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Graphical Abstract 

 

 

Highlights  
 

 Modified ethylenedioxythiophene allows the formation of an 

electropolymer holding C60.  

 Polymer decoration with CdSe QDs produces a photoactive organic-

inorganic interface.  

 Photoinduced electron transfers were analyzed by surface photovoltage.  

 The interface is a potential structure for the development of 

optoelectronic devices. 

 

 

Abstract 

 

A photoactive interface is formed between an electrochemical generated organic 

polymer film and CdSe quantum dots. The specifically designed and synthesized 

3,4 ethylenedioxythiophene electroactive monomer, holding C60 

buckminsterfullerene, allows the formation of thin films containing both, electron 

acceptor and hole transport moieties. The generation of photoinduced 

heterogeneous charge transfer in CdSe quantum dots-electropolymer system was 

characterized by time resolved and spectral dependent surface photovoltage. In 

films containing C60 moieties whose surface was modified with 5 nm CdSe 

quantum dots, the illumination generated photovoltage values around twenty times 

larger than those obtained without nanoparticles decoration. The results show that 
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this organic-inorganic hybrid interface is a potential structure for the development 

of optoelectronic devices. 

 

Keywords: Polyethylenedioxythiophene-C60; Electro-polymerization; Organic-

inorganic hybrid systems; CdSe quantum dots. 

 

 

1. Introduction 

 

The continuous growing of energy demands around the world and the 

environmental pollution resulting in global warming have led to a greater focus of 

research in renewable energy sources over the past decades.[1,2] Contrary to the 

fossil fuels, solar energy is available profusely in most of the world regions. Thus, 

the development of economically competitive technology in solar energy 

conversion is nowadays of vital importance.  

In this context, organic based photovoltaic devices have introduced the 

potential of obtaining cheap and easy methods to produce energy from light [1,3-6]. 

Organic semiconductors have several advantages such as low-cost synthesis, and 

easy manufacture of thin film devices by different methodologies (spin-coating, 

layer by layer deposition, electrosynthesis, deep coating) [7-10]. Thus, organic 

solar cells (OSC) are one of the most promising energy conversion devices, and 

for this reason a large amount of research has been carried out in this field [1,3-6]. 

However, although organic materials used in solar cells exhibit low fabrication 
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costs and the possibility to use flexible substrates, they still show low energy 

conversion efficiency [1,11]. 

One of the limitations in the improvement of OSC is the mobility of charge 

carriers, which is lower than in inorganic semiconductors [12], allowing a 

deleterious recombination process. A possible solution to this problem could be the 

use of composite hybrid materials formed by organic polymers and inorganic 

semiconductors, where photoinduced charge transfer and carrier transport 

processes are possible [12-16]. 

In addition, nanotechnology holds a significant potential for the development 

of new systems capable to overcome the mentioned limitations. Colloidal 

semiconductor nanocrystals (NCs) possess unique properties determined by the 

confinement of charge carriers within a restricted volume [17] and have been used 

as components of photovoltaic devices [18-22]. Moreover, they can be designed 

and synthesized with the desirable characteristics to improve their electric and 

optic properties. One of the most used materials employed in hybrid solar cells are 

CdSe quantum dots (QDs) [23-27 which can be modified in their band-gap altering 

their size and shape, producing materials able to absorb in a wide range of the 

visible spectrum.  

On the other hand, a promising technique to produce optoelectric active 

conducting polymer films is the electropolymerization with the use of electroactive 

monomers. Polymerization through electrochemical deposition techniques allows 

the synthesis of organic polymers in one step, with suitable control over film 

formation [7-9,28-29]. A number of reports revealed that the polymeric films 
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obtained electrochemically over conductive solid substrates are highly stable, 

showing compact layers, with excellent stuck to the electrode, high charge 

transport capability and adequate optical properties [7-9,28-31 These features are 

key parameters in the manufacture of organic optoelectronic devices. However, 

until now, only a few number of studies showed real application of the 

electrochemical film deposition methodology in the generation optoelectronic 

devices [8,28,29,32,33]. 

