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Summary 
 
 
 
 Employing the unique mechanical, electronic, and optical properties of the 

conjugated organic and polymer materials several technological and commercial 

applications have been developed, such as sensors, memories, solar cells and 

light-emitting diodes (LEDs). In this respect, the central theme of this thesis is 

the electrical conductivity and mechanisms of charge transport in PEDOT:PSS, a 

polymer blend that consists of a conducting poly(3,4-ethylenedioxythiophene) 

polycation (PEDOT) and a poly(styrenesulfonate) polyanion (PSS). PEDOT:PSS is 

omnipresent as electrode material in ‘plastic electronics’ applications mentioned 

above. Although the conductivity of PEDOT:PSS can vary by several orders of 

magnitude, depending on the method by which it is processed into a thin film, 

the reason for this behavior is essentially unknown. This thesis describes a 

detailed study of the anisotropic charge transport of PEDOT:PSS and its 

correlation with the morphology, the shape, and the dimension of the phase 

separation between the two components, PEDOT and PSS. 

 Before addressing the properties of PEDOT:PSS, a new barrier layer is 

described in Chapter 2 that enhances the lifetime of organic devices. An 

important degradation mechanism in polymer LEDs is photo-oxidation of the 

active layer. Hence, isolating the active layer from water and oxygen is crucial to 

the lifetime. Plasma-enhanced chemical vapor deposition (PECVD) is used to 

deposit a thin layer of carbon nitride at low deposition temperatures, below     

100 °C, on a polymer LED that uses poly[2-methoxy-5-(2´-ethylhexyloxy)-1,4-

phenylene vinylene] (MEH-PPV) as active layer. A thin layer of carbon nitride acts 

as barrier for humidity, but is still sufficiently bendable to be used in flexible 

polymer LEDs. The characteristics of carbon nitride and MEH-PPV films have 

been investigated using optical spectroscopy, with particular emphasis on the 

degradation process of MEH-PPV under illumination. The measurements show 

that the carbon nitride coating indeed protects the polymer film and diminishes 

the photo-oxidation considerably. To study the effect of the encapsulation in real 

devices, polymer LEDs were made and their current-voltage characteristics 

confirm the enhanced lifetime in the presence of a carbon nitride barrier layer.
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However, the target, a lifetime of more than 10,000 hours for commercial 

applications, was not achieved. 

 The remaining chapters of this thesis describe the investigations of 

PEDOT:PSS. PEDOT:PSS is widely used in organic electronics. So far, relatively 

little attention has, been paid to the mechanisms of charge transport in this 

material and the correlation of those properties to the morphology. In Chapter 3, 

scanning probe microscopy (SPM) and macroscopic conductivity measurements 

are used to obtain a full 3D morphological model that explains, qualitatively, the 

observed anisotropic conductivity of spin coated PEDOT:PSS thin films. 

Topographic scanning probe microscopy (STM) and cross-sectional atomic force 

microscopy images (X-AFM) reveal that the thin film is organized in horizontal 

layers of flattened PEDOT-rich particles that are separated by quasi-continuous 

PSS lamella. In the vertical direction, the horizontal PSS insulator lamellas lead 

to a reduced conductivity and impose nearest-neighbor hopping (nn-H) transport. 

In the lateral direction, 3D variable-range hopping (3D-VRH) transport takes 

place between PEDOT-rich clusters which are separated by much thinner 

barriers, leading to an enhanced conductivity in this direction. 

  This discussion is extended in Chapter 4, where a quantitative description 

of the length scales of the predominant transport is obtained. Particularly, it is 

demonstrated that the hopping process takes place between PEDOT-rich islands 

and not between single PEDOT segments or dopants in the lateral direction, 

whilst in the vertical direction the current limiting hopping transport occurs 

between dilute states inside the quasi-insulating PSS lamellas. 

 By a post-treatment it is possible to modify PEDOT:PSS to raise its 

conductivity, by orders of magnitude. Typically, the addition of sorbitol to the 

aqueous dispersion of PEDOT:PSS that is used to deposit thin films via spin 

coating leads to an enhancement of the conductivity after thermal annealing. The 

causes and consequences of such behavior were investigated in detail. Chapter 5 

describes the various properties of the highly conductive sorbitol-treated 

PEDOT:PSS, such as the conductivity itself, and the effects of thermal annealing 

and exposure to moisture. It is found that the conductivity enhancement upon 

addition of sorbitol is accompanied by a better environmental stability. 

Surprisingly, the electrical conductivity of PEDOT:PSS thin films without sorbitol 

treatment is increased by more than one order of magnitude in an environment 

with more than 30-35 % relative humidity. This effect is attributed to an ionic 
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contribution to the overall conductivity. Thermal gravimetric analysis (TGA), 

direct insert probe-mass spectrometry (DIP-MS) and modulation differential 

scanning calorimetry (MDSC) were used as additional tools to demonstrate that, 

after thermal treatment, the concentration of sorbitol in the final PEDOT:PSS 

layer is negligibly small.  

In Chapter 6, scanning Kelvin probe microscopy (SKPM) is employed to 

measure the surface potential and work function of this PEDOT:PSS films that 

were deposited from water with different sorbitol concentrations. It is shown that 

work function of PEDOT:PSS is reduced with increasing sorbitol concentration. 

This shift can be explained by –and is in agreement with- a reduction in the 

surface enrichment with PSS of the film.  

 To study the charge transport properties of the highly conductive sorbitol-

treated PEDOT:PSS films, temperature  dependent and electric field dependent 

measurements are correlated with morphological analysis by STM in Chapter 7. 

It is found that by sorbitol treatment the hopping transport changes from 3D-

VRH to 1D-VRH. This transition is explained by a sorbitol-induced self-

organization of the PEDOT-rich grains into 1D aggregates that are aligned within 

micrometer sized domains, as observed in STM images. 
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Samenvatting 
 
 
 
 Gebruikmakend van de unieke mechanische, elektronische, en optische 

eigenschappen van geconjugeerde organische en polymere materialen zijn diverse 

technologische en commerciële toepassingen daarvan ontwikkeld, zoals sensoren, 

geheugens, zonnecellen en lichtemitterende diodes (LEDs). In dit verband, is het 

centrale thema van dit proefschrift de elektrische geleiding en het mechanisme 

van ladingstransport in PEDOT:PSS, een polymeermengsel dat bestaat uit een 

geleidend poly(3,4-ethyleendioxythiofeen) polykation (PEDOT) en een poly-

(styreensulfonaat) polyanion (PSS). PEDOT:PSS wordt algemeen gebruikt als 

elektrodemateriaal in genoemde ‘plastic elektronica’ toepassingen. Ofschoon het 

geleidingsvermogen van PEDOT:PSS vele grootteordes kan variëren, afhankelijk 

van de wijze waarop het verwerkt tot dunne film, is de reden daarvan nagenoeg 

onbekend. In dit proefschrift wordt het anisotrope ladingstransport van 

PEDOT:PSS in detail bestudeerd en gecorreleerd met de morfologie, de vorm en 

de dimensie van de fasescheiding tussen de twee componenten, PEDOT en PSS.  

 Vooruitlopend op het onderzoek aan PEDOT:PSS, wordt in Hoofdstuk 2 een 

nieuwe barrièrelaag beschreven die de levensduur van organische devices kan 

verlengen. Een belangrijk degradatiemechanisme in polymere LEDs is foto-

oxidatie van de actieve laag. Het isoleren van de actieve laag van water en 

zuurstof is daarom essentieel voor de levensduur. Plasmageïnduceerde 

chemische damp depositie (PECVD) is gebruikt om een dunne laag van 

koolstofnitride bij lage temperatuur, lager dan 100 °C, te deponeren op een 

polymere LED gebaseerd op poly[2-methoxy-5-(2´-ethylhexyloxy)-1.4-fenyleen 

vinyleen] (MEH-PPV) als actieve laag. Een dunne laag koolstofnitride fungeert als 

barrière voor vocht maar is tevens voldoende buigbaar voor toepassing in flexibele 

LEDs. De kenmerken van koolstofnitride en MEH-PPV films zijn onderzocht met 

optische spectroscopie, met nadruk op het degradatieprocédé van MEH-PPV 

onder belichting. De metingen tonen aan dat de koolstofnitride barrièrelaag de 

polymeerfilm inderdaad beschermt en de foto-oxidatie aanzienlijk vermindert. Om 

het effect van de inkapseling in echte devices te bestuderen zijn polymere LEDs 

gemaakt en de gemeten stroom-spanningskarakteristieken bevestigen de langere 
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levensduur in aanwezigheid van een koolstofnitride barrièrelaag. De doelstelling, 

een levensduur langer dan 10.000 uur die nodig is voor commerciële 

toepassingen, is niet bereikt. 

 De resterende hoofdstukken van dit proefschrift beschrijven het onderzoek 

aan PEDOT:PSS. PEDOT:PSS wordt alom gebruikt in de organische elektronica. 

Tot dusver is betrekkelijk weinig aandacht besteed aan het mechanisme van 

ladingstransport in dit materiaal en aan de correlatie van die elektrische 

transporteigenschappen eigenschappen met de morfologie. In Hoofdstuk 3 

worden raster sondemicroscopie (SPM) en macroscopische geleidingsmetingen 

gebruikt om tot een volledig drie dimensionaal (3D) morfologisch model te komen 

dat kwalitatief het waargenomen anisotrope geleidingsvermogen van gespincoate 

PEDOT:PSS films verklaart. Topografische rastertunnelmicroscopie (STM) 

afbeeldingen en atomaire krachtmicroscopie (X-AFM) dwarsdoorsneden tonen 

aan dat de film georganiseerd is in horizontale lagen van afgevlakte PEDOT-rijke 

deeltjes die door quasi-ononderbroken PSS lamellen worden gescheiden. In de 

verticale richting leiden de horizontale, isolerende PSS lamellen tot een sterk 

verminderd geleidingsvermogen en veroorzaken zij het ‘dichtste-nabuur hopping’ 

(nn-h) geleidingsmechanisme. In de laterale richting vindt 3D ‘variabele-afstand 

hopping’ (3D-VRH) ladingstransport plaats tussen PEDOT-rijke clusters die door 

veel dunnere PSS lagen worden gescheiden, wat tot een verbeterd 

geleidingsvermogen in deze richting leidt.  

Deze bespreking wordt uitgebreid in Hoofdstuk 4, waar een kwantitatieve 

beschrijving van de lengteschalen van het overheersende ladingstransport wordt 

verkregen. In het bijzonder wordt aangetoond dat  laterale hopping plaatsvindt 

tussen PEDOT-rijke clusters en niet tussen individuele PEDOT segmenten of 

additieven, terwijl in de verticale richting de stroom beperkt wordt door ‘hops’ 

tussen toestanden binnen de quasi-isolerende PSS lamellen. 

 Door nabehandeling is het mogelijk om het geleidingsvermogen van 

PEDOT:PSS significant, grootteorden, te verhogen. De toevoeging van sorbitol aan 

de watergedragen dispersie van PEDOT:PSS die gebruikt wordt voor depositie 

door spincoaten leidt, na een thermische behandeling, tot een verhoging van het 

geleidingsvermogen. De oorzaken en de gevolgen van dergelijk gedrag zijn in 

detail onderzocht. Hoofdstuk 5 beschrijft de diverse eigenschappen van 

hooggeleidende sorbitolbehandelde PEDOT:PSS films, zoals het 

geleidingsvermogen zelf, de gevolgen van de thermische behandeling en het effect 
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van de blootstelling aan vochtigheid. Aangetoond is dat de verhoging van het 

geleidingsvermogen door toevoeging van sorbitol, vergezeld wordt door een betere 

omgevingsstabiliteit. Verrassend is dat het geleidingsvermogen van dunne 

PEDOT:PSS films zonder sorbitol behandeling met meer dan één grootteorde 

wordt verhoogd in een omgeving van meer dan 30-35% relatieve luchtvochtigheid. 

Dit effect wordt toegeschreven aan een ionische bijdrage aan het 

geleidingsvermogen. Thermische gravimetrische analyse (TGA), 

massaspectrometrie met een directe insert monstersonde (DIP-MS) en 

gemoduleerde differentiële scanning calorimetrie (MDSC) zijn gebruikt  voor 

aanvullende studies om aan te tonen dat, na thermische behandeling, de 

concentratie sorbitol in de uiteindelijke PEDOT:PSS laag verwaarloosbaar klein 

is.  

In Hoofdstuk 6 is raster Kelvin microscopie (SKPM) aangewend om de 

oppervlaktepotentiaal en werkfunctie van dunne PEDOT:PSS films te meten die 

uit water met verschillende sorbitolconcentratie zijn gedeponeerd. Het blijkt dat 

de werkfunctie van PEDOT:PSS lager wordt bij toenemende sorbitolconcentratie. 

Deze verschuiving kan verklaard worden door -en komt overeen met- een 

vermindering van de oppervlakteverrijking aan PSS van de film. 

 Om de geleidingseigenschappen van hooggeleidende sorbitolbehandelde 

PEDOT:PSS films te bestuderen, worden in Hoofdstuk 7 temperatuurafhankelijke 

en elektrisch-veld-afhankelijke metingen gecorreleerd met een morfologische 

analyse met STM. Door sorbitolbehandeling blijkt het hoppingtransport van 3D-

VRH naar 1D-VRH te veranderen. Deze overgang wordt verklaard door een 

sorbitol veroorzaakte zelforganisatie van de PEDOT-rijke clusters in 1D 

aggregaten die binnen micrometergrote domeinen georiënteerd zijn, zoals in STM 

beelden wordt waargenomen. 
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Resumo 
 
 
 
 As interessantes propriedades eletrônicas, mecânicas e óticas dos 

materiais orgânicos conjugados fizeram emergir diversas aplicações tecnológicas 

e comerciais em dispositivos baseados nesses materiais, tais como sensores, 

memórias, células solares e diodos emissores de luz poliméricos (LEDs). Neste 

sentido, o tema central desta tese é o estudo das propriedades elétricas e 

morfológicas e os mecanismos de transporte eletrônico de cargas no PEDOT:PSS, 

uma blenda polimérica que consiste de um policátion condutivo, o poli(3,4-

etilenodioxitiofeno) (PEDOT) e do poliânion poli(estirenosulfonado) (PSS). 

PEDOT:PSS é amplamente usado como material de eletrodo em aplicações na 

área de ‘eletrônica plástica’, como mencionado anteriormente. Apesar da 

condutividade elétrica dos filmes finos de PEDOT:PSS possa variar várias ordens 

de grandeza, dependendo do método pela qual é processado e transformado em 

filme fino, as razões para este comportamento é essencialmente desconhecido. 

Esta tese descreve um estudo detalhado do transporte eletrônico de cargas 

anisotrópico e sua correlação com a morfologia, as condições e as dimensões da 

separação de fase entre os dois materiais, PEDOT e PSS. 

 Antes de abordar as propriedades do PEDOT:PSS, uma camada de filme 

fino inorgânica usada para aumentar o tempo de vida de dispositivos orgânicos é 

descrita no Capítulo 2. Um importante mecanismo de degradação em LEDs 

poliméricos é a fotooxidação da camada ativa. Assim, isolar a camada ativa da 

água, oxigênio e luz, torna-se crucial para o aumento do tempo de vida. Um 

sistema de deposição química a partir da fase de vapor estimulada por plasma 

(PECVD) é usado para depositar filmes finos de nitreto de carbono em baixas 

temperaturas, menores que 100 °C, sobre PLEDs com a intenção de aumentar o 

tempo de vida destes dipositivos e diminuir a fotodegradação do poli[2-metoxi-5-

(2-etil-hexiloxi)-p-fenileno vinileno] (MEH-PPV) em ambiente atmosférico. O filme 

fino de nitreto de carbono possui as características de um material que pode 

bloquear a umidade e que tem espessura e flexibilidade adequados para a nova 

geração de PLEDs flexíveis. As características dos filmes finos de nitreto de 

carbono e MEH-PPV foram investigadas usando-se técnicas de
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 espectroscopia ótica, com particular ênfase no processo de degradação do MEH-

PPV sob iluminação. Os resultados mostraram que o filme fino de nitreto de 

carbono protege o filme polimérico e diminui consideravelmente a fotooxidação. 

Para avaliar o efeito do encapsulamento em dispositivos reais, LEDs poliméricos 

foram fabricados e pelas curvas de corrente-tensão um aumento no tempo de 

vida é confirmado quando a camada de nitreto de carbono é presente. O tempo 

de vida desejado, maior que 10.000 horas, para aplicações comerciais não foi 

atingido, entretanto, o encapsulamento pode ser melhorado otimizando as 

propriedades da camada de nitreto de carbono e combinando-as com camadas de 

outros materiais orgânicos e inorgânicos. 

 Os capítulos seguintes deste trabalho aborda os estudos realizados com o 

PEDOT:PSS, uma vez que é amplamente usado em eletrônica orgânica, mas 

relativamente tem recebido pouca atenção com respeito ao transporte eletrônico 

de cargas, bem como sua correlação com a morfologia. No Capítulo 3, 

experimentos com microscopia de varredura por sonda (SPM, ‘Scanning Probe 

Microscopy’) e medidas de condutividade macroscópica são utilizados para 

estudar e obter um modelo 3D morfológico completo que explica, 

qualitativamente, a condutividade anisotrópica observada nos filmes finos de 

PEDOT:PSS depositados pela técnica de ‘spin coating’. Imagens topográficas de 

microscopia de varredura por tunelamento (STM) e imagens da seção transversal 

observadas com o microscópio de forca atômica (X-AFM) revelaram que o filme 

fino polimérico é organizado em camadas horizontais de partículas planas ricas 

em PEDOT, separadas por lamelas quasi-contínuas de PSS. Na direção vertical, 

lamelas horizontais do isolante PSS reduzem a condutividade e impõe o 

transporte eletrônico a ser realizado por saltos em sítios vizinhos próximos (nn-H, 

‘nearest-neighbor hopping’) nas lamellas de PSS. Na direção lateral, o transporte 

eletrônico via saltos 3D em sítios a longas distâncias (3D-VRH, ‘variable range 

hopping’) ocorre entre as ilhas ricas em PEDOT que são separadas por barreiras 

muito mais finas de PSS, causando um aumento da condutividade nesta direção. 

Esta discussão é estendida ao Capítulo 4 com uma descrição quantitativa do 

transporte eletrônico de cargas predominantes. Particularmente, é demonstrado 

que o transporte de cargas via saltos 3D em sítios a longas distâncias ocorre 

entre ilhas ricas em PEDOT e não entre segmentos isolados de PEDOT ou 

dopantes na direção lateral, enquanto que na direção vertical o transporte de 
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cargas via saltos em sítios vizinhos próximos ocorre dentro das lamelas do quasi-

isolante PSS. 

 Em algumas aplicações, faz-se necessário usar PEDOT:PSS com alta 

condutividade elétrica. Isso pode ser feito adicionando-se sorbitol à solução 

aquosa de PEDOT:PSS. Após um tratamento térmico, e dependendo da 

quantidade de sorbitol adicionado, a condutividade aumenta várias ordens de 

grandeza e as causas e consequências de tal comportamento foram investigadas 

neste trabalho. O Capítulo 5 investiga as várias propriedades tecnológicas do 

PEDOT:PSS altamente condutivo tratado com sorbitol, tais como a própria 

condutividade, os efeitos dos tratamentos térmicos e exposição à umidade. É 

observado que o aumento da condutividade elétrica, devido à adição de sorbitol 

na solução aquosa, é acompanhado por uma melhoria na estabilidade da 

condutividade elétrica em condições atmosféricas. Surpreendentemente, a 

condutividade elétrica do PEDOT:PSS, sem tratamento com sorbitol            

(~ 10-3 S/cm), aumenta mais de uma ordem de grandeza sob ambiente úmido de 

30-35 % umidade relativa. Este efeito é atribuido a uma contribuição iônica à 

condutividade total. Análise Temogravimetrica (TGA), espectrometria de massa 

com sonda de inserção direta (DIP-MS) e análise calorimétrica diferencial-

modulada (MDSC) foram usadas como técnicas adicionais para o entendimento 

dos estudos deste Capítulo.  

 No Capítulo 6, microscopia de varredura por sonda-Kelvin (SKPM) foi 

empregada para medir o potencial de superfície dos filmes finos de PEDOT:PSS 

tratados com diferentes concentrações de sorbitol. Mostra-se que a mudança no 

potencial de superfície é consistente com uma redução de PSS na superfície do 

filme fino. 

 Para estudar o transporte eletrônico nos filmes finos de PEDOT:PSS 

altamente condutivos tratados com sorbitol, o Capítulo 7 usa medidas de 

temperatura e campo elétrico em função da conduvitidade correlacionados com 

analises morfológicas realizadas por STM. É observado que o transporte 

eletrônico por saltos, na direção lateral, muda de 3D-VRH para 1D-VRH quando 

o PEDOT:PSS é tratado com sorbitol. Esta transição é explicada por uma auto-

organização das ilhas ricas em PEDOT em agregados 1D, devido ao tratamento 

com sorbitol, tornando-se alinhadas em domínios micrométricos, como observado 

pelas imagens de STM. 
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1 Introduction 
 
 
 
 
 
This Chapter introduces the basic concepts of π-conjugated polymers with an 
emphasis on the interrogated material, the conducting polymer blend PEDOT:PSS. 
Moreover, variable-range hopping theory, which is extensively used in this thesis to 
explain temperature and electric field dependent conductivity measurements, and 
scanning probe microscopy, the most used tool for morphological analysis, are 
briefly explained. A short overview about the operation and degradation of organic 
light-emitting diodes is also discussed. Lastly, the motivations and scope of the 
thesis are presented. 
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1.1 Organic Electronics – the future is flexibe! 
 

 Organic electronics, or plastic electronics, is a relatively new 

multidisciplinary field of research that involves a series of conceptual, 

experimental, and modeling challenges regarding electronic devices made with 

carbon-based materials, such as (semi)conducting π-conjugated polymers and 

small organic molecules. It is different from conventional electronics that use 

inorganic materials, like silicon or gallium arsenide, in many aspects; for example 

due to disorder, the polaronic nature of the carriers and the dielectric constant 

creating, e.g. a large exciton binding energy. The first two cause the hopping 

transport in (almost) all practical materials, in contrast to band transport in 

inorganics, and hence, the low mobility/conductivity. 

