
  

Department of Physics, Chemistry and Biology 
 
 

Master’s thesis 
LITH-IFM-A-EX--08/1925-SE 

 
 

Polymer electrochromism and surface plasmons 
combined on metallic diffraction gratings 

 
 
 

Jérôme Garnier 
 
 

Examensarbetet utfört vid IFM 
080229 

 
Supervisor 
Olle Inganäs 

 
Examiner 
Olle Inganäs 

 
 
 

 



  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



  

 

 

Avdelning, institution  
Division, Department 

 
Biomolecular and Organic Electronics 
Department of Physics, Chemistry and Biology 
Linköping University 
 

URL för elektronisk version 

ISBN 
 
ISRN: LITH-IFM-A-EX--08/1925-SE  
_________________________________________________________________ 
Serietitel och serienummer ISSN 
Title of series, numbering ______________________________ 
 

 
 

Språk 
Language 
 

 Svenska/Swedish 
 Engelska/English 

 
 

 ________________ 

Rapporttyp  
Report category 
 

 Licentiatavhandling  
 Examensarbete 
 C-uppsats 
 D-uppsats     
 Övrig rapport 

 
 

 _____________  

Titel  Polymer electrochromism and surface plasmons combined on metallic diffraction gratings 
Title 
 
 
Författare  Jérôme Garnier 
Author 

Datum  
Date 
 
2008-02-29 

Nyckelord  Conducting polymers, electrochromism, surface plasmons, PEDOT-PSS, PEDOT-S. 
Keyword 

Sammanfattning  
Abstract  

 All conducting polymers are potentially electrochromic, owing to the injection of charge carriers 
that changes their electronic structure and results in a shift of their optical absorption towards higher 
wavelengths. PEDOT-PSS and PEDOT-S are very promising materials in terms of electrochromic 
properties, due to the good contrast existing between their doped and undoped forms. However this 
contrast has to be enhanced in order to design more efficient electrochromic devices, and new 
solutions should thus be found in order to solve this issue. 
 Surface plasmons are described as electromagnetic waves propagating along the surface between a 
dielectric and a metal. Coupled to an incident radiation, they create an energy loss in the light 
transmitted and reflected by the interface. When the metallic surface is periodically corrugated, this 
absorption phenomenon due to plasmonic resonance occurs at a specific wavelength that depends on 
several parameters, such as the incidence angle, the dielectric constants of the two media and the 
grating period. By coating metallic gratings with electrochromic polymers, we may thus be able to 
trigger a plasmonic absorption at a given wavelength and shift it upon reduction or oxidation of the 
material. 
 Electrochromic devices consisting of PEDOT-PSS or PEDOT-S spin-deposited on gold and silver 
gratings were investigated by UV-visible reflectance measurements. The periodically corrugated 
structures were reproduced from commercial gratings by soft nanolithography and were analyzed by 
AFM. Some electrochromic cells exhibited new colors or a high shift of the plasmonic resonance 
upon redox switching of the polymer film. Depending on the step and the nature of the grating 
employed, this shift could reach 20 nm in the case of PEDOT-PSS and more than 100 nm for 
PEDOT-S. A theoretical model was found to predict the wavelength of plasmonic excitation and the 
orientation of the shift. 
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Abstract 
 

 

 All conducting polymers are potentially electrochromic, owing to the injection of charge 

carriers that changes their electronic structure and results in a shift of their optical absorption 

towards higher wavelengths. PEDOT-PSS and PEDOT-S are very promising materials in terms 

of electrochromic properties, due to the good contrast existing between their doped and undoped 

forms. However this contrast has to be enhanced in order to design more efficient electrochromic 

devices, and new solutions should thus be found in order to solve this issue. 

 

 Surface plasmons are described as electromagnetic waves propagating along the surface 

between a dielectric and a metal. Coupled to an incident radiation, they create an energy loss in 

the light transmitted and reflected by the interface. When the metallic surface is periodically 

corrugated, this absorption phenomenon due to plasmonic resonance occurs at a specific 

wavelength that depends on several parameters, such as the incidence angle, the dielectric 

constants of the two media and the grating period. 

 

 By coating metallic gratings with electrochromic polymers, we may thus be able to 

trigger a plasmonic absorption at a given wavelength and shift it upon reduction or oxidation of 

the material. 

 

 Electrochromic devices consisting of PEDOT-PSS or PEDOT-S spin-deposited on gold 

and silver gratings were investigated by UV-visible reflectance measurements. The periodically 

corrugated structures were reproduced from commercial gratings by soft nanolithography and 

were analyzed by AFM. Some electrochromic cells exhibited new colors or a high shift of the 

plasmonic resonance upon redox switching of the polymer film. Depending on the step and the 

nature of the grating employed, this shift could reach 20 nm in the case of PEDOT-PSS and more 

than 100 nm for PEDOT-S. A theoretical model was found to predict the wavelength of 

plasmonic excitation and the orientation of the shift. 
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Introduction 
 

 

 Since their discovery in the 70’s by MacDiarmid, Heeger and Shirakawa [1], 

conducting polymers have attracted much scientific and commercial interest, due to the 

variety of applications they can offer: light emitting diodes, plastic photovoltaic cells, 

electrochromic devices, biosensors, anti-stating coatings batteries, etc. Their main assets 

compared to inorganic semiconductors are most probably their low price and the possibility to 

build flexible devices. 

 

 Electrochromic materials can reversibly change of color when they undergo redox 

reactions. This particularity provides them potential applications in information displays, 

switchable mirrors or smart windows. Conducting polymers are all potentially 

electrochromic, due to the variation of their optical properties upon injection of charge 

carriers in their π-conjugated structure. Today, research carried out on these materials mainly 

consists in enhancing their properties, such as the contrast existing between their two forms, 

the time of coloration and the cycle stability. 

 

 Under certain circumstances, when an electromagnetic radiation is directed towards a 

metal/dielectric interface, it results in the excitation of surface plasmons, quanta of the 

electron oscillation propagating between the two media, and provokes an energy loss in the 

light reflected and transmitted from the interface. Hopefully, this absorption phenomenon 

occurring at a specific wavelength could be coupled to polymer electrochromism on metallic 

diffraction gratings in order to enhance the contrast between the two redox states of the 

organic material and even obtain an electrically tunable plasmonic absorption. 

 

 This thesis will first deal with theoretical concepts about conjugated polymers 

electrochromism and surface plasmons in parts I and II. Details about the preparation of 

electrochromic devices and reflectance measurements performed on them will be given in 

part III, while part IV will consist in a discussion of the experimental results.   
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I. From conjugated polymers to electrochromism 
 

 

I. 1. Conducting polymers 

 

I. 1. a. A brief historical overview 

 

Development of conjugated polymers started during the early 1970´s after the 

discovery of a metallic-type conductivity for polysulfurnitride [(-S=N-)x]. This remarkable 

property indeed triggered a big interest in the scientific community who attempted to propose 

new chemical compounds that could exhibit analogue characteristics. Thereby in 1977, 

professors MacDiarmid, Heeger and Shirakawa [1] found out that it was possible to modulate 

electronic conductivity of polyacetylene by controlling the introduction of molecules, 

behaving as donors or acceptors of electrons: this doping process made it possible for the 

intrinsically insulating polymer to reach a state of electronic conductor. Since this 

breakthrough, the imagination of chemists and physicists enabled the creation of numerous 

stable conjugated polymers presenting very high electronic conductivities. Moreover the work 

of these 3 pioneers was awarded the Nobel Prize in 2000. 
 

 

 
Fig.I.1: Chemical formula of commonly used conductive polymers: a) Trans-

polyacetylene (PA). b) Polypyrrole (Ppy). c) Polythiophene. d) Poly(3,4-

ethylenedioxythiophene) (PEDOT). 
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 I. 1. b. Structure of conjugated polymers 

 

 Conducting polymers can be described as linear carbon chains consisting of an 

alternation of simple and double bonds (Fig.I.1): in this structure every carbon is sp2 

hybridized, which implies that three of its electrons contained in the sp2-hybridized orbital 

will form three σ-bonds with surrounding atoms and the remaining electron in the pz-orbital 

will take part in a π-bond resulting in the formation of a double bond (Fig.I.2). 

 

 
 

Fig.I.2: Illustration of the overlapping of sp2 and pz-orbitals in a conjugated polymer. The black dots 

represent the carbon atoms and the bold black lines represent the σ bonds constituting the carbon backbone. 

Note that every atomic orbital corresponds to the volume in which an electron has the highest probability to 

be found and consists of a bonding part and an anti-bonding part. 

 

The overlapping of pz-orbitals leads to a delocalization of the electrons along the 

polymeric chain. Therefore the representation of successive double bonds in the chemical 
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formula of a conjugated polymer is not totally accurate since it only corresponds to one of the 

possible forms adopted by the macromolecule. 

 

 Conjugated polymers can be divided into two main groups: degenerate ground state 

and non-degenerate ground state systems. The former group consists of polymers for which 

the position of double and single bonds can be exchanged without changing their ground state 

energy, and the latter corresponds to conjugated systems where an interchange of double and 

single bonds involves two distinct energy levels. Trans-polyacetylene is a typical example of 

degenerate ground state system, since the interchange of single and double bonds doesn’t 

modify its overall structure. On the contrary, cis-polyacetylene can adopt two different 

structures: aromatic, where the double bonds are in E-conformation and quinoid, where the 

double bonds are in Z-conformation, less stable and so with a higher energy (Fig.I.3). Most 

conjugated polymers belong to the group of non-degenerate ground state systems. 

 

 
Fig.I.3: Different forms of polyacetylene and associated energy levels. 

 

Small conjugated systems are described by finite energy states corresponding to σ, σ*, 

π and π* orbitals for each bond of the system. The consequence of the long conjugation 

length of a macromolecule is that these states merge to form continuous energy bands and a 

band gap Eg, defined as the energy necessary to promote an electron from the HOMO 

(Highest Occupied Molecular Orbital) to the LUMO (Lowest Unoccupied Molecular Orbital). 

The gap existing between π-bands in conjugated polymers is very small compared to the gap 
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between σ-bands in non-conjugated systems: it implies that the energy to excite an electron is 

relatively small and makes the doping process very easy to carry out in such materials. 

 

 I. 1. c. Doping of conjugated polymers 

 

 In their pristine state, conjugated polymers exhibit a conductivity that can range from 

close to insulators to semiconductors but, by analogy with inorganic semiconductors, they can 

be doped in order to enhance this property. The first results concerning doping of such 

organic materials were obtained in 1974, when polyacetylene films had their conductivity 

increased of many orders of magnitude after reacting with Lewis acids (such as arsenic 

pentafluoride AsF5) or bases [2]. Today several methods are reported to achieve doping of 

polymers: chemical doping, electrochemical doping, photo-doping [3] and charge-injection 

doping, but the most commonly used are chemical and electrochemical doping. 