The purpose of this work is to examine the photoinduced charge separation 

processes in CdSe QDs deposited on electropolymer films containing C60 

buckminsterfullerene as electron acceptor group. This organic polymer is obtained 

from a specifically designed electroactive monomer formed by 3,4-

ethylenedioxythiophene (EDOT) holding C60 moieties (EDOT-C60, Figure 1). We 

demonstrated, using surface photovoltage spectroscopy (SPV) [34], the capacity of 

this system for the generation of photoinduced charge separated states. This fact 

turns the material into a potential structure for to apply in the design and 

development of optoelectronic devices. Little research has been conducted in 

relation to this field of study, and this article provides one of the few examples of 

using SPV to study the charge separation in these hybrid systems [35-36]. 

 

2. Experimental 

2.1. Synthesis and Characterization of EDOT-C60 monomer. 

2-((4-Bromobutoxy)methyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (1).- A 

solution of (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (100 mg, 0.58 mmol), 
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1,4-dibromobutane (1 mL, 8.3 mmol) and tetrabutylammonium bromide (TBAB, 56 

mg, 0.17 mmol) in 2.5 mL of dichloromethane (DCM) was stirred for 5 min. After 

that, a solution of NaOH (2.5 mL, 50 % w/w) was added and the reaction was 

stirred at room temperature for 2 h. The reaction mixture was diluted with 50 mL 

water and then extracted with DCM. The solvent was removed under reduced 

pressure and the residue was subjected to flash column chromatography (silica 

gel, DCM) affording 1 (167 mg, 94 %), as a white solid. Rf (silica gel, DCM)= 0.6. 

1H NMR (CDCl3, TMS)  [ppm]: 6.34 (d, J = 3.8 Hz, 1H), 6.32 (d, J = 3.8 Hz, 1H), 

4.26 – 4.33 (m, 1H), 4.23 (dd, J = 11.6 Hz, 2.2 Hz, 1H), 4.05 (dd, J = 11.6 Hz, 7.4 

Hz, 1H), 3.69 (dd, J = 10.4 Hz, 5.0 Hz, 1H), 3.61 (dd, J = 10.4 Hz, 5.8 Hz, 1H), 

3.54 (t, J = 6.7 Hz, 2H), 3.44 (t, J = 6.7 Hz, 2H), 1.95 (q, J = 6.7 2H), 1.74 (q, J = 

6.7, 2H). 13C NMR (CDCl3) δ [ppm] = 141.6, 141.6, 99.8, 99.7, 72.7, 71.0, 69.3, 

66.2, 33.7, 29.6, 28.2. MS [m/z] 306 (M+); C11H15BrO3S requires m/z 305.99. FT-IR 

(KBr)  [cm-1]: 2939, 2870, 1579, 1487, 1375, 1184, 1124, 1020, 858, 756. 

2-((4-Azidobutoxy)methyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (2). 

Compound 1 (307 mg, 1 mmol) was dissolved in DMF (10 mL) and NaN3 (975 mg, 

15 mmol) was added. The reaction mixture was stirred at 85 °C for 12 h under Ar in 

the absence of light. Then, water (30 mL) and DCM (30 mL) were added. The 

organic phase was extracted and the solvent were evaporated under reduced 

pressure to afford 2 (267 mg, 995), as a yellow oil. Rf (silica gel, DCM)= 0.4. 1H 

NMR (CDCl3, TMS)  [ppm]: 6.33 (d, J = 3.7 Hz, 1H), 6.32 (d, J = 3.7 Hz, 1H), 4.26 

– 4.33 (m, 1H), 4.23 (dd, J = 11.6 Hz, 2.2 Hz, 1H), 4.05 (dd, J = 11.6 Hz, 7.4 Hz, 

1H), 3.69 (dd, J = 10.4 Hz, 5.0 Hz, 1H), 3.60 (dd, J = 10.4 Hz, 5.7 Hz, 1H), 3.53 (t, 
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J = 5.8 Hz, 2H), 3.30 (t, J = 6.3 Hz, 2H), 1.67 (q, J = 3.1, 4H). 13CNMR (CDCl3) δ 

[ppm] = 141.6, 141.6, 99.8, 99.7, 72.7, 71.3, 69.3, 66.2, 51.3, 26.8, 25.8. MS [m/z] 

269 (M+); C11H15N3O3S requires m/z 269.08. FT-IR (NaCl)  [cm-1]: 2935, 2920, 

2870, 2096, 1676, 1487, 1375, 1253, 1186, 1126, 1087, 1020, 858, 761. 

