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Abstract 
 
This article explores the possibilities of using Sb doped SnO2 thin films as potential electrode 
substrates for biosensors. Two series of electrodes were modified with electrogenerated functionalised 
polymeric films. The polymers investigated were biotinylated poly(ruthenium pyrrole) and 
poly(pyrrole benzophenone). AFM studies show polymer morphologies depending on the nature and 
roughness of the substrates. 
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1. Introduction 
 
Since the pioneering work of Clark and Lyons [1], four decades ago, there has been a growing interest 
in the design of biosensors aimed at detection, diagnosis and determination in the fields of food and 
water quality control, health, safety and environmental monitoring as faster and more economical tools 
for clinical, chemical and pharmaceutical laboratories. Owing to their adaptability, simple use in 
relatively complex samples and the possibility to fabricate fast portable sensors, biosensors constitute 
now an alternative to centralized and sophisticated bioanalytical systems. The performance of the 
biosensor is generally related to the quality of the biological coating which has to be intimately 
connected to the transducer. The immobilization of biomolecules in or on electrogenerated polymer 
films is one of the few methods that allow the deposition of biomolecules with controlled spatial 
resolution whatever the size and geometry of these surfaces are [2-5]. Indeed, the electrochemical 
polymerization method provides homogeneous films free of defects and is compatible with bulk 
manufacturing procedures. Moreover, electrochemically polymerized conducting polymers constitute a 
powerful platform for the design of biosensors thanks to the considerable flexibility in the available 
monomeric structures. The latter can be chemically modified via the covalent coupling of catalytic, 
redox, photosensitive, photoactivable or host substituents leading thus to an elegant modulation of the 
polymer properties. Examples of polymer modified electrodes bearing chemical groups for 
biomolecules anchoring by chemical or photochemical grafting and affinity interactions are well 
documented in the literature [6-10]. A wide range of surface materials can be modified by 
electropolymerisation: platinum, gold glassy carbon, ITO-coated surfaces, carbon felt, etc. In this 
context, electrodes consisting of transparent and electrically conductive oxides (TCO’s) can present 
many advantages over the commonly used metallic films. These electrodes are made of metallic oxide 
thin films which can be easily and directly deposited on Si or glass substrates using chemical vapour 
deposition (CVD) or physical vapour deposition (PVD) methods. The films show an interesting and 
technologically important combination of properties such as visible light transmittance, good electrical 
conductivity (electrical resistivity ranging between 10-4 and 10-3 Ω.cm), excellent adherence on the 
substrate and chemical stability. 
 
Pure and doped tin oxide SnO2 films have also been investigated for several years for various 
applications. Depending on the doping, the SnO2 films can be used as transparent electrodes (display 
applications) or they can be used for gas sensor applications. In the latter case, the doping was 
achieved by co-deposition of catalytic metallic aggregates such as Pt, Pd, Rh, Ru [11,12]. In the 
present study, instead of incorporating metallic aggregates for gas detection, we have doped SnO2 by 
incorporating a pentavalent cation, Sb5+ (which comes substituting for Sn4+) in the film. In this way, a 
transparent and conductive material can be obtained [13,14]. 
 
The work presented here explores the potential of Sb doped SnO2 surfaces as a new material for the 
development of biosensors. Antimony doping of tin dioxide surfaces enhances the conductivity of the 
substrate. Investigation of the electrochemical behaviour of Sb doped SnO2 electrodes in aqueous 
acidic solution demonstrated that the potential range window was between + 0.3 and + 1.5 V (vs. SCE) 
[15]. Such results indicate the possibilities as potential biosensor substrates offered by Sb doped SnO2 
surfaces. 
 
Two electropolymerisable monomers bearing functionalities for biomolecules immobilisation were 
used to investigate the electrogeneration of a polymeric structure (Fig. 1). These monomers, a 
biotinylated tris(bipyridyl) ruthenium (II) complex with pyrrole units for electropolymerisation 
(monomer 1) and pyrrole benzophenone (monomer 2), were already characterised on conventional 
electrode substrates [16-18]. In previous studies, Haddour et al. demonstrated the possibilities of 
monomer 1 to be used for the construction of label-free photoelectrochemical biosensors [16]. 
Monomer 2 was used the photografting of model enzymes [17] as well as antigens [18]. 
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Fig 1. Structure of the monomers 1 and 2. 
 