 

Broadly speaking, p-doping is carried out by adding a reactant that oxidizes the 

material and makes it conductor of p-type by extraction of electrons out of the carbon chain. 

This results in a positively charged unit in the conjugated system: 

 

P + xA- ���� Px+(A-)x + xe-  

 

 Where: - P refers to the polymer chain. 

  - A- refers to the counter ion. 

  - x is the number of counter ions. 

  - e- symbolizes an electron. 

 In the case of n-doping, the polymer is reduced by injection of electrons into the 

carbon backbone to form a negatively charged unit in the conjugated system: 

 

 P + ye- + yB+ ���� Py-(B+)y 

  

Processes of p-doping and n-doping are both easy to carry out. However until now, p-

doped conjugated polymers remain the most used in devices and experiments since ambient 

environment makes n-doped polymers unstable due to the presence of oxygen in air that 

behaves as an oxidant. 
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 I. 1. d. Nature and properties of charge carriers 

 

 The oxidative or reductive doping processes described above create charge carriers 

inside the material. Due to the delocalization of electrons inside the conjugated systems, these 

carriers can be transported along the π-bonded polymeric chain: they can either be solitons, 

polarons or bipolarons, which can be described as quasi-particles.  

 

 

 

Fig.I.4: Formation of a polaron and a bi-polaron in a non-

degenerate ground state system: adding an electron to the system 

induces a movement of the HOMO and LUMO inside the band gap 

and increases the gap between the valence and conduction bands. 

 

The first electrons added to the system in very dilute proportions form singly charged 

polarons, defined as radical-ions accompanied by a distortion in the local geometry and lead 

to the creation of new electronic states lying inside the bandgap (Fig.I.4) of the material. In 

the case of degenerate ground systems, like trans-polyacetylene for instance, polarons might 

pair up to form spinless, doubly charged carriers named solitons. This interesting charge-spin 

relationship confers to the polymer unusual electrical, optical and magnetic properties. As far 

as non-degenerate ground state systems are concerned (PEDOT for instance), when electrons 

are added in higher concentrations, polarons tend to merge to form spinless, doubly charged 

bipolarons: these carriers can be described as di-ions associated to a strong localized lattice 

relaxation. 

 

The conductivity σ increases of several order of magnitudes when adding charge 

carriers to a conjugated system, since it obeys to the following formula: neµσ = . 
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where n is the concentration of charge carriers, e the elementary charge and µ the carrier 

mobility. Indeed, doping a conjugated polymer obviously increases the concentration of 

charge carriers, but also the carrier mobility since it creates new electronic bands [3] 

separated by a lower bandgap. Nevertheless, beyond a certain level of doping, interactions 

may occur between charge carriers and decrease the conductivity. 

 

I. 2. Electrochromism 

 

I. 2. a. Origin of electrochromism in conjugated polymers 

 

 
Fig.I.5: Influence of doping on the optical transitions and the absorption spectrum of a conjugated polymer. 

Note that the interband transitions T1 and T3 become dominant once the polymer is in its doped state. 

 

 Injection of charge carriers in conjugated structures doesn’t only influence the 

conductivity of polymers: it also changes their optical properties [4]. The band gap of 

conjugated polymers in their pristine state typically ranges from 1.5 to 3eV. Consequently, 

they absorb light in the visible region of the light spectrum, but this absorption is shifted 

towards lower energies upon doping of the material, due to the lower gap existing between 

the newly created energy bands by addition of charge carriers (Fig.I.5). This optical 

phenomenon is better known as electrochromism. 

 

More generally, electrochromism can be defined as the property of certain chemical 

species to change color reversibly when tuning the potential applied on them. Various 
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materials, such as tungsten oxide WO3, viologens or conjugated polymers, exhibit this 

characteristic. 

 

 I. 2. b. Principle of an electrochromic device 

 

 The principle of an electrochromic cell is very simple (Fig.I.6): it is composed of a 

substrate on which a conducting polymer film and an electrolyte layer are successively 

deposited. In the experiments presented in this thesis, the substrate consists of a metal that can 

support surface plasmons. The high reflectivity and low transmission of the metallic films 

implies that the reflection of electrochromic devices will be studied rather than their 

transmission. When a voltage is applied between the electrodes, a displacement of the 

electrons occurs from the negative pole to the positive pole of the generator. The electrolyte 

enables this motion by absorbing anions X– from the cathode (pole –) and transferring them 

toward the anode (pole +). At the same time the movement of cations M+ from the anode to 

the cathode ensures the electro-neutrality of the system. 

 

 
Fig.I.6: Principle of operation of a PEDOT-PSS electrochromic cell. 

 

  

The anions injected at the positive PEDOT-PSS electrode provoke p-doping of the 

polymer and create polaron and bipolaron states lying inside the band gap of the material. The 

electronic structure of the material is modified, and its color becomes light blue, since its 

absorption is shifted towards the infrared region of the light spectrum. At the negative 

electrode, electrons injected inside the polymer makes it reach an undoped form: in this 

reduced state the material exhibits a larger band gap that makes it absorb more light in the 

visible range. 
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 I. 2. c. PEDOT-PSS, an interesting electrochromic material 

 

PEDOT (poly(3,4-ethylenedioxythiophene)) [5] has attracted much interest as a 

conjugated polymer due to its high conductivity, excellent chemical stability and good optical 

properties. However this polymer presents a major disadvantage: its poor solubility. In order 

to get rid of this issue, PSS (poly(styrene sulfonic acid)), a water soluble polyelectrolyte, is 

added to the PEDOT polymerization medium in order to play the double role of dopant and 

solubilizing agent. It results in an aqueous dispersion of the two ionomers, better known as 

PEDOT-PSS  (Fig.I.6) and commercially available under the name Baytron®.  

 

 
Fig.I.6: Chemical structure of PEDOT-PSS. 

 

 In its pristine state, a PEDOT-PSS films consists in a mixture of undoped and doped 

PEDOT units in a ratio 1:4. Therefore it corresponds to an intermediate state between the 

fully doped (oxidized) and undoped (reduced) PEDOT. Switching of PEDOT-PSS in an 

electrochemical device can be described by the reaction: 

 

PEDOT+:PSS- + M+ + e- ���� (PEDOTo + M+):PSS- 

 

where  PEDOT+ is the oxidized form of the polymer, PEDOTo the reduced form of the 

polymer, M+ a cation and e- an electron. 

  

When the polymer is in its reduced form, it exhibits a strong absorption in the red part 

of the light spectrum that accounts for its dark blue color. Upon doping of PEDOT, this 
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absorption maximum shifts towards longer wavelengths (see I.2.a), which explains the near 

transparency of the film in its oxidized state. 

 

 The morphology of a PEDOT-PSS film can be described as a blend of conductive 

PEDOT-PSS grains surrounded by 4nm thick insulating PSSH boundaries [6]. The grains 

exhibit a metallic-like conductivity whereas the surrounding PSSH medium has a low 

electronic conductivity. As a result, the PSSH medium behaves as an obstacle to the 

conduction of electrons inside the film. That is the reason why the conductivity in PEDOT-

PSS films typically equals 10 S/cm, which is much lower than the conductivity reached in a 

vapor phase polymerized PEDOT film (more than 1000 S/cm). 

 

I. 2. d. PEDOT-S, a new PEDOT-derivative 

 

Thereby the granular structure of PEDOT-

PSS represents a disadvantage, and new solutions 

have to be found in order to solve this issue. A 

possible way to obtain a polymer that exhibits at the 

same time the good conductivity of PEDOT and the 

good solubility of PEDOT-PSS lies in the synthesis 

of new PEDOT-derivatives. Karlsson et al. [7] have 

synthesized PEDOT-S (Fig.I.7), a fully water-soluble 

PEDOT-derivative, which forms good conductive 

(1.1 S/cm) homogeneous films after spin-deposition. 

Furthermore such films exhibit a good electrochromic 

contrast: when the material is switched from reduced 

state to oxidized state, its color changes from purple 

to pale blue. Therefore this polymer seems to be a 

good candidate for the study of combined 

electrochromism and surface plasmon resonance. 

 

 

 

 

Fig.I.7: Chemical formula  

of PEDOT-S. 
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II. Surface plasmon resonance 
 

 

II. 1. Surface plasmons 

 

II. 1. a. Definition 

 

 A metal can be described as a positive ion background surrounded by an electron 

plasma. Upon certain circumstances, this plasma may be excited by an incident radiation and 

oscillate longitudinally at the surface of the metal. By analogy with a photon that corresponds 

to a quantum of an electromagnetic radiation, surface plasmons are quanta of this electron 

oscillation propagating at the interface between two media with dielectric constants of 

opposite signs, a dielectric and a metal for instance. 

 

 II. 1. b. Surface plasmons excitation 

 

 Excitation of surface plasmons is typically carried out by impinging an 

electromagnetic radiation towards a dielectric/metal interface and results in an energy loss in 

the reflected and transmitted light. The condition required to excite a plasmon is that the 

component of the incident radiation wave vector ko parallel to the dielectric/metal interface 

matches the wave vector of the plasmon kx given by the formula: 

 

21

212

εε

εε

λ

π
k x +

=   

 

where   λ is the wavelength of the incoming light. 

ε1 and ε2 are the dielectric constants of the incoming dielectric medium and the metal. 

 

However, when a flat metallic film is employed, kx always exceeds ko and the 

excitation cannot occur. Three main solutions [8] exist to get rid of this problem.  

 

The first method, the Kretschmann-Raether geometry (Fig.I.7), employs an attenuated 

total reflection setup, that consists in using a thin film of metal surrounded by two dielectrics 
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with different indices of refraction: the light passes through a second dielectric (εb) that has a 

higher refractive index than the first dielectric (εa). If the metal layer is thin enough, incoming 

light from εb can tunnel through the metal and excite a plasmon. Indeed, in such a 

configuration, the wave vector of the plasmon at the interface εa/metal can equal the wave 

vector gained by the incident light in εb. 

 

 
Fig.I.7: Principle of the attenuated total reflection 

setup in the Kretschmann-Raether geometry. 

 

 The second solution, the Otto geometry (Fig.I.8), consists in introducing a spacer of 

low dielectric constant εa between the incident medium εb and the metal surface so that, 

similarly to the previous configuration, the wave vector gained by the incident light in εb will 

be high enough to equal the wave vector of surface plasmons at the interface between εa and 

the metal. In order to excite surface plasmons by the use of this technique, the thickness of the 

spacer should be less than a few radiation wavelengths (in the visible range < 2 µm). 