 In the scientific and technological revolution of the last few years the study 

of high-performance materials has been steadily increasing including the study of 

carbon-based materials. The development of organic devices allows the creation 

of new architectures for electronic components. The quest for more powerful and 

smaller/thinner/flexible electronic devices requires materials with new and 

improved characteristics and new fabrication processes. Conducting polymers 

have special properties that are interesting for this new technology [1,2]. They 

have the electronic properties of a semiconductor, but the mechanical flexibility 

and ease of production of plastics. Moreover, conjugated polymers are good 

materials to be employed in the fabrication of electronic devices because their 

properties, such as disorder, can also be tuned by external parameters during 

chemical synthesis, within a certain band width. The charge transport in 

conjugated polymers is a fundamental part of this technological search. 

 Another important motivation for the interest in organic (semi)conductors 

is the expected low cost of the end product. The intrinsic flexibility of the 

polymers enables new and low-cost manufacturing techniques of flexible roll-up 

displays, RFID tags, flexible sensors, large photovoltaic arrays and many others. 

In fact, the manufacturing processes that will eventually be chosen for making 

organic electronics products are unknown. However, it appears that the 

economics of organic electronics will be much more attractive than silicon 

manufacturing. There is no need to build complex and expensive manufacturing 

plants, which requires cleanrooms, lithography, and implantation and so on. 
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Instead, new technologies are developed in which electronic circuits are printed 

using ink-jet technologies, stamping or other relatively cheap processes. This 

means that, depending on the particular technique, organic electronics products 

may be produced economically in relatively short runs and even customized to 

the needs to low-volume customers. 

 From the above, it is clear that in case of organic electronics the future is, 

indeed, literally and metaphorically flexible! 

 

 

1.2 Electronic properties of conducting polymers 

 

The basis of the field of organic electronics was established back in the 

1970s with the discovery that the conductivity of polyacetylene films could be 

changed over several orders of magnitude by chemical doping [3]. For their 

breakthrough work in this area, MacDiarmid, Heeger and Shirakawa were 

awarded the Nobel Prize in Chemistry in the year 2000. Good introduction to the 

field of organic electronics are their Nobel lectures [4,5,6]. Conducting and 

semiconducting organic materials, both electron (n-type) and hole transport (p-

type) materials, can nowadays be made. Since the early work, many innovative 

materials for the use in electronic applications have been developed and 

characterized. The particular bonding arrangement of the carbon atoms in the 

polymer backbone is the reason for the characteristic electronic properties of 

tunable conductivity, electrochromism, electroluminescence and electroactivity 

[7]. 
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poly(p-phenylene) (PPP) 
(3.0 eV) 
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(3.2 eV) 
 

 
Figure 1.1: Chemical structure of few π-conjugated polymers and their band gap 
energy [8]. 

 

In Figure 1.1, a general characteristic is the presence of double bonds 

alternating with single bonds along the polymer chain, i.e. conjugated bonds. The 

electron configuration of the six electrons in a carbon atom (in its ground state) is 

1s22s22p2. The electrons in the core orbitals do not contribute to the chemical 

bonding. Since the 2s shell is filled, this would suggest that carbon would form 

two bonds with its neighbors, with the unpaired 2p2 electrons, but we know that 

it forms four. The four valence electrons in the 2s22p2 shells combine to a 

hybridized structure when forming covalent bonds. The s and p orbitals combine 

to form hybrid orbitals (sp1, sp2, and sp3, depending upon the number of orbitals 
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that is combined), which give rise to triple, double, or single bonds. In conjugated 

polymers, one 2s orbital pairs with the two 2p orbitals to form 3 sp2 hybrid 

orbitals, leaving one p orbital unhybridized. Two of the sp2 orbitals on each 

carbon atom form covalent bonds with neighboring carbons, the third generally 

forms a covalent bond with a hydrogen or side group. This is called a σ-bond, 

which is any bond with cylindrical symmetry around the internuclear axis [7]. 

The unhybridized pz orbital overlaps with the unhybridized pz orbital on the 

neighboring carbon. This is called a π-bond, as is any bond which arises from 

electrons approaching side by side, off the internuclear axis. Figure 1.2 

summarizes the preceding explanation.  

 

 
Figure 1.2: Bonding in conducting conjugated polymers. The sp2 hybrid orbitals 
are shown in light gray, and the unhybridized pz orbitals in white. Electrons are 
represented by the dots. The two sp2 hybrid orbitals on the side extend in and 
out of the plane of the page. 

 

The electrons in the π-bonds are weakly bound, and thus they are relatively 

easily delocalized. These delocalized π electrons are the conduction electrons in 

these materials. In summary, the sp2 hybridization in conducting polymers is 

important because this leaves one p electron per atom to form its own band. 

Under the assumption that the single and double bonds have the same length, 

Bloch theory [9] tells us that solids formed from atoms or molecules with half 

filled shells have partially filled bands with metallic transport properties. 

However, the length of the single and double bonds are not identical and the 

Peierls instability (i.e., C–C bonds are longer than C=C bonds) [10] splits this 

simple band into 2 sub-bands, a completely filled valence band (highest occupied 
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molecular orbital or HOMO level) and an empty conduction band (lowest 

unoccupied molecular orbital or LUMO level), separated by an energy gap. Hence 

the material is a semiconductor. 

Through the process of doping, the conductivity of pristine π-conjugated 

polymers can be changed from insulating to conducting, with the conductivity 

increasing as the doping level increases [7]. Both n-type (electron donating) and 

p-type (electron accepting) dopants have been used to induce an insulator-to-

conductor transition in electronic polymers. Similar to the inorganic 

semiconductors, these dopants remove or add charges to the polymers, but the 

details are very different. Unlike substitutional doping that occurs for 

conventional semiconductors, the dopant atomic or molecular ions are positioned 

interstitially between chains in π-conjugated polymers, and donate charges to or 

accept charges from the polymer backbone. In this case, the counter ion is not 

covalently bound to the polymer, but only attracted to it by the Coulomb force. In 

some cases called self-doping, these dopants are covalently bound to the polymer 

backbone [11]. 

Initially added charges upon doping do not simply begin to fill the 

conduction band to have metallic behavior immediately. Near the doped charges 

the strong coupling between electrons and phonons causes distortions of the 

bond lengths. For the degenerate ground state polymers, e.g. trans-polyacetylene 

(t-PA), doped charges at low doping levels are stored in charged solitons 

[12,13,14]. For nondegenerate systems, they are stored as charged polarons or 

bipolarons [15]. High doping for the non-degenerate polymers results in polarons 

interacting to form a polaron lattice or electrically conducting partially filled 

energy band [16,17]. Bipolarons or the pairs of polarons are formed in less 

ordered regions of doped polymers [18]. 

 The conductivity of these systems can be increased by more than 10 orders 

of magnitude upon doping the pristine polymer [7]. With these improvements in 

the electrical conductivities, many traditional signatures of metallic conductivity 

have been demonstrated. Some of the most highly conducting samples remain 

conducting even in the millikelvin range [19]. However, the conductivity of highly 

conducting polymers usually decreases at low temperature, which is generally 

taken as an indication that the material is not truly metallic. The common 

interpretation for this behavior is that the high density of doping-induced 
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conduction electrons at the Fermi level becomes spatially localized at low 

temperatures so only hopping transport remains possible [7]. The main sources of 

localization are structural and energetic disorder in the polymers [7]. 

 

 

1.3 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) 
(PEDOT:PSS) 

 

The research presented in this thesis is mainly focused on understanding 

the effect of morphological changes on the charge transport in the conducting 

polymer PEDOT:PSS. 

 PEDOT is a relatively new member in the conducting-polymer family. It 

shows interesting properties, including relatively good electrochemical, ambient, 

and thermal stability of its electrical properties as compared with that of other 

polythiophenes [7]. PEDOT is built from ethylenedioxythiophene (EDOT) 

monomers. It is insoluble in many common solvents and unstable in its neutral 

state, as it oxidizes rapidly in air. To improve its processability, a polyelectrolyte 

solution (PSS) can be added, and this results in an aqueous dispersion of 

PEDOT:PSS, where PEDOT is its oxidized state. Each phenyl ring of the PSS 

monomer has one acidic SO3H (sulfonate) group, see Figure 1.3. 

 

 
Figure 1.3: Left: cartoon representing the top view of the morphology of a thin 
film of PEDOT:PSS particles, surrounded by a thin PSS-rich surface layer. 
PEDOT chains are displayed as short bars. Right: chemical structure of the 
species present in the film (reproduced from M. M de Kok et al. [20]). 

 

PSS 

PEDOT 
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 PEDOT:PSS is industrially synthesized from the EDOT monomer, and PSS 

as a template polymer using sodium peroxodisulfate as the oxidizing agent. This 

affords PEDOT in its highly conducting, cationic form [21]. The degree of 

polymerization of PEDOT is limited and it is assumed that PEDOT is a collection 

of oligomers with lengths up to ~ 20 repeating units. The role of PSS, which has a 

much higher molecular weight, is to act as the counter ion and to keep the 

PEDOT chain segments dispersed in the aqueous medium. In general 

PEDOT:PSS gel particles are formed that possess excellent processing 

characteristics to make thin, transparent, conducting films. 

Aqueous dispersions of PEDOT:PSS are commercially available, for 

example, under the trade name Baytron P from H. C. Starck. With this material, 

thin, highly transparent and conductive surface coatings can be prepared by 

spin-casting or dip-coating on almost any hydrophilic surface. H. C. Starck offers 

a variety of dispersions for different applications. Depending on solid content, 

doping concentration, particle size and additives, films with different properties 

can be made. The work function of Baytron P is approximately 5.2 eV. The 

dispersion is acidic with a pH value between 1.5 and 2.5 at room temperature 

because of the PSS content [20]. 

 In this work, the specific Baytron P VP Al 4083 OLED grade was 

extensively studied in Chapters 3 to 7. In the OLED grade, the PEDOT:PSS ratio 

is 1:6 and, which makes the material with a relative in-plane low conductivity of 

the order of 10-3 S/cm in order to avoid cross-talk between neighboring pixels. 

 

 

1.4 Charge transport in disordered materials 

 

 The electric field across any material, either parallel or perpendicular to the 

plane, drives the charges to their respective counter electrodes, consequently, a 

conductivity or resistivity can be measured. In the case of conducting polymers, 

despite their relatively high conductivity at room temperature, it is experimentally 

found that they do not really behave as metals because their conductivity is not 

increased when they are cooled. The problem for this class of polymers is that 

their properties are dominated by disorder, which leads to charge localization at 

low temperatures. For most materials, including PEDOT:PSS, carrier localization 
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is dominant at all practical temperatures, i.e. temperatures that do not damage 

the material. 

 In this sense, the temperature dependence of the conductivity gives 

important information about the electrical conduction mechanism. Sir Nevill 

Francis Mott [22] developed a model to describe electron conduction in 

amorphous materials that is well applicable to conducting polymers. The Mott 

variable-range hopping (VRH) theory describes the low temperature behavior of 

the conductivity in strongly disordered systems, i.e. systems in which the 

available states are localized. 

 

 
Figure 1.4: Schematic representation of a carrier hop from a site with energy Ei to 
an empty site with energy Ej by absorption of a phonon. e-L/ξ is the tunneling 
decay, where L is the hopping distance and ξ the localization length. The 
conductivity of the entire system is determined by the optimal network of 
hopping sites. The optimal hopping distance decreases with increasing 
temperature, therefore this mechanism is referred to as variable-range hopping 
(VRH). 
 

 In this model, charge carriers move (hop) from a localized state to a nearby 

localized state of different energy. Consider two states located a distance L apart 

in Figure 1.4. The state on the left is at energy Ei and the state on the right is at 

energy Ej. Suppose ΔEij = Ej - Ei > 0. An electron can hop from left to right by the 

absorption of a phonon. In fact, there are two factors which determine an 

electron hopping from site i to site j. One is the tunneling factor exp(-L/ξ), where 

L is the hopping distance and ξ is the localization length and the other is the 

Boltzmann factor exp(-ΔE/kBT). Following Mott, the hopping probability Pij for an 

electron to hop between two sites i and j is written as  
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 The key ingredient in the VRH theory is that L and ΔE are connected via 

the density of states N(EF) as 

 
D

FL ΔE N( E ) ~ 1                    Eq 1.2 

 

where D is the dimensionality of the system. Eq. 1.2 reflects the fact that the 

number of available states in a volume LD and in an energy interval ΔE should be 

of the order of unity to enable percolation. Therefore, the optimum hop is the 

result of a competition between the two terms in the exponent in Eq. 1.1. At low 

temperatures, the thermal activation term tends to become large and in order to 

keep ΔE sufficiently small, the carrier has, according to Eq. 1.2, to hop to a site 

relatively far away, i.e. a non-nearest neighbor site. Optimizing Pij under the 

condition Eq. 1.2 gives the general form of the temperature-dependent 

conductivity of Mott’s model [22] 
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                  Eq  1.3 

 

where the parameter σ0 is the limiting value of the conductivity at infinite 

temperature, and T0 is a characteristic temperature. The exponent ( )1 1 D α+ =  is 

related to the dimensionality D of the transport process, where D = 1, 2 or 3. In 

the conventional (3D) VRH model the characteristic temperature T0 (= β/N(EF)ξ3kB) 

is a function of the localization length ξ and the density of states N(EF). 

 The applicability of the VRH model is examined by plotting the 

experimental results in the form of log σ vs. T-α. In general, the least square fitted 

curves provide a first hand indication not only of the nature of the charge 

transport mechanism, but also for the dimensionality of the system.  

 More detailed discussions on temperature-dependent measurements and 

alternatives to Mott’s VRH are described in detail in Chapters 3, 4, 7 and partially 

in Chapter 5. 
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1.5 Scanning Probe microscopy (SPM) 

 

Among all characterization techniques used in this work, one of the most 

important was scanning probe microscopy (SPM). Several issues concerned with 

the electrical transport properties in the PEDOT:PSS thin films could only be 

elucidated by investigation and correlation with morphological properties using 

SPM. It is not the intention here to give all details concerned with the SPM 

techniques, but a basic description is given.  

 

Scanning Tunneling Microscopy (STM) 

The STM was the first SPM mode developed in 1982 by Binnig and Rohrer 

[23] at IBM and has since then been established as a powerful technique for the 

study of micro and nanoscale structures. Compared to other types of microscopy, 

STM has unique attributes which include: i) ultra-high resolution down to atomic 

dimensions; ii) 2D images with very high resolution especially in the vertical 

direction; iii) a variety of operating conditions, such as vacuum, air, and liquids; 

iv) observation range from micrometer to angstrom; and v) the ability to do 

tunneling spectroscopy. A simplified structure of a scanning tunneling 

microscope is shown in Figure 1.5. 

 

 
Figure 1.5: Schematic representation of the main components of a scanning 
tunneling microscope (STM). The tunneling current between a conductive tip and 
sample is exponentially dependent on their separation, d (c is a numerical factor). 
A feedback loop is used to maintain a constant tunneling current during 
scanning by vertically moving the scanner at each (x,y) data point until a setpoint 
current is reached. (reproduced from [24]).  
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The principle of STM operation is simple and is based on the electron 

tunneling effect. When a metal needle-like probe (tip) is brought close to a surface 

(1-10 Å), electrons can tunnel through the gap between the tip and the surface 

when an appropriate bias voltage is applied, producing a tunneling current. The 

tunneling current is, amongst others, a function of the bias voltage and the tip 

and sample materials and is extremely sensitive to the tip-sample distance. This 

strong distance dependence is the reason for the high vertical resolution of STM 

[25]. When the tip is scanned across the surface using a piezo scanner, a 

feedback system adjusts the height of the tip above the substrate surface to keep 

the tunneling current constant. This is called the constant current mode. It is also 

possible to capture the change in the tunneling current at a constant tip height 

in which case the STM is said to be operating in constant height mode. 

 Particularly in this work, the STM was used in constant current mode, with 

self-cut Pt-Ir tips. These tips were made from Pt-Ir wire of 250 μm diameter by 

cutting them using a simple hand tool, i.e. a cutter plier. Pt-Ir is a suitable alloy 

for making tips. It does not oxidize easily in air and is very hard. Other materials, 

for example tungsten (W), are too susceptible to oxidation to be used under 

ambient conditions.  

 

                                  (a)                                                   (b) 

    
Figure 1.6: (a) Topographic and (b) current STM images of a 100 nm-thick film of 
PEDOT:PSS treated with 10 wt-% of sorbitol acquired on 1 × 1 μm2. Vertical 
scales are 20 nm and 1 pA, respectively, for (a) and (b). A first scan at 3 V probes 
a surface of “badly” conductive material, resulting in the “cloudy” image on the 
lower half of the images. At somewhat lower bias, 1 V, the better conducting bulk 
of PEDOT:PSS is reached, as seen in the upper half of the images. The tunneling 
current was set at 1 pA for both low and high bias scans. 
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 The resulting images of Figure 1.6 are a good example of how an STM can 

be used on soft organic material like PEDOT:PSS. Since setpoint current and 

voltage are fixed, STM images reflect a surface of constant conductance, which in 

low-conductivity materials does not necessarily coincide with the topographic 

sample surface [26]. In Figure 1.6, STM topography and current images of a 

PEDOT:PSS thin film treated with 10 wt-% of sorbitol is shown. A first scan at 

high bias setpoint, 3 V, results the lower half image. This image is identical to 

what is usually found by AFM (see AFM explanation below), implying that the 

imaged surface of constant conductance indeed reflects the ‘true’ topography. 

When the STM setpoint bias is lowered to 1 V the image is drastically changed. A 

surface of higher conductance, lying deeper in the material is probed by the STM, 

see upper half of the image. Chapters 3 and 7 discuss the ‘hidden’ morphology 

obtained by STM in this manner. 

 

 Atomic Force Microscopy (AFM) 

 AFM is a surface analytical technique, capable of producing images with 

very high resolution. It was developed 4 years after the STM, by the modification 

of one of the STM instruments, by Binnig et al. [27]. While STM is based on the 

quantum physical principle of electron tunneling between tip and sample, AFM 

operation is based on the detection of repulsive and/or attractive surface forces. 

The interaction between the sample surface and a tip (probe) located very close to 

it corresponds to the force between the atoms of the sample and those of the tip 

that scans the surface and the image is generated by monitoring these forces. 

AFM does not require a conducting sample thereby enabling the application of 

SPM techniques to (insulating) polymers, biological material and etc. 

 In the AFM systems used for the measurements in this thesis, the probing 

AFM tip is attached to a flexible cantilever responsible for the signal 

transduction. A small laser focused on the cantilever detects any bending or 

twisting of the cantilever. The reflection of the laser beam is focused on a 

segmented photodiode detector. The interaction of the sample with the tip is 

measured by the variation in the reflected beam’s point of incidence on the 

photodiode. This optics mechanism enables detection of forces between 

approximately 10-7 – and 10-12 N [24]. Deflection of the cantilever by interaction 

with features on the sample surface is monitored during scanning and translated 

into a 3D image of the surface. 
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Figure 1.7: Scanner head of a Veeco (previously Digital Instruments) MultiMode 
AFM: 1 - laser, 2 – mirror, 3 – cantilever (the tip is on the bottom side), 4 – tilt 
mirror, 5 – photodetector (reproduced from [24]). 

 

 AFM can be operated in a number of different imaging modes depending on 

the nature of the interaction between the tip and sample surface. Earlier, in the 

original version of the AFM, the tip was in constant contact with the sample. This 

mode is known as the contact mode. When the tip encounters a feature higher 

than the current scanning level, the cantilever is bent backwards and as a result 

the tip applies a larger force to the surface. To avoid this, the AFM compensates 

by increasing the distance to the surface. The opposite takes place if the feature 

is lower. The height change needed for compensation is shown on the screen as 

the surface topography. Drawbacks, however, are a high lateral force, a strong tip 

wear and potential sample damage.  

 To avoid the problems described above, a different imaging mode was 

invented. This mode is known as tapping (TM-AFM) or intermittent contact mode. 

In this mode, the tip oscillates at its resonance frequency and is in contact with 

the surface only at the lower part of its oscillation. As the tip oscillates, additional 

information can be extracted, see Figure 1.8.  
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Topography 

Phase  
Figure 1.8: Phase imaging of a surface. The difference between the applied 
(dashed line) and the detected (full line) oscillation is a measured of the 
mechanical properties of the sample. For example, a hard surface results in a 
small difference, whereas a softer region produces a large phase shift. The right 
side images illustrate the difference in the phase across the surface of a triblock 
copolymer (PS-b-PB-b-PS) thin film. A virtually flat topographic surface shows 
more pronounced structure in the phase image, where the stiffer PS lamellae 
appear bright in the phase image. For more details see [28]. 
 

 By comparing the difference between the applied oscillation and the actual 

oscillation, Figure 1.8, a phase difference can be measured. This signal is the 

result of the mechanical properties of the surface as well as the force interactions 

between the tip and the surface. The latter can be used for chemical mapping 

[29] and morphological structural studies [30]. Interpretation of phase-AFM 

images can be complex. 

 

 Scanning Kelvin Probe Microscopy (SKPM) 

Following the development of SPM techniques, the electrical properties of 

surfaces are now being evaluated with high spatial resolution using a series of 

techniques derived from AFM that fall under the category of electric force 

microscopy (EFM). Such techniques include scanning capacitance force 

microscopy (SCFM) and scanning Kelvin probe force microscopy (SKPM), the 

latter will be explained in this sub-section. SKPM [31] is a technique that 

combines classical Kelvin probe with AFM and allows one to measure the local 

surface potential Vsp, which, for a metallic tip and sample with work functions χtip 

and χsample respectively, is given by qVsp = χtip - χsample with q the elementary 

charge.  
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Figure 1.9: Schematic of AFM and “lift mode” operation for surface potential (Vsp) 
determination (adapted from [24]).  
 

 The Kelvin mode that is used in this work is based on the two-scan 

technique. In the first scan the topography is acquired using tapping mode. In 

the second scan this topography is retraced at a preset lift height above the 

sample surface during the detection of the surface potential Vsp. During this 

second scan the cantilever is no longer excited mechanically but electrically by 

applying the voltage (Vtip) to the tip. Vtip contains dc and ac components, Vtip = Vdc 

+ Vacsin(ωt). The resulting capacitive force Fz along the z direction between the tip 

and the sample surface is = −
2

z
V dCF
2 dz

, where V = Vtip - Vsp = Vdc + Vacsin(ωt) - Vsp. 