Preparation of the EDOT-C60 monomer. A mixture of C60 (198 mg, 0.27 

mmol) and 2 (64 mg, 0.24 mmol) was dissolved in dry o-dichlorobenzene (o-DCB, 

50 mL). The solution was heated under reflux for 78 h under Ar atmosphere in the 

absence of light. The solvent was evaporated under vacuum and the dark residue 

was purified by flash column chromatography (silica gel, toluene/hexane, 5:1) to 

afford EDOT-C60 (103 mg, 45%), as a dark brown powder. Rf (silica gel, toluene)= 

0.75. 1H NMR (CDCl3, TMS)  [ppm]: 6.35 (d, J = 3.6 Hz, 1H), 6.33 (d, J = 3.6 Hz, 

1H), 4.31 – 4.41 (m, 1H), 4.28 (dd, J = 11.6 Hz, 2.0 Hz, 1H), 4.11 (dd, J = 11.6 Hz, 

7.4 Hz, 1H), 3.65 – 3.88 (m, 6H), 1.95 – 2.18 (m, 4H). 13CNMR (CDCl3) δ [ppm] = 

147.8, 146.7, 145.0, 144.7, 144.5, 144.4, 144.3, 144.1, 143.8, 143.6, 143.4, 143.2, 

143.1, 142.9, 142.8, 142.7, 141.5, 141.4, 140.7, 139.3, 139.2, 138.5, 138.0, 137.8, 

137.3, 137.2, 136.2, 135.8, 133.7, 99.7, 99.6, 72.7, 71.6, 69.3, 66.2, 51.4, 27.3, 

26.2, 14.1. ESI-MS [m/z] 962.0851 [(M+H)+]; C71H15NO3S requires m/z 961.0773. 

FT-IR (KBr)  [cm-1]: 2918, 2850, 2362, 2331, 1481, 1423, 1363, 1340, 1180, 1124, 

1022, 858, 744, 524. 

Proton nuclear magnetic resonance spectra were performed on a FT-NMR 

Bruker Avance 300 spectrometer. 1H and 13CNMR spectra were acquired at 300.13 

and 75.48 MHz, respectively. Mass Spectra were recorded on a Bruker micrOTOF-

QII (Bruker Daltonics, MA, USA). FT-IR spectra were recorded on a Shimadzu 
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Prestige 21 spectrophotometer. All chemicals were acquired from Aldrich and used 

as received. 

 

2.2. Electrochemistry and Photoelectrochemistry. 

Cyclic Voltammetry. Electrochemical characterization of EDOT-C60 was 

carried out in 1 mM o-DCB solution containing 0.1 M tetrabutylammonium 

tetrafluoroborate (TBATFB). A gold disk was used as working electrode. The cyclic 

voltammetry (CV) experiments were carried out in a three electrodes cell 

configuration using an Ag/AgCl (KCl sat.) reference electrode and a large area Pt 

foil as a counter electrode. All the measurements were conducted at room 

temperature using a potentiostat-galvanostat Autolab (Electrochemical 

Instruments). Electrochemical polymerization was carried out also over 

semitransparent indium tin oxide (ITO) electrodes (Delta Technologies nominal 

resistance of 8–12 Ω/square) by the same procedure. Ethylenedioxythiophene 

(EDOT) and (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (EDOT-OH) electro-

polymerization to form poly-ethylenedioxythiophene (PEDOT) and poly-(2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (PEDOT-OH) respectively were 

carried out using the same electrochemical set-up in dichloromethane containing 

0.1 M tetrabutylammonium hexafluorphosphate (TBAHFP). For SPV experiments, 

the film formation by electro-polymerization was carried out on large area Au 

electrodes obtained by evaporation on glass coated with Cr as adhesion layer. 

Before use, gold substrates were cleaned for 15 min in an ultrasonic bath 

containing isopropanol, rinsed with water and submerged in a solution of hydrogen 
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peroxide and sulfuric acid (piranha solution) for 30 seconds in order to remove 

organic residues. Finally, the electro-deposited layers were washed with ultrapure 

water and dried under a nitrogen stream. For comparison, some PEDOT films were 

prepared under similar conditions as for the PEDOT-C60 films. 

Surface photovoltage. The light-induced change of the contact potential 

difference is measured by SPV techniques. SPV signals are sensitive to the 

amount of photo-generated charge and to the distance between the centers of 

positive and negative charge distributions. Here, modulated and transient SPV 

signals were measured in the arrangement with a fixed capacitor. 