 

 
Fig.I.8: Principle of surface plasmon excitation in the 

Otto geometry. 
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 The third method, that will be exploited in our experiments, consists in using 

diffraction gratings to break the translational invariance of the dielectric/metal interface and 

make ko of the outgoing/diffracted radiation higher than ko of the incoming radiation.  

 
Fig.I.9: Illustration of the excitation of plasmons on a 

metallic diffraction grating. 

 

The conservation of momentum in the direction parallel to the grating leads to the 

relation (Fig.I.9): 

 

 goo mkkk ±= .sinθ.sinθ (incoming)(outgoing)  

 

where  m is an integer corresponding to the order of the outgoing diffracted beam 

 
d

k g

π= 2
 is the grating wave vector, d being the grating period. 

Consequently plasmonic excitation occurs when the following equation is verified: 

 

 
21

212
.sinθ

εε

εε

λ

π
kmkk xgo +

±=±=±  

 

 II. 1. c. Applications 

 

 The momentum of surface plasmons can be easily changed by adding thin layers of 

material on the metal surface or by changing the dielectric constant of the material deposited 

on it. The small changes of the momentum value can be determined by measuring the shift in 
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resonance angle or wavelength of the incident light. This characteristic offers a wide range of 

interesting applications. 

 

 One of the first applications enabled to study chemical contamination of metals 

supporting surface plasmons: Kovacs [9] determined that a 2 nm-thick silver sulphide layer 

was formed on silver after 30 days of exposure to ambient atmosphere by monitoring the shift 

in resonance angle in the Kretschmann-Raether geometry. Later Dumas et al. [10] showed 

that a stable aluminum oxide layer with a thickness ranging from 3 to 4 nm was formed 

rapidly on a thin aluminum film exposed to atmosphere. Similar applications were found to 

study absorption of organic layers on such metals in the Kretschmann-Raether geometry. 

 

 The first application of surface plasmons to organic electronic devices employing 

metallic gratings was reported by Tvingstedt et al. [11]. It consisted in triggering surface 

plasmons at the interface between an aluminum grating and a photovoltaic blend in order to 

increase the absorption in organic solar cells. A small increase of photocurrent extracted from 

these devices was observed at the wavelength of plasmonic resonance. Their interesting 

discovery has inspired the project work described in this thesis. Indeed, if the excitation of 

surface plasmons at a metal/dielectric interface enables to increase the absorption of a device, 

then it must also have an effect on its color, therefore it may be interesting to combine this 

phenomenon to conjugated polymers electrochromism on metallic relief gratings. 

 

II. 2. Combination of surface plasmons and electrochromism 

 

 For a given angle of incidence, the wavelength of excitation of surface plasmons 

depends on the dielectric constant ε1 of the incident medium. One can thus believe that tuning 

electrically the value of ε1 will affect the position of the absorption minimum due to 

plasmonic resonance. Therefore electrochromic materials seem to be good candidates to 

attempt shifting electrically the wavelength of plasmon excitation. 

 

 II. 2. a. Previous works 

 

 Several research groups have published interesting results regarding combined surface 

plasmons and electrochromism. However their work mostly focused on the use of metal 
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nanoparticles as support for surface plasmons: in 2004, Wang and Chumanov [12] reported a 

shift of 30 nm in surface plasmon absorption by electrochromic WO3/Ag nanoparticles 

composite films when exposed to a –1.0 V voltage. As far as organic materials are concerned, 

in 2007, Nah et al. [13] showed that the incorporation of Ag nanoparticles in MEH-PPV 

enhanced the electrochromic absorption of the polymer of 1.6 times, whereas Pacios et al. 

[14] studied the influence of mixing Au and Ag nanoparticles to PEDOT-PSS aqueous 

dispersions and showed that it enabled to extend the range of colors exhibited by the 

solutions. 

 

 In 2007, Massenot et al. [15] reported the fabrication of a tunable optical filter based 

on surface plasmon resonance combining a diffraction grating to an electro-optical material: 

by applying a voltage of 30 V on the polymer dispersed nano-crystals deposited on a gold 

grating, a shift of about 20 nm in the reflectivity minimum was observed. 

 

 II. 2. b. Presentation of the project 

 

 So far switching of PEDOT:PSS from reduced to oxidized state induces a color 

change from deep blue to pale blue: obviously the contrast between these two forms is still 

weak and the choice of colors very limited. Surface plasmonic resonance at the interface 

between the polymer and a metallic grating can thus be considered as a way to increase the 

contrast and extend the panel of colors in electrochromic devices. Indeed, as explained in 

II.1.b, surface plasmon excitation results in an energy loss in the transmitted and reflected 

light at certain wavelengths given by the formula: 

 

21

2122
.sinθ

2

εε

εε

λ

π

d
m

+
±=π±
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 Therefore the polymer/grating interface can be assimilated to a light absorbing 

medium whose absorption wavelength can be tailored by changing the step of the grating. 

Furthermore, the value of ε1 can be modified electrically by switching the polymer from 

reduced to oxidized state. One should thus expect to obtain a visible shift in the position of 

surface plasmonic resonance and build tunable optical filters operated at lower voltages than 

nano-crystal-based devices employed by Massenot et al [15]. 
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III. Experiments 
 

 

III.1. Elaboration of electrochromic cells 

 

 The first part of this project consisted in designing appropriate electrochromic devices 

for reflectance measurements. The dimensions of the cells (30 mm x 25 mm) were tailored in 

order to fit with the size of the grating structures (25 mm x 25 mm) and the size of the 

spectrometer beam (15 mm x 5 mm). 

 

 
Fig.III.1 : a classical reflective PEDOT-PSS electrochromic cell. 

 

 Reflective PEDOT-PSS electrochromic cells (Fig.III.1) were built systematically 

following the procedure described below: 

- Glass slides were cut and washed in a TL1 solution (5 parts of H2O, 1 part of H2O2 

and 1 part of NH3) at 85°C. 

- A thin film of metal (about 100 nm) was deposited on the glass substrates at a 

pressure of about 3.10-6 torr. An aluminum wire was used as a mask to create a 

separation of about 1 mm in the middle of the film. 

- A formulation containing PEDOT-PSS, diethylene glycol and Zonyl (a surfactant) 

was spin-coated on the metal film at a speed of 1000 rpm during 2 sec. The film was 

dried during 30 sec on a hot plate at 90°C. An incision was made in the middle of the 

film, with the use of a scalpel, to obtain two distinct PEDOT-PSS electrodes.  



 - 17 - 

- The connection of a thin electrical wire to each electrode was performed with the 

help of silver paint. 

- A drop of PSS electrolyte was added on the top of the cell and immediately 

covered by a clean glass slide in order to obtain a thin uniform layer. 

 

III.2. Investigation of different metallic substrates 

 

 Three metals, aluminum, gold and silver, were tested as a substrate for PEDOT-PSS, 

due to their high reflectivity in a wide range of the visible spectrum and their ability to 

support plasmons. 

 

 III.2.a. Aluminum 

 

Aluminum was evaporated on glass slides to form a 100 nm 

thin film. The substrates were then exposed to an oxygen plasma in 

order to increase the adhesion of PEDOT-PSS films. The polymer 

was spin-deposited on these substrates at a speed of 1000 rpm for a 

couple of seconds. Once the film was dried and the separation made 

between the two electrodes, PSS electrolyte was added and a bias of 

1.0V applied on the device. A visible color change occurred, 

however after 10 hours one could notice that aluminum was 

seriously etched and bubbles appeared in the electrolyte. 

 

These damages can be explained by the low standard redox 

potential of aluminum (-1.66V), which enables its oxidation due to 

the presence of water in the layer formed by the polymer and the 

electrolyte. The diagram sketched on this page indicates that the 

following reaction is thermodynamically possible: 

 

Al + 3H+ ���� Al3+ + 3/2H2  

 

 For this reason, aluminum seems to be an inappropriate metal as a substrate for 

PEDOT-PSS. 
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  On the contrary, gold and silver are not supposed to react with water, as indicated by 

the same diagram. Thus, at first sight, they seem to be better substrates for PEDOT-PSS and 

the following experiments should confirm this statement. 

 

 III.2.b. Gold 

 

 Gold and silver were evaporated in the same conditions as aluminum, except that an 

intermediate layer of chromium (of about 35 Å) was deposited before on the glass slides, in 

order to increase the adhesion of the metals. Plasma etching was not performed on the 

substrates, as it decreased the hydrophilicity of gold and seriously damaged silver. The rest of 

the protocol doesn’t differ from the one described in part I.1. 

 

 
Fig.III.3 : Reflectance curve of a gold thin film (100 nm) 

evaporated on glass. 

 

The contrast between the two oxidation states of PEDOT-PSS on gold is not as clearly 

visible as in the case of aluminum substrates. Indeed it is dramatically reduced because of the 

high absorption of gold at wavelengths below 500nm (Fig.III.3), and can be increased by 

spin-coating thicker PEDOT-PSS films. 
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 III.2.c. Silver 

 

The contrast between the oxidized and reduced forms of the polymer is more visible 

on silver, for the same reasons as explained above: silver only starts to absorb light at 

wavelengths below 400 nm (Fig.III.4), versus 600 nm for gold. As a result the reflectance of 

the whole device is not so much affected by the absorption of the silver substrate.  

 

 
Fig.III.4 : Reflectance curve of a silver film (100 nm) 

evaporated on glass. 

 

However this metal also presents a major inconvenient: it is 

damaged when the electrochromic cell is exposed to an electric 

current. Indeed, at the anode, a front of oxidation is visible inside the 

silver film, and at the cathode, bubbles of gas appear in the electrolyte. 

Obviously, the reduction and oxidation of PEDOT on each side of the 

electrochromic cell are not the only chemical processes occurring in 

the device.  

Due to the small gap (about 0.8V) between the standard redox 

potentials of the couples Ag+/Ag and H+/H2, the following reactions 

are observed when a voltage is applied between the two electrodes: 

 

At the anode, oxidation of silver: 

Ag ���� Ag+ + e- 
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At the cathode, reduction of water: 

H+ + e- ���� ½H2(g) 

 

In order to minimize the kinetic of these reactions, the devices were operated at lower 

voltages (0.5V and 0.7V), but the oxidation of silver and the reduction of water were still 

clearly visible after 10 minutes. A solution to this issue consists in isolating silver from the 

aqueous medium. 