Combining the latter expression with the expression for Fz, the force at resonant 

frequency becomes ( )ω = −ac sp dc
dCF V V V
dz

 which is used for the detection of the 

surface potential Vsp. The feedback changes the dc tip potential Vdc until the ω 

component of the cantilever movement (and accordingly Fω) vanishes, i.e. Vdc is 

equal to Vsp. So mapping Vdc reflects the surface potential over the sample 

surface [31]. 

 

 

1.6 Device lifetime – Polymer Light-emitting diodes (PLEDs) 

 

 Since the development of polymeric and organic light-emitting diodes 

(P/OLEDs) operating at reasonably low voltages, organic electronics have 

attracted great interest due to the promise of lower cost and new potential 

niches, like large-area flat and flexible displays [32,33]. 
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                          (a)                                                        (b) 

         
Figure 1.10: (a) The most simple structure of a P/OLED; (b) band structure of an 
OLED operating in forward bias: (1) charge carrier injection, (2) charge carrier 
transport, (3) exciton formation, (4) radiative exciton decay (reproduced from 
[34]). 
 

 Typically, P/OLEDs are made using thin layer(s) of organic material(s) 

between two electrodes. Under forward applied bias electrons and holes are 

injected into the organic material(s), leading to the generation of light. Figure 

1.10(a) shows the structure of a P/OLED with a single organic thin layer 

sandwiched between the cathode (usually a metal), and the anode (usually 

transparent and the most used is indium tin oxide (ITO), a transparent 

conductive oxide material. The choice of the electrodes is an important factor in 

the operation of such devices because they directly control the injection of 

carriers into the organic layer(s). Therefore, the cathode must have a low work 

function, whereas the anode must have a high work function, in order to easily 

inject electrons and holes, respectively, into the organic material.  

 The color emitted by such devices depends on the HOMO-LUMO gap of the 

used emissive material [35] and the electroluminescence mechanism can be 

explained following the steps shown in Figure 1.10(b). In this scheme, positive 

carriers are injected by the anode and this injection depends, in first 

approximation, on the energy difference (φh) between the work function of the 

anode (χA) and the HOMO level of the organic material. On the other side, 

negative carriers are injected by the cathode and depend on the energy difference 

(φe) between the work function (χC) and the LUMO level. Once carriers are injected 

into the organic material they are transported by the applied electric field towards 

the counter electrode (2), or they relax creating a singlet exciton (3). In the case of 

singlet excitons, they can subsequently decay emitting light (4). 

Substrate 

Anode 

Organic 

Cathode 
χC   

χA 
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 The lifetime is still a critical factor for bringing P/OLED products to the 

market. Many mechanisms have been proposed for the decay in luminance, but 

consensus exists that one of the dominant degradation mechanisms is the 

exposure of the organic–cathode interface to atmospheric oxygen and water 

[36,37]. This leads to the oxidation and delamination of the metallic cathode [38]. 

The steady-state photoluminescence has been seen to decrease by a factor of two 

after just 5 minutes in the presence of oxygen and light [39], indicating the 

presence of electron traps. The active organic layer itself can be also damaged 

due to photo-oxidation. The interaction with the oxygen breaks the organic 

chains or interrupts its conjugation by breaking C=C bonds, and thereby 

breaking the conjugation [40,41] 

 Thus, in order to isolate the device from atmospheric oxygen and water, 

encapsulation of OLEDs is a key technology, which is necessary to extend the 

lifetime. 

 

 
Figure 1.11: OLED encapsulation structures: (a) traditional glass or metal lid; (b) 
laminated barrier-coated lid; (c) thin film (reproduced from [42]). 
 

 Usually, in conventional bottom-emitting devices as shown in Figure 

1.10(a), a metal lid is attached on the glass substrate as shown in Figure 1.11(a). 

The sealing is accomplished by applying a low-moisture-impervious adhesive 

resin between the lid and substrate. A getter material, such as calcium oxide or 

barium oxide, is often incorporate into the package to react with any byproduct of 

the resin cure process and any residual water incorporated in the package or 

(a) 

(b) 

(c) 
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diffusing through the seal over time. However, such a packaging method may be 

inappropriate for new types of P/OLEDs, e.g., flexible-P/OLEDs. Furthermore, 

since thinner and lighter devices are always desired, direct encapsulation of 

P/OLEDs is a highly relevant research topic [43,44,45,46]. 

 The second Chapter of this thesis describes the deposition of a thin film 

layer by PECVD technique as a protective barrier for PLEDs aiming flexible device 

applications. 

 

 

1.7 Objectives and scope 

 

 Basically, the subjects studied in this thesis can be split into three main 

topics:  

 

(i) Encapsulation of PLEDs; 

(ii) Anisotropic transport properties of PEDOT:PSS thin films; 

(iii) Morphological and electronic properties of PEDOT:PSS treated with 

sorbitol. 

 

 The first topic is discussed in Chapter 2. The objective of encapsulation of 

PLEDs is to minimize the degradation of both polymer layers and electrodes due 

to the presence of oxygen and water. For this, a thin layer of carbon nitride 

deposited by PECVD reactor is used as encapsulation material for PLEDs. The 

results presented in this Chapter were a first experiment and the promising 

lifetime enhancement was not further explored. However, the presented results 

show that the high photo-oxidation rate of the active layer, studied by FTIR and 

UV-Vis/IR, can be prevented by the deposition of such a thin layer of carbon 

nitride. 

 The second topic discussed concerns the effects of morphology on the 

charge transport properties of PEDOT:PSS thin films, see Chapters 3 and 4. This 

study is mainly made by temperature and electric field dependent conductivity 

measurements and by correlating the results with film morphology as observed 

by AFM and STM.  
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 The last topic deals with the morphological and electronic characteristics of 

PEDOT:PSS treated with sorbitol. Typically, the addition of sorbitol leads to a 

conductivity enhancement of the thin film and the causes and consequences of 

such behavior were investigated. In Chapter 5, the various technological 

properties of the highly conductive sorbitol-treated PEDOT:PSS thin films, such 

as the conductivity itself, thermal annealing, and exposure to moisture are 

investigated. It is found that the well-known conductivity enhancement, upon 

addition of sorbitol, is accompanied by a better environmental stability. Chapter 

6 discusses surface potential measurements in sorbitol treated PEDOT:PSS using 

the SKPM technique. It is shown that a shift in the surface potential is consistent 

with a reduction in the surface enrichment of PSS. Finally, Chapter 7 uses the 

framework of Chapters 3 and 4 in order to study the transport properties of the 

highly conductive PEDOT:PSS thin films. 

 Generally, this thesis tries to explain experimental results using theoretical 

charge transport models with great emphasis on the correlation with the 

morphology. 
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2 Barrier coating for polymer light-
emitting diodes using carbon 

nitride thin films deposited at low 
temperature by PECVD technique 

 
 
 
 
 
In this chapter, a plasma-enhanced chemical vapor deposition (PECVD) system 
was used to deposit carbon nitride at low deposition temperature (<100 ºC) to 
improve the lifetime of polymer light-emitting diodes (PLEDs) and to decrease photo-
degradation of MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-
vinilene]) in air. The characteristics of the carbon nitride and MEH-PPV films are 
investigated with FTIR and UV-Visible spectroscopies, with particular emphasis on 
the degradation process of MEH-PPV under illumination. It was shown by 
absorbance measurements that the coating protects the polymer film since the 
damage caused by photo-oxidation diminishes considerably. Current vs. voltage 
curves for PLEDs also indicated that the protection of a carbon nitride layer 
enhances the device lifetime. 
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2.1 Introduction 

 

Thin dielectric films are often used as hermetic seals in integrated circuits 

and solid-state devices [1,2,3]. Amorphous carbon-nitride alloys (a-CNx) have 

been studied as promising candidates for a number of mechanical and electronic 

applications, such as protective coatings for magnetic disks [4] and electronic 

materials in cold cathode displays [5,6]. Interest in carbon-nitrogen compounds 

gained impetus after works in the 1980s [7,8], which predicted excellent 

mechanical properties for carbon nitrides designed as β-C3N4, with a bulk 

modulus even greater than that for diamond. Indeed, carbon nitride films 

produced via vapor phase synthesis methods showed low friction and high wear 

resistance [9,10,11,12,13,14], and proved to be excellent barriers for water and 

oxygen permeation, analogously to silicon nitride [15]. Nevertheless, carbon 

nitride films have not been explored as barrier coatings for materials or electronic 

devices, in which the permeation of water and/or oxygen appears as an obstacle 

for commercial applications. Polymer light-emitting diodes [16] are devices 

affected by changes in the chemical structure of the polymers induced upon 

interaction with the metallic electrodes [17], mainly due to photo-oxidation 

mechanisms [18]. In particular, oxygen, water and light may cause the electrical 

field near the polymer-metal interface to vary when a voltage is applied, resulting 

in local areas of higher electric field that may induce rapid polymer degradation. 

As a consequence, the lifetime and quantum efficiency of the device will be 

reduced [18]. 

In this chapter, a novel application of carbon nitride as a barrier coating for 

PLEDs is reported. The aim is to minimize degradation of both polymer layer and 

electrodes due to the presence of oxygen and humidity, which are major factors 

in decreasing the lifetime of PLEDs. Fourier Transform Infrared Spectroscopy 

(FTIR) of the carbon nitride layers, UV-Vis Infrared Spectroscopy of the polymer 

layers in air at different light exposure times were performed as well as J  × V 

characteristics of the PLEDs were taken at different times. 
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2.2 Experimental 

 

The polymer light emitting diodes were made in a standard sandwich 

structure with glass as substrate, polymer on top of an indium tin oxide (ITO) 

layer and a metal cathode on top of the polymer, as shown in Figure 2.1.  
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Figure 2.1: Configuration of the polymer light-emitting diode (PLED). 

 
A cleaned glass plate covered by a thin layer of ITO of about 200 nm and 8 

Ω/ , transparent and conductive, works as the anode. A polymeric layer, about 

100 nm thick MEH-PPV, is deposited through the spreading of a polymeric 

solution (in chloroform) while the substrate rotates at a speed of 800 rpm, i.e. the 

spin-coating technique. A 0.5 μm thick aluminum (Al) layer was evaporated on 

the polymeric layer, forming the cathode of the device. Finally, a thin layer of 

carbon nitride (CN) compound was deposited on top of the PLED by plasma 

enhanced chemical vapor deposition (PECVD) technique at temperatures close to 

100 °C. PECVD deposition was carried out at 13.56 MHz radio frequency 

generator and impedance auto-matching network. The deposition parameters are 

shown in Table 2.I. The substrates were not deliberately heated or cooled during 

deposition, and the temperature of the substrates rose up to 80 °C due to the 

plasma energy. 
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Table 2.I: Deposition parameters for carbon nitride films prepared by PECVD. 

CH4 
(sccm) 

He 
(sccm) 

N2 
(sccm) 

Pressure 
(mTorr) 

Power 
density 

(mW/cm2) 

Temperature 
(°C) 

Time 
(min) 

25 7.5 2.5 15 375 80 120 

 

 The device (PLED) was kept under ambient conditions (room temperature, 

light and humidity) and was characterized by J × V curves with a HP 4145B 

semiconductor parameter analyzer at different times. In order to study the effects 

from photo-oxidation of the polymeric layer, two sets of samples were illuminated 

with an ELH lamp (100 mW/cm2), up to 10 hours. Illumination was interrupted 

only for UV-Visible-near IR (UV-Vis/IR) measurements. The experimental setup is 

shown schematically in Figure 2.2.  

 
 

 
 Cooled base (25ºC) 

ELH-type lamp 

Illumination Intesity 100mW/cm2

 
Figure 2.2: Schematic illustration of the illumination system with ELH-type lamp, 
white light, used for degradation experiments. ELH lamp illumination at 100 
mW/cm2. 
 

 UV-Vis/IR spectroscopy using a Cary spectrophotometer (Varian model 

2315) was performed to evaluate the degradation process of the protected 

(glass/MEH-PPV/carbon nitride) and non-protected (glass/MEH-PPV) polymeric 

layer. A Fourier-transformed infrared (FTIR) spectrometer (model FTS-40 

BIORAD) was employed to analyze the chemical bonding of the carbon nitride 

films. The samples produced in the system mentioned above were deposited onto 

p-type (100) single-crystalline silicon substrates in the 7 – 13 Ω.cm resistivity 

range for FTIR spectroscopy. 

 

 

Illumination Intensity 100 mW/cm2
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2.3 Results and discussions 

 

 The main bands related to the carbon nitride structures appear in the 

infrared spectra in Figure 2.3, viz. C-N (1020-1280 cm-1), C=N groups (1610-1660 

cm-1), NH bending (1590-1640 cm-1), NH2 bending (1555-1590 cm-1), CHn 

bending (1350-1450 cm-1), C=C bonds (1300-1500 cm-1), C≡N stretching at 2200 

cm-1, CHn stretching at 2800-3000 cm-1 and NH at 3300-3500 cm-1.  
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Figure 2.3: FTIR spectra of 0.7 μm thick CNx films. 

 

 These results are consistent with the literature [19,20,21], and with the 

study of infrared spectra of carbon nitride films [22]. In subsidiary experiments, 

we varied the thickness of the carbon nitride film and observed that the 

absorption band assigned to C=N and NH groups decreases with decreasing film 

thickness. In contrast, the band assigned to C-N increased as the thickness 

decreased. Because the appearance of C-N bonds is associated with the hardness 

of carbon nitride, since three-dimensional C3N4 with tetrahedral C-N bonds (sp3 

C-N) is comparable to that of diamond, but two-dimensional C3N4 is soft [23], the 

results above indicate that by optimizing the conditions of film fabrication one 

may control the mechanical properties of the film. This is important for a 

material used as protection of devices. 

 Figure 2.4 shows the UV–Vis/IR measurements for the structures 

glass/MEH-PPV and glass/MEH-PPV/carbon nitride under illumination of ELH-

type lamps (100 mW/cm2) for almost 10 hours, and for the glass/MEH-PPV 
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structure stored in air and in the dark, up to 6 months. For samples with no 

protection (glass/MEH-PPV), no changes are observed in the absorption spectra 

when the polymer film is stored in the dark (Figure 2.4(a)), while the damage 

occurs very easily in the sample under illumination (Figure 2.4(b)). An 

intermediate behavior is observed when the glass/MEH-PPV/carbon nitride 

structure is stored in air, but under illumination (Figure 2.4(c)). In this case, 

some protection is observed and the drastic damage only occurs after 9 h of 

illumination. The damage is due to photo-oxidation or photo-degradation of the 

polymer film, with interaction with the oxygen breaking the polymer chain or 

interrupting its conjugation, mainly by replacing C=C groups by C=O groups 

[18,24,25].  

 Degradation is more clearly visualized in Figure 2.5, where the absorption 

at 500 nm is plotted against time.  
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Figure 2.4: UV–Visible measurements for the structures: (a) non-protected 
(glass/MEH-PPV) in air and dark, (b) non-protected sample (glass/MEH-PPV) 
under illumination and (c) protected sample (glass/MEH-PPV/carbon nitride) 
under illumination.  
 

 For the sample stored in the dark, even being kept in air, there was no 

significant change in absorption. For the samples exposed to light, the one with 

no protective layer displayed a sharp decrease in absorbance in a very short 

period due to photo-oxidation. In contrast, the sample with a protective layer of 

carbon nitride only suffered degradation after 6 h of light exposure. These results 
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are consistent with recent reports in the literature of short lifetimes for MEH-PPV 

displays [18,24,25]. 

 

0 1 2 3 4 5 6 7 8 9 10 3333366740004333

0.0

0.2

0.4

0.6

0.8

1.0

months
6

non-protected
in the dark

non-protected
under illumination

protected
under illumination

  

N
or

m
al

iz
ed

A
bs

or
ba

nc
e 

[5
00

 n
m

] (
a.

u.
)

Hours
6

 
Figure 2.5: Degradation ratio normalized at 500 nm for polymeric layers in the 
dark and in air, protected with carbon nitride and non-protected. 
 

 The most interesting and in fact important aspect of the experiment was to 

determine if the encapsulation material increased the lifetime of the devices. 

Figure 2.6 shows J × V curves for the PLED encapsulated with a carbon nitride 

film with thickness of 0.7 μm and resistivity in the range of 1010 Ω.cm. The PLED 

was kept under ambient conditions of humidity, temperature and light. The shift 

to higher operational voltages indicates that the device is being degraded when 

stored for hundreds of days. However, the lifetime of the PLED presented here is 

much longer than for a non-encapsulated PLED, as the latter works for only a 

few minutes. 
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Figure 2.6: Current vs. applied voltage plots for encapsulated PLED as fabricated 
and at various times after fabrication with the device stored under ambient 
conditions. 
 

 

2.4 Conclusions 

 

 In this Chapter, we reported a novel use of carbon nitride as encapsulation 

material for polymer light-emitting polymeric diodes. Carbon nitride meets the 

criteria for a material that would block humidity and have adequate thickness 

and flexibility. The lifetime target of >10,000 h for commercial applications is not 

achieved yet for the PLED. However, optimization of the encapsulation material 

may be sought by employing films of silicon nitride or other PECVD layer 

combinations. In addition, optimization of the deposition parameters of the 

carbon nitride films may be attempted. The experiments with EHL lamp 

illumination at 100 mW/cm2 in air of the PLEDs with no protection indicated 

that MEH-PPV is easily degraded. In practice, the high photo-oxidation rate of 

MEH-PPV prevents it from being used in real applications, unless a proper 

protection is provided for the device. 
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3 Microscopic Understanding of the 
Anisotropic Conductivity of 
PEDOT:PSS Thin Films: a 

qualitative study 
 
 
 
 
 
In this chapter, the dc conductivity of commercial and specially synthesized 
batches of PEDOT:PSS has been studied as a function of temperature in the range 
from 77 K to 300 K. Electrical measurements of the dc conductivity were performed 
in top-bottom (normal) and coplanar (lateral) contact geometries. Depending on 
temperature, differences between the normal and lateral conductivity of up to three 
orders of magnitude were found. This shows that the spin coated material is highly 
anisotropic, which may cause an enhanced cross-talk between neighboring pixels 
in organic displays. The temperature dependence was found to follow            
σ = σ0 exp[-(T0/T)α], with the characteristic temperature T0, the exponent α and the 
prefactor σ0 all dependent on the direction of the current. The physical reason for 
this unexpected behavior is the microscopic morphology of spin cast films. From 
low-current scanning tunneling microscopy images, it is found that the films consist 
of flattened PEDOT-rich particles embedded in a PSS-rich matrix of low 
conductivity. By performing phase-sensitive atomic force microscopy on 
cryogenically cleaved samples a cross-sectional view of the morphology was 
obtained. From this, it was found that the PEDOT-rich particles are actually 
organized in layers that are separated by quasi-continuous nm-thick PSS lamellas. 
In the normal direction, the PSS lamellas enforce nearest-neighbor hopping 
between the quasi-metallic PSS particles, leading to a strongly reduced conductivity 
and a temperature exponent α = 1, both in agreement with experiment. The 
exponent α = 1/4 that is observed for lateral transport is attributed to variable-
range hopping between the PEDOT-rich particles. 
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3.1 Introduction 

 

 Conjugated polymers combine the advantageous characteristics of 

conventional polymers, such as low weight, processability, and flexibility, with 

the functional physical properties of conventional semiconductors, such as 

absorption and emission of light and a tunable conductivity, to provide innovative 

materials for (opto)electronic devices. In polymer light-emitting diodes, solar cells, 

memory storage devices, and field-effect transistors, as well as in other high-

volume, low-cost applications of plastic electronics, there is a need for polymers 

with high conductivity to act as charge transport layer or electrical interconnect. 

In the large majority of devices, this role is played by poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a blend of an 

oxidatively doped, cationic, conducting polythiophene derivative (PEDOT) that is 

electrostatically bound to a PSS polyanion [1]. PEDOT:PSS combines high 

conductivity and good transparency in the visible region with excellent stability 

under ambient conditions and can be easily processed from aqueous dispersions 

by spin coating. 

 A common feature of conducting and semiconducting π-conjugated 

polymers is the strong influence of morphology and, hence, processing conditions 

on the material properties. This subject has been extensively investigated for 

semiconducting polymers [2]. Despite the ubiquitous use of PEDOT:PSS, 

relatively little attention has been given to the basics of the charge transport in 

this material [3,4]. The lateral conductivity of PEDOT:PSS blends has been 

addressed for various compositions with variation of pH [3], solvents [5], and 

water content [6]. From the observed temperature dependence, it was concluded 

that lateral electric conductivity occurs via hopping of charge carriers. However, a 

detailed understanding of the role of the morphology in this process is currently 

lacking. Moreover, possible anisotropies in the conductivity have not been 

systematically addressed, despite the observed anisotropy in the optical response 

[7]. A recent conductive atomic force microscopy (AFM) experiment on 1 μm thick 

drop-cast PEDOT:PSS films suggests that the charge transport perpendicular to 

the substrate is dominated by space–charge effects, in striking contrast to the 

transport parallel to the substrate [4]. For the use in pixilated displays, the issue 

of in- versus out-of-plane anisotropy is of utmost importance since in-plane 
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conductivity causes crosstalk between neighboring pixels, whereas the out-of-

plane conductivity has a direct effect on the contact resistance. 

 The currently accepted morphology of spin-cast PEDOT:PSS films is that of 

a phase segregated material consisting of PEDOT:PSS grains surrounded by a 

shell formed by excess PSS [8]. The thickness of the grain boundary has been 

found to be about 30–40 Å [9,10]. The PEDOT-rich core of the grains has a much 

higher intrinsic conductivity than the PEDOT-depleted grain boundary, which is 

essentially insulating because PSS is only a weak ionic conductor. Consequently, 

the main obstacle is to transport electric current between the PEDOT-rich grains 

[3,11], while the electronic current is easily transported within the grains. 

Although this description rationalizes some of the properties of PEDOT:PSS thin 

films, a detailed and consistent correlation between morphology and electrical 

properties has not yet been established. 

 In the present study we combine scanning probe microscopy with 

macroscopic conductivity measurements to come to a full 3D morphological 

model that explains the observed anisotropic conductivity of spin coated 

PEDOT:PSS thin films. In particular, we find that the vertical conductivity, that 

is, perpendicular to the substrate, can be up to three orders of magnitude lower 

than the lateral conductivity in the plane of the film. Observation of pancake-

shaped PEDOT-rich islands separated by lamellas of PSS in cross-sectional AFM 

and topographic scanning tunneling microscopy (STM) images explains not only 

the large difference in conductivity, but also the difference in the conduction 

mechanism as observed in temperature-dependent conductivity measurements. 

