is due to a thermal mismatch between the 

mold and the substrate. The mold is in silicon, material with a linear thermal expansion 

coefficient of 3.00 E-06 [1/°C] , the substrate is in soda lime glass with a mean coefficient of 

9.25 E-06 [1/°C], with a difference of 6.25 E-06 [1/°C]. This means that during heating the 

glass expand more than the mold, and during the cooling down it shrinks more. This cause a 

displacement of the relative positions, between two points that are in contact when the 

temperature is stable. A displacement that is radial from the center of the sample, increase 

with the distance from the center and with the ΔT of the cooling or heating. The displacement 

is consistent and can be estimated, for unbounded condition as:   

 

Displacement = 6.25 E-06 ∙ "Distance from the center" ∙ ΔT. 

 

For example for 150° imprinting  ΔT is 125°C, so the displacement at 1 mm from the 

center is ~781.25 nm. So after cooling down, a pillar blocked inside a hole in the mold, should 

found itself 781 nm from the original position. This displacement causes a strong shear strain 

to the PEDOT:PSS trapped inside the structures causing the deformations. As heating and 

cooling ramps with the sample pressed are essential steps of the process, the best solution to 

solve the problem is to match substrate and mold thermal expansion coefficients. 
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4.1.3 Ormostamp molds. 

A possible solution to thermal mismatch problem is to choose a mould substrate of the 

same material as the one supporting the ITO layer, on which PEDOT:PSS film needs to be 

patterned. Concretely, a possibility to implement this can be obtained by replicating the 

desired pattern on a thin film on glass of a commercial material specifically developed for 

copying nanoimprint stamps, i.e. Ormostamp (by microresist technologies GmbH). 

Ormostamp is a commercial, UV-Curable Hybrid Polymers material that is used to make low 

cost replicas of nano imprinting stamps build in more costly material as silicon.
101

 As molds 

are a consumable items of the production, this substitution can be another step towards a 

cheaper OPV production.  

 

The replica of the silicon mold structure is done trough UV-NIL process of a ormostamp 

thin layer deposited on a substrate. As substrates for ormostamp replicas were used glass 

slides, of the same glass used as a base for ITO covered substrates. As the ormostamp layer is 

thin (tens of micrometers) the thermal expansion coefficient of the entire mold is determined 

by the thicker glass substrate, thus ensuring a perfect match between mold’s and substrate’s 

expansion coefficiet, at any temperature during the thermomechanical cycle of imprinting. 

 

For the fabrication of ormostamp replica, a protocol adapted from literature and  product 

datasheet was used. A scheme of the procedure can be seen in Fig. 72. The Ormostamp before 

curing is a viscous precursor liquid. A small ammount of the material is poured on a 

functionalized silicon NIL master (Fig. 72A) and pressed with a glass substrate, cleaned 

previously with the procedure described in 2.2.2 (page 45). To facilitate the infiltration of the 

precursor in small structures the assemby is heated at 80°C for 2 minutes and a small a 

pressure (~300kPa) is applied (Fig. 72B). The material is than exposed to UV light 

(Illumination with a Xeno flood exposure lamp, Lanz Rein Raum Technik Gmbh filtered to 

obtain an exposition into the 254-365nm range) from the side of the transparent substrate for 

120 seconds to induce complete curing (Fig. 72C). The sample is than separated from the 

mold and the obtained structures is hardened with a post bake at 130°C overnight (Fig. 72D). 

After the post bake a gentle oxygen plasma treatment of a few seconds is performer to remove 

the organic component of ormostamp from the surface of the structure, obtaining essentially a 

porosus silicon oxide surface (Fig. 72E). This step is necessary to increase the effectiveness of 

the functionalization of the substrate with dodecyltrichlorosilane (Fig. 72F), performer as for 

silicon molds (2.2.2).  
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Fig. 72: Scheme of the fabrication steps fo an Ormostamp replica. 

 

With this process the negative reproduction of the starting mold is obtained. This mean that 

the 50% duty cycle lines used for imprinting on Si can be replicated in one step, while to 

reproduce the holes matrix used to imprint pillars an inversion of the masters in silicon is 

needed before making a replica. Line structures with 180-250-300-500nm period and round 

holes structure with 500nm period were successfully replicated with aspect ratio up to 2. 

Replication of the high aspect ratio 180nm structure were not possible because already for the 

~2AR structure with 180nm period the demolding was problematic while for the square 

pillars with 180nm period we hadn't an inverted master available.  

 

  The produced masters were tested with WVA-NIL of PEDOT:PSS layers on ITO-glass. 

As predicted the thermal mismatch induced deformation completely disappeared. However, in 

order to obtain successful imprinting  the process parameter had to be revised. Ormostamp has 

lower elastic modulus than silicon and is normally used to imprint softer materials. Imprinting 

at 10 MPa often lead to failing in imprint, and damage of the stamp especially for small 

structures. This is probably due to mechanical instability of the structures, a problem that was 

already reported in literature for other less rigid materials used as mold in imprinting.
102

 The 
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imprinting pressure was reduced, using value between 3 and 8 MPa. Moreover, while 

imprinting at 150°C was possible, it was seen that high temperature lead to a fast degradation 

of the mold, that is able to last just 2-3 imprinting at 150°C while at 80°C the mold can be 

used for more than 10 imprinting. The “good imprinting zone” of the diagram calibrated at 10 

MPa and using silicon seems to be slightly reduced with ormostamp. This is not due only to 

pressure, but probably also to a faster drying as ormostamp is less effective in trapping the 

boiling water being slightly porous on the surface and permeable. However, keeping some 

distance from the border of the “good imprinting zone”, working in 150-80°C temperature, 

70-95%RH and 3-8 MPa range it was possible to obtain good imprinting results. Moreover, 

the apparent shrinkage effect seems to be enhanced this time, reaching reduction of 30-40% of 

the starting linear dimension. For example using the mold with ~250nm diameter holes with 

500nm period (Fig. 73C), ~170nm diameter pillar were obtained (Fig. 73D-E). At the same 

time the maximum height of the structures is generally lower. This is probably due to the 

compression of the more elastic Ormostamp structure. The pressure compress in height the 

structures of the mold, enlarging their lateral dimensions. As once the pressure is released the 

compressed ormostamp structure tends to return to the original condition, helping the 

demolding. Generally an easy demolding or is obtained if the mold’s functionalization is still 

effective. Still some problems remain for high resolution 180nm period lines grating, as both 

the ormostamp replica production and the imprinting are more likely to fail, and the stamp is 

far more delicate and less durable. Some demolding problem were found and could be 

possibly due to the very rough top surface of the Ormostamp mold (Fig. 73C) caused by the 

oxygen plasma treatment. The rough surface topography, resulting from the oxygen plasma 

step, is transferred to PEDOT:PSS, sometime making more difficult the demoulding. 

However without oxygen plasma the surface functionalization could not obtained efficiently 

and the demoulding become even more problematic.  
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Fig. 73: SEM micrograph of: 500 nm period line structure in PEDOT:PSS on ITO substrate (A) in cross 

section and (B) in 45° view. Imprinting performed at 8 MPa 150°C 95% RH. The PEDOT:PSS residual layers 

seem rough due to the roughness of the ITO substrate and the porous surface of the top of the Ormostamp lines. 

(C) Top view of the Ormostamp mold with 500 nm period 250 nm diameter holes. The porosity of the plasma 

etched surface is clearly visible. (D) Top view and (E) 45° view of the 170nm diameter round pillars with 500 

nm period obtained imprinting using the mold in image (C). Imprinting performed at 6.4 MPa 150°C 95% RH.  