 

That is the reason why another metallic substrate was investigated: it consists in a 

superposition of chromium (35Å), silver (1000Å) and a thin gold protective layer (100Å). 

 

 III.2.d. Silver-gold bilayer: 

 

 To avoid oxidation of silver when the cell is exposed to an electrical current, gold was 

evaporated over the silver film in order to form a 10nm thick protective layer. The goal of this 

method was to combine interesting properties of both metals, that is to say a good chemical 

stability and a good reflectivity (Fig.III.5) in the visible range. Unfortunately, similarly to 

silver, an exposition to a voltage of 0.5V also created a front of oxidation at the separation 

between the two electrodes. 

 

 
Fig.III.5 : Reflectance curve of a silver-gold film 

evaporated on glass. 
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III.3. Reflectance measurement experiments 

 

 III.3.a. Principle: 

 

The measurements of reflectance of the electrochromic cells were performed with a 

spectrometer PerkinElmer Lambda 950 (Fig.III.6).  

 

 
Fig.III .6: Light beam paths in reflectance or transmittance measurements. 

 

The experiments consist in exposing one side of the cell, switched to oxidized or 

reduced state, to a monochromatic beam and calculating the ratio between incoming and 

reflected light intensities at each corresponding wavelength: 
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 The analysis always comprises three main steps: the first one consists in making a 

blank by measuring the reflectance of a 100% reflective surface in the range of the analysis, 

the second step is the measurement of the reflectance of the sample with the polymer in its 

reduced state the third one with the polymer electrochemically switched to oxidized state. 
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 A generator is placed next to the spectrometer in order to operate the electrochromic 

cell while it is mounted on the integrating sphere: the connection between the generator 

electrodes and the sample is ensured by the thin wires stuck to the device with silver paint. 

 

 III.3.b. Sample holder 

 

 The first problem encountered when designing these experiments was mounting the 

samples on the spectrometer. Indeed the electrochromic cells were too small to fit the aperture 

of the integrating sphere. Furthermore the samples were fragile (especially the silver paint 

contacts) and had to be manipulated with caution. The solution to this issue was to create a 

sample holder exhibiting a reflectance near 100%, in order to keep the integrating sphere 

entirely reflective. 

 
Fig.III.7 : Teflon® sample holder. The bottom views represent an electrochromic device mounted on the 

sample holder for a reflectance experiment. In the case sketched on this figure, the polymer is analysed in its 

reduced form. 
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 The sample holder, cut out of a Teflon® piece, is sketched in Fig.III.7. The oval 

aperture has been adjusted to fit the size of the incident beam and a metallic clip can be 

inserted to tighten the electrochromic cell on the sample holder. 

 

 III.3.c. Reflectance measurements with linearly polarized light 

 

The influence of plasmons on electrochromism of conjugated polymers was studied 

using metallic gratings with steps of 3600 l/mm and 2400 l/mm. To perform reflectance 

measurements on these samples, some modifications have to be made on the spectrometer. 

Indeed, because the plasma oscillation occurs in the direction perpendicular to the surface, 

only the component of the E-field oriented in the z direction can excite surface plasmons 

(Fig.III.8). 

 
Fig.III.8 : Illustration of the conventions for linearly polarized lights. In our experiments the (xz) plane 

corresponds to the horizontal plane and the y corresponds to the vertical direction. 

 

Therefore a polarizer is inserted between the monochromator and the sample in order 

to obtain linearly polarized light, and the direction of polarization is controlled through the 

computer by choosing an angle of rotation of the optical device on the software. For instance 

the value of 90° provides light polarized in the horizontal direction. The configuration of our 

experiments and the electrochromic cells implies that this position corresponds to light 

polarized in the direction parallel to the plane of incidence (p-polarized light in Fig.III.8) and 

the position at 0° corresponds to a direction of polarization parallel to the grating lines (s-

polarized light). Consequently the former case enables surface plasmon resonance (the E-field 

has a component perpendicular to the polymer-metal interface) and an absorption peak should 
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be visible on the reflectance graph, contrary to the latter case where the reflectance curve 

should be similar to the one obtained with flat gold. 

 

 As a result the procedure to analyze the reflectance of the device was also modified. It 

followed the different steps described below: 

- Polarizer mounted at 0° (parallel polarization) and 100% reflectance measurement 

(blank). 

- Analysis of the polymer in its reduced state. 

- Analysis of the polymer in its oxidized state. 

- Rotation of the polarizer at 90° (perpendicular polarization) and 100% reflectance 

measurement (blank). 

- Analysis of the polymer in its reduced state. 

- Analysis of the polymer in its oxidized state. 

  

Indeed it is necessary to perform a blank every time the polarizer is rotated as the 

intensity of the incident beam depends on the position of the optical device. 

 

 III.3.d. Time drive experiments 

 

In order to know how long it takes for the polymer to reach a stable state when a 

voltage is applied between the two electrodes, time measurements (Fig.III.9) were carried out 

at a fixed wavelength of 650nm to study the reduction of PEDOT-PSS and at 570nm to study 

its oxidation. These wavelengths correspond respectively to the reflectance minimum of the 

reduced form and to the reflectance maximum of the oxidized form when the polymer is 

deposited on gold.  

 

These curves show that the reduction of PEDOT-PSS reaches a stable state after 6min, 

whereas its oxidation continues after 20min. However, in the latter case, the reflectance 

weakly decreases within a period of 60sec, which corresponds to the time of a wavelength-

scan analysis: running a scan after 6min should thus hardly affects the general shape of the 

wavelength-dependent reflectance curve. 
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Fig.III.9 : Time drive measurements of the device reflectance during: a) reduction of PEDOT-PSS (measured at 

650nm on a flat gold substrate) and b) oxidation of PEDOT-PSS (measured at 570nm on a flat gold substrate). 

 

 

III.4. Insertion of metallic relief gratings in electrochromic cells 

 

 The replication of metallic gratings follows the procedure described below 

(Fig.III.10): 

 

Step 1: Deposition of a degassed mixture containing a PDMS resin and a polymerization 

agent (in a ratio 10:1) on the original grating. The polymer is cured in an oven at 100°C 

during one hour. 

 

Step 2: Removal of the cured PDMS stamp following the lines of the grating in order to avoid 

damaging the original structure. 

 

Step 3: Deposition of two drops of a solution containing a urethane-acrylate monomer and a 

UV-curing agent between a clean glass substrate and the PDMS stamp. The polymer is UV-

cured during 20 minutes. 

 

Step 4: Removal of the PDMS stamp and repetition of Step 3 with other glass substrates. 

 

Step 5: Evaporation of the metal on the polyurethane (PU) grating structure. 

 

Then spin-coating of PEDOT-PSS on a metallic grating structure follows the same 

protocol as described in part III.1. 
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Fig.III.10 : Soft lithography procedure to reproduce grating structures. 
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 Two different gratings, with periods of 417nm (2400 l/mm) and 278nm (3600 l/mm), 

were replicated by this technique. AFM (Atomic Force Microscopy) experiments have been 

performed on several samples in order to verify the values of the periods and determine the 

parameters that influence the groove depths. 
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IV. Results and discussion 
 

 

IV.1. Analysis of the grating structures: 

 

The grating surfaces were mapped out using the AFM technique. The surface 

topography shows that evaporation of metals on the polyurethane structure tends to decrease 

the average amplitude of the grating: a polyurethane grating (2400 l/mm) presented a 

maximal amplitude Rmax of 148.9nm (Fig.IV.1) compared to 143.4nm for gold and 133.1nm 

for silver-gold bilayer with the same period. A possible reason for this phenomenon is the 

mismatch at both PU-Cr and Cr-Au interfaces that tends to flatten the structure of evaporated 

metals. It is even more pronounced (a lower Rmax) in the case of the silver-gold bilayer since 

this sample contains an additional interface (silver-gold) that contributes in an additional 

mismatch. 

 

 

 
 

Sample Rmax (nm) 

PU 2400 l/mm 148.9 

Au 2400 l/mm 143.4 

AgAu 2400 l/mm 133.1 

 

(scanned area: 2 x 2µm) 

Fig.IV.1: a) AFM image of a PU 2400 l/mm grating. b) Values of Rmax (maximal height of the structures in the 

area scanned by the tip) for 3 gratings with the same period of 417nm. 

 

 Furthermore, the number of replications performed with the PDMS stamp also affects 

the grating amplitude. Indeed 4 gold gratings, with periods of 417nm and 278nm and 

resulting from the 1st and 5th imprints, exhibited very distinct amplitudes (Fig.IV.2). The most 

plausible cause of such a result is that small amounts of UV-cured polyurethane remain in the 

shallows of the stamp at every replication, which induces a decrease of their depth and of the 

(a) (b) 
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amplitude of the imprinted grating. The replicated structures are more and more affected after 

several uses of the same stamp due to the accumulation of PU in its shallows (Fig.IV.3). 

 

 

 
Sample Rmax (nm) 

Au 2400 l/mm #1 143.4 

Au 2400 l/mm #5 133.9 

Au 3600 l/mm #1 93.9 

Au 3600 l/mm #5 84.8 

 

(scanned area: 2 x 2µm) 

Fig.IV.2: a) AFM image of a gold 3600 l/mm grating. b) Values of Rmax for gratings corresponding to the 1st 

and 5th imprint of the same PDMS stamp. 

 

 As far as the period is concerned, it is not affected by the number of replications and 

the nature and number of layers evaporated on the UV-cured polyurethane gratings. The 

periods were confirmed to be respectively equal to 277 and 417 nm for all the 3600 l/mm and 

2400 l/mm gratings analyzed above. 

 

 
Fig.IV.3: Illustration of the flattening of replicated gratings. 

  (a)  (b) 
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These results are very important for our future experiments, since the amplitude of the 

metal gratings affects the intensity of the plasmonic resonance [15]. For instance, the 

reflectance minimum corresponding to the excitation of surface plasmons will be sharper and 

deeper in the case of a substrate originating from the 1st PDMS imprint than with all the 

following replicas. Consequently, each PDMS stamp will not be used more than 5 times in 

order to obtain similar intensities of the plasmonic resonance peak and to keep a good 

reproducibility in our results. 

 

IV.2. Electrochromic PEDOT-PSS… 

 

 IV.2.a. On gold 

 

 The first experiments were carried out using flat gold as a substrate for the deposition 

of PEDOT-PSS in order to design the reflectance measurement experiments. As explained 

before, gold presents many advantages such as an excellent chemical stability, which allowed 

us to work with voltages up to 1V. Unfortunately, under a certain wavelength, its reflectivity 

is too low and reduces the visible contrast between the two forms of the polymer. Indeed, in 

the range below 600nm, the light transmitted through the film is weakly reflected by the 

metal, so even if a good contrast exists between the reduced and oxidized states of PEDOT-

PSS, it is hardly visible on gold. 