The measurements of modulated SPV were performed with chopped light 

(modulation frequency 8 Hz) from a quartz prism monochromator (SPM2) and a 

halogen lamp (100 W). The SPV signals were detected with a high impedance 

buffer (measurement resistance 10 G). The measurements were carried out in 

vacuum. The SPV spectra were not normalized to the photon flux. The sign of the 

in-phase SPV signal is positive (negative) if the photo-generated electrons are 

preferentially separated towards the internal (external) surface. The absolute value 

of the in-phase signal is in maximum and the phase-shifted by 90° signal is zero, 

i.e. the phase angle is 0 or ~180°, if the time constants of the increasing and 

decreasing signals are much shorter than the modulation period. SPV transients 

were excited in the absorption maximum of the first excitonic transition of the given 

CdSe-QDs with laser pulses (wavelength 590 nm, time of laser pulses: 5 ns, 

intensity: about 3 mJ/cm²) and recorded with a sampling oscilloscope (GAGE 

compuscope CS 14200) at resolution of 10 ns. 
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2.3. Decoration of electro-polymerized PEDOT-C60 films with CdSe-QDs 

Pyridine end-capped CdSe-QDs (4.5 nm diameter, onset absorption ~ 1.9 

eV, Bayer Technology Services GmbH) were deposited onto electropolymer films 

by dipping from diluted QD suspension (5 mg/g in pyridine). The withdrawal speed 

(1 mm/s) of the samples was controlled with a robot leaving a layer of CdSe-QDs 

on the substrate [for detailed procedure see reference 37]. EDOT-C60 

electropolymer films (PEDOT-C60) characterization was performed by scanning 

electron microscopy (SEM) on a Carl Zeiss EVO MA 10 with electron beam energy 

of 20 keV. The film thicknesses on gold substrates were measured with a step-

profiler (Bruker Dektak 8).  

 

3. Results and Discussion 

3.1. EDOT-C60 Synthesis Procedure 

Details of EDOT-C60 synthesis method were depicted in experimental 

section. Figure 1 shows a diagram of the general procedure. Commercially 

available hydroxymethyl-EDOT was modified at room temperature through the 

incorporation of a bifunctional alkyl chain (1) which is an aliphatic nucleophilic 

substitution reaction under phase transfer catalyst (PTC) conditions. This 

heterogeneous catalysis reaction allowed to achieve faster transformations at room 

temperature, with a yield increment by suppression of side reactions [38]. After 

obtaining the bromide 1 in 94 % yield, a second nucleophilic reaction in an aprotic 

polar solvent (DMF) with sodium azide (NaN3) afforded 2 in quantitative yield. 
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Finally, in order to obtain EDOT-C60, a dipolar [1,3]-cycloaddition between 2 and 

fullerene in dry o-DCB was carried out by refluxing in the dark. The mono-addition 

to the [5,6] bond produced the aza-bridged fulleroids, EDOT-C60, in 45% yield. 

 The molecular structure of the EDOT-C60 monomers was corroborated by 

FT-IR and NMR spectroscopies. Comparison of the FT-IR spectra of 2 and EDOT-

C60 clearly revealed the disappearance of the characteristic absorption of the azide 

moiety, at 2096 cm-1 along with the characteristic band of the organo-fullerenes, at 

525 cm-1 [39]. On the other hand, the 1H-NMR spectrum of EDOT-C60 was very 

similar to that of the starting azide, with a slight downfield shift in the signals of the 

EDOT group, due to fullerene electron withdrawing effect. Finally, the 13C NMR 

spectrum of the fullerene derivate showed the characteristic signals of the EDOT 

ring, between 25 and 130 ppm and all the signals attributable to the C60 moiety 

were observed in the range 130-150 ppm, which corresponds to the sp2 region of 

the spectrum. Furthermore, no signals related to an sp3 hybridization of the carbon 

atoms in C60, characteristic of a closed [6,6] structure, could be detected (70-90 

ppm). These facts clearly indicate that the cycloaddition reaction resulted in the 

formation of an open [5,6] structure [40,41]. 