 

 

4.1.4 PEDOT:PSS  WVA-NIL on patterned ITO substrate. 

All imprinting tests performed so far were characterized by a flat and homogeneous 

surface thought all the imprinted area. However, for the fabrication of cells the ITO layer on 

the glass substrates had to be patterned in order to define the contact pads and electrical 

connections. This result in the presence of steps tall as the ITO layer (between 100-250 nm 

depending on specific ITO sample used ) on the surface of the substrate. Moreover, it was 

seen that the PEDOT:PSS deposition is conformal to the substrate so the steps are not 

planarized but just slightly softened. WVA-NIL process was tested on three different types of 

patterned ITO substrate, completely covered by a PEDOT:PSS layer. The tree pattern in ITO 

and the imprinting area, defined by the mold used, are shown in Fig. 74. The aim of the test is 

to determine if the presence of the step compromise the imprinting, so for all the three test the 
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imprinting area contain steps between ITO and glass. The three pattern were: a double T 

layout with a wide ITO contact, used for wide active area cells; an ITO line pattern, used to 

obtain small active area cells; a complex layout with 1 mm
2 

and 4 mm
2 

contact normally used 

in state of art cell reported in literature. The first two patterns were fabricated in this 

laboratory, the third was acquired from Dr. Inganas group. 

 

 

Fig. 74: Top view layout scheme of the 3 ITO pattern tested, with superimposed the area that was imprinted. 

 

The imprinting results on the patterned ITO were in all cases not satisfactory. On the 

sample with ITO lines the nanopattern was successfully imprinted only on the glass (i.e. 

outside the ITO), while inside the area with ITO only shallow features were obtained (Fig. 

75A), probably due to insufficient pressure. The result on the complex layout with small ITO 

contact was similar, but with no imprint and "bubbles" defects at the center of the cell active 

areas (Fig. 75B). This is a sign that the mould has lost contact with the PEDOT:PSS layer in 

those regions and the water inside was able to "boil". This effect is so disruptive that even for 

the first sample, where the imprinting zone overboard just for a limited fraction of the contact 

area, the resulting imprinting is extremely inhomogeneous with wide shallow imprinted areas.  
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Fig. 75: SEM micrographs of the patterned ITO samples imprinted with WVA-NIL. Imprinting with 500 nm 

period line grating in ormostamp, performed at 150°C, 95% RH and 8MPa. (A)45° view of shallow imprinting 

on the ITO lines of the line patterned ITO sample. (B) Top view of “bubble” defect and not imprinting at the 

center of the 1 mm
2
 contact.  

 

The reason for these effects is the fact that the mold pressed with uniform force by one 

side, receive a not homogeneous reaction on the other side. This cause a bending moment that 

bend the mold that is able to come in contact with the plane of glass and tend to lift from the 

center of the ITO contact that are on higher ground. Moreover, near the edge of ITO zone the 

stamp can’t bend enough to follow the step and loose contact. A representation of the bending 

is shown in Fig. 76. 

 

It was experimentally seen that to have a uniform complete imprint all the imprinted area 

must be on the same plane. So the double T shaped layout was used with an imprinted zone 

all falling inside the ITO big contact. 

 

 

Fig. 76: Scheme illustrating the problem of stamp bending. 
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4.2 OPV cell fabrication procedure and setup. 

This section of nanostructured OPV chapter is dedicated to the OPV fabrication procedure 

and setup. The aim of this work is to confirm the beneficial effect of the nano structuration 

with a relative increase of efficiency, not achieving high efficiency OPV able to compete with 

bigger groups working in the field with years of experience. Because of that reliability and 

stability was preferred to high efficiency. Also the final layout was kept simple, without 

optical spacers, hole blocking layers and other addition that could increase efficiency but will 

require additional specific work and adds variables to the system. However, a minimum 

efficiency is still necessary to make reliable relative increase tests so considerable effort was 

put into optimizing the cell. 

 

 

4.2.1 Cell fabrication procedure. 

Cell fabrication is a multi step procedure, partially already described in the previews 

chapter. All the procedure steps were performed in a class 1000 clean room or in nitrogen 

filled glove box, lighted using only yellow filtered lights. Steps and patterns of the different 

deposited layers are summarized in Fig. 77. 

 

 The first step is the patenting of ITO, performed by chemical wet etching, protecting the 

pattern with an acid resisting resist (S1813), to obtain the layouts shown in Fig. 77B. The 

resist pattern is obtained manually depositing by brush the resist on ITO samples cut in 25x25 

mm or by standard UV lithography depending on the precision needed for the layout. The 

samples are dried at 80°C and dipped in a 10:10:1, “HCl:H2O:Nitric Acid" solution heated at 

~80°C to etch the ITO.  The patterned ITO samples are than cleaned as described in 2.2.2 and 

the PEDOT:PSS layer is deposited. The PEDOT:PSS is removed gently with a humid swab 

from contacts zone accordingly to the pattern in Fig. 77C, leaving covered all the central part 

of ITO contact. For Cell with nanostructured PEDOT:PSS, the samples are imprinted by 

WVA-NIL accordingly to the procedure presented in 2.2.3 (page 48), nanostructuring the 

zone identified as imprinted zone in Fig. 77D.  The imprinting zone covered the whole central 

ITO contact, taking care of not over boarding down the ITO contact. The samples are then 

transferred to the glove box where the PEDOT:PSS samples are dried by 30minutes bake at 

150°c in vacuum. Once the bake is finished, donor and acceptor material are deposited 



 OPV cell fabrication procedure and setup. 

 

Radivo A.  125 

accordingly one of the procedures exposed in the chapter 3, depending on the cell’s 

architecture, the A/D materials used and PEDOT:PSS structure used. The pattern used for the 

active layer deposition is shown in Fig. 77E. For materials deposited by HV thermal 

evaporation the pattern are obtained by shadow masking. For materials deposited by solution 

processing the entire surface is coated, than the active materials are removed from the 

contacts zone by friction with a lab tissue paper wetted in IPA or Ethanol. Care must be taken 

so that the active layers still cover the PEDOT:PSS where it can come in contact with 

aluminium. For last steps aluminium contacts are deposited by HV thermal evaporation using 

a mask to obtain the layout shown in Fig. 77F with contacts defining 4 different cells for each 

25x25mm sample. 100nm of aluminium were usually deposited at 0.5 Å/S deposition rate. 

The active areas of the cell are defined by overlapping of ITO and Al contacts and have a 

28mm
2
 area each. 4 different negative contacts of aluminium deposited on glass are present. 

Also 4 contacts point for the ITO single big contact are present for easier access and reducing 

the distance between contact and active area. The so obtained cell are than finalized by post 

bake if the specific cell requires it before being taken out of the glove box to be characterized 

(characterization in air).   

 

 The cell production procedure was tested at first fabricating different types of flat cell 

using fabrication parameter found in literature but using simple architecture with contact and 

active layers only. Bi-layer cell as Pentacene-C60
103

, Pentacene-PCBM(60)
87

 and CuPc-C60
76

 

were realized. BHJ cell were also tested, with P3HT-PCBM(60)
19

 and P3HT-ICBA
93

 blend. 