 

Flat gold: 

 The UV-visible reflectance curves of PEDOT-PSS spin-coated on flat gold (Fig.IV.4) 

show that the reflectivity of the device when the polymer is in its oxidized form is the most 

affected by the low reflectivity of the gold substrate, since it follows the decrease of 

reflectance of the metal below 600nm. As a result the absorption minimum of oxidized 

PEDOT-PSS cannot be determined accurately in these experiments. The reflectance of the 

reduced form decreases only below 400nm, which means that the curve is less affected by the 

low reflectivity of gold in the range under 600nm. The absorption maximum of reduced 

PEDOT-PSS can be identified at about 650nm: it explains the blue color of the material in its 

undoped state. The comparison of two PEDOT-PSS films with different thickness shows that 

an increase of the thickness of the film tends to enhance the contrast between the two forms 

of the polymer. 
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Fig.IV.4: Reflectance curves of PEDOT-PSS on flat gold. Comparison of two samples with different thickness 

(left: 1µm, right: 500 nm) 

 

Gold grating 2400 l/mm: 

Electrochromism of PEDOT-PSS on a 2400 l/mm gold grating (Fig.IV.5) was studied 

following the procedure described in III.3.c. 4 distinct absorption peaks appear on each 

reflectance spectrum performed with perpendicular polarization. The most intense is situated 

at 662 nm for the oxidized form and 668 nm for the reduced form, and is identified as the 

plasmonic resonance originating from the +1 order of diffraction. The second peak situated at 

732 nm for the oxidized form and shifted of +6 nm upon reduction of PEDOT-PSS is related 

to the absorption of surface plasmons excited by the –1 order of diffraction. 

 

 
Fig.IV.5: Reflectance of PEDOT-PSS on a gold grating 2400 l/mm. 
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Indeed, if the incoming beam was directed perpendicularly towards the sample, then 

the plasmonic resonance would occur at a single wavelength for the orders of diffraction +1 

and -1 determined by the equation: 
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However, normal incidence is not conceivable in reflectance experiments for the 

simple reason that the detector would have to be placed at 0° and would block the incoming 

beam. Consequently our experimental setup employs an angle of incidence θ = 8° and the 

orders of diffraction +1 and –1 thus appear at two distinct wavelengths determined by the 

equation: 
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Fig.IV.6: Subtraction between p and s-reflectances of PEDOT-PSS on a 

gold grating 2400 l/mm. 

 

2 other peaks appear at 360 and 550 nm: these absorption peaks correspond to p-

polarized guided light modes in the PEDOT-PSS layer [16]. These propagating modes appear 

when a metal grating is coated with a dielectric film and originate from constructive 

interferences between plane waves. Their number increases when increasing the thickness of 
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the film. In the present case, the PEDOT-PSS film is quite thick (approximately 1 µm): it 

explains why 2 distinct guided modes are visible on the reflectance spectrum. All these peaks 

become more visible when the p-polarization spectrum is subtracted to the s-polarization one 

(Fig.IV.6). 

 

These results first show that the intensity of the plasmonic absorption decreases when 

PEDOT-PSS is switched from oxidized to reduced state. Obviously, it is due to the fact that 

the reduced form of the polymer is more absorbing than the oxidized form in this range of 

wavelengths, therefore the intensity of the light exciting plasmons at the dielectric-metal 

interface is higher in the latter case. Unfortunately the direct consequence is that plasmonic 

absorption tends to decrease the contrast between the two forms of the material. 

 

 Moreover it is important to emphasize that the position of the plasmonic resonance is 

shifted of +6nm when the polymer is switched from oxidized to reduced state. Such a result 

was predictable since the plasmonic excitation wavelength depends partly on the dielectric 

constants of PEDOT-PSS, which change upon doping of the material. Considering the 

plasmons excited by the +1 diffraction order, the orientation of the shift can be verified 

theoretically using the equation: 
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 If λ is expressed as a function of ε: θ-
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Assuming that the variation of εgold is negligible on the interval of λ considered: 
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 so redox λλ < . 

 

The dielectric constants of ultrathin films of PEDOT in 4 different states of oxidation 

(measured respectively for voltages of +0.5V, -0.2V, -0.65V and –1.0V) determined by Xia et 

al. [17] were used to verify this assumption (Fig.IV.7). The two extreme states (measured at 
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+0.5V and –1.0V) they investigated are assimilated to reduced and oxidized PEDOT to 

illustrate our case. Since there is no data available giving the variation of PEDOT-PSS 

dielectric constants upon redox switching, let’s approximate that the optical constants of 

PEDOT-PSS and PEDOT exhibit a similar general behavior. Considering that the imaginary 

part is negligible, it appears that red
PEDOT

ox
PEDOT εε <  for wavelengths above 575nm so the simple 

model established above confirms the positive shift of the plasmonic resonance peak 

observed in our experiment when the polymer undergoes a reduction. 

 

 
Fig.IV.7: Dielectric constants of reduced and oxidized PEDOT thin films determined by Xia et al. [17] 

 (a): real part ε ’PEDOT (b): imaginary part ε ” PEDOT. 

 

Gold grating 3600 l/mm: 

The reflectance spectra of an electrochromic cell consisting of PEDOT-PSS spin-

deposited on a gold grating 3600 l/mm (Fig.IV.8 and IV.9) contain a peak at 560nm 

corresponding to plasmons excited by the order –1 of diffraction. It overlaps with another 

peak situated at about 460nm that is assumed to correspond to the order +1 of surface 

plasmons. 

 

This device is visually interesting since it appears black when the polymer is undoped 

and orange when it is fully oxidized: the grating now behaves as a colorizing surface that 

provides new colors to the electrochromic cell. 
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(a) 

 

(b) 

 

 

Fig.IV.8: (a) Reflectance of PEDOT-PSS on a gold grating 3600 l/mm. (b) Pictures of two electrochemical 

devices (top view: 1 µm thick PEDOT-PSS film on flat gold; bottom view: 1 µm thick PEDOT-PSS film on 

gold grating 3600 l/mm). 

 

In this case there is no shift of the plasmons upon electrochromic switch of the 

material. According to the simple derivation shown previously for the 2400 l/mm grating, it 

means that the following statement should be true at 560 nm: 

redox λλ =  so red
PSSPEDOT

ox
PSSPEDOT εε -- = . 

 

 
Fig.IV.9: Subtraction between p and s-reflectances of PEDOT-PSS on a 

gold grating 3600 l/mm. 
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The curves of PEDOT dielectric constants (Fig.IV.7) indicate a crossing point of 

ox
PEDOTε and red

PEDOTε  at 575 nm. The model described above is thus too simplistic for three main 

reasons: 

- The imaginary part of εPEDOT is not taken into account. 

- The variation of εgold versus λ is not considered. 

- It is compared to the dielectric constants of PEDOT instead of PEDOT-PSS. 

Moreover it doesn’t enable to determine quantitatively the theoretical position of the 

plasmonic resonance peaks. The variation of εgold and ε”PEDOT should then also be taken into 

account. 

 

Establishment of a theoretical model: 

To do so, 
goldPEDOT

goldPEDOT

εε

εε
δ

+
= and θ

d

λ
sin±  were plotted against the wavelength λ 

using the dielectric constants of PEDOT from Xia et al. measured at +0.5V and –1.0V. 

Optical constants of gold were extracted from the Sopra databases.  

 

 
Fig.IV.10: Graphical determination of the position of plasmonic resonance for PEDOT 

deposited on gold gratings 2400 and 3600 l/mm. 

 

Plasmonic excitation should occur at the crossing point of the two curves (Fig.IV.10), 

where the relation between λ, d, εPEDOT and εgold is verified (in our experimental setup θ is 

constant and equals 8º). 
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This graphical representation shows visually that increasing the step of the grating 

decreases the value of the plasmonic resonance wavelength: it was already predicted by the 

equation given above. As far as the determination of the position of plasmonic resonance is 

concerned, this model is very inaccurate: in the case of the 2400 l/mm gold grating, the +1 

and –1 orders are respectively predicted at 570 and 660 nm for the oxidized form (versus 662 

and 732 nm experimentally) and the shift is expected to be negative for the +1 order and 

positive for the –1 order; in the case of the 3600 l/mm, both +1 and –1 plasmon orders are 

expected to be excited below 450 nm (versus 460 and 560 nm in reality). The main reason for 

the inaccuracy of this model originates from the third source of error that hasn’t been 

corrected yet: the difference existing between dielectric constants of PEDOT-PSS and 

PEDOT. 

   

 To circumvent this problem, a new plot was made using the values of PEDOT-PSS 

optical constants determined by Hoppe et al. [18] (Fig.IV.11). 

 

 
Fig.IV.11: (a) Graphical determination of the position of plasmonic resonance for PEDOT-PSS deposited on gold. (b) 

Dielectric constants of PEDOT-PSS (from Hoppe et al. [18]). 

 

Unfortunately it only corresponds to a PEDOT-PSS film in its original doping state 

and doesn’t provide any information about the influence of doping on the variation of its 
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dielectric constants. Moreover the position of the plasmonic resonance is still underestimated 

by this graphical representation. Indeed, for the +1 and –1 orders, it is expected to occur 

respectively at 620 and 690 nm in the case of the 2400 l/mm gold grating and 535 nm for the 

–1 order in the case of the 3600 l/mm gold grating. 

 

 To obtain a model that can determine the position of the plasmonic excitation for 

reduced and oxidized PEDOT-PSS, the theory of effective medium is used in order to 

estimate the dielectric constants of the polymer in its fully doped and undoped states. To do 

so, the material is considered as a blend of two different polymers: electrochromic PEDOT 

(with a dielectric constant εA) diluted in an inert PSS matrix (with a dielectric constant εB) in a 

ratio 1:6 (indicated on Bayer Baytron P® technical sheets). 

 

 
Fig.IV.12: Illustration of the effective medium approximation in the Bruggeman theory. 