Despite apparent ordering of PEDOT-rich islands in STM images, the 

macroscopic in-plane conductivity was found to be totally isotropic, and the 

ordering was concluded to be confined to randomly oriented micrometer-size 

domains. 

 

 

3.2 Experimental 

 

 Two PEDOT:PSS (1:6 by weight) materials were used in this work. One was 

purchased from H. C. Starck with the trade name Baytron P (Baytron P VP Al 

4083), and the other was synthesized at TNO Science and Industry laboratories, 
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in Eindhoven, as follows. 3,4-Ethylenedioxythiophene (EDOT) and sodium 

persulfate (Na2S2O8, Aldrich) were used as received. 16.5 g of sodium 

polystyrenesulfonate (NaPSS) (Aldrich, weight-average molecular weight Mw = 

200 kg mol–1) was dissolved in ca. 200 mL ultrapure water (UPW, Millipore > 17.5 

MΩ.cm) and purified to remove low molecular weight impurities by repetitive 

dialysis against UPW using a Spectropor tube (molecular weight cut-off: 6–8 

kDa). Afterwards the solution was concentrated to the original quantity of ca. 200 

mL and dried by freeze drying using a Labconco FreeZone 4.5 freeze dry system. 

11.4 g of NaPSS was obtained as a white powder with a size exclusion 

chromatography (SEC) Mw of 200 kg mol–1. Then, to a stirred mixture of 1.68 g 

(8.1 mmol) NaPSS, 0.26 g (1.8 mmol) EDOT in 127 mL UPW was added 8.1 g (8.1 

mmol) 1M HCl (aq) in one portion. The reaction flask was covered with aluminum 

foil. After 15 min, 0.55 g (2.3 mmol) Na2S2O8 was added as a solid. The mixture 

was allowed to stir for 16 h. Subsequently, the mixture was purified by repetitive 

dialysis against acidic UPW (40 mM HCl) and UPW respectively using the 

Spectropor tube as mentioned before. The resulting PEDOT:PSS was 

concentrated until ca. 3.1 wt% solid content, containing only 15 ppm Na+ ions as 

determined by ion chromatography. Baytron P contains about 300 ppm Na+ 

using the same method.  

The substrates consisted of 3 × 3 cm2 bare sodalime glass. They were first 

grooved into small pieces of 1 × 1 cm2 on the back side with a diamond pen, then 

cleaned with soap and subsequently sonicated in baths of acetone and 

isopropanol for 20 min each and rinsed with deionized water after each process. 

Residual organic contaminations were removed using a 30 min. UV-ozone 

treatment (UV-Ozone Photoreactor, PR-100, Ultraviolet Products). 

 For the in-plane electrical measurements (||), four electrodes (1 × 6 mm, 1 

mm apart from each other) of 5 nm of chromium followed by 95 nm of gold were 

evaporated on top of cleaned bare-glass substrates (see also the inset of Figure 

3.1(a)). For the out-of-plane electrical measurements (⊥) 100 nm of gold was 

evaporated on top of a small area of ITO to eliminate the spurious series 

resistance caused by the ITO (see also the inset of Figure 3.1(b)).  

 The PEDOT:PSS solutions were filtered using a 5 μm filter and deposited in 

air by spin-coating for both types of electrode geometries. Then, samples were 

transferred into a glove box (O2 and H20 < 1 ppm) and subsequently annealed on 
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a hot plate at 200 °C for 2 min to remove water. The thicknesses were about 60 

and 95 nm for Baytron P and for the low-Na+ PEDOT:PSS, respectively, as 

measured by a profilometer (Alpha-step 200, Tencor Instruments). The remaining 

top contact for ⊥ electrode geometry samples were made by the evaporation of 

100 nm of gold on top of PEDOT:PSS thin films using a shadow mask which gives 

an active area of 0.35 cm2. After cutting the desired sample from the substrate, it 

was placed inside a cryostat (Oxford Instruments), evacuated to 10–5 mbar (1 bar 

= 100 kPa) and brought to the desired temperature in the 77–300 K range. 

Temperature control was provided by an Oxford ITC 601 temperature controller 

that maintained temperature stability within ± 0.1 K. Conductivities were 

measured by a Keithley source meter (model 2410). For all temperature-

dependent measurements the electrical connections were made inside the glove 

box, so the measured samples never experienced contact with air after bake-out. 

From a comparison of two- and four- terminal measurements, the contact 

resistance was found to be negligible for all our samples.  

 Scanning tunneling microscopy (STM) experiments were measured with a 

Veeco/Digital Instruments MultiMode equipped with a low-current STM unit, 

driven by a NanoScope IV controller. For the STM measurements, freshly cut Pt-

Ir tips were used and the experiments were conducted in air. Tapping mode 

cross-sectional atomic force microscopy (X-AFM) experiments were measured 

with a Veeco/Digital Instruments Dimension 3100, driven by a NanoScope IIIA 

controller. For the X-AFM measurements, 3 cm × 3 cm PEDOT:PSS thin films on 

glass were frozen at liquid nitrogen temperature and then broken into small 

pieces. The tips (NCH-R from Nanosensors) used in this experiment had a spring 

constant k ≈ 40 N/m. 

 

 

3.3 Results and discussions 

 

 We investigated two types of PEDOT:PSS, both with a mass ratio of 1:6. 

One was Baytron P VP AI 4083 from H. C. Starck,[12] which contains roughly 

300 ppm Na+. In order to make sure that intrinsic properties of PEDOT:PSS were 

measured, the second material was an ultrapure (15 ppm Na+) PEDOT:PSS that 

was specifically synthesized for this purpose as described in the experimental 
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section. For the electrical characterization, the samples were designed to have 

different electrode geometries so that applied electric field is either parallel (||) or 

perpendicular (⊥) to the surface normal (see insets of Figure 3.1). 

 

3.3.1 Temperature dependence of the electrical conductivity 

 

 The temperature-dependent conductivity [σ(T)] of spin coated PEDOT:PSS 

thin films is presented in Figure 3.1 for the temperature range from 77–300 K, 

measured in || and ⊥ directions.  
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Figure 3.1: Temperature dependence of the dc conductivity of spin-coated 
PEDOT:PSS thin films of Baytron P and low-Na+ PEDOT-PPS. Points are 
experimental data and lines are fits to Eq 3.1. (a) The electric field is applied 
parallel (||) to the substrate, α|| =1/4 and T0 values are 4.3 × 106 K and 9.4 × 106 K 
for Baytron P and low-Na+ PEDOT:PSS, respectively. (b) The electric field is 
applied perpendicular (⊥) to the substrate α⊥ = 1 and E3 is about 14 meV for both 
polymers. Note the different exponents on the horizontal axis, see main text for 
further explanation. 
 

 

For both directions (|| and ⊥), σ(T) can be described by 
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⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦

α

σ σ 0
0

T(T ) exp
T

                   Eq 3.1 

 

where σ0 is the conductivity prefactor, T0 the characteristic temperature, and α 

an exponent that is related to the transport process [13,14].  

 Two remarkable features can be seen in Figure 3.1. First, the qualitatively 

different temperature dependence of α, as indicated by the different values of α 

for || and ⊥ directions, and, second, the large difference in the magnitude of σ. 

The origin for these remarkable differences lays in the particular morphology of 

PEDOT:PSS films, as will be discussed below. 

 The value of 1/4 for α that is observed in the || direction (Figure 3.1(a)) can 

be interpreted in terms of a variable-range hopping (VRH) model. In the usual 

analysis of VRH, the exponent α equals 1/(1+D), where D is the dimensionality of 

the electrical conduction path. Hence α = 1/4 indicates 3D variable-range 

hopping. For α = 1/4, T0 is connected to the density of states at the Fermi level 

N(EF) via T0= β/N(EF)ξ3kB where ξ is the localization length, β (= 21.2) a numerical 

factor and kB the Boltzmann constant. The similarity in slope of σ(T) versus T–1/4, 

represented by T0, for the two types of polymers suggests that the morphology in 

the || direction is basically the same. Moreover, the small difference in σ0 between 

the two materials, 1.6 S/cm and 2.7 S/cm for Baytron P and low-Na+ PEDOT, 

respectively, indicates that the conductivity is not significantly influenced by 

background impurities, being mainly Na+ ions. 

 The simple Arrhenius, thermally activated process (α = 1) observed for the 

⊥ direction (Figure 3.1(b)) obviously cannot be attributed to a VRH process. 

Rather, it indicates a nearest-neighbor hopping (nn-H) type behavior [13,14]. In 

this case, the parameter T0 represents the activation energy E3 ≈ 1/N(EF)a3kB, 

where a is the average inter-site distance, according to T0 =E3/kB. As in the 

former case (|| direction), the morphology in the ⊥ direction seems to be the same 

for both materials, since the T0 values are quite close. 
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3.3.2 Morphology 

 

 In order to elucidate the different electrical behavior in the || and ⊥ 

directions, we studied the morphology using scanning probe techniques. Because 

of the presence of a thin (few nanometers) PSS-rich top layer [8] we hardly see 

meaningful features on topographic AFM images (not shown). Using STM with a 

relatively large setpoint current, this layer is not seen [15], and the bulk 

morphology becomes visible [16]. The 200 nm × 200 nm STM image in Figure 

3.2(a) shows that the PEDOT:PSS films indeed have a granular morphology, with 

a typical grain size of about 20–25 nm. The low surface roughness of 

approximately 1.75 nm implies that the grains actually have the shape of 

flattened balls, or pancake-like structures. This is further corroborated in the 

inset of Figure 3.2(a). The transformation of spherical particles in solution to 

pancakes in thin films is most likely the result of the spin casting procedure, 

during which the evaporating water causes the thickness to shrink while the film 

remains continuous in the lateral direction. 

 Figure 3.2(b) shows a 200 nm × 200 nm tapping mode AFM (TM-AFM) 

phase image of the cross section of a PEDOT:PSS film which is exposed by 

cleaving the sample at 77 K. The cross-sectional AFM (X-AFM) image shows 

quasi-continuous elongated domain structures of darker and brighter color, 

having similar sizes as the particles in Figure 3.2(a). Since the TM-AFM phase 

image is sensitive to dissipation in the tip–surface interaction, and therefore to 

the material composition [17], the presence of multiple phases in a blend, in this 

case PEDOT:PSS, generally leads to a phase contrast in the TM-AFM.  

 

 

 

 

 

 

 

 

 

 



Chapter 3 
 Microscopic Understanding of the Anisotropic Conductivity of PEDOT:PSS Thin Films:            

a qualitative study 

A. M. Nardes - 46 - 

                                  (a)                                                       (b) 

     
Figure 3.2: (a) 200 nm × 200 nm topographic STM image of PEDOT:PSS on 
indium tin oxide (ITO) at 2.3 V, tunneling current 10 pA, and vertical scale 15 
nm, the inset shows a line section. (b) 200 nm × 200 nm cross-sectional AFM 
phase image of cleaved PEDOT:PSS on glass, vertical scale is 8°. The glass 
substrate is on the bottom side of the image, as shown by the inset of 530 nm × 
580 nm and vertical scale 70°. A pancake-like particle is highlighted by the 
ellipse. 
 

 Therefore, dark and bright features in the X-AFM images are interpreted as 

PEDOT-rich and PSS-rich regions, respectively. With this in mind, Figure 3.2(b) 

can be interpreted as a side view of PEDOT-rich “pancakes” with a thickness of a 

few nanometers and a diameter of a few tens of nanometers separated by PSS 

lamellas. In the normal direction, the separating barriers, that is, the PSS 

lamellas are quasi-continuous, whereas the separations in the lateral direction 

do not seem to be fully closed. Clearly, a top view of these lasagna-like structures 

should look like Figure 3.2(a). Moreover, this lasagna-type morphology is fully 

consistent with the lamellar structure proposed previously [4]. These STM and X-

AFM measurements can be combined into the schematic morphological model 

depicted in Figure 3.3. 
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Figure 3.3: Cross-sectional view of the schematic morphological model for 
PEDOT:PSS thin films derived from combined STM and X-AFM measurements. 
PEDOT-rich clusters (dark) are separated by lamellas of PSS (bright). The 
PEDOT-rich lamella is composed of several pancake-like particles as pictured by 
the dotted lines. The typical diameter d of the particles is about 20–25 nm and 
the height h is about 5–6 nm. 

 

 Now, the differences in electrical transport properties in the || and ⊥ 

directions can be understood. In the || direction, that is, within the PEDOT-rich 

lamella, conduction can take place by 3D VRH because in this direction the 

PEDOT-rich domains are only separated by the not-completely closed 

constrictions. These are likely to either form a thin barrier, or no barrier at all, 

thereby allowing carriers to hop to non-nearest-neighbor sites. Moreover, the 

absence of thick barriers in the conduction path will lead to relatively high σ 

values (i.e. 10–3 S/cm at room temperature). In the ⊥ direction, the PEDOT-rich 

domains are separated by thick barriers, formed by the PSS lamella, which 

enforce nearest-neighbor hopping and cause a reduction of σ (i.e. 2 × 10–6 S/cm 

at room temperature). In a hopping system, an increase in barrier thickness has 

a similar effect as an increase in temperature in the sense that it promotes 

nearest-neighbor hopping [13]. A transition to a VRH regime at low T, however, 

was not observed in the investigated temperature regime. 

 In the view of the above results, one may anticipate similar anisotropy in 

layer-by-layer films of conducting polymers [18]. 

 

3.3.3 In-plane anisotropy 

 

 A striking feature that is often observed [16] on small-scale STM images is 

a pronounced alignment of the PEDOT-rich domains (see Figure 3.4(b) and (c)). 

Such alignment could easily result from the centrosymmetric forces in the spin 

d 
h 
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coating process and would likely cause in-plane anisotropy in the electrical 

properties of the resulting film.  

 

                      (a)                                   (b)                                    (c) 

         
Figure 3.4: Topographic STM images of low-Na+ PEDOT:PSS on ITO. (a) 1 μm  × 1 
μm; (b) 500 nm × 500 nm, (c) as for (b), for Baytron P. For all images, the 
tunneling current was 10 pA, bias 2.3 V, and vertical scale 10 nm. 
 

 On larger scale images like Figure 3.4(a), a unidirectional alignment is not 

always clearly observable. Moreover, no statistically relevant correlation was 

found between the alignment direction and the position on the 3 cm × 3 cm 

substrate that was used for spin coating. In order to shed further light on the 

alignment issue, the conductivity was measured in different in-plane directions. 

For this, a shadow mask as depicted in Figure 3.5(a) was made. It allows σ to be 

probed in different orthogonal directions on equivalent positions on the 

substrate. The results of the measurements are shown in Figure 3.5(b). 
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Figure 3.5: (a) Layout of the shadow mask used to evaporate Cr/Au electrodes for 
in-plane electrical measurements (top) and schematic side view of the samples 
(bottom). Samples are labeled A–I from top left to right bottom. (b) Typical 
conductivity of eight pieces of a 3 cm × 3 cm PEDOT:PSS sample, measured in air 
(piece D was left out). Capital letters indicate the piece, and the small letters 
indicate the pair of electrodes used in the 2-point measurements. 4-point 
measurements yielded identical results. The average conductivity is (8.5 ± 0.7) × 
10–5 S/cm. 
 

 Figure 3.5(b) shows that the spin coated films of PEDOT:PSS form a 

reasonably homogeneous material in terms of electrical conductivity. Moreover, 

in multiple data sets, no correlation between the electrode alignment and the 

conductivity was found. From this and from larger scale topographic images 

(Figure 3.4(a)) we conclude that the observed alignment of PEDOT-rich domains 

is most likely confined to randomly oriented sub-micrometer-sized domains. 

Note, also, that the average σ in Figure 3.5(b) is about one order of magnitude 

lower than of that in Figure 3.1(a) at room temperature. Because the 

measurements of Figure 3.5(b) were performed in air and PEDOT:PSS films are 

hygroscopic, such differences are due to rapid water uptake [6]. Further studies 

on the influence of water and post-treatments on the σ of PEDOT:PSS is 

discussed in Chapter 5. 
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3.4 Conclusions 

 

 The conductivity of PEDOT:PSS thin films is studied by temperature-

dependent conductivity measurements in the perpendicular and lateral directions 

with respect to the substrate surface. The surprising anisotropy, both in 

conductivity magnitude and in the conduction mechanism could successfully be 

correlated to a detailed morphological model that was derived from topographic 

STM and cross-sectional AFM images. The spin coated material was found to 

consist of horizontal layers of flattened PEDOT-rich particles that are separated 

by quasi continuous PSS lamella. An apparent in-plane alignment of PEDOT-rich 

domains was found to be confined to randomly oriented, submicrometer-sized 

domains, and did not lead to an observable anisotropy in the in-plane 

conductivity. 
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4 Anisotropic hopping conduction 
in spin-coated PEDOT:PSS thin 

films: a quantitative study 
 
 
 
 
 
This is an extension of the previous Chapter. Here, the charge transport in spin 
coated poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) [PEDOT:PSS] has 
been investigated as a function of temperature and electric field. Both the 
magnitude and the transport mechanism are found to be strongly anisotropic. This 
striking behavior is quantitatively explained in terms of a morphological model in 
which flattened, quasi-metallic PEDOT-rich grains are organized in horizontal 
layers that are separated by continuous insulating PSS lamellas. In this model, the 
in-plane conductivity is described by 3D variable-range hopping between ~ 25 nm 
sized PEDOT-rich particles separated by sub-nm PSS barriers, while the out-of-
plane conductivity is described by nearest-neighbor hopping between more widely 
spaced molecular sites. These length scales are supported by previously reported 
scanning probe measurements in Chapter 3. 
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4.1 Introduction 

 

 Conducting polymers offer a unique combination of properties that make 

them attractive materials for many electronic applications. Typically, these 

polymers are made conducting by chemical doping, resulting in polycations or 

polyanions with a relatively mobile charge [1]. The conductivity of these materials 

can be tuned by, amongst others, chemical manipulation of the polymer 

backbone, the nature of the dopant, the degree of doping, and by blending with 

other polymers. 

 Poly(3,4-ethylenedioxythiophene) blended with poly(4-styrenesulfonic acid) 

(PEDOT:PSS) is one of the most important and successful conducting polymers 

synthesized in the field of organic electronics [2]. Combining a relatively high 

conductivity [3] with optical transparency in the doped state it is suitable for 

applications such as antistatic coatings [4], electrode in light-emitting diodes [5], 

photovoltaics [6], memories [7], sensors [8] and as active material for 

electrochromic devices [9]. As such, PEDOT:PSS has found application in 

basically all organic/polymeric devices. Even though there is extensive 

commercial and scientific interest in PEDOT:PSS, the nature of the charge 

transport is still not clear. In addition, the correlation between the morphology 

and the conductive properties is incompletely understood and has been 

addressed in a limited number of publications [10,11,12,13,14,15]. 

 Despite large differences in interpretation and experimental data, it is 

generally believed that charge transport in PEDOT:PSS occurs by a hopping 

process. Typically, the resulting conductivity σ can be described by  

 

⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦

α

σ σ 0
0

T(T ) exp
T

                   Eq 4.1 

 

where T0 is a material-dependent parameter, and the exponent α = 1/(1+D) is 

taken as the signature of variable-range hopping (VRH) [16] in D dimensions. 

Alternatively, an exponent close to 1/2 can result from the effects of either 

Coulomb interactions that cause the opening of a soft gap in the density of states 

[17] or charging energy in a granular (quasi-)metallic system [18,19].  
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 From the few papers addressing the charge transport in PEDOT:PSS 

systems no consistent picture emerges. For instance, some authors [20,21,22] 

have interpreted the temperature dependence of the conductivities of pristine 

PEDOT:PSS thin films in terms of a 1D-VRH model with α = 1/2. On the other 

hand, Aleshin et al. [3] interpreted α = 1/2 on free-standing pristine PEDOT:PSS 

thick films in terms of a charging energy model [18,19] proposed by Zuppiroli et 

al. [23]. In this model, conduction is supposed to result from tunneling between 

small conducting grains separated by an insulating barrier. Such model seems 

reasonable to explain electronic conduction in PEDOT:PSS thin films since their 

morphology is supposed to be a phase segregated material consisting of 

conductive PEDOT-rich grains surrounded by a shell formed by excess PSS [24], 

which is only weakly (ionically) conducting and acts as an insulating barrier. 

However, in this model a particular relation between shell thickness and core 

diameter of the particles is required, for which, in the case of PEDOT:PSS, no 

experimental indications are found [12]. 

 Recently, more detailed insights in the morphology of PEDOT:PSS have 

been obtained. Conductive AFM experiments on µm-thick drop cast PEDOT:PSS 

films have suggested that the morphological model for PEDOT:PSS thin films is 

actually a lamellar structure of PEDOT and PSS [10]. In the previous Chapter 

[12], the lamellar structure was confirmed and resolved in more detail for spin 

coated thin films by phase-sensitive AFM on cryogenically cleaved PEDOT:PSS 

samples, which revealed a cross-sectional view of the morphology. From that, it 

was found that the PEDOT-rich oblate spheroid- or pancake-shaped particles, 

20-30 nm in diameter (d||), 4-6 nm in height (d⊥), are actually organized in layers 

that are separated by quasi-continuous nm-thick PSS lamellas, see Figure 4.1 for 

a schematic representation. The morphology qualitatively explained the observed 

differences in magnitude and temperature dependence of the conductivity in the 

normal (⊥) and parallel (||) current directions. Particularly, it was shown that the 

conductivities of spin coated PEDOT:PSS thin films, measured in lateral and 

vertical directions with respect to the sample surface, are highly anisotropic in 

the temperature range of 77 K – 300 K and are well described by Eq. 4.1 [12]. In 

the normal direction, the horizontal PSS lamellas were assumed to impose 

nearest-neighbor [16,17] hopping (nn-H) between the quasi-metallic PEDOT 

particles, leading to a strongly reduced conductivity and a temperature exponent 
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α = 1. The exponent α = 1/4 that is observed for lateral transport was tentatively 

attributed to variable-range hopping (VRH) [16,17] between the PEDOT-rich 

particles that laterally are separated by much thinner barriers, leading to an 

enhanced conductivity in this direction. 