The fabrication parameters were than optimized for our setup respect to cell efficiency but the 

obtained results were lower than expected. With P3HT-PCBM and P3HT-ICBA BHJ cell 

efficiency obtained was around 1%± 0.1%. For CuPC-C60 and Pentacene-C60 the efficiency 

obtained was even lower, ranging between 0.15 and 0.2%. Worst results were obtained with 

Pentacene-PCBM(60), that already stats form a low efficiency value in literature (0.86%
87

), as 

our cell achieved efficiency of  ~0.01. Moreover, it was seen that OPV production is an 

extremely delicate process and huge oscillation in performance can be found between 

different batches of cell produced in different times.  It was seen that the times of the 

production, the storage time of cells or solution, the evaporation chamber conditions, the time 

taken to perform characterization, many element of the process have huge impact on the final 

efficiency. So it was decided to use as reference for comparison with the nanostructured cell, 

flat cell produced in the same batch and with the same condition of the nanostructured cell. 

This means using the same solutions, starting PEDOT:PSS films, the same thermal treatments 
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and the deposit contact and layers with the same evaporation. The reference obtained in this 

way have slightly lower efficiency as the parameter optimized for the nanostructuration are 

used, but are much more consistent with the corresponding nanostructured cell avoiding batch 

to batch oscillation.  

 

 

Fig. 77: Scheme with representation of the different steps in cell production with layout of the different 

layers. 
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4.2.2 OPV cell and environmental condition.  

OPV cell  are extremely sensitive to oxygen, humidity and ligth.
104,105,106,107

 The 

performance of the cell strongly depends on the environmental conditions in which the cells 

are produced, stored and characterized. While some groups were able to partially execute 

outside the glove box some steps of the production without an excessive decrease of 

efficiency (up to 4.1% efficiency with BHJ)
108

, the contact deposition, bake and 

characterization must be done in environment with very low oxygen and water concentration. 

In particular confronting with other groups in OPV sector and feedback from companies 

selling OPV components (Ossila and Solaronix) we found out that the suggested value for 

Oxygen and Humidity for the glove box are 0.1 ppm or less. Moreover, the characterization 

should be done inside the glove box or if this is not possible, outside but with cells perfectly 

sealed. The measurement should anyway be performed shortly after production, because also 

with 0.1 ppm cells are not fully stable for long time if not sealed. (according to Ossila experts) 

 

Unfortunately with our setup is not possible to carry out the characterization inside the 

glove box. It was seen that the already low starting efficiency slowly decrease with time 

passed outside causing a complete loss of efficiency in few days even for storage in dark. The 

efficiency decrease also with exposition to light. This effect is particularly strong for CuPc 

and Pentacene cell, causing halving of efficiency in minutes of exposition at 100mW/cm
2
 

solar radiation, making unreliable also the first measurements as it require 30 seconds of 

exposition (Fig. 78). BHJ suffer from the same degeneration, but it’s much slower making 

them at more reliable. In a work devoted to the stability of BHJ solar cells recently pubished
16

 

by our group, the problem was extensively studied. We refer to that work and references 

therein for a deeper understanding. 

 

To avoid this problem sealing of the cell was tried. Two different approaches were tested, 

the first was to use araldite bi-component epoxy glue. The glue is poured on the sample centre 

leaving out only the external contacts, and cured at room temperature or contextually to the 

post bake of the cell. Alternatively a polymer foil purchased from Solaronix was tested. This 

foil is simply lied down onto the cell and melted at 140-150°C contextually to cell bake. A 

glass slide was applied and pressed on top of the glue or of the polymeric film to form a better 

barrier to water and oxygen. 

 

 The sealing haven’t shown any effect on the starting efficiency. Moreover, while the 
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degeneration in the dark was greatly reduced, making the cell stable for several days, the 

degeneration with light was only slightly slowed Fig. 78. We also noticed that the decrease of 

performance is partially reversible. After initial degradation sealed and unsealed cell were 

stored overnight in vacuum (at 3∙10
-7 

bar) and measured again the day after. The unsealed cell 

have shown a partial recovery of the previously lost efficiency, while the sealed cells did not  

show any recovery and continued to follow the degeneration trend (Fig. 78). These 

experimental results agrees with already known fact that degradation is caused by the 

combined effect of light and oxygen on the active layer. The oxygen diffusion is slowed down 

sealing the cell, blocking the access to new oxygen and the degradation can be partially 

reversed extracting the adsorbed oxygen. It’s also clear that the degradation is mostly caused 

by oxygen already present inside the cell before sealing.  

 

To confirm the origin of the problem, the environmental conditions of our glove box were 

investigated, installing an oxygen and water detector. The value measured ranged between 50 

and 500 ppm for oxygen and 50-80 ppm for water, significantly above the suggested 0.1 ppm. 

It is clear that the contamination starts already during the fabrication, and is not avoidable 

without changing the whole setup. In the light of these results it was decided to abandon for 

the time being the testing of pentacene and CuPc cells, as the efficiency was too low and 

instable to make a reliable comparison between nanostructured and reference. 



 OPV cell fabrication procedure and setup. 

 

Radivo A.  129 

 

 

Fig. 78: Efficiency as function of the time under direct illumination of 40 nm CuPc- 50 nm C60 bi-layer cell 

with a flat 32 nm standard PEDOT:PSS layer. 3 samples are taken as example, one sealed with araldite, one 

with the Solaronix polymer sealant, and another unsealed. The graph was done taking in account the time of 

illumination necessary to the efficiency measurement with the solar simulator, 30s. Point taken every 30s were 

simply obtained making measurements one after another, with a stop in dark in between exposition to make dark 

measurement and cool down the cell. Exposition longer than 30s were obtained opening the shutter of the solar 

simulator to irradiate the cell.  After 300s of cumulated exposition the cell sealed with polymer and the one 

unsealed were stored for 16h in vacuum (3∙10
-7

bar) and measured again 2 more time the next day.  

4.2.3 Active area. 

Another limiting factor for OPV efficiency is the active area of a single cell. Pandey A.K. 

et al studied the size effect on OPV efficiency and reported nearly ~1.2% for Pentacene - C60 

cell with 3mm
2 

active area,  dropping for 28mm
2
   to ~0.75%.

110
 To avoid this problem a 

layout similar to the one mentioned in 4.1.4 page 121 with 1mm
2
 and 4mm

2 
ITO pad is 

normally used in literature. For this project instead relatively big active area of 28mm
2
 was 

used. This choice was made partially because the mentioned imprinting problem on patterned 

ITO (4.1.4 page 121), but also to obtain more reliable results. With a relatively large active 

area the error introduced by charge generated in the area surrounding the contacts is 

proportionally smaller compared to the active area and can be neglected.  
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To assess the effect of cell size on its efficiency, flat cell with different and smaller active 

areas were fabricate, using a P3HT-ICBA blend in 1:1 ratio, dissolved in dichlorobenzene 

solution with 20mg/ml concentration, spin coated at 700rpm. The films were pre-annealed for 

20 minutes at 80-120 °C before deposition of aluminium contacts, and at 140 °C for 20 

minutes after the contact deposition, both in vacuum.. 32nm PEDOT:PSS flat layers were 

used for this series. To obtain smaller active area the layout represented in Fig. 79 was used. 

The ITO patterned with lines presented in the paragraph 4.1.4 page 121 was used as substrate. 

PEDOT:PSS and active layers were deposited, covering the whole sample and removing only 

a stripe of ~2mm width along the perimeter of the substrate to place the external contacts. 

Aluminium contacts were deposited with a stencil mask, defining a series of line of different 

thickness 5, 4, 3, 2 mm. By the crossing of the ITO and aluminium lines 12 cells are formed 

at groups of 3 cell with 4 different actives area: 6, 9, 12, 15 mm
2
.  