 

 According to the Bruggeman effective medium approximation (Fig.IV.12), each unit 

cell can be considered as a sphere whose dielectric function is εA with probability fA and εB 

with probability fB = 1 – fA. In the present case, fA = 1/7 = 0.143 and fB = 6/7 = 0.857.Then the 

dielectric function of the corresponding medium is obtained via the following equation: 
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 To determine the optical constants of PEDOT-PSS in its oxidized and reduced state, 

first εPSS has to be calculated for each value of λ using εPEDOT-PSS (determined by Hoppe et al.) 

and εPEDOT (determined by Xia et al.) when the materials are in their equilibrium form. εPEDOT 



 - 39 - 

was taken from the experiment made at -0.2V as it corresponds to the doping state closest to 

the one of PEDOT-PSS in its equilibrium form. εPSS is then calculated thanks to the equation: 

 

 
PSSPEDOTPEDOTPEDOT

PEDOTPEDOTPSSPEDOTPSSPEDOT
PSS f
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−

−−

ε−+ε
−εε+ε
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)32(

)31(2 2

 

 

 Assuming that the dielectric constant of PSS doesn’t vary when the whole material is 

electrochemically switched, εPEDOT-PSS can be calculated for its undoped and fully doped 

states using εPSS determined previously and εPEDOT measured by Xia et al. at +0.5V and –

1.0V: 

 

( ) ( ) ( ) ( )[ ]




 εε+ε−+ε−±ε−+ε−=ε PSSPEDOTPSSPSSPEDOTPEDOTPSSPSSPEDOTPEDOT ffff 813131313
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 The variation of the real part of the dielectric constants of PEDOT-PSS (Fig.IV.13) 

shows that the crossing point between the curves corresponding to oxidized and reduced 

forms of the polymer is now situated at 555 nm, which accounts for the fact that no shift was 

observed in the case of the 3600 l/mm gold grating at 560 nm. 

 

 
Fig.IV.13: Real and imaginary dielectric constants of reduced and oxidized PEDOT-PSS calculated with the 

Bruggeman model. 
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 A new plot of 
goldPSSPEDOT

goldPSSPEDOT

εε

εε

+−

− and θ
d

λ
sin±  against λ gives the position of 

plasmonic excitation for the two forms of PEDOT-PSS (Fig.IV.14).  

 
Fig.IV.14: Graphical determination of the position of plasmonic resonance for reduced 

and oxidized forms of PEDOT-PSS deposited on gold. 

 

Of course the position of plasmonic resonance is still underestimated since the graph 

in Fig.IV.8 corresponds to an average between the two curves plotted here. However this 

graphical representation enables to predict qualitatively the shift occurring upon reduction of 

PEDOT-PSS: it is positive in the case of the 2400 l/mm gold grating for the +1 and –1 orders 

and negative but almost null for the –1 order in the case of the 3600 l/mm. 

 

Optical anisotropy of PEDOT-PSS, highlighted by Pettersson et al. [19], accounts for 

the important gap existing between calculated values and experimental results in the previous 

graphical representation. Considering that the z axis is normal to the surface of the PEDOT-

PSS film and the surface plane is described by the x and y axes, then the material exhibits two 

different refractive indices: the ordinary refractive index in any direction parallel to the 

surface plane nx = ny = n∥  and the extraordinary refractive index in the direction 

perpendicular to the surface nz = n⊥. Or the oscillations of the electrons at the polymer/metal 

interface only occur in the direction normal to the surface plane (z direction), so ⊥ε'  and ⊥ε"  
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are the only values to be considered when calculating the theoretical position of plasmonic 

resonance, rather than //'ε  and //"ε . 

 

 

 

 

 

 

Fig.IV .15: (a) Comparison of parallel and perpendicular dielectric constants of a PEDOT-PSS film deduced 

from Pettersson et al. (b) Illustration of PEDOT-PSS anisotropy. 

 

Pettersson et al. combined ellipsometry and absorption spectroscopy experiments in 

order to calculate n∥ and n⊥. Their results show that in all the visible range of wavelengths, 

//nn >⊥  and //kk <⊥ . Consequently 2
//

2
////

22 '' knkn −=ε>−=ε ⊥⊥⊥ . It is thus predictable that 

the curves of 
goldPSSPEDOT

goldPSSPEDOT

εε

εε

+−

− will be higher when the values of the perpendicular 

dielectric constant of PEDOT-PSS (Fig.IV.15) are used to plot the graph. 

 

 New calculations employing the Bruggeman model were performed to plot 

goldPSSPEDOT

goldPSSPEDOT

εε

εε

+−

−  (Fig.IV.16) for the oxidized and reduced forms of the polymer: in this 

case ⊥ε'  and ⊥ε"  of PEDOT-PSS were used to determine the dielectric constants of the two 

doping states of the material. Now the –1 plasmonic resonance is expected at 545nm (versus 

560 nm experimentally) for the oxidized form of the polymer on a gold grating 3600 l/mm 

without any shift upon reduction: this value is closer to the experimental results (error of 15 

nm) than when ordinary optical constants of PEDOT-PSS were used. Concerning the 2400 
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l/mm grating, the +1 order of plasmon is predicted at 650 nm (versus 662 nm in reality) for 

the oxidized form and the shift equals +8 nm upon reduction of the polymer; the –1 order is 

expected at 712 nm (732 nm in experiments) with a shift of +15 nm. Now the maximum error 

between theory and experiments is of 20nm: taking the anisotropy of PEDOT-PSS into 

account thus improves the accuracy of this theoretical model. 

 

 
Fig.IV.16: Graphical determination of the position of plasmonic resonance for reduced and oxidized 

forms of PEDOT-PSS deposited on gold using the values of the extraordinary optical constants. 

 

 Furthermore this graphical representation indicates that the +1 plasmonic resonance is 

expected to occur far below 450 nm in the case of the 3600 l/mm. Consequently it 

demonstrates that the peak appearing at about 460 nm in the reflectance spectra measured on 

the corresponding electrochromic cell (Fig.IV.8 and IV.9) doesn’t correspond to the +1 order. 

This peak can thus be interpreted as another excitation of plasmons by the –1 order of 

diffraction: the plots of 
goldPSSPEDOT

goldPSSPEDOT

εε

εε

+−

−  and θ
d

λ
sin−  intersect in two other points at 510 

and at about 440 nm. 

 

Summary so far: 

The results of the experiments performed with PEDOT-PSS spin-coated on gold 

gratings lead us to conclude that the grating of 2400 l/mm gives a main plasmonic absorption 

at about 660nm: it decreases dramatically the visible contrast between the two forms of the 
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polymer since it overlaps with the absorption maximum of the material in its reduced state. 

On the contrary, the 3600 l/mm grating gives interesting results since it modifies significantly 

the color reflected by the device: it appears respectively black and orange when the polymer 

is in its oxidized and reduced states. 

 

The model used to determine the position of plasmonic resonance gives quite accurate 

theoretical values for the position of plasmonic resonance and enables to account for the 

orientation and the different values of the shift observed when the polymer is 

electrochemically switched. 

 

 IV.2.b. On silver 

 

 At first sight, silver seems to be a better substrate than gold to perform electrochromic 

experiments on PEDOT-PSS: it has a very high reflectivity in all the visible range, which 

means that it has no color and won’t decrease the contrast between the two forms of the 

polymer. However, it is unstable when a voltage is applied on the device: a front of oxidation 

occurs on the anode at the separation between the two electrodes and bubbles of gas appear in 

the electrolyte layer at the cathode. It thus requires working at low voltages (0.5V) in order to 

decrease the kinetic of oxidation of silver and reduction of water in hydrogen gas.  

 

Flat silver: 

The reflectance curves obtained for PEDOT-PSS spin-coated on a flat silver substrate 

(Fig.IV.17) indicate that the absorption maximum of its reduced form now occurs at 660 nm. 

The difference of 10 nm compared to the previous experiments on flat gold originates from 

the fact that now the polymer is not fully reduced since it is exposed to a lower voltage and 

thus absorbs light at higher wavelengths/lower energies. Therefore one can expect that the 

variation of dielectric constants of the polymer upon electrochemical and the shift of the 

plasmonic resonance peaks switch will be weaker in the following experiments. 
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(a) 

 

(b) 

 

 

Fig.IV.17: (a) Reflectance curves of PEDOT-PSS on flat silver. (b) Picture of an electrochromic cell 

consisting of a 1 µm thick PEDOT-PSS spin-deposited on flat silver (the deep blue color side corresponds to 

the reduced form of the polymer). 

 

Silver grating 2400 l/mm: 

 

 
Fig.IV.18: Reflectance curves of PEDOT-PSS on a silver grating 2400 l/mm. 

 

 The reflectance curves of PEDOT-PSS spin-deposited on a silver grating 2400 l/mm 

are represented in Fig.IV.18 and IV.19. The +1 plasmonic resonance occurs at 654nm for the 

oxidized form of the polymer and is shifted of +4nm upon reduction of the material. The –1 
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order is situated at 730 nm and shifted of +24 nm. Similarly to PEDOT-PSS on a 2400 l/mm 

gold grating, the main plasmonic excitation occurs at the same wavelength as the maximum 

of absorption, consequently it reduces dramatically the contrast between the two forms of the 

polymer and doesn’t provide new colors to the device. 

 

 The two other absorption peaks situated at 390 and 540 nm are still associated to the 

guided modes confined in the PEDOT-PSS film. 

 

 
Fig.IV.19: Subtraction between p and s-reflectances of PEDOT-PSS on a 

silver grating 2400 l/mm. 

 

The shift occurring in this case can also be explained with the same theoretical models 

used in the previous paragraph. If the imaginary part ε”PEDOT-PSS and the variation of εsilver are 

neglected, then the following statement is still true for wavelengths above 555 nm: 

red
PSSPEDOT

ox
PSSPEDOT εε −− <  implies redox λλ < . 

 

Silver grating 3600 l/mm: 

 The experiment was reproduced with PEDOT-PSS deposited on a 3600 l/mm silver 

grating. The reflectance curves (Fig.IV.20 and IV.21) indicate that the +1 plasmonic 

resonance occurs at 478 nm when the polymer is oxidized and is shifted of –4nm upon 

reduction of the material: the shift now occurs in the opposite direction in comparison to the 

previous experiments. This peak overlaps with another one situated at about 510 nm and 

assumed to correspond to the –1 plasmonic resonance: if there is a shift occurring upon 
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reduction of the polymer, it is not visible due to the overlap with the +1 plasmonic resonance 

peak.  

 

 
Fig.IV.20: Reflectance curves of PEDOT-PSS on a silver grating 3600 l/mm. 

 

 The crossing point between the curves of ox
PSSPEDOTε −  and red

PSSPEDOTε −  is situated at 555 

nm, so below this wavelength it is predictable to observe an inversion of the shift upon 

reduction of the polymer: red
PSSPEDOT

ox
PSSPEDOT εε −− >  so redox λλ > . 