 

3.2. Electrochemistry and electropolymerization of EDOT-C60. 

Cyclic voltammetry in o-DCB containing 0.1 M TBATFB as supporting 

electrolyte was used in order to analyze the redox properties and the stability of 

radical ions of EDOT-C60. Figure 2(a) shows successive voltammograms of EDOT-

C60 on gold electrodes. In the first cycle of the anodic scan, an irreversible 
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oxidation process was detected at ~1.25 V, which can be assigned to the formation 

of EDOT radical cations [42,43]. In the cathodic sweep, the multiple reversible 

reduction waves related to the presence of C60 moiety was clearly observed [44-

47]. These results are in agreement with the structural characteristic of EDOT-C60 

and probe that the main electronic characteristic of both moieties are retained in 

this dyad molecule. 

In successive potential cycles, the electro-polymerization process is 

evidenced by the concomitant increment in the current of all redox peaks. 

Therefore, the electrochemical oxidative polymerization enables the direct growth 

of polymeric thin films. This is typical for EDOT containing derivatives [48], where 

the coupling of the radical cations with proton loses leads to the formation of a 

stable and electroactive film on the electrode surface. Furthermore, when the 

electrode is removed from the electrochemical cell and transferred to another cell 

with only electrolyte solution, it shows the redox responses depicted in Figure 2(b). 

The CV shaped obtained is quite different than those observed for PEDOT 

modified electrodes. The reversible wide wave observed at - 0.77 V is not present 

in unsubstituted EDOT polymers. Thus, this wave must be assigned to the redox 

processes in the C60 residues, indicating that, after electro-polymerization of EDOT 

units, fullerene moieties are retained in the film. However, the typical C60 

voltammetric waves, observed in the first potential cycles, merge in a unique 

envelopment wave, with the increase of the amount of deposited material. It is 

common the observation of the widening and eventual overlapping of the 

voltammetric peaks in organic polymeric films [49]. This is generally due to the 
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interaction between the redox centers in the solid state, changes in the solvation 

and charges diffusion phenomena. This material is going to be referred as PEDOT-

C60. Through the same procedure, PEDOT-C60 films where obtained on ITO and 

large area gold electrodes. Figures 3a and 3b show the UV-visible absorption 

spectrum of EDOT-C60 monomer in DCM solution and the diffuse reflectance 

spectrum of the electropolymerized PEDOT-C60 film on ITO, respectively. The 

monomer shows the typical fullerene transitions at 261 and 332 nm [50,51]. These 

fact, together with the lack of the band at ~ 420-440 nm attributed to the 6,6 closed 

structure [50,51], are agreement with the formation of the open 5,6 structure during 

the EDOT-C60 monomer synthesis. On the other hand, the polymer film formation 

on ITO surface confers a yellow-brownish coloration to the transparent electrode 

(see inserted picture in Figure 3b). The diffuse reflectance spectrum shows that the 

buildup of a conjugated system produces a broad absorption starting from ~600 

nm, with a shoulder at ~ 520 nm that can be attributed to the π-π* transition. This 

value is ~ 90 nm blue-shifted as compared to the reference PEDOT-OH (an 

electropolymer obtained from the monomer precursor (EDOT-OH), see 

experimental section) that displays a well-defined band, with a maximum at 610 nm 

(result not shown). Such a blue-shift, observed also in other structurally related 

polymers [52], could be originated in the shortening of the effective conjugation 

length in PEDOT-C60. This effect may be explained by steric hindrance due to the 

bulkyness of the fullerene substituents. A tridimensional idealized structure 

obtained by molecular mechanics calculations (MM+ at HyperChem software) of 

the PEDOT-C60 polymer is shown in Figure 4. According to this spatial geometry a 
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“double cable” polymeric structure can be suggested for the synthetized material, 

as was already proposed for related molecular structures. [53-55] 

The film thicknesses were modified through the control of the number of 

electro-polymerization cycles. Figure 5 shows a typical cross section of a PEDOT-

C60 layer electro-deposited on a gold substrate (10 cycles). The electro-deposited 

PEDOT-C60 layer thickness, measured by step profilometry, varied between about 

80 and 300 nm. The insert of Figure 5 gives an impression about the homogeneity 

of the complete electro-deposited PEDOT-C60 layer. Figure 6 shows the 

relationship between the PEDOT-C60 film thickness and the number of electro-

polymerization cycles analyzed by scanning electron microscopy (SEM) and the 

height across the PEDOT-C60/Au substrate boundary for 2 and 10 deposition 

cycles (insert). Slight discrepancies between SEM analysis and step profilometry 

are probably caused by shrinkage of structures under the electron beam and/or by 

pick-up of soft polymer material by the needle of the step profiler. 