 

Fig. 79: Layout of the active area influence test cell. This layout forms a matrix of 12 cells identified by the 

intersection of 3positive ITO contact and 4 negative aluminum contacts. 

As predicted the smaller was the cell area the higher was the measured efficiency (Tab. 3). 

Therefore, with active areas comparable to those reported in literature, our cells show 

comparable performances. For example Y. Yang group in their similar experiment with 

PEDOT:PSS nanostructure presented a reference cell in P3HT-PCBM with 2.44% efficiency 

with 9mm
2
 active area, not far from the 2.2% we have obtained.

28
  

 

Active area  28 mm
2
 15-12 mm

2
 9 mm

2
 6 mm

2
 

Efficiency 0,9-1,1% 1,2-1,8% 2- 2,2% 2,2-2,5% 

Tab. 3:  Range of typical efficiency found for different contact area. 
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4.3 Nanostructured cell experiments 

This section of nanostructured OPV chapter is dedicated to fabrication and testing of 

nanostructured OPV cells that were successfully nanostructured accordingly one of the two 

architecture proposed in 1.3.2. Moreover, we have restricted the choice of materials and 

fabrication protocols for witch stable, reproducible flat reference cells with satisfactory values 

of efficiency could be obtained Therefore, we concentrated on BHJ cell with nano 

interdigitated PEDOT:PSS electrodes and the Hybrid PSiF-DBT/CuInS2 cells. 

 

4.3.1 BHJ cell with nano interdigitated PEDOT:PSS electrodes 

For the cell fabrication the procedure and layout described in 4.2.1 was used. A P3HT-

ICBA blend in 1:1 ratio, dissolved in dichlorobenzene solution with 20-30 mg/ml 

concentration, spin coated at 700-1000 rpm was used. The film was pre-annealed  for 20 

minutes, at 80-120°C and post-annealed (i.e. after deposition of aluminium contacts) at 140°C 

for 20 minutes, both in vacuum. The parameters were changed inside the indicated range 

depending on the structure to fill, to obtain complete filling and avoid phase separation. All 

cells in the same batch were processed with the same parameters to guarantee internal 

comparison. Flat reference cells were processed along with nano structured cells. As substrate 

15 Ω/sq ITO and 160 nm thick PEDOT:PSS layers were used both for flat references and 

imprinted samples.  

 

Characterization of the cells was performed in air, without sealing, within few hours from 

cell finalization. Every sample has 4 cells but a single IV curve for each sample was chosen to 

represent it, choice  made taking the best reliable result of the four.  

 

The main concern about using WVA-NIL treated PEDOT:PSS sample is the change in 

work function caused by the process (paragraph 2.3.6 page 65). The effect on the level 

alignments of the cell used in this work is illustrated in Fig. 80. The untreated PEDOT:PSS is 

nearly aligned with P3HT's HOMO, works well as an electron blocking layer, extracts easily 

the charges and is able to inject holes inside ITO. Shifting to lower work function levels,  

PEDOT:PSS lose these key features. It loose alignment with P3HT, reaching value smaller 

than ITO, and so becoming a barrier to the hole extraction. Moreover, as WF can reach levels 
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even inferior than aluminum, it stops to act as an electron blocking layer and in principle it 

could even act as an anode.  

 

 

Fig. 80: Energy level of a ITO-PEDOT:PSS-P3HT-ICBA-Al cell. PEDOT:PSS trough WVA-NIL can shift its 

work function from 5,05ev (dashed blue line) to 3,54ev (red line) changing completely the alignments of the 

levels. 

 

To explore the effect of WVA-NIL a series of cell with 300 nm period PEDOT:PSS line 

gratings ( 120/180 nm lines/gaps) with aspect ratio ~2, imprinted at 95% RH, 8 MPa and 

temperatures of 80, 100, 130, and 150 °C was produced along with a flat reference. IV curve 

of the cells build on these patterned PEDOT:PSS (Fig. 81) show that WVA-NIL cause a clear 

decrease in the cell propriety which is depending on the process temperature. The IV 

characteristic of the cells on PEDOT:PSS imprinted at 80°C show already a significant 

change in the shape of I-V curve, compatible with an increased series resistance.The effect on 

cell performance is summarized in Fig. 82. Shape change of the curve caused a huge drop of 

fill factor from 49% to 30%. This is not causing a corresponding drop in efficiency as open 

circuit voltage (Voc) and short circuit current (ISC) increased from 646 mV and 2.67 mA/cm 

to 756 mV and 3.65 mA. This is probably due to the positive effect of the nanostructure in 

collecting the charges that is partially compensating the negative effect of the work function 

change. Increasing the temperature over 80°C cause a decline of all the parameters regulating 

cell performance reaching for 150°C a condition were FF, Voc and Isc are respectively 24%, 

548mV and 1.44 mA, resulting in an efficiency of 0.19%. 
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Fig. 81: Comparison between IV characteristic of a reference BHJ cell and BHJ cells with nanostructured 

PEDOT:PSS electrodes, imprinted by WVA-NIL performed at different temperatures.     

 

 

Fig. 82: Effect of WVA-NIL process temperature on cell FF, Voc, Isc and efficiency. Dashed lines represent 

the value of the flat reference cell of the set. The color of the lines indicates the corresponding scale.   

As mentioned in the chapter dedicated to PEDOT:PSS UPS measurements (2.3.6 page 65), 

the work function change is probably related to a change in PEDOT and PSS ration on the 

surface, and can be reversed with an oxygen plasma treatment on the PEDOT:PSS substrate. 

The effect of oxygen plasma treatment of the PEDOT:PSS substrate on the cell performances 

was tested. At this end additional cells were fabricated, with the same structure type and 

solution of the previous sample with WVA-NIL performed at 80°C and treating the substrates 

with 5 s , 30 s, 1 minute and 2 minute of oxygen plasma, performed as described in 2.3.6. 

Moreover also a reference cell, with the PEDOT:PSS substrate treated with 30 s of oxygen 

plasma, was added to the group for comparison. As can be seen by the IV curve shown in Fig. 

83, already 5 seconds of oxygen plasma are sufficient to make rounded again the curve, 
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reversing the resistive behavior of imprinted sample not treated with oxygen plasma. The 

curve improves further with 30 seconds, while for 1 minute the cell’s performances decrease 

keeping this trend also for 2 minutes. 30s of oxygen plasma on the reference cell instead cause 

only a degradation of the performance. The performance of the sample cell function of the 

plasma oxygen treatment time can be seen in Fig. 84. While the current is more or less 

stationary with statistical oscillation that are not showing a particular trend, Voc, FF show an 

increase for 5 and 30 seconds and than a decrease for 1 minute and 2 minutes, leading the 

efficiency to have the same trend.  

 

 

Fig. 83: Comparison between IV characteristic of reference BHJ cell with and BHJ cells with nanostructured 

PEDOT:PSS electrodes treated with different time of oxygen plasma and another reference BHJ cell treated with 

30s of oxygen plasma. 

 

Fig. 84: Effect of oxygen plasma process time on cell FF, Voc, Isc and efficiency. Dashed lines represent the 

value of the flat reference cell of the set. The color of the lines indicates the corresponding scale. 
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This lead to a maximum value of efficiency of nearly 1.3% from the 0.8% of the reference 

and 0.81% of the untreated imprinted cell,  a relative increase of 60% demonstrating the 

effectiveness of the PEDOT:PSS nanostructured electrode as a mean to increase of efficiency. 