 

 
Fig.IV.21: Subtraction between p and s-reflectances of PEDOT-PSS on a silver 

grating 3600 l/mm. 
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 Therefore this model is still valid to predict qualitatively the orientation of the shift in 

plasmonic resonance in the case of silver. Now we need to consider the variation of other 

parameters (εsilver and ε” PEDOT-PSS) to evaluate more precisely the position of the absorption 

peaks corresponding to surface plasmon excitation.  

 

Comparison to the theoretical model: 

We already figured out that the variation of dielectric constants of PEDOT and 

PEDOT-PSS are very different. For this reason, we can skip the graphical representation 

using the optical constants of PEDOT, and let’s plot directly 
silverPSSPEDOT

silverPSSPEDOT

εε

εε
δ

+
=  versus λ 

using perpendicular dielectric constants of PEDOT-PSS in its neutral state (Fig.IV.22). 

According to this calculation, when no voltage is applied on the electrochromic cell, the 

plasmonic resonance is expected to occur respectively at 500 and 545 nm (versus 478 and 510 

nm experimentally) for the +1 and –1 orders in the case of the 3600 l/mm grating, and 660 

and 755 nm (versus roughly 656 and 742 nm). The gap between experimental and theoretical 

values thus doesn’t exceed 35 nm, which is a proof of a good fit between this model and the 

reality. 

 
Fig.IV.22: Graphical determination of the position of plasmonic resonance for 

PEDOT-PSS deposited on silver. 
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 The dielectric constants of oxidized and reduced PEDOT-PSS calculated previously 

with the Bruggeman model were used to plot 
silverPSSPEDOT

silverPSSPEDOT

εε

εε

+−

− versus λ (Fig.IV.23).  

 

 
Fig.IV.23: Graphical determination of the position of plasmonic resonance for reduced and oxidized 

PEDOT-PSS deposited on silver. 

 

For the 2400 l/mm grating, the +1 plasmon excitation is expected to occur at about 

660 nm for oxidized PEDOT-PSS and to be shifted of +7 nm upon reduction of the material. 

For the 3600 l/mm grating, it is predicted at about 500 nm without any shift upon redox 

switching of the polymer. The gap between theory and experiments is still of 35 nm 

maximum when determining the position of plasmonic resonance, however the model is still 

very accurate concerning the orientation and the value of the shift. 

 

 IV.2.c. On silver-gold bilayer 

 

 The film consisting of silver covered by a thin gold protective layer was expected to 

show a better chemical stability than silver, however a front of oxidation still appears in the 

anode at the separation between the two electrodes for a voltage of 0.5V. The gold film 

therefore doesn’t behave as a protective layer for the silver film: we can assume that 

interdiffusion of gold and silver atoms has occurred at the interface between the two metals 
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and silver atoms have diffused toward the surface. Nevertheless this substrate exhibits 

interesting characteristics as far as the combination of electrochromism and plasmonic 

resonance is concerned. 

 

Flat Ag-Au: 

The measurements of reflectance of PEDOT-PSS on a flat Ag-Au substrate 

(Fig.IV.24) show the same main characteristics of the material: a maximum of absorption of 

the reduced form at 660nm and an increase of reflectance of the device below 800nm when 

the polymer is in its oxidized form, followed by a decrease of reflectivity under 520nm in the 

range of wavelengths where the substrate becomes absorbing. The absorption maximum still 

occurs at 660 nm for the same reason as before: the lower voltage applied on PEDOT-PSS 

induces an incomplete reduction of the polymer. 

 

 
Fig.IV.24: Reflectance curves of PEDOT-PSS on flat Ag-Au bilayer. 

 

Ag-Au grating 2400 l/mm: 

 The reflectance measurements on an electrochromic device consisting of PEDOT-PSS 

deposited on an Ag-Au grating with a step of 2400 l/mm (Fig.IV.25 and IV.26) present the 

following characteristics: the main absorption peak corresponding to the effect of plasmonic 

resonance is situated at 654nm without any shift upon reduction of the polymer. As 

previously, the plasmonic absorption occurs in the same region of wavelengths as the 

absorption of reduced PEDOT-PSS, and therefore decreases the contrast between the doped 

and undoped states of the polymer. 
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Fig.IV.25: Reflectance curves of PEDOT-PSS on an Ag-Au grating 2400 l/mm. 

 

The two secondary peaks appearing at 394nm and 534nm are still attributed to the 

dispersion of p-polarized guided modes inside the PEDOT-PSS layer. Surprisingly, only the 

+1 order plasmons are excited in the present case. We can assume that the variation of δ vs λ 

could explain the disappearance of the -1 plasmonic peak (similarly to the case of the gold 

grating 3600 l/mm for which the +1 plasmonic resonance was excited out of the range of 

study), unfortunately the system consisting of PEDOT-PSS deposited on metallic bilayers is 

too complicated to be modeled with the equation θ
d
λ

δ sin±±±±==== . 

 

 
Fig.IV.26: Subtracted p and s-reflectances of PEDOT-PSS on an Ag-Au grating 2400 l/mm. 
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Ag-Au grating 3600 l/mm: 

 The experiment was then carried out for PEDOT-PSS spin-deposited on a 3600 l/mm 

Ag-Au grating (Fig.IV.27). The plasmonic resonance peak is situated at 490nm for the 

oxidized form of the polymer and shifted of –20nm upon reduction of the material. This shift 

is even more visible when the reflectance curve obtained in perpendicular polarization is 

subtracted to the one obtained in parallel polarization (Fig.IV.28). Here again only one 

diffracted order contributes to the excitation of plasmons. 

 

 
Fig.IV.27: Reflectance curves of PEDOT-PSS on Ag-Au grating with a step of 3600 l/mm. 

 

 
Fig.IV.28: Subtracted p and s-reflectances of PEDOT-PSS on an Ag-Au grating 3600 l/mm. 
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This time the shift is clearly oriented in the negative direction. It is a good visual proof 

that below a certain wavelength corresponding roughly to the crossing point of the dielectric 

constants of oxidized and reduced PEDOT-PSS, the orientation of the shift is inverted. 

Indeed, below 560 nm: red
PSSPEDOT

ox
PSSPEDOT εε −− >  so redox λλ > . 

 

 The most remarkable fact is that the Ag-Au gratings don’t behave similarly to silver 

gratings. As a matter of fact, the gold layer was assumed to be thin enough to expect that it 

wouldn’t influence the propagation of plasmons and that the system would be equivalent to 

PEDOT-PSS deposited on a silver grating, but obviously the problem cannot be simplified in 

this way. Indeed, the particularity of Ag-Au gratings is that only one order of diffraction 

excites surface plasmons and, concerning the 3600 l/mm, the position of plasmonic excitation 

when the polymer is in its oxidized form differs greatly from the one observed with silver or 

gold gratings, and so does the value of the shift upon reduction of PEDOT-PSS. 

 

 Two different assumptions can be made concerning this result: 

- The position of the plasmons now depends on 4 parameters: the period of the 

grating and the dielectric constants of PEDOT-PSS, silver and gold.  

- An interdiffusion of Ag and Au atoms has created an Ag-Au alloy that exhibits 

new optical constants. 

This second assumption is even more plausible that a front of oxidation of the metal is 

still observed when the gold thin film is supposed to act as a protective layer: at the anode, Ag 

atoms diffused toward the PEDOT-PSS / gold interface may react and create silver oxide 

when the cell is exposed to an electrical current. 

 

The results obtained with PEDOT-PSS on an Ag-Au grating are particularly 

motivating because they prove that the combination of electrochromism and plasmonic 

resonance enables to shift visibly the position of the plasmonic absorption. Now it would be 

profitable to attempt to trigger the excitation of plasmons at the limits of the visible range in 

order to increase the contrast between the two forms of an electrochromic polymer: for 

instance, the ideal case would consist in obtaining a plasmonic resonance below 400nm when 

the polymer is in its oxidized state and shift it positively upon reduction of the material. 

Another possibility would be to shift it negatively from a wavelength above 800nm to a lower 

value. Unfortunately, as far as PEDOT-PSS is concerned, the shift doesn’t occur in the good 
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direction in both cases: it is negative below 570nm and positive above this wavelength. For 

this reason, other polymers should be investigated in order to obtain a stronger shift of the 

plasmonic resonance peaks and hopefully an increase of the contrast of the electrochromic 

device. 

 

Table IV.1 gives a summary of the reflectance measurements and the theoretical 

calculations performed on electrochromic cells consisting of PEDOT-PSS deposited on 

metallic diffraction gratings. The position of plasmonic resonance is given for the main 

absorption peak. 
 

  Experimental values Theoretical values 
  

  Oxidized Reduced 
Shift upon 
reduction 

Oxidized Reduced 
Shift upon 
reduction 

Au 
2400 l/mm 662 nm 668 nm + 6 nm 650 nm 658 nm + 8 nm 

3600 l/mm 560 nm 560 nm = 545 nm 545 nm = 

Ag 
2400 l/mm 654 nm 658 nm + 4 nm 660 nm 667 nm + 7 nm 

3600 l/mm 478 nm 474 nm - 4 nm 500 nm 500 nm = 

Ag-Au 
2400 l/mm 654 nm 654 nm =     

3600 l/mm 490 nm 470 nm - 20 nm     
 

 

Table IV.1: Position of the main plasmonic resonance peaks for reduced and oxidized PEDOT-PSS spin-coated 

on gold, silver and silver-gold gratings. 

 

 

IV.3. Electrochromic PEDOT-S… 

 

 As suggested by the low experimental shift between plasmonic peaks and by the 

model based on the Bruggeman theory, PEDOT-PSS exhibits a lower variation of the 

dielectric constants than PEDOT upon electrochemical switching. This characteristic is 

attributed to the fact that in this material, PEDOT, the effective electrochromic polymer, is 

diluted in the “inert” PSS matrix in a ratio 1:6, therefore the variation of dielectric constants 

of the whole film is strongly attenuated. PEDOT-S, which is constituted exclusively of 

electrochromic polymer, is thus expected to show a stronger variation of dielectric constants 
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and as a result a higher shift of the position of plasmonic absorption upon reduction or 

oxidation of the material. 

 

 IV.3.a. On gold 

 

Flat gold: 

Reflectance measurements performed on an electrochromic cell consisting of PEDOT-

S deposited on flat gold (Fig.IV.29) enabled to determine the optical behavior of the polymer. 

In its reduced form, it shows a maximum of absorption at 606 nm. This value is lower than in 

the case of PEDOT-PSS, for which the maximum of absorption occurs at 650 nm. It explains 

why, visually, when PEDOT-S is in its undoped state, its color is purple instead of deep blue 

like PEDOT-PSS. 