 
Working with metallic-oxide electrode surfaces offers several advantages: chemically stable, excellent 
adherence onto the substrate, low-cost. Moreover, techniques from the microelectronics industry can 
be applied for the design, the manufacturing, and the development of biochips. With the aim to 
develop biological sensors based on Sb doped SnO2 surfaces, the possibilities of combining 
semiconductor technologies with conducting polymer films post-functionalisable by biomolecules 
were investigated. 
 
 
2. Experimental Section 
 
2.1 Chemical and reagents 
 
Monomers 1 and 2 were synthesized as previously reported [8,16]. All chemical reagents used were 
purchased from Sigma-Aldrich. Water was doubly distilled in a quartz apparatus. 
 
 
2.2 Realization of the Sb doped SnO2 thin film electrode 
 
We have carried out the deposition of Sb doped SnO2 thin films directly on Si substrates using the 
aerosol pyrolysis technique. Among the various deposition techniques, this deposition technique 
requires a simple and cheap experimental set-up, and is well suited for preparing large area, high 
quality tin oxide layers. The deposition process has been described elsewhere [11,12]. It is related to 
chemical vapour deposition (CVD) from an organometallic solution (MOCVD). It is based on the 
pyrolysis of an aerosol obtained by ultrahigh frequency spraying of a precursor solution on a heated 
substrate at atmospheric pressure. 
 
Sb doped SnO2 films were obtained by dissolving SnCl4. 5H20 salt in pure methanol (solution 0.2 M) 
and adding a 2% volume of a 0.2 M solution of SbCl3 salt dissolved in pure methanol. The substrate 
temperature was kept at 420°C. The solution consumption was about 1.1- 1.2 ml.min-1. Under these 
conditions, the deposition rate was around 50 nm.min-1. By varying the deposition time, the thickness 
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of the films was increased from 100 to 800 nm. The thickness values were measured using Scanning 
Electron Microscopy and Atomic Force Microscopy by creating a step in the film. 
 
Prior to film deposition, the (1x1 cm2) Si (100) oriented substrates were ultrasonically degreased in 
acetone, ethanol and deionised water during 15’ for each bath. These Si substrates had an electrical 
resistivity value ranging between 1 and 5 ohm.cm. These Si substrates were divided into two groups. 
On one group, in order to electrically insulate the Sb doped SnO2 film from the Si substrate, an 
amorphous silicon dioxide layer was grown by thermal oxidation of the substrates. The latter were kept 
at 950° during 24h in wet atmosphere. The thickness of this layer is ranging between 400-420 nm as 
measured using ellipsometry. The second group of (100) Si only exhibited the native SiO2 layer, the 
thickness of which in around 1.4 nm. In that case, there was no strict insulation between the substrate 
and the conductive Sb doped SnO2 film as the native SiO2 layer can allow the eventual establishment 
of electron tunnelling effect. 

 
 

2.3 Electrochemistry 
 
All electrochemical studies were undertaken in a standard three electrode cell using a EG&G 173 
potentiostat/galvanostat and a EG&G Parc Model 175 Universal Programmer (from Princeton Applied 
Research, USA) both connected to a SEFRAM TGV.164 plotter. Sb doped SnO2 surfaces were used as 
working electrodes. A Ag | 10 mM Ag+ in CH3CN + 0.1 M TBAP electrolyte electrode was used as the 
reference in organic solvent. A platinum wire placed in a separate compartment containing the 
supporting electrolyte was used as a counter electrode. 
 
The polymer films were electrogenerated on electrode from a 2 mM monomer solution, in CH3CN + 
0.1 M tetrabutyl ammonium perchlorate (TBAP), using a potentiostatic method. The devices were 
modified by electrochemical oxidation of the pyrrolic monomers at + 0.85 V.  After the 
electropolymerization process, the modified electrodes were rinsed thoroughly with CH3CN + 0.1 M 
TBAP. 
 
 
2.4 Characterization techniques 
 
DI 3100 series in tapping TM mode was used for the AFM observations and to measure the surface 
roughness. Equally film surface and film composition were analyzed by scanning electron microscopy 
(SEM) equipped with EDS X-Ray microanalysis. The electrical resistivity of the films has been 
measured, at room temperature using a four-point probe. 
 