This increase is due to both to an increase in Voc and Isc that are passing from  644 mV and 

2.55 mA to 810 mV and 3.65 mA respectively, while FF show a little reduction passing from 

48.5% to 42.5%. 

4.3.2 Nano interdigitated PSiF-DBT / CuInS2 cell. 

Cells using the interdigitated PSiF-DBT/CuInS2 nanostructure described in the paragraph 

3.3.2 (page 106) were fabricated along with flat by-layer PSiF-DBT/CuInS2. The cells were 

fabricated and nanostructured in collaboration with Gregor Trimmel group. 

 

The nano structuration of the active layer was performed at CNR-TASC laboratory and 

Elettra, while the cell finalization and characterization were performed at the institute of 

inorganic chemistry of Gratz university. A 32nm PEDOT:PSS layer was deposited by spin 

coating on the substrate followed by a 100nm PSiF-DBT layer deposited by doctor blading. 

After polymer deposition the sample were transferred inside the glove box, to make the 

imprinting in more controlled atmosphere and avoid possible degeneration. The imprinting 

was performed with the smaller press inside the glove box, at 150°C and 5 MPa with an 

Ormostamp mold with a line pattern of 180nm period, 50% duty cycle and ~1 aspect ratio. 

The structures were filled by xanthates and thermally converted at 160°C and 195°C. The 

cells were finalized by the deposition of 170nm of aluminum for the back contact. The results 

obtained with the characterization performed by our collaborator are summarized in Tab.4 

 

Temperature N° Interface Voc [mV] Isc [mA/cm
2
] FF [%] PCE [%] 

160°C 16 Flat 532± 9 0.58 ± 0.02 43.7 ± 2.0 0.13 ± 0.1 

160°C 4 Nanostructured 537± 7 1.32 ± 0.18 43.4 ± 1.1 0.30 ± 0.04 

195°C 16 Flat 474 ± 8 1.10 ± 0.08 41.7 ± 0.4 0.22 ± 0.01 

195°C 4 Nanostructured 459 ± 8 1.74 ± 0.08 41.9 ± 0.6 0.33 ± 0.01 

Tab. 4: Table with mean value of Voc, Isc, FF, and Efficiency, reported by our collaborator, for the different 

type of cell. “Temperature” indicates the temperature at which CuInS2 precursor were converted. N° indicates 

the number of cell measured to get the statistic. “Interface” indicates if the corresponding cell nanostructured or 

flat reference.  
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While the global efficiency is low due to lack of optimization of this novel system, it can 

be seen the nano structuration cause a clear increase in the cell efficiency. This efficiency 

increase is driven by a consistent increase in the Isc while both Voc and FF are nearly constant. 

A relative increase over 100% (from 0.13% of the flat cell to 0.30% of the nanostructured) 

was obtained for the thermal conversion at 160°C. The increase was reduced at 50% (from 

0.22% of the flat cell to 0.33% of the nanostructured) for thermal conversion at 195°C, 

because in this case the structure was partially melted as was seen by SEM inspection. More 

detail on the work and grazing incident small angle X-ray scattering (GISAXS) measurements 

performed SAXS Beamline Elettra will be presented in a publication recently submitted to 

ACS Applied Materials & Interfaces.  
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4.4 Nanostructured OPV cell – Conclusion. 

WVA-NIL process was tested on PEDOT:PSS deposited on ITO substrate finding out that 

thermal expansion coefficient match between mold and substrate is a particularly critical 

element for WVA-NIL. To handle this problem the silicon mold used up to that point were 

replicated in ormostamp on glass substrate with a matching expansion coefficient with the 

ITO samples. The replication was calibrated and obtained successfully for aspect ratios up to 

2 and structure with period between 180 and 500nm but replication of high aspect ratio 

structure with small features instead resulted to be not possible due to demolding problems. 

Moreover, ormostamp molds are less rigid, resilient and more permeable to water, causing a 

slight reduction or the parameter field that can be used for successful imprinting. Still was 

possible to obtain high quality, PEDOT:PSS structure, with up to 70nm features and 2 of 

aspect ratio on flat ITO contacts. As future work, to obtain higher resolution and aspect ratio, 

new mold should be produced, either optimizing the production of mold replica in 

Ormostamp or using different materials as obtaining silicon or metal structures by 

lithographic process on the glass substrate. An alternative solution is to use as substrate for 

OPV, custom made substrate with ITO deposited on a glass with an expansion coefficient 

matching with the silicon. This solution will permit to use silicon molds for the imprinting 

process and so make higher quality and aspect ratio structure for the cells.  

 

To test the nanostructured OPV and compare them to flat reference cells, a huge effort was 

put into acquiring the knowhow and optimizing production procedure and the setup to 

fabricate OPV cells. The optimal ITO substrate and cell layout for our purpose were selected. 

Several materials for OPV were tested, starting with procedure and parameter found in 

literature, than optimized for our specific setup. As the results have shown low efficiency and 

repeatability, particular attention was put in determining the causes of those problems. This 

has led us to identify the main limiting factor for our results as the large active area of the 

cells and the oxygen and humidity induced degeneration of the cell. Those problems were 

faced, trying to optimize the glove box, sealing the cell for characterization, trying to used 

pattern with smaller active area, but with limited results. This has forced us abandon the 

testing of pentacene and CuPc based cell as the efficiency of both nanostructured and 

reference was too low and instable to make a meaningful comparison. Moreover, a system so 

sensible is clearly not promising for the industrial point of view. 
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The experiments were so concentrated on one main system: the BHJ with nanostructured 

electrodes, using mainly the P3HT-ICBA 1:1 blend to fill the PEDOT:PSS structures. Testing 

WVA-NIL processed substrates with this cell type lead us to better understand the effect of 

the work function change of the cell performance, and the importance of using plasma oxygen 

to reverse the change. It was confirmed that nano structuration of the PEDOT:PSS electrode 

can be used as a way to improve the cell efficiency, as a relative increase of  the 60%, from 

0.8% to 1.3% of efficiency was obtained by the comparison from a reference cell and a 

nanostructured one treated with 30 seconds of oxygen plasma. This first result is already a 

good improvement and especially considering that process and structure are not optimized so 

there is space for improvement. The nanostructure needs still to be optimized, as thinner 

PEDOT:PSS lines would be preferable, to maintain its effect as grating, charge collector and 

framework, but reducing its light absorbance and the waste of space that could be filled with 

active material. Also the optimal structures type, period and aspect ratio should be 

determined, considering both charge collection and optical effect. This would require a wide 

campaign of experimentation and possibly also physical simulations. A deeper study of the 

effect of PEDOT:PSS work function, valence band and conductivity on cell performance is 

needed to optimize the WVA-NIL process parameter to tune the electronic properties of the 

substrate. In particular the oxygen plasma time must be calibrated for the optimal condition 

and with more points is not possible to identify exactly the optimal treatment. Standard 1:1 

P3HT:ICBA rate was used up to now, optimal for flat cell, but in nanostructured cell where 

the collection of positive charges is helped by the nanostructured electrode the optimal rate is 

most probably different and function of the structure. And above else, the experiments should 

be performed in a more protected environment and characterized inside the glovebox. As 

future work also an inverted cell architecture with low work function PEDOT:PSS and an 

anode will be tested. 

 

Also with the nano interdigitated PSiF-DBT /CuInS2 cell encouraging first results were 

obtained, with a consistent increase of efficiency from 0.13 - 0.22% of the flat references to 

0.30-0.33% of the nanostructured one, respectively at 160°C and 195° of thermal conversion.  