(a) 

 

(b) 

 

 

Fig.IV.29: (a) Reflectance of PEDOT-S on flat gold. (b) Picture of an electrochromic device consisting of a 

1 µm thick PEDOT-S film deposited on flat gold. It is visible that for the same thickness of the polymer 

film, PEDOT-S exhibits a higher contrast than PEDOT-PSS on gold. 

 

Gold grating 2400 l/mm: 

Following the same order of experiments as with PEDOT-PSS, the next manipulation 

consisted in measuring the reflectance of PEDOT-S deposited on a 2400 l/mm gold grating 

(Fig.IV.30 and IV.31). The +1 plasmonic resonance occurs at 658 nm and is shifted of +40 

nm upon reduction of the polymer. The –1 plasmonic resonance identified at about 760 nm 

for the oxidized form of PEDOT-S is too broad to determine an exact value of the shift. The 
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third peak situated at 380nm still corresponds to the phenomenon of p-polarized guided 

modes.  

 
Fig.IV.30: Reflectance curves of PEDOT-S on a gold grating 2400 l/mm. 

 

 The extraordinary value of the shift confirms our expectations of a stronger variation 

of PEDOT-S optical constants upon redox switching in comparison to PEDOT-PSS. Indeed, 

for the same characteristics of the grating, the shift of the main plasmonic resonance peak 

when the polymer undergoes a reduction equals roughly +40 nm for PEDOT-S instead of +6 

nm for PEDOT-PSS. 

 

 
Fig.IV.31: Subtracted p and s-reflectances of PEDOT-S on a gold 

grating 2400 l/mm. 
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Gold grating 3600 l/mm: 

 The following reflectance measurement was carried out on PEDOT-S spin-coated on a 

gold grating 3600 l/mm (Fig.IV.32 and IV.33). The –1 plasmonic resonance peak appears at 

562 nm for both reduced and oxidized forms of the polymer. Another broad peak situated at 

about 440 nm is assumed to correspond to the +1 plasmonic resonance. The absence of shift 

upon reduction of PEDOT-S leads us to assume that the crossing point between the curves 

of
goldSPEDOT

goldSPEDOT

εε

εε

+−

−  must be situated at about 560 nm. 

 

 
Fig.IV.32: (a) Reflectance curves of PEDOT-S on a gold grating 3600 l/mm. 

 

Furthermore, this device is visually interesting: when the polymer is switched from 

reduced to oxidized state, its color changes from nearly black to orange. This behavior was 

already observed with the cell consisting of PEDOT-PSS on the same gold grating, and can 

be explained by the fact that the device shows a strong absorption at all wavelengths below 

650 nm when the polymer is in its reduced form. 

 

Unfortunately, the values of dielectric functions of PEDOT-S remain unknown, 

therefore it is not possible to establish a theoretical model that could predict the position of 

plasmonic resonance and the orientation and value of the shift upon redox switching of the 

material. 
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Fig.IV.33: Subtracted p and s-reflectances of PEDOT-S on a gold 

grating 3600 l/mm. 

 

However these results still lead us to assume that PEDOT-S exhibits a behavior 

similar to PEDOT-PSS and PEDOT as far as its dielectric functions are concerned. Indeed for 

a certain wavelength λC (roughly equal to 560 nm) corresponding to the crossing point 

between ox
SPEDOT −ε  and red

SPEDOT −ε , the shift obeys to the same rules: 

 

For Cλλ > , red
SPEDOT

ox
SPEDOT −− < εε  so redox λλ <  (positive shift upon reduction) 

 For Cλλ = , red
SPEDOT

ox
SPEDOT −− = εε  so redox λλ =  (no shift upon reduction) 

 For Cλλ < , red
SPEDOT

ox
SPEDOT −− > εε  so redox λλ >  (negative shift upon reduction) 

 

IV.2.b. On silver 

 

Silver grating 2400 l/mm: 

Reflectance measurements carried out on a cell consisting of PEDOT-S deposited on a 

2400 l/mm silver grating (Fig.IV.34 and IV.35) showed a very strong shift of plasmonic 

resonance peaks: when the polymer is switched from its fully doped to undoped state, the 

position of the plasmonic excitation varies from 650 to 754 nm, which corresponds to a shift 

of +104nm upon reduction of PEDOT-S.  
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Fig.IV.34: Reflectance curves of PEDOT-S on a silver 

grating 2400 l/mm. 

 

 
Fig.IV.35: Subtracted p and s-reflectances of PEDOT-S on a 

silver grating 2400 l/mm. 

 

Silver grating 3600 l/mm: 

 The electrochromic device consisting of PEDOT-S on a 3600 l/mm grating exhibited 

a plasmonic excitation at a wavelength of 470 nm when the polymer is fully doped (Fig.IV.36 

and 37). This value is shifted of –8 nm upon undoping of the polymer, suggesting that in this 
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case the plasmonic resonance occurs below the crossing point of the curves of 

silverSPEDOT

silverSPEDOT

εε

εε

+−

− . 

 
Fig.IV.36: Reflectance curves of PEDOT-S on a silver 

grating 3600 l/mm. 

 

 
Fig.IV.37: Subtracted p and s-reflectances of PEDOT-S on a 

silver grating 3600 l/mm. 

 

 The results of these experiments performed on devices consisting of silver gratings 

coated with PEDOT-S enabled to verify that the shift still follows the same rules as PEDOT-
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PSS. Furthermore the extraordinary high value of the shift observed in the case of the 2400 

l/mm grating tends to show that such a device has potential applications as a tunable optical 

filter. 

 

 IV.2.c. On silver-gold bilayer 

 

Ag-Au grating 2400 l/mm: 

 Reflectance of electrochromic PEDOT-S on an Ag-Au grating 2400 l/mm (Fig.IV.38 

and IV.39) was measured and showed that, similarly to PEDOT-PSS on the same substrate, 

only the +1 order of diffraction contributed to the excitation of plasmons: the corresponding 

peak is situated at 650 nm for the oxidized form of the polymer and is shifted of +88 nm upon 

redox switching. 

 
Fig.IV.38: Reflectance curves of PEDOT-S on a Ag-Au grating 2400 l/mm. 

 

 Another peak, more visible when the polymer is in its oxidized form, overlaps with 

the plasmonic resonance one and is still assumed to originate from p-polarized guided modes 

confined in the PEDOT-S film.   
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Fig.IV.39: Subtracted p and s-reflectances of PEDOT-S on an Ag-Au 

grating 2400 l/mm. 

 

 

Ag-Au grating 3600 l/mm: 

 The same experiment performed on an electrochromic cell consisting of PEDOT-S 

spin-coated on a 3600 l/mm Ag-Au (Fig.IV.40 and IV.41) grating also showed a unique 

absorption peak at 534 nm for the fully doped form of the polymer. It is identified as the +1 

order plasmon and shifted of –52 nm upon reduction of the polymer. In this case again, the 

shift is inverted and confirms the existence of a crossing point between the dielectric 

constants of reduced and oxidized PEDOT-S. 

 

 
Fig.IV.40: Reflectance curves of PEDOT-S on an Ag-Au grating 3600 l/mm. 
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Fig.IV.41: Subtracted p and s-reflectances of PEDOT-S on an Ag-Au 

grating 3600 l/mm. 

 

 The extraordinary high values of the plasmonic resonance shift obtained with 

PEDOT-S spin-deposited on metallic relief gratings (Table IV.2) confirmed our expectations 

of stronger variations of its dielectric functions upon redox switching, owing to the fact that 

the proportion of electro-active polymer is more important in this material than in PEDOT-

PSS.  

  Experimental values 
  

  Oxidized Reduced 
Shift upon 
reduction 

Au 
2400 l/mm 658 nm 694 nm + 36 nm 

3600 l/mm 562 nm 562 nm = 

Ag 
2400 l/mm 650 nm 754 nm + 104 nm 

3600 l/mm 470 nm 462 nm - 8 nm 

Ag-Au 
2400 l/mm 650 nm 738 nm + 88 nm 

3600 l/mm 534 nm 482 nm - 52 nm 
 

 

Table IV.2: Position of the main plasmonic resonance peaks for reduced and oxidized PEDOT-S spin-coated 

on gold, silver and silver-gold gratings. 
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 It appears that electrochromic cells based on PEDOT-S deposited on silver or silver-

gold gratings have a high potential for applications as electrically tunable optical filters. 

Indeed, for a voltage of only 0.5V applied between the two electrodes of the device, the 

absorption minimum can be shifted of more than 100 nm, which corresponds to one fourth of 

the visible range. However, some changes have to be made on the procedure of fabrication of 

the cell: the goal is not to increase the contrast between the two sides of the cell any more, but 

to obtain similar intensities of the plasmonic absorption, consequently the thickness of the 

PEDOT-S film can be decreased so that the plasmonic absorption becomes predominant over 

the absorption of the polymer film itself. 
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Conclusions 
 

 

The study of electrochromic polymers deposited on metallic relief gratings has 

brought to light new potential applications of surface plasmons. 

 

By varying the period of the gratings and the natures of metallic substrates and 

conjugated polymer films, it has been possible to design electrochromic devices exhibiting 

interesting properties, such as new switchable colors and an electrically tunable optical 

absorption. The device consisting of a 3600 l/mm gold grating coated with PEDOT-PSS (or 

PEDOT-S) had its color switched from nearly black to orange and the cell built by spin-

depositing PEDOT-S on a 2400 l/mm silver grating exhibited a shift of more than 100 nm 

upon redox switching of the polymer film. Furthermore a theoretical model has been 

established in order to predict the position of plasmonic resonance and the value of the shift 

in the case of PEDOT and PEDOT-PSS deposited on gold and silver gratings. 

 

 There is still a lot to do in order to increase the contrast between the two redox states 

of conducting polymers thanks to metallic diffraction gratings. The orientation of the shift in 

our experiments showed that it couldn’t be achieved in the case of PEDOT-PSS and PEDOT-

S, that is the reason why new materials should be investigated to exploit the strong absorption 

originating from surface plasmons excitation. 

 

Moreover PEDOT-S-based electrochromic cells present potential applications as 

electrically tunable optical filters due to the high value of the plasmonic resonance shift they 

can exhibit. Our theoretical model suggests than stronger shifts of plasmonic resonance peaks 

could be obtained with PEDOT-based electrochromic devices. However, due to its poor 

solubility, such a material is more difficult to handle and would have to be polymerized 

directly on the grating structures. Therefore PEDOT-S appears as a good compromise 

between PEDOT and PEDOT-PSS: it exhibits a high variation of its dielectric constants upon 

redox switching (similarly to PEDOT) and is very easy to process due to its good water-

solubility (like PEDOT-PSS). 
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