 

3.3. Time resolved SPV 

The surface photovoltage method is a well-known, non-contact technique to 

measure the photoinduced charge separation, which produces a change in the 

contact potential difference (CPD) [56-58]. A contact potential difference between 

the sample surface and a reference is obtained in darkness. However, when the 

sample is illuminated, the light can induce a change of the charge distribution, 

which is proportional to the change in the contact potential (CPD). SPV is 

sensitive to the amount of photoinduced charge carriers separated in space and to 
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the distance between the centers of positive and negative charge distributions. The 

capability of a series of electrochemical generated organic films for the generation 

of light-induced charge separate states was shown by SPV in previous studies 

[7,59,60]. 

SPV transients shown in Figure 7 were excited with laser pulses with a 

photon energy of 2.1 eV being absorbed in the CdSe-QDs (in agreement with the 

absorption gap of QDs-CdSe [61]) and giving a maximum in the SPV spectra (vide 

infra). For CdSe-QDs/Au and CdSe-QDs/PEDOT-C60, the SPV signals were 

positive, i.e. photo-generated electrons were separated from the CdSe-QDs into 

electronic states at the interface between CdSe-QDs and Au or into C60 moieties in 

the PEDOT-C60 electropolymer, respectively. The sign of the SPV signal was 

negative for CdSe-QDs/PEDOT, i.e. photo-generated electrons were separated 

towards the CdSe-QDs which is equivalent with the separation of photo-generated 

holes into PEDOT. In the case of PEDOT-C60/Au the transient signal is 

indistinguishable from the noise level. 

On the other hand, the maximum of the SPV signals in Figure 7 appeared 

within the duration time of the laser pulse. Therefore, fast charge separation took 

place in organic-inorganic hybrid structures containing CdSe-QDs. The 

corresponding mechanisms of fast local charge separation are schematically 

shown for CdSe-QDs/Au, CdSe-QDs/PEDOT and CdSe-QDs/PEDOT-C60 (Figure 

8a-c, respectively).  

The relaxation of the SPV transients has been fitted with stretched 

exponentials. Stretched exponential function (Kohlrausch function) is frequently 
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used for the phenomenological description of relaxation in disordered systems [62]. 

For the samples CdSe-QDs/Au and CdSe-QDs/PEDOT-C60, excellent fits were 

obtained by using two stretched exponentials (for a detailed procedure see 

reference [63]) with not very different stretching parameters of 0.23 (characteristic 

times 3 and 0.13 ms for CdSe-QDs/Au and CdSe-QDs/PEDOT-C60, respectively) 

and 0.17 (characteristic time 40 and 1.2 ns for CdSe-QDs/Au and CdSe-

QDs/PEDOT-C60, respectively). It is interesting to mention that identical stretching 

parameters could be used for the fits for both samples whereas the characteristic 

times were significantly shorter for CdSe-QDs/PEDOT-C60. On the other side, at 

least four stretched exponentials were required for fitting of the SPV transient of 

sample CdSe-QDs/PEDOT. Roughly, in the case of CdSe-QDs/PEDOT-C60 

system, the signal reached 50% of its initial value after about 5 s, which was 

about one order of magnitude slower than CdSe-QDs/PEDOT for similar thickness 

films. This could indicate than C60 moiety plays a relevant role as electron acceptor 

in the generation of photovoltaic effects in the organic-inorganic hybrid system. 

The SPV transients of the CdSe-QDs/Au and CdSe-QDs/PEDOT-C60 

samples were rather similar to those reported on ITO (indium tin oxide) substrates 

[Error! Bookmark not defined.,64]. It has been shown that the relaxation of the 

SPV transients can be well described by Miller-Abrahams hopping of holes in 

CdSe-QDs and distance dependent recombination with electrons fixed at the ITO 

site, whereas a density of about 10 hole-traps per QD at the surface of CdSe-QDs 

has been found [64]. A similar relaxation mechanism limited by trapping of holes at 

CdSe-QD surface states might be assumed for the CdSe-QDs/Au and CdSe-
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QDs/PEDOT-C60 samples. However, one has to keep in mind that the distribution 

of defect states is affected as well by the dielectric constant and by the work 

function of the surrounding of a QD. Therefore, on the base of the given 

experiments, it cannot be distinguished whether trapping of holes or of electrons 

limit the characteristic times. In addition, transport of holes in PEDOT or of 

electrons in neighbored C60 moities may become important in the case of low 

mobility. The limiting process or processes cannot be well distinguished for the 

CdSe-QDs/PEDOT sample since both trapping of electrons at surface states at 

CdSe-QDs and transport of holes in a chain of the conjugated polymer have to be 

considered.  