These results have shown that this is a viable way that can be pursued optimizing the 

nanostructure and the procedure. The obtained structures on those first samples in fact were 

not optimal both for design and for realization. The pattern imprinted was a line structure with 

180nm period, and ~ 1 aspect ratio with feature much larger than the exciton diffusion length. 

Moreover, the structure converted at 195°C have melted partially losing its shape. Optimizing 
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the imprinting and filling process to produce smaller and stable features will surely lead to 

better results as the production in more protected environmental condition.  
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5 APPENDIX. 

This chapter is dedicated to the characterization and fabrication techniques used in this 

work and not completely described in the previous chapters. The basic principles of these 

techniques, their role in this thesis, and the experimental equipment actually employed, will 

be here presented.  
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5.1 Characterization: technique and equipment used. 

For the present thesis several techniques and equipments were used to characterize the 

nanostructures, the materials’ optoelectronic properties and the OPV cells’ performances. 

Topographical characterization was obtained by two different techniques, Atomic Force 

Microscopy (AFM) and Scanning Electron Microscopy (SEM). Optoelectronic properties of 

the PEDOT:PSS, were measured by Ultra violet Photoemission Spectroscopy (UPS), Ultra 

Violet-Visible (UV-vis) Absorption Spectroscopy and the already described 4 point current-

voltage measurements (2.3.4 page 60). For the characterization of the OPV cells current-

voltage measurements have been performed under 100 mW/cm
2
 AM 1.5 simulated solar light. 

 

 

5.1.1 Atomic Force Microscopy (AFM) 

AFM is a versatile, non destructive technique providing high resolution topographical 

information about the surface of a sample. AFM can also be performed on a wide array of 

different materials and sample types and requires a limited sample preparation. The 

equipment scheme is presented in Fig. 85. The probe of the system is a cantilever with a sharp 

tip that is moved along the surface of the sample, with the tip in contact or in close proximity 

to the surface. The bending of the cantilever, due to the interaction between the tip and the 

surface, is monitored by an optical system with a laser reflected on the top reflective part of 

the cantilever and a photodiode array to follow the reflection. This feedback is than put in 

relation to the XY position during the scanning along the surface giving a map of the intensity 

of the interaction between the tip and the substrate. The interaction between tip and surface is 

function of the distance between them following the scheme in Fig. 86, so the topography of 

the sample can be reconstructed. The scanning can be performed in different modes: in 

“contact mode” with the tip touching the surface and the cantilever bended by repulsive force; 

in “Non contact“ mode with the tip that is in proximity of the surface, near enough so that the 

attractive force can bend the cantilever without touching the surface; in “tapping or semi 

contact mode” with the cantilever is maintained in oscillation at a frequency near resonance, 

with the tip moving from contact to semi contact condition and tapping the surface at every 

oscillation. In this case the change in the oscillation are monitored and used to map the 

interaction in the XY scan.  
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Fig. 85:Scheme of the basic component of an AFM setup. 

 

 

 

Fig. 86: Scheme of the force sensed by the catilever function of the tip-surface distance. 

The resolution of the system is limited by the radius of curvature of the tip and the stability 

and precision of the positioning and optical systems, but it can reach sub nanometric 

resolution. Also the samples do not require a special preparation and can be analyzed in air. 

 

The main limits of this technique for the type of substrate used in this work is that even if 

the final part of the Tip is very sharp, with a  very small bending radius, able to sense 
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nanometric features on the surface, the rest of the tip is wider, and this gives problem with 

features of high aspect ratio. The problem can be clearly seen in Fig. 87. If the tip is too big to 

enter narrow structures or follow almost vertical sidewalls, the AFM sense the profile of the 

tip, not the profile of the substrate. Because of that AFM was used in this work only for wide 

and short structure, for film thickness measurement and flat surface analysis.  

 

For this work a “NT-MDT Solver Pro” atomic force microscopy was used, installed at the 

NanoInnovation Laboratory at Elettra, coordinated by Dr. Loredana Casalis. A NSC15 probe 

with 8 nm tip radius, with 40° cone angle made in N-type silicon was used and the 

measurements were performed in tapping mode. 

 

 

Fig. 87: Cantilever measuring a surface with a high aspect ratio narrow structure (in green). The measured 

profile (in red) measures correctly the upper surface,while  inside the cravice that have too sharp walls and it’s 

to deep and narrow the mesurament reproduce  the shape of the tip. 

 

 

5.1.2 Scanning electron microscopy (SEM) 

SEM is an electron microscope that uses a focused electron beam to scan the surface of the 

sample. The electrons interact with atoms in the sample, producing various signals that can be 

detected and related to the XY position of the beam during the scan to obtain a 2D mapping of 

the sample. 

  



 Characterization: technique and equipment used. 

 

Radivo A.  145 

The SEM structure is illustrated in Fig. 88A. The electron are generated by an Electron 

gun, accelerated, filtered by aperture, aligned and focused on the sample by a set of Magnetic 

lenses. The focused beam is than deflected by a scanning coil to make a raster scanning on the 

surface of the sample. All those elements are located in a columnar stage kept always in 

ultrahigh vacuum (10E-10 bar) and connected to the experimental chamber that has a lower 

vacuum (from 10E-7 to 10E-6 bar) and can be vented to insert the sample. The sample is 

positioned on a stage that can be moved in all three directions and rotated along two 

perpendicular axes (one direction 360° rotation on the other one maximum -+90°) to take 

images from different direction. 

  

 

Fig. 88: (A) Scheme of different element composing an SEM (B) Example image obtained with backscattered 

electron. (C ) Beam-sample  interaction volume with indication of different signal coming out from the sample.  

 

The beam-sample interaction gives rise to the emission of three main signals, i.e. 

secondary electrons, back scattered electrons and fluorescence x-ray photons. The volume of 
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beam-sample interaction is shown in Fig. 88C. Secondary electrons are low-energy electrons 

(<50 eV) that are emitted from the sample atoms after inelastic scattering interaction with the 

electron beam. Due to the low energy of these electrons, only secondary electrons generated 

at the surface are able to reach the detector, so secondary electron’s signal gives only 

superficial and topographical information. Backscattered electrons instead are high-energy 

electrons originated in the electron beam that are reflected or back-scattered after elastic 

scattering interaction with sample atoms. Due to their higher energy, back scattering signal is 

emitted also by atoms deeper in the sample (several nanometers). Moreover, as heavier atoms 

lead to backscattered electrons with greater energy than lighter atoms, the signal contain  

compositional information, providing greater compositional contrast. X-rays are also emitted 

by the sample’s atoms,  from the whole interaction volume, giving quantitative information 

on the mean composition of the interaction volume. A detector for back scattered electrons is 

positioned near the aperture of the column while a detector for secondary electrons is fixed on 

the side of the chamber with a 45° angle from column axis. Optionally, a detector for EDAX 

measurements can be attached to the chamber to collect X-ray informations and make local 

chemical analysis of the sample.  

 

All images presented in this work were obtained by Zeiss Supra 40 SEM with a Gemini 

EFSEM column installed at the Tasc laboratory. Mostly backscattered electrons were used, 

obtaining images such as that of Fig. 88B. Using backscattered electrons the image have 

higher contrast for phase separation, helping to see better the granular structure of 

PEDOT:PSS or the separation between different organic materials in the multilayer structures 

of the OPV. Still as all materials are similar and composed by the same elements (mostly H, 

O and C being organic) identifying the different phases is often quite difficult. 