 

 
Figure 4.1: Schematic representation of the morphological model for PEDOT:PSS, 
side view. Quasi-metallic PEDOT-rich clusters (hatched regions) are separated by 
lamellas of insulating PSS (gray background). 
 

 The present investigation is motivated by the need to quantify this model. 

In particular, the question is raised what is the nature of the states between 

which the hopping takes place. Are these individual (sub)nm-sized molecular 

sites formed by e.g. single ionized PEDOT segments, or are these PEDOT-rich 

particles that contain many, strongly coupled ionized PEDOT segments? We will 

show results of the electric field dependence measurements (non-ohmic hopping 

conduction) where the characteristic hopping lengths for vertical (L⊥) and lateral 

(L||) transport are extracted and found to agree very well with the expectations for 

VRH and nn-H transport. Based on the L|| values, it will be demonstrated that the 

hopping process takes place between PEDOT-rich islands and not between single 

PEDOT segments or dopants. The constant L⊥ values indicate hopping within and 

through the insulator PSS barrier. In the end, these results are combined in a 

morphological model that is fully consistent with earlier findings of Chapter 3 

and accounts quantitatively for all parameters involved in the charge transport. 
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4.2 Experimental 

 

The commercially available aqueous dispersion of PEDOT:PSS (Baytron P 

VP Al 4083 from H. C. Starck) has been used. Sample preparation and electrical 

measurements in both lateral (||) and vertical (⊥) directions followed the same 

procedures described in Chapter 3, section 3.2 on page 41. 

 

 

4.3 Results  

 

4.3.1 Temperature dependence 

 

 The temperature dependencies of the conductivity σ(T) in the Ohmic or low 

electric field regime for the spin coated PEDOT:PSS thin films measured in lateral 

and vertical directions are shown in Figure 4.2(a) and (b) [25]. 

 

                                           (a)                                          (b) 
 

3 6 9 12 15

10-6

0.24 0.28 0.32 0.36
10-6

10-5

10-4

10-3

T0 = 70 K

T-1 (× 10-3 K-1)

σ
 (S

/c
m

)

 

T-1/4 (K-1/4)

T0 = 3.2 x 106 K

 
Figure 4.2: Symbols represent conductivity vs (a) T-¼, and (b) T-1 for PEDOT:PSS 
samples measured in lateral (||) and vertical directions (⊥), respectively. Straight 
lines are fits to Eq 4.1. The insets show the used devices. The bottom gold layer 
in the vertical device shunts the ITO underneath, which has a much higher 
resistivity. Electrical contacts are made to both gold pads, which have a lateral 
separation of less than 1 mm. 
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 Two remarkable features are observed in Figure 4.2. First, the large 

difference in magnitude of σ. Second, the different temperature dependence of σ, 

as observed by the different values of α for || and ⊥ directions. Since α is the main 

parameter to give information about the conduction mechanism, and the 

measured temperature-dependent data of any material may exhibit, within 

experimental error, visually good and indistinguishable linearity on log σ(T) vs. T-α 

plots for “any” α value between 0.1 and 1 over the entire temperature range, its 

precise value is of major importance. In Figure 4.3, the correlation coefficient of 

the fit of Eq. 4.1 to the measured conductivity is plotted against α. The maxima 

are α|| = 0.25 ± 0.01 (R = 0.99999) and α⊥ = 0.81 ± 0.25 (R = 0.99621), close to the 

theoretical values 1/4 for 3D-VRH and 1 for nn-H. Using α equal to 1/4 we find 

the fitting parameters of Eq 4.1 for the || direction as the slope T0,|| = (3.2 ± 0.1) × 

106 K and σ0 = (24.6 ± 1.3) S/cm. In this case, T0,|| = β/N(EF)
3'

||ξ kB, where  β (~ 

21.2) [17] is a numerical factor, kB the Boltzmann constant and '
||ξ  is the effective 

localization length [26]. 
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Figure 4.3: Correlation coefficients of the measured and fitted (using eq. 4.1) 
conductivity versus exponent α for PEDOT:PSS samples measured in lateral (||) 
and vertical directions (⊥) over 77 K – 300 K. 
 

 In the ⊥ direction, the activation energy is the slope E3 = kBT0,⊥ ~ 1/N(EF)a3, 

with a the average inter-site distance (roughly equal to the cube root of the site 

density), giving σ0 = (2.6 ± 1.1) × 10-6 S/cm and E3 = (6.0 ± 0.5) × 10-3 eV which 



Chapter 4 
 Anisotropic hopping conduction in spin-coated PEDOT:PSS thin films:                                     

a quantitative study 

A. M. Nardes - 60 - 

corresponds to T0,⊥ = 70 K. In this case, the parameter E3 represents the typical 

inter-site energy difference. 

 

4.3.2 Electric field dependence  

 

We turn our attention now to the electric field dependence measurements, 

which enable one to extract the length scales of the predominant transport 

process [27,28]. As the applied electric field approaches zero, σ approaches a 

constant value which depends on the temperature, i.e. the Ohmic regime is 

entered. In the opposite case, as the electric field is increased, deviations from 

Ohmic behavior become apparent and one expects an increase in σ when the 

energy associated with the electric field times a typical hopping distance becomes 

of the same order as the typical inter site energy difference. 

 

4.3.2.1 Normal direction 

 

For nn-H in a disordered material, as observed here in the ⊥ direction, we 

first derive an expression to quantify the non-ohmic conductivity. We require that 

the current be symmetrically modified by forward and reverse fields, i.e. the 

electric field modifies the forward and reverse hopping probabilities by equally 

lowering and raising the energy required for typical forward and reverse hops. 

This directly leads to the following equation for the vertical current density J⊥: 

 

⊥ ⊥ ⊥ ⊥ ⊥ ⊥
⊥

⎧ ⎫ ⎧ ⎫⎡ ⎤ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎪ ⎪ ⎪ ⎪∝ − − − ∝⎨ ⎬ ⎨ ⎬⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥
⎪ ⎪ ⎪ ⎪⎣ ⎦ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎩ ⎭ ⎩ ⎭

3

B B B B

E eF L eF L eF LJ ( F ,T ) exp exp exp 2 sinh
k T k T k T k T

    Eq 4.2 

 

where E3 is the activation energy, ⊥ ⊥

B

eF L
k T

 is the amount by which forward and 

reverse energies are lowered and raised and e is the electron charge. F⊥ and L⊥ 

are the applied electric field and the characteristic nearest-neighbor hopping 

length in the ⊥ direction, respectively. 



Chapter 4 
 Anisotropic hopping conduction in spin-coated PEDOT:PSS thin films:                                     

a quantitative study 

A. M. Nardes - 61 -

 In Eq 4.2, by expanding the sinh function as 
( )

+

+ +
+

3 2n 1x xx ...
3 ! 2n 1 !

 and 

combining with σ = J/F, we find for the electric field dependence of conductivity 

at modest fields, i.e. (eF⊥L⊥/kBT) < 1: 

 

( ) ( ) ⊥ ⊥
⊥ ⊥

⎡ ⎤⎛ ⎞
∝ +⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
σ σ

2

0 ,
B

1 eF LF ,T 0,T 1
6 k T

                 Eq 4.3 

 

The experimental dependence of the conductivity on field strength is shown 

in Figure 4.4(a) for the ⊥ direction. The conductivity increases with the applied 

electric field F, especially at lower temperatures. 
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Figure 4.4: (a) Conductivity vs. F/T for PEDOT:PSS thin film measured in vertical 
(⊥) direction with respect to the film plane at different temperatures. Solid lines 
are fits to Eq 4.3; (b) Temperature dependence of the characteristic hopping 
length L⊥ for the same sample. L⊥ = (1.4 ± 0.4) nm. 
 

In Figure 4.4(a), the solid lines are fits to Eq. 4.3 and the slopes of σ vs. 

F/T curves for F → 0, which give L⊥, were extracted and plotted in Figure 4.4(b). 

Despite the relatively large scatter and the magnitude of the error bars, Figure 

4.4(b) shows the absence of a clear trend in L⊥(T), in agreement with nn-H theory 

[16,17]. Taking a equal to L⊥ = 1.4 nm and T0 = 70 K we find N(EF)⊥ = 6.0 × 1022 

eV-1cm-3. 

 



Chapter 4 
 Anisotropic hopping conduction in spin-coated PEDOT:PSS thin films:                                     

a quantitative study 

A. M. Nardes - 62 - 

4.3.2.2 Lateral direction 

 

 Several authors derived expressions for the electric field dependence of the 

current in 3D-VRH at modest fields, i.e. when (eF||L||/kBT) < 1. Ladieu et al. [29] 

have summarized the 3D-VRH current equation for modest electric fields as 

follows: 

 

( ) ( )
( )

⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪⎛ ⎞ ⎢ ⎥= − − + ⎜ ⎟⎨ ⎬⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

βα ξ ξ
x' '

|| || || ||0
|| 0 ,|| x '

BB

eF eFTI F ,T I exp 1 A B
T k Tk T

      Eq 4.4 

 

where A, B, x, x’ and β are parameters, A and B being positive. The first term 

A(eF||
'
||ξ )x/(kBT)x’ represents the enhancement of the hopping probability when F 

grows. The second term B(eF||
'
||ξ /kBT)β was only addressed by Böttger et al. [30] 

and arises when the presence of reverse hops, or ‘returns’ in the optimal 

percolation pathway is taken into account [30]. When the field increases, these 

trajectories rapidly loose probability, which prevents the current from increasing 

too quickly, and may actually lead to a negative differential conductivity. At 

somewhat higher fields, this term becomes irrelevant, and under typical 

experimental conditions Eq. 4.4 converges to [28,29,30,31] 

 

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
σ σ || ||

|| 0 ,||
B

eF L
( F ,T ) (0,T ) exp 0.17

k T
        Eq 4.5 

 

where F|| is the applied electric field and L|| the characteristic hopping length. Note 

that Eq. 4.5 results from Eq. 4.4 by neglecting the returns (B = 0) and by 

assuming that the F|| and T dependencies of σ|| and I|| are close to each other. An 

expression similar to Eq. 4.5 was derived by Shklovskii et al. who ignored 

correlations between site energies [28] but took field-induced changes in the local 

chemical potential into account [32], giving A ≈ 1, x = x’ = 0.53 and B = 0 in Eq. 

4.4. In order to limit the number of free parameters, we shall first use Eq. 4.5 to 

describe the ‘high’ electric field data and subsequently use these parameters as 

input in Eq. 4.4 to interpret our full results. 
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 At each temperature in Figure 4.5(a), the data are fitted quite well by 

straight lines, using Eq. 4.5. Indeed, the nonzero slope of σ|| vs. F/T in the entire 

field range shown indicates that there is an electric-field-induced nonlinearity in 

σ|| and this behavior, as for the ⊥ direction, is more pronounced at low 

temperatures. 
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Figure 4.5: (a) Conductivity vs. F/T for PEDOT:PSS thin film measured in lateral 
(||) direction with respect to the film plane at different temperatures. Solid lines 
are fits to Eq. 4.5. (b) Temperature dependence of the characteristic hopping 
length L|| for the same sample. 
 

 As the temperature is changed, the slope of the lines through the data in 

Figure 4.5(a) also changes, implying that the characteristic hopping length L||, in 

contrast to L⊥, is temperature dependent, in agreement with VRH theory. Figure 

4.5(b) shows a plot of the temperature dependence of L||. The characteristic 

hopping length in 3D VRH is expected to vary as T-1/4 at low temperatures. By 

combining the expression for the slope T0 =  β/N(EF)
3'

||ξ kB and the Mott expression 

for L|| = [(8π/9)kBTN(EF)/ '
||ξ ]-1/4 [33] we arrive at  

 

⎡ ⎤ ⎡ ⎤= ⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ξ πβ

1 1
4 4|| 0

'
||

L 9 T
8 T

                    Eq 4.6 
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which is used to fit the experimental data of L|| by adjusting the term '
||ξ  (dashed 

line in Figure 4.5(b)). Clearly, the experiment is well described by the theoretical 

prediction and '
||ξ  was found to be (8.2 ± 0.5) nm. Using this result and the 

expression for T0,||, N(EF)|| is found to be 1.4×1017 eV-1cm-3. Most importantly, the 

magnitude of the characteristic hopping length in the lateral direction is fully 

consistent with hopping transport between ∼ 25 nm sized particles, rather than 

with hopping between individual molecular sites. 

 

 

4.4 Discussion 

 

Table 4.I: Parameters describing the electrical conduction in Baytron P 
PEDOT:PSS thin films. See text for further discussion. 
 

 Lateral (||) Vertical (⊥) 
conduction 
mechanism 3D-VRH nn-H 

σ at 300 K (S/cm) (1.1 ± 0.1) × 10-3 (2.0 ± 0.1) × 10-6 
T0 (K) (3.2 ± 0.1) × 106 70 ± 6 
σ0 (S/cm) 24.7 ± 1.3 (2.6 ± 1.1) × 10-6 
N(EF) (eV.cm3)-1 (1.4 ± 0.2) × 1017 (6.0 ± 1.7) × 1022 

'ξ  (nm) 8.2 ± 0.5 --- 
L (nm) 30 - 40 1.4 ± 0.4 

 

 In this section, the length scales and density of states that were extracted 

in the preceding section will be evaluated and, where possible, related to the 

morphological model outlined in the Introduction. Secondly, the discrepancies 

between the experimental and fitted conductivities in Figure 4.4(a) and Figure 

4.5(a) will be discussed. 

 The use of an effective localization length '
||ξ , instead of the normal one 

which appears in conventional Mott theory, is common practice in granular 

systems [26]. The underlying argument is that the only significant decay of the 

wave function occurs in the separating barriers, i.e. in the quasi-insulating PSS, 

and not in the quasi-metallic PEDOT-rich particles. This implicitly requires a 

strong coupling between the wave functions of the individual PEDOT sites. Given 

the high degree of doping -about 1 in 3 PEDOT monomers is ionized [34]- and the 



Chapter 4 
 Anisotropic hopping conduction in spin-coated PEDOT:PSS thin films:                                     

a quantitative study 

A. M. Nardes - 65 -

high PEDOT density in the cores, -the cores take up less than half the film 

volume [12]- the fulfillment of this requirement is not at all unlikely [23]. Under 

this condition, the relation between the effective localization length and the decay 

length in the barrier ξ can be approximated by '
|| || || ||( )d s sξ ξ= +  with d|| and s|| the 

particle diameter and spacing, as defined in Figure 4.1. The absence of an 

accurate measure of s|| prevents a precise calculation of ξ, but taking s|| between 

0.5 and 1 nm and d|| = 25 nm, a value of ξ in the range 0.15 - 0.3 nm is found, 

which again seems reasonable [23]. 

Turning now to the density of states, we observe that the experimentally 

extracted value in Table I, N||(EF) = 1.4 × 1017 eV-1cm-3, corroborates the physical 

picture sketched in the preceding paragraph. Assuming a rectangular density of 

states with a typical width of 0.5 eV, and a volume per site of 25 × 25 × 6 nm3, 

the morphological model leads to a density of states of roughly            

1.3 × 1017 eV-1cm-3, in excellent agreement with the value derived from transport 

measurements. 

 The large and unexpected difference between N||(EF) and N⊥(EF) of ~ 5 orders 

of magnitude indicates that the sites that dominate the transport are not the 

same for both directions. In addition, the value of 1.4 nm found for a is in 

contradiction with nearest-neighbor hopping (nn-H) between PEDOT-rich 

particles. In the latter case, a value of 5-6 nm should be observed. Therefore it is 

concluded that the dominating nn-H process is, in fact, taking place between 

dilute states inside the insulating PSS lamellas. 

These results are fully consistent with previous, qualitative analysis in 

Chapter 3, on similar samples [12] and we conclude that the temperature and 

field dependencies of the anisotropic conductivity in spin-coated PEDOT:PSS thin 

films are in full quantitative agreement with the morphological model proposed in 

Chapter 3. 

 Let us now come back to the deviations from the theoretically predicted 

field dependence in Figure 4.4(a) and Figure 4.5(a). In the vertical direction 

(Figure 4.4(a)), the conductivity is found to increase slower than quadratically 

beyond certain field strength. The critical field Fc at which this sets in is given by 

the ratio of the energy difference E3 and tunneling distance a associated with a 

typical hop, i.e. 3 0B cE k T eaF= ≈ . The vertical lines in Figure 4.4(a) indicate the 
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position of Fc for the various curves. As expected, once the critical field is 

reached, the differential conductivity decreases. 

Finally, we return to the problem of the returns in the lateral conductivity. 

The problem is extremely complex and the precise values of the parameters in 

Eq. 4.4 were found to depend on the assumptions made. For example, Shklovskii 

[32] takes into account changes in the chemical potential by the field, giving A ~ 

1, x = x’ ~ 0.53 in Eq. 4.4, whereas Pollak et al. [28] take into account the 

correlations between nearest-neighbor sites, giving x = x’ = 1 and A = 0.085 in 

Eq. 4.4. For both models, however, the returns, i.e. the second term in Eq. 4.4, 

are neglected. In the few theoretical works dealing with this problem Böttger et al. 

have found by numerical calculation [30] x = x’ = 1, A = 1/6, B ~ 0.02 and β ~ 

0.9, with β a parameter related to the return length, with 50 % of error due to 

numerical uncertainties. In order to asses this behavior in our samples we 

therefore re-plot Figure 4.5(a) into Figure 4.6 and for each temperature a fit to 

Eq. 4.4 has been performed using as fixed parameters those ones previously 

obtained, i.e. T0, α, '
||ξ  and x = x’ = 1. 
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Figure 4.6: Conductivity vs. F/T for a PEDOT:PSS film measured in lateral (||) 
direction with respect to the film plane at different temperatures. Solid lines are 
fits to Eq. 4.4, considering the presence of reverse hops, or returns in the optimal 
percolation pathway. The insets show the same conductivity vs. F/T plots for 
sample at 83 K, 100 K, and 123 K restricted to low electric fields. 
 

 In the investigated temperature range, we found that the Pollak model best 

describes our data, yielding in the second term of Eq. 4.4 B = 0.02 – 0.05 and β = 
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0.36 – 0.60, not so far from the values found by Böttger [30]. Due to the various 

uncertain numerical factors involved in the theoretical works, we refrain from 

making an estimation of the actual length of the returns. However, taking into 

account the second term of Eq. 4.4, a distinctly better description of the data is 

obtained, especially at low electric field and temperature, see insets of Figure 4.6 

for 83 K, 100 K, and 123 K, where this behavior is more pronounced. 

Qualitatively, these results show that a considerable rearrangement of the 

percolation pathways occurs in these samples at relatively low field strengths. 

The convergence of the data to the description by Pollak et al. [28] (Eq. 4.4) 

indicates that at intermediate fields the percolation pathways are more or less 

fixed in space. 

 

 

4.5 Conclusions 

 

 The presented results allow us to set a quantitative morphological model 

for PEDOT:PSS thin films that, on the one hand, incorporates all length scales 

that are found in the field dependent measurements and, on the other hand, is 

fully consistent with previously reported scanning probe data [12] in Chapter 3, 

see Figure 4.1. In the ⊥ direction, the separating PSS barriers are (quasi) 

continuous and 1-2 nm thick, whereas the separations in the || direction are on 

average much thinner, i.e. s⊥ >> s||. Due to this particular morphology, spin cast 

films of PEDOT:PSS have a relatively high in-plane conductivity, which is well 

described by 3D variable range hopping. In the out-of-plane direction, the low site 

density in the PSS enforces nearest neighbor hopping and an up to three orders 

of magnitude lower conductivity. 
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5 Conductivity and environmental 
stability of PEDOT:PSS thin films 

treated with sorbitol 
 
 
 
 
 
The electrical properties of poly(3,4-ethylenedioxythiophene):poly(4-styrene-
sulfonate) (PEDOT:PSS) thin films deposited from aqueous dispersion using 
different concentrations of sorbitol as a processing additive were monitored in time 
during changes in temperature and relative humidity (RH). The results are 
compared to pristine thin films, processed without adding sorbitol. With increasing 
RH, the conductivity of the pristine PEDOT:PSS initially degrades, until it increases 
by more than one order of magnitude above ~ 30-35 % RH. This increase is 
attributed to an ionic contribution to the overall conductivity. In contrast, it is found 
that the well-known conductivity enhancement of PEDOT:PSS films prepared using 
sorbitol as a processing additive, is accompanied by an increased environmental 
stability. The higher stability results from a reduced tendency to take up water 
from the air, which is attributed to a denser packing of the PEDOT:PSS after 
sorbitol treatment. 
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5.1 Introduction 

 

 The electronic properties of conducting polymers are of interest for physical 

concepts and technological applications. Accordingly, the development of highly 

conducting polymers with a good stability and an acceptable processability has 

been the focus of many recent studies [1]. Currently, a variety of conducting 

polymers is available for various applications, such as polyaniline, polypyrrole, 

and polythiophenes [2]. In this respect, poly(3,4-ethylenedioxythiophene) 

(PEDOT) has been found to exhibit a relatively high conductivity and appears to 

be the most stable conducting polymer currently available [3,4]. PEDOT itself is 

an insoluble material but when it is synthesized in the presence of poly(4-

styrenesulfonate) (PSS) an aqueous dispersion can be obtained that can be cast 

into thin films. In the films positively charged PEDOT chains are incorporated 

into a negatively charged PSS matrix that acts to compensate the charges (Figure 

5.1). The aqueous PEDOT:PSS dispersions have found a wide range of application 

in antistatic coatings [5], as electrode in light-emitting diodes [6], photovoltaics 

[7], memories [8], sensors [9], and as active material for electrochromic devices 

[10], field-effect transistors [11] and circuits in general [12]. 

 Thin films of PEDOT:PSS blends [3,4,13] are extremely hygroscopic [14] 

and post-deposition treatments in air by thermal annealing are generally 

unstable due to the fast water uptake. For example, reported conductivities 

measured in air are roughly one order of magnitude lower compared to those 

measured under an inert environment [14,15]. 

 Addition of sorbitol, a polyhydroxy alcohol, to the aqueous PEDOT:PSS 

dispersion is known to enhance the conductivity of the thin films by several 

orders of magnitude, depending on its concentration [14]. The dramatic effect of 

sorbitol as processing additive arises from a further reorganization and 

stabilization of the PEDOT and PSS chains during subsequent thermal annealing 

of the films by a plasticizing effect [16]. While this method to enhance the 

conductivity has been previously studied, the reasons for the remarkable 

behavior are still under debate [16,17,18,19,20,21,22].  