 

3.4. Spectral dependent modulated SPV 

Spectral dependent modulated SPV measurements give information about 

transitions from which charge separation takes place. Figure 9 shows the spectra 

of in-phase (x-signals) and phase-shifted by 90° (y-signals) SPV signals for CdSe-

QDs/Au (a), CdSe-QDs/PEDOT (b), PEDOT-C60 (c) and CdSe-QDs/PEDOT-C60 

(d) samples [note that in order to facilitate the comparison the actual SPV 

amplitudes are enlarged ten times in (b) and (c) figures, and two times in (a)]. As a 

remark, the x-signals follow rapidly the modulated light, i.e. the x-signals 

correspond to electronic states with a relaxation time faster than the modulation 

period. Similarly, the y-signals correspond to electronic states with a relaxation 

time longer than the modulation period.  
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The x-signals and y-signals of the first excitonic peak of the CdSe-QDs/Au 

sample were positive and negative, respectively (Figure 9a). This corresponded to 

a preferential separation of photo-generated electrons from the CdSe-QD towards 

the gold surface, which was in agreement with the SPV transient. The x-signal of 

the first excitonic peak set on at about 1.95 eV and reached its maximum at about 

2.1 eV.  

The signs of the x- and y-signals changed for the CdSe-QDs/PEDOT 

sample what was also in agreement with the SPV transient. Transitions related to 

absorption in PEDOT and leading to charge separation appeared at photon 

energies below the first excitonic peak of CdSe-QDs. It should be remarked that 

PEDOT electropolymer films of similar thickness without QDs decoration do not 

present surface photovoltage signal. 

The signs of the x- and y-signals were similar for the CdSe-QD/Au, PEDOT-

C60 and CdSe-QDs/PEDOT-C60 samples. Interestingly, transitions related to 

absorption in PEDOT-C60 and leading to charge separation in the PEDOT-C60 

sample disappeared in the CdSe-QDs/PEDOT-C60 sample. Therefore, the optical 

transitions related to absorption in PEDOT-C60 (see Figure 3b) and leading to 

charge separation in the PEDOT-C60 sample were related to the near surface 

region which was strongly influenced by decoration with CdSe-QDs.  

It is important to note that when PEDOT-C60 film surfaces are modified with 

5 nm CdSe quantum dots, the resultant photovoltage value is around twenty times 

larger than those obtained for PEDOT-C60 polymer films of same thickness films 

(Figure 9). The SPV results in CdSe-QDs/PEDOT-C60 system indicate that 
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photoinduced electron transfer from QDs-CdSe to high electron affinity C60 is taken 

place in the hybrid organic-inorganic material. These evidences are reinforced by 

the fact that, when QDs-CdSe are deposited on PEDOT electropolymer films, 

lower SPV signals are observed (Figure 9), with sign inversion, denoting that the 

photogenerated electrons are preferentially moved to the external surface. Has 

been demonstrated that the introduction of CdSe quantum dots in bulk 

heterojunction organic solar cells, holding a C60 buckminsterfullerene derivative as 

electron acceptor, produces a noticeable enhancement in the cell´s power 

conversion efficiencies [65]. The QDs-CdSe conduction band lays ~ 0.5 eV at 

higher energy that C60 lower unoccupied molecular orbital (LUMO), making 

photoinduced electron transfer thermodynamically feasible [65]. This mechanism 

has been proposed as the responsible of photocurrent enhancement in ternary 

(organic polymer-CdSe-C60) energy conversion devices containing tri-

octylphosphine oxide (TOPO) caped CdSe quantum dots [66]. However, electron 

transfer from organic polymers (ej. poly-3-hexyl thiophene (P3HT) [67,68] and 

poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) [69]) to 

CdSe quantum dots has been also well documented, which is agreement with 

inverted surface photovoltage sign that we here reported, between CdSe-

QDs/PEDOT and CdSe-QDs/PEDOT-C60 samples. These facts demonstrate that 

the developed material could be used as building block in the construction of hybrid 

photovoltaic cells based in organic/inorganic nanocomposites [70]. 