 

 

5.1.3 Ultraviolet-visible spectroscopy (UV-VIS). 

UV-Vis spectroscopy is a simple but useful technique to optically characterize a material 

and determine its absorption of electromagnetic radiation in the UV-visible range. In order to 

achieve high efficiencies in organic photovoltaics it is particularly important that the active 

layer absorbs strongly the solar spectrum while the other components of the cells, such as the 

front transparent contact, the PEDOT:PSS buffer layer, the hole blocking layer and the optical 

spacer has the lowest possible adsorption. The scheme of the setup is shown in Fig. 89  
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Fig. 89:Scheme of a UV-Vis spectrometer.  

 

Two lamps, a tungsten lamp for Vis and a deuterium (D2) lamp for UV are used to create a 

light beam that cover the entire spectrum from infrared to UV. The beam is then focused and 

directed to a monochromator that disperse the light of the beam into the components at 

different wavelengths, selected through a slit. The beam is split by a beam chopper into two 

beams, passing through two identical sample holders. The sample is put in one of the sample 

holder while the other rail is left empty or used to measure a baseline.  

 

The principle of this characterization is simple. At the end of the optical path for the 

baseline there is a photo detector measuring the I0 intensity, that is the starting beam intensity, 

possibly attenuated by a baseline. On the second optical path the sample is hit by a beam of I0 

intensity that is partially absorbed and a second photodetector measures the transmitted beam 

intensity I. Knowing I0 and I, with the Beer–Lambert equation shown in Equation 1a, it is 

possible to relate the extinction coefficient τ and the thickness L of the material crossed by the 

beam. Absorbance (A) appearing in Equation 1b and transmittance (T) appearing in Equation 

1c are also defined. 

 

(a)         (b)          (c)   

Equation 1: (a) Beer-Lambert equation for solids. (b)Absorbance. (c) Trasmittance. 

 

The extinction coefficient is characteristic of the material and its function of the 

wavelength, so scanning the material within a defined wavelength range a spectrum of  
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transmittance and consequently of absorbance can be plotted and also a spectrum of the 

extinction coefficient if the thickness of the sample is known. With this it is possible to know 

the capability of a material to absorb the light in the whole UV-visible spectrum. It’s 

important to notice for this work that in case of samples causing light to be diffracted part of 

the transmitted beam will be diverted from the optical path and not reaching the detector will 

be mistakenly considered as “absorbed”. 

 

For this work a Perkin Elmer Lambda 35 UV/Vis, installed Organic Optoelectronics 

Laboratory at Elettra Synchrotron, was used with the support from Giuseppina Palma and Dr 

Alessandro Fraleoni Morgera. 
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5.1.4 Ultraviolet Photoemission Spectroscopy (UPS). 

In UPS measurements high energy photons are used to excite electrons of the sample with 

enough energy to win their binding energy and ejected them from the material into vacuum. 

The electrons are then collected with a detector capable to measure their kinetic energy. As 

the ejected electrons come from different energetic levels and from different depths inside the 

material (few nanometers) the result measured by the detector is a spectrum with the count of 

electron at different kinetic energy, containing information on energetic levels of the sample 

surface. During the travel to the surface the majority of generated electrons suffer inelastic 

collision, which results in a reduction of their kinetic energy. Hence the photo emission 

spectra consist of two principal components: (1) primary electrons which did not suffer 

inelastic collisions,  and  (2)  secondary  electrons ,  which  lost  varying  amounts  of energy. 

The primary electrons show spectral features (peaks) mirroring the density of states (DOS) of 

the sample. The secondary electrons give a background spectrum continuous down to zero 

kinetic energy with a characteristic strong peak and cut off. The resulting spectrum is like the 

one shown in Fig. 90 and can be plotted as electron intensity versus Binding Energy or in 

electron intensity versus Kinetic Energy.  

 

 

 

Fig. 90: Typical UPS spectrum. Plotted in Binding energy with 0 set on the edge of primary electron signal, 

corresponding for metal to Fermi Energy level. 

  



Characterization: technique and equipment used.   

150  Radivo A. 

These two types of electrons contain different information. The primary  peaks  allow  the  

determination  of  the  binding  energies  of  the  electronic  states  in  the sample, while the 

secondary electrons give information useful to extract the work function of the sample. 

 

 In case of metals the situation is illustrated in Fig. 91 A and the calculation is 

straightforward: 

 

 

 

With: Ekin kinetic energy of the collected electron; hν energy of the exiting photon, function of 

the source used for excitation; EB is the binding energy of the electron;  is the workfuction 

of the sample. The fastest electrons will be primary electrons emitted directly from the Fermi 

Level. So the edge of the spectrum is named Fermi Edge and fixed as point 0 of EB scale, 

where: 

 

Ekin= hν-Φs. 

 

The slowest electrons will be secondary electrons that just barely made it out of the sample 

after having lost energy in scattering processes before arriving at the sample surface, the 

secondary cut off. These electrons have a kinetic energy of Ekin=0 eV so: 

 

 

 

In this condition ФS can be calculated simply as the difference between hν and EB at Ek=0 

condition, so the width of the spectrum as clear from Fig. 91 A. 

 

For UPS measurements on semiconductors, as the PEDOT:PSS analyzed in this work, there is 

an additional complication as the Fermi level is different from the Ionization energy, and its 

position is not always clear. In this situation the levels are organized as in Fig. 91 B, and 

while is still possible to collect the spectrum of the primary electrons, the ionization energy 

and HOMO, it’s not possible to calculate work function form spectral width and photon 

energy. To avoid this problem the detector must be calibrated with a metal of known spectra 

(like in Fig. 91A), and the substrate must be electrically connected to the analyzer and 

substrate holder so that the Fermi level of the substrate aligns itself with a know Fermi level. 



 Characterization: technique and equipment used. 

 

Radivo A.  151 

In this condition all is calculate from a reference known  Fermi level , using “internal kinetic 

energy” as scale with 0 at the system Fermi level, not at the vacuum level, and Ekin-int =ФS at 

the secondary cut-off. 

 

 

Fig. 91: Energy level in UPS measurements of metals (A) and semiconductors (B). In the semiconductor the 

0 of the internal Ek is calibrated and fixed at the system Fermi level. The sample work function ФS is equal to the 

Ek at the secondary cutoff. 

 

As additional correction two other experimental shift are considered. The first is that Analyzer 

and Sample have two different Fermi levels, so there will be a contact potential, which must 

be accounted for as the Secondary electrons at the cut-off  have a  Kinetic energy increased by 

contact potential. Second, as the analyzer collect the electrons, secondary electron on the 

detector surface will be generated, electron that will be also collected and detected,  giving a 

second secondary spectrum superimposed with the  one of the substrate, making more 

difficult to fit the secondary cut-off. But since they are generated in the detector itself, they 

are not affected by the contact  potential between detector and sample. So an additional 

known potential is added between detector and samples that accelerate only primary and 

secondary electrons of the sample, shifting the spectrum and separating them from the noise 

of secondary electrons generated in the detector. Both this potential are subtracted to the 

Kinetic energy to obtain a meaningful value. 

 

The UPS experiments presented in this work were performed by Dr. Andrea Goldoni and 

Marco Caputo from Elettra using a modified VG-II ESCAlab system (base pressure 10
-10
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mbar) and a He I radiation (21.22 eV). The electron hemispherical analyzer worked with 2 eV 

of pass energy and the Fermi level was measured on the copper sample holder in electrical 

contact with the sample before each measurement. To obtain the work function relative to the 

measured Fermi level, a bias of 6.00 V was applied between the sample and the ground, in 

order to make visible the secondary photoelectron cut-off. The energy resolution was 50 meV. 