 In this Chapter, the conductivity and environmental stability of poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) with different 

sorbitol concentrations is investigated. In-situ conductivity and water-uptake 
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measurements during thermal treatment and exposure to humidity are combined 

to further investigate the various properties of pristine and sorbitol-treated 

PEDOT:PSS thin films [14,23]. It is found that the conductivity enhancement 

upon addition of sorbitol is accompanied by an enhanced environmental stability 

towards uptake from water. This effect is attributed to a denser packing of the 

sorbitol-treated films, reducing the water uptake, in combination with a 

morphology that is less susceptible to swelling. The results presented here have 

immediate implications for device making. 

 

 
Figure 5.1: Chemical structure of PEDOT (bottom) and PSS (top). 

 

 

5.2 Experimental 

 

Sample preparation for the 4-point-probe electrical measurements (lateral 

direction, ||) followed the same procedure described in Chapter 3, section 3.2 on 

page 41. 

The commercially available aqueous dispersion of PEDOT:PSS (Baytron P 

VP Al 4083 from H. C. Starck) has been used. Different amounts of sorbitol were 

added to the aqueous dispersion, 2.5 wt-% (of the total solution), 5.0 wt-% and 

10 wt-% of D-sorbitol 97% (Sigma-Aldrich). The solutions were stirred for at least 

24 h at room temperature and filtered using a 5 μm filter and deposited in air by 

spin coating, which resulted in 90-100 nm thick films as measured by a 

profilometer (Alpha-step 200, Tencor Instruments). As a comparison, PEDOT:PSS 
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without sorbitol was used, referred to as ‘pristine’, and in this case the film 

thickness was about 60 nm.  

For both the humidity and annealing experiments, the conductivity has 

been measured as a function of time during the variation of moisture levels and 

temperature. The humidity experiments were carried out in an in-house made 

glove box capable of varying and controlling the relative humidity up to 50 % by 

fluxing N2 bubbled through demineralized water (degassed with He) into the box. 

The samples were first annealed at 200 °C for 2 min and then placed on a block 

of stainless steel to rapidly cool down. Electrical measurements were performed 

by an Agilent semiconductor analyzer, model 4156C, under constant applied 

bias, and acquired every 10 sec. Only after 1 to 2 hours when the conductivity 

had stabilized, the humidity levels have been increased, first up to 30 % for each 

sample (0, 2.5, 5 and 10 wt-%) and then repeated again to up to 50 % of relative 

humidity, always using fresh samples. 

For the annealing experiments, samples were transferred to a commercial 

Mbraun glove box (O2 and H2O < 1 ppm) and placed on a hot plate. Electrical 

measurements have also been performed by the semiconductor analyzer, under 

constant bias and at every 10 sec during the entire annealing process, i.e. 

heating up to 200 °C, constant at 200 °C for 2 min, and cooling down. 

Temperature-dependent (77-300 K) conductivity measurements have been 

performed only for the pristine sample in the situations of (i) not annealed, (ii) 

annealed, and (iii) after the exposure to moisturized environment for the same 

device. In this case, the sample was also transferred into a glove box (O2 and H2O 

< 1 ppm). After cutting the desired sample from the substrate, it was placed 

inside a cryostat (Oxford Instruments), evacuated to 10-5 mbar and brought to 

the desired temperature in the 77-300 K range. Temperature control was 

provided by an Oxford ITC 601 Temperature Controller that maintained 

temperature stability within ± 0.1 K. Electrical measurements were performed 

with a Keithley 2410 source meter connected to a PC. For all temperature-

dependent measurements the electrical connections were made inside the glove 

box, so the sample never experienced contact with air after bake-out. From a 

comparison of 2- and 4-terminal measurements the contact resistance was found 

to be negligible for all our samples. 
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 Water uptake was studied by thermal gravimetric analysis (TGA) and 

quartz crystal microbalance experiments (QMB). TGA was measured with a Q500 

Thermogravimetric Analyzer (TA Instruments) at a heating rate of 10 °C/min 

under a moisturized atmosphere created by fluxing 60 ml/min of N2 bubbled 

through deionized water into the oven. For TGA experiments, free-standing thick 

films of pristine and 10 wt-% of sorbitol-added PEDOT:PSS were prepared by 

casting the solutions on cleaned glass substrates. Here, the UV-ozone treatment 

step was left out in order keep the surface as hydrophobic as possible. Both 

samples were dried in air at 120 °C for about 20 min and 60 min for pristine and 

10 wt-%, respectively, until dark blue lustrous films were obtained. By doing so, 

the removal of the film from the glass substrates was relatively easy. For the 

QMB, only the pristine sample was measured and it was deposited directly onto 

the piezoelectrical micro-crystal and subsequently dried. This experiment was 

conducted in an inert environment and the variation of mass was observed by 

enhancing the humidity level to 49 % by fluxing N2 bubbled through DI water. 

 

 

5.3 Results  

 

5.3.1 Effect of thermal annealing 

 

 For thermal annealing two different temperature cycles were chosen. 

Process 1 involves rapid thermal annealing, i.e. the PEDOT:PSS sample is placed 

for 2 min on a hot plate at 200 °C and rapidly cooled to room temperature on a 

block of stainless steal for 5 min. Process 2 is more gradual and entails heating 

up at ~ 10 ºC/min, a constant temperature of 200 °C for 2 min, and subsequent 

natural cooling to room temperature in about 3 hours. During process 2 we 

monitored changes in conductivity in real-time (Figure 5.2). The first observation 

in Figure 5.2 is that for all PEDOT:PSS thin films a positive temperature 

coefficient of conductivity is found during process 2, for both heating and cooling. 

Below 120 °C, the conductivity of the pristine film is more sensitive to a rise in 

temperature than the conductivity of thin films processed from sorbitol/water. In 

the latter case, temperature causes a strong effect in conductivity only above  
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120 °C, enhancing its value to saturate around 160 °C. At 200 °C, temperature is 

kept constant for about 2 min and a slight decrease in conductivity is observed 

for sorbitol-added samples. In contrast, the conductivity increases monotonically 

for pristine PEDOT:PSS, even after the heating up had finished. The thermal 

cycling is completed with the natural (~ 3 hours) cooling of the samples to room 

temperature and constant conductivity (insets in Figure 5.2). The rapid thermal 

annealing (process 1) affords virtually the same conductivity at the end. Thus, 

the annealing speed has no significant influence on the final conductivity.  
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Figure 5.2: Variation of the conductivity with temperature during process 2, i.e. 
heating up to 200 °C, constant at 200 °C for 2 min, and subsequent cooling of 
PEDOT:PSS thin films with (a) 0 wt-% (pristine film) and (b) 2.5 to 10 wt-% of 
sorbitol concentrations. Measurements were performed under N2 environment. 
The insets show the evolution of the conductivity as a function of time during the 
annealing process. The conductivities of process 1 in (a) were measured for 
sample right after spin coating, i.e. prior to annealing, (open pentagons) and after 
quick annealing + forced cooling down (open stars). All the other arrows indicate 
the thermal cycling direction during process 2. 
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 In process 2 thermal hysteresis is evident in all PEDOT:PSS samples and 

the final conductivities are always higher than the initial, about a factor three for 

the pristine sample and remarkably 4-5 orders of magnitude for samples that 

were processed by adding sorbitol to the solution. 

 The changes in the conductivity for PEDOT:PSS thin films during the 

annealing procedure under N2 environment (Figure 5.2) are related to thermally 

induced morphological changes in the PEDOT:PSS thin films. The conductivities 

of all sorbitol-added PEDOT:PSS films (Figure 5.2 (b)) appear to follow the same 

behavior. Temperatures below 120 °C seem to be too low to significantly induce 

changes in the conductivities. In fact, the addition of sorbitol induces some 

instability in the conductivity of these films, as suggested by the inset of Figure 

5.2(b). Without any annealing (< 100 min) the conductivities oscillate between ~ 

10-4 – 10-7 S/cm. One can easily rule out the possibility of instrumental noise 

and this effect is found in the majority of the sorbitol-samples prior to annealing. 

After the sample has been heated above 120 °C, the changes in the conductivity 

with time become gradual and oscillations disappear. We therefore attribute 

these fluctuations below 120 °C to localized spontaneous molecular 

rearrangements facilitated by the plasticizing effect of sorbitol at room 

temperature, which may induce changes in the percolation pathways [35]. 

Beyond 120 °C, conductivity is already smoothed. The fact that the conductivity 

is negatively affected by mixing PEDOT:PSS and sorbitol contradicts other 

results, where the simple addition of a mixture of high-boiling solvents† had a 

much bigger effect in the conductivity enhancement than the following annealing 

step [24]. The conductivity of the pristine not-annealed film measured for about 5 

hours has a constant (and average) value of 4 × 10-4 S/cm, see the time-

dependent measurement in the inset of Figure 5.2(a). 

 The annealing behavior described above is likely caused by the presence of 

sorbitol and remnant water enabling morphological changes in the PEDOT:PSS 

films. The evaporation of sorbitol (and residual water) sets in around 80 °C and 

reaches a maximum around 120 °C as evidenced from mass spectrometry 

experiments that show a strong increase of the m/z = 103 peak at 80 °C, 

characteristic of a sorbitol fragment [25]. Since the loss of sorbitol coincides with 

                                                 
† This work adopts the term ‘high-boiling solvent’, commonly used in literature, to refer to a 
substance with a boiling-point temperature higher than water (100 °C, at a pressure of 1 atm). For 
instance, the boiling-point temperature of sorbitol, used in this work, is ~ 300 °C at 1 atm. 
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the onset of the conductivity increase, we propose that the increased space in the 

film due to the removal of sorbitol and water, in combination with the large 

thermal energy during annealing and the plasticizing action of the remaining 

solvent mixture, enables the PEDOT and PSS clusters to rearrange towards a 

more relaxed and compact morphology. The latter is supported by AFM and STM 

studies on these films, in which the lamellar arrangement of PEDOT and PSS 

appears to be enhanced by sorbitol treatment [16,26]. At 160 °C sorbitol and 

water have almost completely evaporated from the film [25], which corroborates 

the above interpretation of the data in Figure 5.2. 

 

5.3.2 Effect of humidity 

 

 The change in physical, optical, and electrical properties of polymers with 

respect to the change on the relative humidity of the environment has been 

studied in many different aspects [27,28,29,30]. As the relative humidity of the 

environment increases, water vapor is absorbed by the polymer. Evidently, if any 

electrical property of a material responds strongly to environmental changes, the 

material may be used in sensor application [31]. On the other hand, it has been 

shown that uptake of water by PEDOT:PSS leads to a degradation of the device 

performance in solar cells that use PEDOT:PSS as an electrode material [32].  

In Figure 5.3, we show the variation of conductivity as a function of the RH 

for PEDOT:PSS thin films prepared from an aqueous dispersion containing 

sorbitol in different concentrations. Before starting the RH experiment, all 

samples were thermally annealed following process 1. Each graph in Figure 5.3 

shows two curves, which represent the sweeps from zero to medium (up to 30 %) 

and high (up to 50 %) levels of RH. Independently of the final RH, all experiments 

demonstrate that exposure of the samples to humidity induces a reduction in 

conductivity. The remarkable feature in Figure 5.3 is the comparison of the 

pristine sample (Figure 5.3(d)) with the three samples processed from 

sorbitol/water mixtures concentration (Figure 5.3(a)-(c)). 
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Figure 5.3: Conductivity versus relative humidity (RH) for samples with different 
sorbitol concentrations under medium (up to 30 % of relative humidity, open 
stars) and high (up to 50 % of relative humidity, open circles) moisture levels: (a) 
10 wt-%, (b) 5 wt-%, (c) 2.5 wt-% and (d) 0 wt-%. Samples were kept at maximum 
moisture levels, i.e. about 30 % and 50 %, during 1.5 to 2 hours and annealed 
afterwards (closed symbols). The arrows indicate the moisture cycling, RH(%) up 
(green symbols), constant (red symbols) and down (blue symbols) and where the 
conductivity ended up after a second annealing procedure at 200 ºC for 2 min 
(closed red dot and stars for annealing after the RH sweeps up to 30 % and 50 %, 
respectively). 
 

 By increasing the relative humidity of up to 50 %, the pristine sample 

(Figure 5.3(d)) shows first a decrease in conductivity of nearly a factor 2.5 (note 
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that this is almost the same amount by which the conductivity is increased 

during the thermal annealing procedure, see previous section and discussion 

section below), and then a steady increase in conductivity, finally exceeding the 

initial value by about one order of magnitude, suggesting ionic conduction [33]. 

This appears to happen above ~ 30 % RH, since this effect is not clear in the RH 

sweep up to 30 %. Following the humidity cycling in Figure 5.3(d), RH is kept 

constant at ~ 50 % for about 1.5-2 hours during which the conductivity is 

slightly decreases due to the swelling from the water uptake. After that, the RH is 

swept down to 0 % and the conductivities further decrease. In contrast, in the RH 

sweep up to 30 % the conductivity has a very similar shape in the up and down 

sweeps. 

 Sorbitol treated samples behavior (Figure 5.3(a)-(c)) show basically the 

same trend among them, but are very different compared to the pristine sample. 

Most importantly, the relative change in conductivity is much smaller than for 

pristine samples, indicating an enhanced environmental stability. This is 

attributed to a reduced uptake of water, as will be explained in the next section. 

Up to 30 % RH conductivity decrease slightly (~ 5 %) by water uptake. Exceeding 

~ 30 % RH, the conductivity start to increase and reach a maximum value 

around 45 % RH, suggesting again an ionic contribution to the overall 

conductivity. However, at this point, the increase in conductivity is not very high 

and the value barely exceeds the initial level. At maximum and constant RH level, 

~ 50 %, conductivity is lowered and some scatter is observed. With ~ 50 % RH for 

1.5 – 2 hours the conductivity reach their minimal values. Finally, the RH cycling 

is completed when the humidity levels are taken back to 0 %. During drying 

under N2 atmosphere, a slight recovery of the conductivity is observed, but the 

values always end up below the initial ones. The exact reason for this effect is 

unclear at present, but it seems likely that the water absorbed by the samples 

causes morphological changes that are irreversible with drying at room 

temperature. 

 Figure 5.3 shows that the degrading effect of humidity on the conductivity 

of pristine PEDOT:PSS thin films can only be completely recovered after exposure 

to 30 % RH. Surprisingly, this is not the case for PEDOT:PSS films with sorbitol, 

where the thermal annealing can even cause a further reduction of the 

conductivity, see solid red dot in Figure 5.3. On the other hand, after exposure to 
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50 % RH the subsequent thermal annealing at least partially recovers the 

conductivity for all samples (solid red star in Figure 5.3).  

 

5.3.3 Water uptake 

 

 TGA of pristine and 10 wt-% samples was carried out under a wet 

atmosphere to measure the uptake and release of water in order to understand 

the (lack of) environmental stability of conductivity as described in the previous 

section. In the experiments the changes in sample weight were monitored during 

two repetitive thermal cycles involving annealing up to 200 °C and subsequent 

cooling, followed by a longer period at room temperature. 
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Figure 5.4: TGA of pristine PEDOT:PSS ( ) and PEDOT:PSS mixed with 10 wt-% 
of sorbitol ( ) under a moisturized atmosphere. W0, Ww and Wd are the weights 
of the fresh, wet and dry samples, respectively. The inset shows the absorbed 
mass of the pristine film measured with QMB when a moisturized atmosphere of 
49 % RH is introduced (at t = 6 min.) and removed (at t = 16 min.). 
 

 The TGA curves in Figure 5.4 show three plateaus intercalated by two 

broadened valleys due to mass loss and subsequent gain which occur when both 

samples are annealed at 200 °C for 6 min. Both samples lose mass when 

increasing the temperature. During subsequent cooling a gain in mass occurs, 

due to the re-uptake of water, which is essentially reversible, as indicated by the 

second annealing step. Unlike the pristine sample, the 10 wt-% sample does not 

completely recover its initial mass, W0, after the first annealing, which is due to 

the evaporation of sorbitol. 
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 The slope during the water uptake is ~ 6 times higher for the pristine 

sample than for the 10 wt-% sample. Also the water uptake, ([Ww – Wd]/Wd) × 100 

%, where Ww and Wd are the weights of the wet and dry samples, is much larger 

for the pristine sample than for the 10 wt-% sample. The values found are 35 % 

and 13 %, respectively. These observations are in line with the proposed denser 

morphological packing of the sorbitol-treated samples, reducing the water uptake 

capacity and thereby improving environmental stability. 

 The time scale of the experiments discussed above is mainly a result of the 

thickness of the films in Figure 5.4, both having thickness of the order of ~ 20 

μm. For a much thinner film of ~ 100 nm as used in many devices, the water 

uptake takes place in seconds rather than minutes, as shown by the inset of 

Figure 5.4 for the pristine sample. More importantly, this experiment also shows 

that the water uptake of thin films can be totally reversed without annealing, i.e. 

by purging dry N2. In particular, this implies that any changes in the conductivity 

after exposure to humidity and subsequent drying with N2 or by pumping cannot 

be due to the presence of water itself. 

 

5.3.4 Temperature dependence 

 

 In order to further investigate structural effects of the post-deposition 

treatments and exposure to moisturized environment on electrical transport 

properties, we have measured the temperature dependence in the 77-300 K range 

of the d.c. conductivity for the pristine sample after the conditions of no thermal 

annealing, thermal annealing, and exposure to 30 % RH. 
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Figure 5.5: Temperature dependence of the conductivity for PEDOT:PSS thin 
films before any treatment ( ), after annealing ( ), and after exposure to 
humidity ( ). Lines are fits to Mott’s 3D-VRH expression, see text. 
 

 In Figure 5.5, the temperature dependence of the conductivity for a pristine 

PEDOT:PSS thin film is, for all conditions, found to follow the Mott’s 3D variable-

range hopping (VRH) [34] expression ( )⎡ ⎤= −⎣ ⎦
ασ σ0 0exp T T . Here, σ0 is the 

conductivity at infinite temperature, T0 is the characteristic temperature and α = 

1/(1+D) = 1/4 in D = 3 dimensions as previously found in Chapters 3 and 4 

[14,35]. The most interesting features in Figure 5.5 are the slopes characterized 

by the T0 parameter. In Mott’s 3D VRH model, T0 = β/(N(EF) ' 3ξ kB), where β is a 

numeral factor, kB the Boltzmann constant, N(EF) the density of states around the 

Fermi level and 'ξ  the effective localization length [35,36]. As a result, changes in 

the slopes in Figure 5.5 can be assigned to microscopic changes in the material 

upon annealing. These changes are reversible since the T0 values for the 

conditions prior to any treatment and after exposure to RH are statistically equal. 

Moreover, since the sample chamber of the cryostat is at high vacuum during 

measurements, the differences in T0 cannot arise from substantial differences in 

the amount of water present in the film, see previous section. Recalling that 

conduction in these materials takes place by hopping between PEDOT-rich grains 

of ~ 20 nm size [15], it is hard to imagine reversible changes in the total number 

of sites per unit volume N0. However, (de-)ionization of sulfonic acid groups on 

the PSS or of Na, present at a level of ~ 300 ppm in Baytron P, may affect the 
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energetic disorder, as reflected by the characteristic width of the density of states 

ΔE [36]. Since, in lowest order, N(EF) ~ N0/ΔE, such a mechanism could explain 

the dependence of T0 on sample history. Alternatively, one can tentatively 

attribute the observed differences in T0 to subtle changes in the effective 

localization length, most likely induced by slight de-and remixing of the PEDOT 

and PSS phases upon the various treatments. Since the differences in T0 are 

small, independent validation of the above mechanisms, e.g. by SPM techniques, 

is virtually impossible. 

 

 

5.4 Discussion 

 

 To clarify the complex effects of the humidity dependency presented in this 

Chapter, we should recall the morphology of the spin coated PEDOT:PSS, which 

is a phase segregated material consisting of conductive PEDOT-rich grains 

surrounded by a shell formed by excess PSS [15,26]. The PSS is a polymer 

electrolyte, having a negatively charged immobile sulfonic acid group and a 

positively charged mobile counter ion, see Figure 5.1, and it is highly hydrophilic 

in nature. Hence, in this polymer electrolyte, ionic transport may occur through 

cations like Na+ [14] or H+ that jump from one sulfonic acid group to another. 

When the PEDOT:PSS film is hydrated, those cations are expected to become 

mobile above a certain threshold. In Figure 5.3, this seems to occur around 30 % 

RH, and a conductance channel that is parallel to the conventional electron (or 

hole) hopping conduction is opened. This proposition implies that below this 

threshold, humidity dependent changes in the conductivity must be due to 

changes in the conventional electron hopping channel. This seems indeed to be 

the case, since the reduction in conductivity when going from 0 to 30 % RH in 

Figure 5.3(d) is equal in magnitude to the gain in conductivity upon annealing in 

Figure 5.5. In the discussion of Figure 5.5 it was shown that the conduction both 

prior and after annealing follows Mott’s VRH law, i.e. it is electronic in nature. 

 The relative magnitude of the ionic conduction channel, which for sorbitol-

treated samples also seems to open around 30 % RH, is largest for pristine 

samples. However, the absolute magnitude of the ionic conduction channel is 

larger by an order of magnitude for the sorbitol-treated samples. Hence, the ionic 



Chapter 5 
 Conductivity and environmental stability of PEDOT:PSS thin films treated with sorbitol 
 

A. M. Nardes - 86 - 

conductivity does not scale with the presence of the segregated PSS top layer 

[37], being most pronounced for the 0 wt-% sample [24,37,38,39]. The larger 

ionic conductivity of sorbitol-treated films is, however, in agreement with our 

previous observation that the width of the PSS lamellas separating the granular 

PEDOT layers seems to be enhanced by sorbitol treatment [26]. Due to the acidic 

and hydrophilic nature of PSS, one expects that the ionic current is mainly 

carried in the PSS, with the lamellas acting as the main transport channels. 

 

 

5.5 Conclusions 

 

 We have studied the role of sorbitol as a typical processing additive on the 

conductivity of PEDOT:PSS thin films under thermal annealing and exposure to 

humidity. The well established conductivity enhancement caused by adding 

sorbitol to the aqueous dispersion, is accompanied by a remarkable increase in 

environmental stability after thermal annealing, as evidenced from a reduced 

water uptake, which we attribute to a denser packing of the PEDOT:PSS material. 