The ratio between the absolute values of the maximum y- and x-signals was 

about 1.7, 3.4, 5.9 and 14 for the PEDOT-C60, CdSe-QD/Au, CdSe-QDs/PEDOT 
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and CdSe-QDs/PEDOT-C60 samples, respectively. This shows that the response of 

the modulated SPV signals was much more retarded for the samples containing 

CdSe-QDs and gives additional evidence for the role of hole traps at the CdSe-

QDs. The very strong y-signal of the CdSe-QDs/PEDOT-C60 sample seems 

surprising since the characteristic times obtained from the stretched exponentials 

were much shorter for this sample than for the CdSe-QD/Au sample. Here, one 

has to take into account that the measurement conditions are rather different for 

transient and modulated SPV measurements. In transient SPV measurements, a 

short laser pulse is used for excitation after a long relaxation time in the dark. In 

modulated SPV measurements, the time intervals are identical for illumination and 

dark, i.e. traps can be very differently occupied for transient and modulated SPV 

determinations. 

 

4. Conclusions 

 The synthesis of a 3,4 ethylenedioxythiophene holding C60 

buckminsterfullerene linked by an aliphatic chain allowed the formation of thin films 

over a gold substrate containing both, the electron acceptor and the hole transport 

moieties. These films were obtained by electropolymerization, allowing the polymer 

synthesis and the film deposition in one step, with suitable thickness control. The 

generation of photoinduced heterogeneous charge transfer between CdSe 

quantum dots and PEDOT-C60 electropolymer was proved by transient and 

spectral dependent modulated surface photovoltage, demonstrating the potential 
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applicability of the new organic polymer and the hybrid organic-inorganic material 

in the building of optoelectronic devices.  
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Figure captions 

 

Figure 1: Chemical structure and synthesis scheme of EDOT-C60 monomers. 

Figure 2: a) Repetitive cyclic voltammograms of a 1.0 mM solution of EDOT-C60 in 

o-DCB with 0.1 M of TBATFB. Thick black line denotes the first CV. b) Cyclic 

voltammogram of a PEDOT-C60 film electro-deposited on a gold electrode in o-

DCB with 0.1 M of TBATFB. The scan rates were 100 mV/s. 

Figure 3: a) Electronic absorption spectrum of EDOT-C60 monomer in DCM. b) 

Diffuse reflectance spectrum of PEDOT-C60 film on ITO. The picture shows the 

PEDOT-C60/ITO modified electrode analyzed. 

Figure 4: 3D model of PEDOT-C60 polymer optimized by MM+ calculation at 

HyperChem software. 

Figure 5: Cross section of a PEDOT-C60 layer electro-polymerized within 10 cycles 

on a glass/Cr/Au substrate. The insert shows the sample with the coated area. 

Figure 6: PEDOT film thicknesses in function of the number of potential scan 

cycles. The insert shows measurement done with the step profiler for 2 and 10 

scan cycles. 

Figure 7: SPV transients of CdSe-QDs/Au (circles), CdSe-QDs/PEDOT/Au 

(triangles) and CdSe-QDs/PEDOT-C60/Au (stars). λexc = 590 nm (2.1 eV). The 

arrow marks the time at which the laser pulse was switched on. PEDOT and 

PEDOT-C60 film thickness ~ 125 nm. 

Figure 8: Scheme of local separation of photo-generated charge carriers for CdSe-

QDs/Au (a), CdSe-QDs/PEDOT (b) and CdSe-QDs/PEDOT-C60 (c). 
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Figure 9: In phase (thick red lines) and phase-shifted 90o (thin black lines) SPV 

spectra for CdSe-QDs on an un-treated gold electrode (a), PEDOT decorated 

with CdSe-QDs (b), PEDOT-C60 (c) and PEDOT-C60 decorated with CdSe-QDs 

(d). [note that in order to facilitate the comparison the actual SPV amplitudes 

are enlarged ten times in (b) and (c) figures, and two times in (a)]. PEDOT and 

PEDOT-C60 films thickness ~ 125 nm. 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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