 

 

5.1.5 Solar simulator: 

Photovoltaic cells are characterized acquiring the current voltage (I-V) characteristic of the 

cell in dark and under irradiation. The scheme of the setup can be seen in Fig. 92. To measure 

the  IV characteristic the two pole of the cell are connected to a Semiconductor 

Characterization System, with a 4 point connection to avoid the contact resistance and 

measure voltage and current separately. The IV curve is plotted by specific software plotting 

the IV curve, and calculating automatically the defining parameters of the cell. The cell is 

measured in dark and under irradiation generated by a solar simulator. Solar simulator is a 

lamp with an optical system specifically calibrated to irradiate with a standard spectrum and 

intensity that is equal to the sun emission in standard reference condition. 

 

For this work an Agilent Technologies B1550A Semiconductor Device analyzer was used 

to measure the cell characteristic, controlled by the easyExpert software. The cells were 

irradiated with an ASTM G173-03 AM1.5G spectrum at 100 mW/cm
2 

intensity generated by 

a solar simulator model "Sun 2000” from Abet Technologies. The system was calibrated 

measuring the simulated sunlight spectrum 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, NIST traceable). 
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Fig. 92: Scheme of the setup for cell charaterization. 
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5.2 Fabrication: technique and equipment used. 

To deposit the material used in this works two main processes were used: HV thermal 

evaporation and spin coating. For the nanostructuring of organic polymers, NIL processes 

were mostly used, already discussed in previous chapters: WVA-NIL for PEDOT:PSS; UV-

NIL for Ormostamp; Thermal assisted NIL for PSiF-DBT.  

 

 

5.2.1  High Vacuum (HV) thermal evaporation. 

HV thermal evaporation is a technique to deposit thin film of metals or small organic 

molecules. The scheme of the process can be seen in Fig. 93. All the process is conducted in a 

vacuum chamber with low pressure (generally 10
-5

 bar or less). The material is kept in a 

crucible, heated by joule effect with a current. In this condition, once reached an evaporation 

temperature, the material evaporate and is projected in all direction, and it condense on every 

surface in line of sight that is colder that the evaporation temperature. The substrate is put in 

line of sight of the source, with a shutter, or a rotation / positioning system that can interrupt 

the line of sight during the stabilization and cooling down phases of the evaporation. The 

deposition is highly directional making possible to use "masks" to do patterned deposition up 

to micron precision. 

 

 

Fig. 93: Scheme of a typical HV thermal evaporator.  
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To optimize the deposition is possible to regulate the deposition rate controlling 

temperature of the crucible, or by geometric means changing inclination and distances. Also 

the temperature of the substrate can be used to tune the condition of the condensation 

influencing the growth of the film. The rate of deposition is monitored by a quartz crystal 

microbalance (QCM), positioned in line of sight with the source, with a quartz crystal 

resonator exposed to the deposition. It's than possible to calculate the thickness of material 

deposited on a quartz crystal resonator, by measuring the change in the resonation frequency 

detected by the microbalance, using the formula: 

 

Δm = [(Nq. ρq)/(Π . Z . fL)] . tan-1[ Z . tan[Π. (fU - fL) / fU]]  

 

Δm/ ρf = film thickness 

 

Where:  Δm [g/cm
2
] is change in mass per unit area of the crystal; Nq [Hz]is frequency 

constant for quartz crystal; ρq and ρf [g∙cm
-3

] are the density of quartz and film material 

respectively; fU and fL [Hz] are frequency of unloaded crystal (prior to deposition) and of 

loaded crystal; μq and μf [cm
-1

∙s
-2

] are the shear modulus of quartz and of film material;  Z is 

the Z-Factor of film material. 

 The microbalance electronics make the calculation automatically and in real time if the 

user insert Z factor and density of the material used along with the T factor for the 

evaporation. The T factor is a geometric factor that takes in account the different position and 

inclination of substrate and the microbalance in relation to the source, to convert the measured 

thickness on the Microbalance to the expected film thickness on the sample. This value can be 

calculated by geometrical consideration and easily calibrated by test deposition followed by 

thickness measurements of the film by other means. 

 

For this work a custom made evaporator described in paragraph 3.1.1 page 80 was used. 
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5.2.2 Spin coating. 

Spin coating is technique used to deposit thin films of soluble material. The setup used is 

called spin coater and is a simple rotating sample holder, with the rotation axis perpendicular 

to the horizontal plane, able to control angular rotation speed, acceleration and duration of the 

rotation. The substrate is put at the center of the spin coater, and fixed to it by vacuum, than is 

covered completely or only at the center with the solution containing the desired material in a 

volatile solvent. The substrate is than put in rotation at high speed in order to spread the 

solution by centrifugal force and obtaining a thin layer of solution on the substrate while the 

excess of solution is projected away to the sides.  The solvent evaporate while the sample is in 

rotation letting behind only a thin film of the solid component of the solution. This system is 

simple and low cost, the process fast (only few seconds or minutes) and with high 

repeatability, allowing also a nanometric thickness resolution. Solution viscosity and 

concentration, rotation speed and ventilation condition determine the final thickness of the 

film. The process is calibrated by test deposition, for a given solution at fixed experimental 

condition, in function of the spinning speed, obtaining a “spinning curve” that allow for a 

standard solution fine tune the thickness of the film within a range just with the rotation 

speed.  

 

For this work two different spin coater were used:  a Savatec spin coater, integrated into a 

laminar hood, to deposit PEDOT:PSS and the resist for optical lithography; a bench spin 

coater from Laurel technology model WS-650SZ-GnPP/lite, used for spin coating of donor 

and acceptor material, installed inside the glovebox. 

 

 

5.2.3 Other material and instrumentation used. 

All the fabrication steps of the PEDOT:PSS mold production, were performed in air, in a 

class 1000 clean room. The steps concerning deposition or treatments on active layers and 

cathode material were performed inside a glovebox bought from GS Glovebox Systemtechnik 

(Germany). The glovebox is equipped with a solvent and particle filtering system, is nitrogen 

filled with a continuous nitrogen flow. The content of oxygen and water inside the glove box 

are respectively 50-500ppm and 50-80ppm, monitored with a O2X1 Oxygen Transmitter from 

Ge Infrstructure Sensing Inc (US). and a Easidew Hygrometer from Michell instruments. For 
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ITO lithographic patterning a stepper model MA25 from Karl Suss was used, with optical 

mask produced by Delta Masks B.V. (Netherlands). Oxygen plasma for cleaning ITO was 

performed with a Diener Electronic Zepto plasma cleaner, while treatment on PEDOT:PSS 

were performed with a custom made plasma sputtering machine. All those instrumentation are 

situated in TASC laboratory of IOM-CNR in Trieste. 

 

The organic materials used were acquired: P3HT regioregular electronic grade was 

acquired from Rieke Metals; PCBM60, PCBM70, ICBA were bought from Ossila; Pentacene 

and CuPc (both single sublimed quality), C60 and all the solvents used were bought from 

Sigma Aldrich. Copper and indium xanthenes were acquired from Aglycon (Austria) and 

PiSiF-DBT from 1-Material, Chemsitech Inc. (Canada) by our collaborator of Gregor 

Trimmel group. 
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