Up to 30 % of relative humidity, the conductivity of PEDOT:PSS is dominated by 

conventional variable-range hopping of electrons, which is negatively affected by 

the uptake of water. Exceeding 30 % of relative humidity, a parallel ionic channel 

starts to contribute to the total conductivity.  
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6 Surface potential of PEDOT:PSS 
thin films studied by scanning 

Kelvin probe microscopy 
 
 

This Chapter discusses the role of the surface layer of sorbitol-treated 
PEDOT:PSS thin films by simultaneously studying the work function and the 
surface morphology. Work function shifts are measured by scanning Kelvin probe 
microscopy. The observed upward shift upon sorbitol treatment is consistent with 
earlier observations of the increase of the PEDOT to PSS ratio at the sample 
surface.  
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6.1 Introduction 

 

In the last few years, there has been an increasing interest in organic 

electronics due to the promise of low cost and highly efficient devices [1]. 

Examples of organic devices range from sensors and organic photovoltaic (PV) 

cells to organic light emitting diodes (OLEDs). Poly(3,4-ethylenedioxythiophene) 

doped with poly(styrenesulfonic acid) (PEDOT:PSS) has demonstrated great 

performance in virtually all of these applications. For example, covering the ITO 

anode by PEDOT:PSS reduces the operating voltage and increases the device 

lifetime remarkably in OLEDs [2], which was attributed to a lower hole injection 

barrier between the active layer and PEDOT:PSS as well as to a smoothening of 

the ITO surface.  

 However, the use of PEDOT:PSS thin films brings along other 

consequences and issues. The spin coated thin films exhibit a complex three 

dimensional distribution of PEDOT and PSS [3,4,5] and this morphology largely 

determines the film’s electrical properties. Moreover, typical PEDOT:PSS 

dispersions contain substantial amounts of excess PSS that segregates from the 

PEDOT:PSS complex. Because PSS is a poor (ionic) conductor, an excess of PSS 

limits the film conductivity [5]. PSS is also known to degrade the performance of 

OLEDs over time by its acidic attack on indium tin oxide (ITO) anodes [6] and, by 

segregating to the surface, plays a major role in determining the work function of 

thin films [7]. 

 Several applications require control of the electrode work function χ. For 

PEDOT:PSS thin films, a range of work functions is reported from 4.7 to 5.4 eV 

[8,9,10,11] and it has been found that this level can be tuned so as to minimize 

the hole-injection barrier at the anode [12] in organic LEDs [13,14] and PV cells 

[15]. The spread in work function values is assumed to be related to differences 

in the top layer, which may contain an excess of PSS [7,16,17,18]. The PSS-rich 

top layer may be modified by the addition of a high-boiling solvent to the aqueous 

PEDOT:PSS dispersion [16,17,18] or (non-)intentionally by other processing 

conditions [19]. 

 For the above reasons accurate understanding of and control over the 

PEDOT:PSS surface morphology is crucial. This Chapter aims to bring further 

insights into the consequences of the addition of sorbitol to the PEDOT:PSS 
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aqueous solution. In particular the changes in the film work function in relation 

to the morphology at the surface are studied. Using scanning Kelvin probe 

microscopy (SKPM) we find that the work function of PEDOT:PSS thin films is 

indeed reduced by sorbitol treatment. Additionally, a shift to higher values with 

time is seen while constantly scanning the sample. This is found to be a spurious 

effect, resulting from the measurement procedure. 

 

 

6.2 Experimental 

 

Sample preparation for electrical measurements (lateral direction, ||) follows 

the procedure described in Chapter 3, section 3.2 on page 41. 

The PEDOT:PSS aqueous solution (Baytron P VP Al 4083 from H. C. 

Starck) was mixed with D-sorbitol 97 % (Sigma-Aldrich) in different 

concentrations, 2.5 wt-%, 5.0 wt-%, and 10 wt-%. The solutions were stirred for 

at least 24 h at room temperature and spin coated after filtration through a 5 μm 

filter. The samples were then transferred to a glove box filled with N2 (O2 and H2O 

< 1 ppm) for a subsequent annealing step to remove H2O and sorbitol.  

The conductivity was optimized as a function of annealing temperature and 

time using a Keithley 2410 sourcemeter. The standard procedure was set to    

200 °C and 2 min and samples annealed under this condition were subjected to 

surface potential measurements by scanning Kelvin probe microscopy (SKPM). 

SKPM and tapping mode AFM measurements were made with a Veeco MultiMode 

AFM, driven by an extended NanoScope IIIa controller, using conductive Pt 

coated tips (Olympus OMCL-AC240TM-B2, spring constant k ≈ 2 N/m), inside a 

glove box. SKPM combines classical Kelvin probe with AFM and allows one to 

measure the local surface potential Vsp, which, for a metallic tip and sample with 

work functions χtip and χsample respectively, is given by qVsp = χtip - χsample with q 

the elementary charge.  
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6.3 Results and discussion 

 

6.3.1 Conductivity enhancement 

 

The electrical conductivity of PEDOT:PSS thin films, processed from an 

aqueous dispersion containing sorbitol in different concentrations, is presented 

in Figure 6.1 as a function of annealing temperature and annealing time. The 

electrical conductivity of the pristine PEDOT:PSS film, i.e. cast without using 

sorbitol, is (1.2 ± 0.2) × 10-3 S/cm when annealed at 200 °C for 2 min, which is in 

excellent agreement with the manufacturer’s specifications [20]. Interestingly, 

without further annealing or at annealing temperatures below ~ 100 °C, the 

addition of sorbitol has little effect on the conductivity. The electrical conductivity 

of the sorbitol-added samples increases significantly only after bake-out at 

temperatures above 150 °C and saturates at 200 °C. This may be attributed to 

the simultaneous evaporation of sorbitol and remnant water. Modulated-

differential scanning calorimetry (MDSC) and direct insertion probe-mass 

spectrometry (DIP-MS) analysis have shown that simultaneous evaporation of 

sorbitol and water starts at 80 °C, reaching a maximum rate at 120 °C and is 

vanished at 160 °C [21], in agreement with the trends found in Figure 6.1(a). 

More detailed annealing studies are shown in Chapter 5.  
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Figure 6.1: Conductivity versus (a) annealing temperature and (b) annealing time 
for PEDOT:PSS thin films mixed with 2.5, 5, and 10 wt-% sorbitol. For 
comparison, the pristine film (0 wt-%) is also shown. 
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 Figure 6.1(b) shows that the enhanced conductivities are independent of 

annealing time. Even after 20 min no significant change in conductivity is 

observed. Therefore, in terms of conductivity, Figure 6.1(a) and (b) enable us to 

set the optimal annealing temperature and time to 200 °C and 2 min. 

 The removal of sorbitol and water during annealing and the reported 

plasticizing effect of the solvent mixture enable the PEDOT and PSS clusters to 

rearrange in a more relaxed and compact morphology [22,23,24,25]. The addition 

of sorbitol leads to an increase in the size of the conductive PEDOT-rich particles 

or clusters [3,26]. Figure 6.2 shows the morphological changes as observed in 

topographic AFM images. Although the topographic AFM images show that all 

films are very flat, having a vertical scale of only 5 nm, the rms-roughness 

continuously increases from 1.05 nm (0 wt-%) to 2.36 nm (10 wt-%) with 

increasing sorbitol concentration used in the aqueous dispersion for spin coating. 

This is in line with the increasing cluster size reported before [18]. Alternatively, 

the increasing roughness can be taken as being due to a thinning of the smooth 

PSS-rich top layer that covers the rougher bulk material [3,26]. 

 In the next section, surface potential measurements will give more insight 

on this issue. 
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Figure 6.2: 2 × 2 µm2 topographic AFM images of PEDOT:PSS thin films 
processed from an aqueous dispersion containing sorbitol in different 
concentrations: (a) 0 wt-% (pristine); (b) 2.5 wt-%; (c) 5 wt-%; (d) 10 wt-%. The 
rms-roughness is 1.05, 1.38, 1.76, and 2.36 nm, respectively. The vertical scale 
is 5 nm for all images. 
 

6.3.2 Surface potential analysis  

 

The surface potential relates to the work function as qVsp = χtip - χsample, as 

stated earlier, where χtip and χsample are the work functions of the tip and sample, 

respectively. Upon addition of sorbitol, a shift from ~ 5.1 eV (0 wt-%) to ~ 4.8 eV 

(10 wt-%) in the work function of PEDOT:PSS thin films is observed. 

 

(a) 

(c) 

(b) 

(d) 
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Figure 6.3: (a) Work function of PEDOT:PSS thin films spin cast from solutions 
with different sorbitol concentrations. The work function of ITO is shown for 
comparison. (b+c) Schematic representation of the band diagrams during SKPM 
on PEDOT:PSS thin films. (b) pristine PEDOT:PSS with a PSS-rich surface layer 
and (c) sorbitol-treated PEDOT:PSS without PSS surface layer. χs0, χs and χtip, are 
respectively the work functions of ‘bulk’ PEDOT:PSS, sorbitol-treated PEDOT:PSS 
thin film, and the tip. Δ is the surface dipole due to the PSS-rich surface layer, 
which effectively enhances the film work function to χs0+Δ. 
 

 Using highly oriented pyrolytic graphite (HOPG) as work function reference, 

χHOPG = 4.475 ± 0.005 eV [27], the measured Vsp is translated into the work 

function values of PEDOT:PSS thin films shown in Figure 6.3(a). HOPG is chosen 

as reference due to its work function stability, independent of the measurement 

conditions, i.e. in vacuum, air, or under inert atmosphere [27]. Furthermore, a 

fresh and clean surface of HOPG can easily be obtained by removing the topmost 

layers with adhesive tape. 

 The shift in the surface potential, i.e. a shift in the work function, is 

consistent with a removal of the PSS-rich surface layer as explained in the band 

diagrams of Figure 6.3(b) and (c). The (positive) sign of the work function change 

with increasing sorbitol content leads to the conclusion that the PSS-rich top 

layer results in an inward directed surface potential dipole as indicated in Figure 

6.3(b) [28]. Compared to the situation without this dipole layer, see Figure 6.3(c), 

the work function is effectively increased, the magnitude of the shift Δ depending 

on the surface layer thickness. Hence, upon reduction of the surface layer 

 
(b) 

 
(c) 

(a) 
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thickness by sorbitol treatment, the work function will decrease, i.e. the surface 

potential will increase, as observed in the SKPM measurements.  

 Interestingly, it is observed that for each individual sample, the surface 

potential also shifts in time. For all samples, the surface potential was measured 

on approximately 17 min intervals, on the same spot (500 × 500 nm2) with the 

same feedback parameters. Consecutive measurements showed, for all samples, 

an exponentially saturating shift to higher values. One could attribute this to an 

ongoing contamination of the SKPM-tip during the measurements. However, all 

measurements in Figure 6.3(a) were conducted using different cantilevers and 

these were all calibrated by measuring the Vsp of the reference HOPG sample, 

before and after each PEDOT:PSS sample. Hence, tip contamination can be 

excluded. 

 In order to shed light into this issue, we further studied the AFM-phase 

images of the PEDOT:PSS samples. Since the phase of the oscillating cantilever 

in TM-AFM is sensitive to the material composition [29], the presence of multiple 

phases in a blend, in this case PEDOT and PSS, generally leads to a phase 

contrast [4,30].  

 

     
Figure 6.4: 500 × 500 nm2 TM-AFM phase images of PEDOT:PSS thin films: (a) 
first image acquired at t = 0 for a PEDOT:PSS thin film processed from an 
aqueous dispersion containing 10 wt-% sorbitol; (b) same as (a) for t ~ 7 hours; 
(c) same as (a) for t ~ 14 hours. Vertical scale is 15 º for all images 
 

 Previously (Chapter 3), dark and bright features in the AFM phase images 

were interpreted as PEDOT-rich and PSS-rich regions, respectively [3]. For 

example, Figure 6.4(a)-(c) show the phase image of a PEDOT:PSS thin film 

processed from an aqueous dispersion containing 10 wt-% sorbitol. The initial Vsp 

value measured in Figure 6.4(a) is (19 ± 5) mV and after ~ 7 hours the last Vsp 

(a) (b) (c) 
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value recorded is (78 ± 3) mV. Next, the tip is withdrawn and re-engaged after ~ 

14 hours yielding a measured Vsp of again (24 ± 3) mV. 

 It is not clear why the Vsp of the PEDOT:PSS samples shifts during 

measurements, especially since no significant morphological changes are 

observed in the phase images of Figure 6.4(a) and (b) (recall that the 

measurements were conducted in a glove box with H2O and O2 levels < 1 ppm). In 

Figure 6.4(c), the phase contrast is somewhat increased, whereas Vsp is found to 

be shifted back to its initial value. Apparently the (unknown) cause of the 

temporal work function shift is measurement-induced and not accompanied by 

significant changes in the top layer morphology. Conversely, the slight 

enhancement in the phase contrast, which one could interpret in terms of more 

pronounced phase separation, does not lead to a measurable work function shift. 

 

 

6.4 Conclusions 

 

The addition of sorbitol to a PEDOT:PSS solution prior to spin coating 

enhances the electrical conductivity of the dried films by three orders of 

magnitude after annealing. The optimal annealing time and temperature, in 

terms of conductivity, are found to be 200 °C and 2 min., respectively. The 

morphological changes due to addition of sorbitol are accompanied by changes in 

the work function of the PEDOT:PSS thin films, which we attribute to an increase 

in the ratio of PEDOT to PSS at the surface upon addition of sorbitol. Minor shifts 

of the work function in time are found to be measurement-induced and to be 

uncorrelated to the surface morphology as visualized in AFM phase images. 
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7 A morphological model for 
solvent-induced conductivity 

enhancement in PEDOT:PSS thin 
films 

 
 
The well-known conductivity enhancement of poly(3,4-ethylenedioxythiophene): 
poly(4-styrenesulfonate) (PEDOT:PSS) thin films by addition of high-boiling-point 
solvents like sorbitol is shown to result from a rearrangement of PEDOT-rich 
clusters into elongated domains. The changing film morphology is followed by STM 
and AFM, whereas the charge transport mechanism is derived from temperature 
dependent conductivity measurements. The experimental results are combined into 
a quantitative morphological model that explains, amongst others, the observed 
transition from 3D to 1D variable-range hopping conduction. 
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7.1 Introduction 

 

The performance of (opto)electronic devices based on organic and polymer 

materials as active layer or electrodes is found to be closely related to mesoscopic 

(dis)order and other morphological properties of the active materials [1,2,3,4]. For 

that reason, it is crucial to understand the effects of molecular arrangement on 

the electronic properties of organic materials and organic-based devices. A 

detailed comprehension on how charges move through the material is probably 

the best feedback to assist in the aforementioned development of novel devices. 

Hence, considerable efforts have been made to improve and understand the 

charge transport characteristics of these materials [5]. Temperature dependent 

conductivity measurements are likely the most direct way to experimentally study 

the mechanism of charge transport in organic conjugated systems and the 

results can directly be compared with predictions of theoretical models [6,7]. 

However, a common problem in charge transport studies on organic materials is 

a lack of detailed knowledge of the morphology. 

 A good example of this problem is the well-known but poorly understood 

highly conducting state of PEDOT:PSS, obtained by the addition of high-boiling 

solvents or polar compounds to the water-borne dispersion [8,9,10,11,12,13]. 

Technologically, highly conducting PEDOT:PSS opens opportunities to replace 

the well-known but expensive inorganic indium tin oxide (ITO) as anode in 

optoelectronic devices, like organic photovoltaic cells [14,15] and organic light-

emitting diodes [16,17,18,19], and forms a good candidate for electrodes for field-

effect transistors [20] and circuits in general [21]. 

The origin of this conductivity increase has been tentatively explained in 

the literature and related to changes on (i) a nanoscopic level such as increase in 

interchain interactions [9,11], conformational changes in PEDOT chains [22], and 

screening effects between polymer and dopant due to the polar solvent [22], or to 

changes on (ii) a mescopic level leading to the formation of larger particles with 

concomitant reduction of the PPS shell and increased hopping between particles 

[15,18,23,24,2526]. However no strong consensus among the explanations has 

been found. Typically, the temperature dependent conductivity in doped organic 

materials like PEDOT:PSS can be described in the framework of variable-range 

hopping (VRH) as: 
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                                                                                     Eq 7.1 

 

 In Eq. 7.1, σ0 is the conductivity at infinite temperature, T0 is the 

characteristic temperature and α the exponent that in standard VRH theory is 

equal to 1/(1+D), where D is dimensionality of the system. Assuming that the 

density of the states near the Fermi level N(EF) is either constant or varies 

smoothly with energy, Mott [6] obtained α = 1/4 in three dimensions (3D). 

Straightforward application of Eq. 7.1 to 1D systems turned out to be 

problematic because of the presence of ‘blocking sites’ in infinitely long 1D 

chains. However, Shante et al. [27] have shown that the conductivity of ‘real’ 

systems, consisting of a large number of parallel 1D chains of finite length, can 

be described by Eq. 7.1. Later it was shown that for both 2D and 3D-VRH 

systems at (very) low temperatures α = 1/2 can also result from long-range 

electron-electron interactions which give rise to a Coulomb gap in N(EF) [7]. 

Finally, α = 1/2 has also been interpreted in terms of a charging-energy-limited 

tunneling model [28,29,30]. However, in this model a proportionality between 

(insulating) shell thickness and core diameter of the metallic particles is required, 

for which, in the case of PEDOT:PSS, no experimental indications are found. 

 Previous studies on the effect of addition of solvents or solvent compounds 

to the spin coated solution on the charge transport properties of PEDOT:PSS 

films have shown that the conductivity can be enhanced by several orders of 

magnitude, depending on the solvent/compound. Kim et al. [10] found that σ(T) 

of PEDOT:PSS deposited from pure H2O followed a quasi 1D-VRH model, while 

that of highly conductive PEDOT:PSS deposited with organic solvents followed a 

power law σ (T) ~ T-α, with α varying from 0.54 to 1.2. Ouyang et al. [31] and 

Ashizawa et al. [32] have also described their results for ethylene glycol treated 

PEDOT:PSS using the 1D-VRH model. In contrast, Crispin et al. [18] concluded 

that upon addition of diethylene glycol a three-dimensional conducting network 

is formed, which in principle should lead to α = 1/4. Their X-ray photoelectron 

spectroscopy (XPS) studies indicated that sorbitol and diethylene glycol induce a 

morphology change at the surface of PEDOT:PSS and these results were 

interpreted as a segregation of the excess PSS. However, no clear connection was 
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made between the topography of the film and XPS measurements [23,33]. 

Timpanaro et al. [24] have shown with scanning tunneling microscopy that the 

addition of sorbitol leads to an increase in the apparent size of the PEDOT-rich 

particles, which is associated with the increase of conductivity. Thus, the 

morphology change in the PEDOT:PSS appears to be another plausible 

mechanism to explain the high conductivity of PEDOT:PSS. In conclusion, the 

conductivity enhancement is well established, but the responsible mechanism 

has been controversial. The present study aims to resolve this problem. 

 This Chapter reports a study of the temperature dependence of the d.c. 

conductivity of sorbitol-treated PEDOT:PSS, both in low and moderate electric 

fields, in combination with a morphology analysis by scanning probe microscope 

(SPM) techniques. The transition from 3D to quasi 1D-VRH conduction that is 

found upon addition of sorbitol appears to be due to a rearrangement of PEDOT-

rich particles into elongated and aligned clusters in which the charge transport 

takes place. The characteristic hopping distance matches well with the observed 

size of the PEDOT particles. Finally, the conductivity enhancement is attributed 

to an increased effective localization length. 

 

 

7.2 Experimental 

 

 To the PEDOT:PSS aqueous dispersion (Baytron P VP Al 4083), 2.5 wt-%, 

5.0 wt-% and 10 wt-% of D-sorbitol 97% (Sigma-Aldrich) were added and stirred 

for at least 24 h at room temperature. Solutions were filtered, and deposited in 

air by spin coating technique on substrates with appropriate electrodes for 

electrical characterization (4 and/or 2-point probe techniques). The annealing 

step was done under inert atmosphere. All the sample preparation and electrical 

measurements are described in details in Chapter 3, section 3.2. The thickness of 

the thin films treated with sorbitol was 90-100 nm and the pristine film ~ 60 nm 

as measured by the profilometer. 

 Scanning tunneling microscopy (STM) and tapping mode cross-sectional 

atomic force microscopy (X-AFM) experiments is also referred to section 3.2. The 

tips (PPP-NCHR from NanoSensors) used in this experiment had a spring 

constant k ≈ 20 N/m. 
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7.3 Results  

 

7.3.1 Charge transport 

 

For the temperature-dependent conductivity of all three different sorbitol 

contents studied in this Chapter, a good fit is obtained to the variable-range 

hopping model (Eq. 7.1) as demonstrated in Figure 7.1. In fact, the correct 

exponent α in Eq. 7.1 was determined as the α value at which the correlation 

coefficient R of the fit in Figure 7.1 reached a maximum. These fits were 

sufficiently sharp and the best α values, using this approach, have more than 96 

% of accuracy for all samples. The upper right inset of Figure 7.1 shows R of the 

fit of Eq. 7.1 to the measured conductivity plotted versus the exponent α. The 

optimal α values are shown in Table 7.I, and are very close to 1/2, which we 

interpret as indicative of quasi 1D-VRH. Alternative interpretations of this finding 

are discussed at the end of this section. 
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Figure 7.1: Temperature dependence of the conductivity for PEDOT:PSS samples 
with ( ) 2.5 wt-%, ( ) 5 wt-% and ( ) 10 wt-% of sorbitol concentration added to 
the aqueous dispersion used for spin coating of the films. Straight lines are fits to 
Eq. 7.1. Upper right inset: analysis of the exponent α for the whole temperature 
range, i.e. the correlation coefficient R of the fit of Eq. 7.1 to the data in the main 
panel plotted versus α. The vertical dashed line represents α = ½. Lower left 
inset: evolution of T0 and σ at 300 K as a function of sorbitol concentration, the 
dashed lines serves to guide the eye. The values of these parameters are also 
shown in Table 7.I. 
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Table 7.I: Parameters describing the electrical conduction in sorbitol-enhanced 
PEDOT:PSS thin films. 
 

 2.5 wt-% 5 wt-% 10 wt-% 
σ at 300 K (S/cm) 3.24 ± 0.06 4.18 ± 0.07 5.2 ± 0.3 
α (77 K-307 K) 0.52 ± 0.01 0.53 ± 0.02 0.52 ± 0.01 
T0 (K) 3406 ± 26 2720 ± 27 2314 ± 27 
σ0 (S/cm) 91.3 ± 1.3 83.3 ± 1.4 81.7 ± 1.5 
N(EF) (eV⋅cm3)-1 (1.9 ± 0.4) × 1018 n.d. (1.8 ± 0.3) × 1018 

′ξ  (nm) 33 ± 2 n.d. 44 ± 3 
L (nm) 60-80 n.d. 65-95 

 

 

 Once the transport mechanism is identified as 1D VRH, the other 

parameters in Eq. 7.1 can also be discussed. The slopes of the curves in Figure 

7.1 represent the quantity -T0½, where T0 is given by 

 

=
′ξ0

B F

4T
k N( E )

                                                                                            Eq 7.2 

 

Here,ξ′ is the effective localization length, N(EF) is the density of (localized) states 

at the Fermi level, kB is the Boltzmann’s constant [27]. The systematic variation 

of T0 and σ at 300 K as a function of sorbitol concentration is shown in the lower 

left inset of Figure 7.1. T0 drops and σ (300 K) increases by addition of sorbitol to 

the aqueous PEDOT:PSS dispersion up to 10 wt-%. Coincidently, they both vary 

by a similar fraction. Common explanations for this behavior suggest a lower 

energy barrier between the hopping sites and/or a longer localization length of 

the charge and/or an increasing of N(EF) [31,32]. However, authors have only 

looked at the variation of T0, which indeed depends on N(EF) and ξ′ , see Eq. 7.2, 

but no quantitative analysis has been made so far. In order to clarify this issue, 

we measured the electric field dependence of the conductivity, which allows one 

to extract the characteristic length scales of the hopping process. 

 As the electric field is increased, deviations from Ohmic behavior become 

evident. In Figure 7.2, the electric field dependence of the conductivity is plotted 

at different temperatures for 2.5 wt-% and 10 wt-% of sorbitol. The electric field 

dependent conductivity σ(F) for hopping in a disordered systems in moderate 

electric fields F is of the general form [34,35]: 
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                                                                     Eq 7.3 

 

 Here, eFL is the energy that electrons can pick-up from the electric field in 

one hop which, at intermediate fields, is comparable to the activation energy of 

the dominant or characteristic hop. In this term, L is the characteristic hopping 

length and e the electronic charge. The prefactor c accounts for the fact that not 

all critical hops are in the direction of the applied field, and different authors 

predict different values for c, depending on the assumptions made. In the 

following analysis we will use Eq. 7.3 with c = 1, mainly because of the absence of 

an applicable theory for non-Ohmic quasi 1D-VRH. As a result, the extracted 

hopping lengths should be considered a lower limit to the real value. 
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Figure 7.2: Conductivity as a function of F/T for PEDOT:PSS thin films with 2.5 
wt-% and 10 wt-% of sorbitol added to the aqueous dispersion used for spin 
coating of the films at different temperatures. Solid lines are fits to Eq. 7.3. 

 

 At each temperature in Figure 7.2, the data are fitted quite well by Eq. 7.3 

at low to moderate electric field. Deviations from straight lines in Figure 7.2 

indicate the onset of another conduction mechanism at high electric field, which 

is beyond the scope of the present work. As the temperature is changed, the 

slope of the lines through the data in Figure 7.2 also changes. The temperature 

dependence of the hopping length L(T) extracted from the slopes of Figure 7.2 is 
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shown in Figure 7.3. For both samples, the hopping length increases with 

decreasing temperature and reaches a maximum at a critical temperature TC1, 

145 K and 130 K for 2.5 wt-% and 10 wt-% samples, respectively. After TC1, a 

sudden decrease in the hopping length is observed and the values of L reach a 

second critical temperature TC2 after which they seem to saturate or even start 

rising again. The inset of Figure 7.3 shows the analysis of the power exponent α 

in Eq. 7.1 for temperatures below TC1. Although we previously found an excellent 

correspondence with α = 1/2 for the whole temperature range in Figure 7.1, α is 

found to be less than 1/2 for the specific range below TC1. We shall further 

discuss this behavior in the discussion section. 

 The characteristic hopping length in 1D-VRH is expected to vary as T-½ 

according to [27] 

 

( ) ′ ⎛ ⎞= ⎜ ⎟
⎝ ⎠

ξ
1
2

0TL T
2 T

                                                                                          Eq 7.4 

 

which is used to extract ξ′  from the measured samples in Figure 7.3. Good 

agreement between Eq. 7.4 and the data in Figure 7.3 is obtained in the range 

where L continuously increases, and the extracted ξ ′  values are shown in Table 

7.I. They are found to be about a factor 5 larger than that of pristine samples (8.2 

nm)[36]. Next, from T0 and ξ ′ we have calculated the 1D density of states N(EF) 

using Eq. 7.2, and found 4.2 × 106 and 4.6 × 106 eV-1cm-1 for 2.5 and 10 wt-%, 

respectively. By using the width (30-40 nm, respectively) and thickness (6-7 nm) 

of the 1D channels (see next section) these numbers can be transformed into an 

estimate for the 3D density of states, see Table 7.I.  
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Figure 7.3: Temperature dependence of the characteristic hopping length for 
PEDOT:PSS thin films with ( ) 2.5 wt-% and ( ) 10 wt-% of sorbitol added to the 
aqueous dispersion used for depositing the layers. The dashed lines connect the 
data points, the solid lines are fits to Eq. 7.4. The inset shows the analysis of the 
power exponent α in Eq. 7.1 for temperatures below TC1, i.e. the correlation 
coefficient R to the fit of Eq. 7.1 is plotted versus α. A vertical dashed line at α = 
1/2, clearly shows the shift of the best-fitting value of α to lower values, in this 
case α2.5 wt-% = 0.40 ± 0.02 and α10 wt-% = 0.39 ± 0.03. 

 

 While the results in Figure 7.3 corroborate our identification of quasi 1D-

VRH as the transport mechanism around room temperature, the behavior at T < 

TC1, requires an alternative interpretation. The Efros-Shklovskii or Coulomb gap 

model should be relevant only at low temperatures, i.e. the thermal energy 

should be smaller than the width of the Coulomb gap, i.e. kBT < δ. Ignoring any 

anisotropy, δ can be estimated as ( ) ( )≈δ πε ε 36
F 0 rN E e 4 [7,40]. By taking N(EF) 

~ 1018 eV-1cm-3 and assuming εr = 3, δ is roughly 10 meV or 120 K, which is very 

close to the observed values of TC1. Hence, the discontinuity in L(T) at TC1 can 

tentatively be attributed to a transition to another transport regime, governed by 

the opening of a Coulomb gap. At TC2 the transition appears to have completed. 

Depending on the details of the system, the associated temperature exponent α 

can theoretically expected to be 1/2 [7,40] or 2/5 [37]. The experimentally 

extracted values for α below TC1 closely match the latter number; it is however 

not clear whether the theory in Ref. 37 can directly be applied to the present 

granular system. In addition, the remaining temperature range below TC2 is too 
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small to extract a value for α with any accuracy and we refrain from a further 

analysis of the low temperature data. 

 

7.3.2 Morphology 

 

The interpretation of the charge transport data of sorbitol-treated 

PEDOT:PSS thin films in terms of a quasi 1D-VRH model is striking in view of the 

fact that charge transport in pristine films of the same material is governed by 

3D-VRH, i.e. α = 1/4 in Eq 7.1 [36,38] (see Chapters 3 and 4). This transition can 

however be readily understood from changes in the film morphology as seen by 

low-current STM, see Figure 7.4. Clearly, for the sample made without adding 

sorbitol (referred to as 0 wt-%), the 20-25 nm sized PEDOT-rich particles are 

(almost) randomly distributed. Upon adding sorbitol to the aqueous dispersions 

used for spin coating, these particles arrange spontaneously along lines that, for 

the image size shown, all run in a preferential direction. It seems logical to 

assume that the particles are more strongly coupled, i.e. are separated by a 

thinner PSS barrier, along these lines than perpendicular to these lines. This 

assumption directly explains the quasi 1D behavior of the sorbitol treated 

samples. Actually, this morphology seems to be a perfect example of ‘a large 

number of parallel chains of finite length’ that was considered in Ref. 27. 

Despite the strong particle alignment in sorbitol-enhanced films and the 

fact that such alignment is found everywhere on the sample, no preferential 

orientation direction could be observed on length scales above ~1 μm. Due to the 

random orientation of these ordered domains, the macroscopic in-plane 

conductivity is most likely isotropic [39]. Since the typical domain size is at least 

one order of magnitude bigger than the characteristic hopping length, one may 

anticipate that the macroscopic conductivity is limited by the intra-domain 

conduction, leading to the observed quasi 1D behavior. 

 Another effect of the addition of sorbitol is an increase in size of the 

PEDOT-rich particles. Going from the pristine PEDOT:PSS sample, Figure 7.4(a), 

to 10 wt-% sorbitol, Figure 7.4(c), the particle diameter increases from 20-25 nm 

to about 40 nm in average. Qualitatively, an increased particle size may be 

expected to result in a reduced density of states. However, the density of states 

N(EF) of the present samples is about an order of magnitude higher than the 
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value of 1.4 × 1017 eV-1cm-3 found for pristine films [36]. This behavior is 

tentatively attribute to a narrowing of the density of states resulting from reduced 

disorder in the sorbitol treated films. In addition, batch-to-batch variations, 

which can amount up to a factor two or so in T0, may play a role. 

 The size of the PEDOT-rich particles is fully consistent with the observed, 

rather large, hopping length L in Figure 7.3. This implies that the conduction in 

sorbitol-treated PEDOT:PSS, like in the pristine material [36], takes place by 

hopping of charge carriers between PEDOT-rich particles, rather than between 

single molecular sites. 

 To complete the morphological picture, we performed cross-sectional 

phase-imaging AFM (X-AFM) on cryogenically cleaved sorbitol treated films. This 

technique was previously shown in Chapter 3 to allow the visualization of 

PEDOT-rich and PSS-rich regions because of differences in visco-elastic 

properties [38]. In Figure 7.5 it can be seen that in the vertical direction the 

sorbitol treated film consists of flattened dark areas (blue color), which we 

interpret as the PEDOT-rich domains, separated by quasi continuous bright 

areas (yellow color), interpreted as PSS lamellas. The typical in-plane size of the 

PEDOT-rich particles is of the same order as that of the spherical objects in 

Figure 7.4(b), consistent with the interpretation of these as the PEDOT-rich 

clusters. This lamellar morphology is very similar to the one observed in our 

previous work for pristine films [38] shown in Chapter 3. Apparently, the sorbitol-

facilitated reorganization of PEDOT and PSS does not significantly affect the 

phase separation in the vertical direction.  
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Figure 7.4. Topographic STM images of PEDOT:PSS spin coated on ITO with 
different sorbitol concentration in the aqueous dispersion: (a) 0 wt-% (pristine) 
[bias: 2.3 V; Itunneling: 20 pA], (b) 2.5 wt-% [bias: 0.1 V; Itunneling: 10 pA], and (c) 10 
wt-% [bias: 0.5V; Itunneling: 0.5 pA ]. All images were captured in areas of 500 × 
500 nm2 and vertical scale of 10 nm. The 20-40 nm sized bright objects and the 
thin depressions are interpreted as PEDOT-rich particles and separating PSS 
barriers, respectively [38]. 
 

 

7.4 Discussions 

 

Comparing the values of the effective localization length ξ ′  for sorbitol 

samples (30-45 nm, see Table 7.I) and that found for pristine material (8 nm, Ref. 

(a) 0 wt-% (b) 2.5 wt-%

(c) 10 wt-%
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36), we observe an increase of about a factor 4-5. In a granular material the use 

of an effective localization length, rather than of the normal one, reflects the fact 

that the wave function only picks up a significant ‘tunneling action’ in the 

separating barriers, i.e. in the PSS. Hence, ξ ′and ξ  are related via ( )= +ξ ξ' d s s  

with d and s the particle diameter and barrier thickness, respectively [40]. The 

observed increase of ξ ′  upon including sorbitol in film formation is most likely 

due to a decrease in s, since d increases only slightly. The decrease in s is 

consistent with a better mixing of PEDOT and PSS due to the plasticizing action 

of sorbitol. Moreover, a reduced inter-particle tunneling barrier width s explains 

the large increase in conductivity upon (increasing) sorbitol treatment.  

 

 

Figure 7.5: 250 × 250 nm2 cross-sectional AFM phase image of cleaved 
PEDOT:PSS deposited on glass from am aqueous dispersion containing 2.5 wt-% 
sorbitol. Vertical scale is 30 °. Bright (yellow) and dark (blue) areas in the 
PEDOT:PSS film are interpreted as PSS lamellas and PEDOT-rich particles, 
respectively [38]. 
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air 
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7.5 Conclusions 

 

We have studied the conductivity of PEDOT:PSS thin films deposited by 

spin coating from aqueous dispersions containing a high-boiling solvent 

(sorbitol). We found that the well-known conductivity enhancement by several 

orders of magnitude is accompanied by a transition from 3D variable-range 

hopping to quasi 1D-VRH. Using scanning probe microscopy, the latter effect 

could be explained by a sorbitol-induced self-organization of the PEDOT-rich 

grains into 1D aggregates between which hopping of charge carriers takes place. 

Although these aggregates are aligned within (sub) micrometer sized domains, 

these domains seem to have no preferential orientation, i.e. no macroscopic in-

plane anisotropy is present. The typical hopping distance of 60-90 nm, which is 

extracted from non-Ohmic transport, matches well with hopping between 30-40 

nm sized grains. Combining these results, the sorbitol-induced conductivity 

increase could be attributed to a decrease in thickness of the PSS barrier 

separating the PEDOT-rich grains. 
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A. Modulated-differential scanning 
calorimetry and direct insert 

probe mass spectrometry 
 
 
 
 
 
Modulated-Differential Scanning Calorimetry (MDSC) and Direct Insert Probe Mass 
Spectrometry (DIP-MS) were used as auxiliary tools to understand the influence 
that temperature has on pristine PEDOT:PSS and PEDOT:PSS treated with sorbitol. 
From the analysis and discussion we conclude that the optimal annealing 
temperature (200 °C) and time (2 min) is enough to remove both water and sorbitol. 
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A1.1 Introduction: Modulated-differential scanning calorimetry (MDSC) 

 

In comparison to conventional DSC, modulated DSCii has a much higher 

resolution and since it uses a sinusoidal perturbation on top of the linear rise in 

temperature. Once the total heat flow and change in heat capacity are acquired, a 

Fourier Transform treatment allows differentiation of the reversing and non-

reversing heat flow. The reversing signal is sensitive to phase transitions like the 

glass transition, whereas e.g. evaporation shows up in the non-reversing signal.  

 

A1.2 Experimental 

 

MDSC analyses were conducted at Philips Research Laboratories, in 

Eindhoven, by Dr. M. M. de Kok using a TA Instruments model MDSC Q1000. 

The commercial aqueous solution of PEDOT:PSS (H. C. Starck trade name 

Baytron P) in its pristine (pure) form and mixed with 5 wt-% sorbitol were 

examined. Few drops of the solutions were deposited into the MDSC pan and 

dried under ambient conditions. The lids of the pans were perforated to allow the 

remaining water to evaporate from sample and to avoid pressure increase inside 

the pan. The pan is placed inside the oven, which is flushed with dry N2 and 

heated according to input programming. The general procedure was to cool down 

the samples to -10 °C and then heated at 200 °C at a rate of 10 °C/min. This 

procedure was repeated several times and the temperature raise was modulated 

by ± 1 °C every 30 s. 

 

A1.3 Results and discussions 

 

Pristine PEDOT:PSS. The total heat flow and the derived reversing and 

non-reversing heat flow were measured and shown in Figure A1(a). In the first 

heating step, a decrease of the total and non-reversing heat flow with a minimum 

around 75 °C was observed. This effect is attributed to the evaporation of water 

                                                 
ii A) M. Reading, D. Elliott, V. L. Hill, Therm. Anal. 1993, 40, 931; B) S. R. Sauerbrunn, B. S. Crowe, M. Reading, 
Polym. Mater. Sci. Eng 1993, 68, 269; C) S. R. Syerbrunne, M. Reading, J. Therm. Anal. 1993, 40, 949. 
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that is completed upon reaching 200 °C. The absence of this feature in the 

following cycles corroborates this assignment. 

 PEDOT:PSS mixed with 5 wt-% sorbitol. The first heating run showed 

two non-reversing maxima around 100 °C and 160 °C, as observed in Figure 

A1(b). In contrast, in the pristine PEDOT:PSS only a single non-reversing effect 

was found around 75 °C. The melting point of pure sorbitol is ~ 95 °C thus the 

first feature could be related to melting of sorbitol or, again, to the evaporation of 

water. The origin of the second phase is not clear in detail, but, given its absence 

in consecutive cycles, most likely related to the evaporation of sorbitol.  

 

                                       (a)                                               (b) 
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Figure A1: MDSC on (a) pristine PEDOT:PSS and PEDOT:PSS mixed with 5 wt-% 
of sorbitol. Full and dashed are the 1st and 2nd heating steps, respectively. 
 

A1.4 Conclusions 

 

 A non-reversing effect in the temperature range of 50 °C to 100 °C is visible 

when air-dried PEDOT:PSS is heated to 200 °C. This effect is most likely related 

to the water evaporation from samples as in consecutive runs this effect is no 

longer present. When PEDOT:PSS is mixed with sorbitol (5 wt-%) the removal of 

sorbitol and water is observed in two phases in the temperature ranges of 50 °C – 

140 °C and 150 °C – 200 °C. We note that these peaks coincide with DIP-MS 

experiments shown below. 
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A2.1 Introduction: Direct insert probe mass spectrometry (DIP-MS) 

 

 In order to perform DIP-MS, PEDOT:PSS is deposited from solution into a 

quartz-microtube in contact with a heating probe which is inserted in the mass 

spectrometer (MS). During heating, which is performed in high vacuum, it is 

possible to analyze in real time by mass spectrometry (MS) the products that are 

set free at the applied temperature. As such, DIP-MS is a very sensitive technique 

and complementary to TGA and MDSC. 

 

A2.2 Experimental 

 

 DIP-MS analyses were carried out using a Shimadzu chromatograph, 

model GCMS – QP5000 with the assistance of Dr. X. Lou and Mr. J. L. J. van 

Dongen at the Chemistry Department of the TU/e. Also here, the commercial 

PEDOT:PSS in its pristine form and with different sorbitol concentrations, 2.5, 5 

and 10 wt-%, were measured. All samples were deposited into a quartz 

microtube, about 1–2 μL, and dried in ambient. For comparison, sorbitol diluted 

in methanol was also prepared and a blank sample was used as reference. The 

quartz microtube containing the sample was connected to the heating probe and 

subsequently inserted into the high vacuum (10-6 mbar) chamber for the MS 

analysis. 

 

A2.3 Results and discussions 

 

 The peaks of the relative total ion current (TIC), which is the sum of all 

mass fragments, as a function of temperature are shown for samples with added 

sorbitol in Figure A2(a). The 2.5 wt-% sample shows one maximum, with a 

broadened shoulder that develops into a second maximum at higher sorbitol 

concentrations. The relative TIC of this sample clearly shows that most 

evaporation occurs before 200 °C. 
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Figure A2: First run of DIP-MS: temperature and relative total ion current (TIC) 
signal as a function of time for PEDOT:PSS samples with (a) different sorbitol 
concentration, 2.5, 5 and 10 wt-%; (b) 0 wt-%, pure sorbitol and a blank sample; 
(c) Absolute m/z 103 ion current (“sugar” fragment) versus temperature. The 
temperature profile follows a ramp of 10 °C/min up to 200 °C, at 200 °C 
temperature is kept constant for 2 min and then allowed to cool down. 
 

 The pristine (0 wt-%) PEDOT:PSS, Figure A2(b), showed a broadened noise 

peak, which increases up till 200 °C. The major contributions to this peak are the 

fragments m/z 32, 44 and 64. The first two fragments are due to O2 and CO2 

present in air, also observed in the blank sample. The last one is attributed to an 

SO2 fragment coming from the PSS. From the two polymers, PSS is most 

susceptible to degradationiii. However, the extremely low intensity of this signal is 

consistent with the observation that no degradation in the electrical performance 

occurs upon heating to 200 °C (see Chapter 5). 

 Figure A2(c) monitors the ion current (IC) of m/z 103, the most relevant 

fragment in the present investigation, which is related to a sugar fragment 

coming from the sorbitol. It observed that in the case of sorbitol-added samples 

the m/z 103 fragment is dominant in the first peak in Figure A2(a) and its 

magnitude scales with the amount of sorbitol added. The second peak in Figure 

A2(a), which roughly coincides with the feature at 170 ºC observed above in 

MDSC, consists of multiple, smaller fragments, indicating further decomposition 

of the sorbitol. Of these, the fragments m/z 57, 69 and 86 are the most intense. 

The absence of a peak at 75 °C, where a peak is found in MDSC, is consistent 

with the identification of that peak to evaporation of water, since H2O is too light 

to be detected in DIP-MS. 

 After the first run, each sample was allowed to cool down in vacuum and a 

second round of measurements was conducted. The same temperature profile 

                                                 
iii M. M. de Kok, unpublished results 
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was employed again. These measurements (not shown) revealed minor traces of 

the remaining sorbitol, very close to noise level. Therefore, we conclude that 

basically all the sorbitol is removed in the first annealing step (200 °C, 2 min). 

Since these analyses are performed on ‘bulk’ samples, we expect the same 

annealing step to completely remove sorbitol from a ~ 100 nm thick film. 

 

A2.4 Conclusions 

 

It was found from DIP-MS that sorbitol completely evaporates when sample 

is heated to 200 °C for 2 min, and that no further degradation occurs at this 

temperature. The characteristic temperatures at which evaporation is observed 

during DIP-MS are consistent with those found in MDSC. Evaporation of solvents 

in sorbitol-treated samples occurs in two steps, the first, around 75 °C, is most 

likely related to water, the latter, around 175 °C, is related to sorbitol. 
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