 
3. Results and Discussion 

 
3.1 Structure and morphology of the Sb doped SnO2 film electrode 
 
We have deposited conductive Sb doped SnO2 films with various thickness on oxidized Si substrate 
using aerosol pyrolysis. Two types of oxidized Si substrates were chosen. One type is constituted of 
thermal thick SiO2 film whereas the other type is constituted of the thin native SiO2. The initial 
roughness of both thermal SiO2 /Si substrate and native SiO2/Si is estimated to less than 0.8 nm. No 
significant influence of the type of SiO2 on the final roughness of Sb doped SnO2 films was observed. 
So, in the following part, the results regarding the roughness for the Sb doped SnO2 films are presented 
independently of the SiO2 type layer. 
 
The films exhibit a very good adherence on the substrate. The electrical resistivity of the films is 
ranging between 4 and 2.10-3 Ω.cm. These results were published elsewhere [19]. Contrary to SiO2 
films characterized by an amorphous structure, the XRD patterns (not shown here) reveal that the films 
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are polycrystalline presenting the cassiterite SnO2 phase with a tetragonal lattice [19]. SEM images 
(Fig. 2) reveal dense and columnar granular microstructure. As a result, the surface roughness 
increases with the thickness of the films (Fig. 3 a,b,c). The roughness (systematically measured on 2x2 
µm2 surfaces on different places of each sample surface) increases from 5 to about 16 nm in r.m.s (Fig. 
4a). 
 

 
 

Fig. 2. SEM picture of bare electrode (Sb doped SnO2 films deposited on Si with native SiO2). 
 
 

 
3.2 Electrodeposition of monomers 1 and 2 
 
The electrodes were modified as described in the experimental section. After transfer of the modified 
electrode in a solution free of monomer, the signal of the polypyrrole was registered. Fig. 5 exhibits a 
reversible oxidation wave around 0.34 V at a modified Sb doped SnO2 electrode, reflecting the well-
known polypyrrole electroactivity. 
 
The polymerization yields are calculated from the ratio between the charge of the polypyrrolic signal 
and the charge passed during the electropolymerisation process multiplied by 7.82 for poly1 and 7.07 
for poly2. The 7.07 factor used here corresponds to the normalization of the ratio: number of electron 
involved in the polypyrrole oxidation (0.33 electrons molecule-1) towards those involved in the 
electropolymerization of the pyrrole group (2 electrons molecule-1 plus that for the electro-oxidation of 
the resulting polypyrrolic chain, 0.33 electrons molecule-1). One more electron due to the Ru2+ 
oxidation is involved during the electropolymerization (with ratio Ru2+ / pyrrole : 1/4). 
Electropolymerization yields of 20 and 42 % are determined for poly1 and poly2 respectively, whereas 
the yields are similar (between 40 and 50 %) on glassy carbon or platinum electrodes [17]. 
 
Although monomer 2 contains only one pyrrole group instead of 4 for monomer 1, the better 
electropolymerization ability was recorded for the elaboration of poly2. This unexpected behaviour 
may reflect the higher hydrophobic character of the resulting poly2 compared to the polycationic 
character of the poly1. The latter may thus facilitate the electrodeposition and the growing of poly2. 
Moreover, for poly2, the good yield of polymerization is not influenced by the nature of SiO2 (native 
or thermal). 
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a) 

 
b) 

 
c) 

Fig. 3. AFM images of bare electrodes (Sb doped SnO2 films deposited on Si with native SiO2)  
with increasing thickness (a : 100 nm b: 500 nm c :800 nm). 
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Fig. 4. Evolution of the surface roughness with corresponding AFM images for : 
a) bares electrodes (Sb doped SnO2 films deposited on Si with native SiO2) 
b) polymer2 on electrodes (Sb doped SnO2 films deposited on Si with thermal SiO2) 
c) polymer2 on electrodes (Sb doped SnO2 films deposited on Si with native SiO2) 
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Fig. 5. Cyclic voltammetry of poly2 modified electrode (Sb doped SnO2 films deposited on thermal SiO2) 
in 0.1 M TBAP, CH3CN at 10 mV s-1. 

 
 
3.3 Characterization of polymers 1 and 2 
 
The polymer 1 morphology was investigated using SEM. Fig. 6 is a typical micrograph showing wires 
with a non homogeneously distribution on the surface. The average corresponding chemical 
composition of such surface, as measured using EDS X-Ray microanalysis, shows an intense peak of 
Sn and a very weak Ru peak. These complementary results suggest a very poor quality of 
polymerisation of polymer 1 making eventual AFM measurements very difficult, which is not the case 
when considering the polymer 2. As mentioned above, the latter is characterized by a better 
polymerisation rate. 
 

 
 

Fig. 6. SEM picture of poly1 modified electrode (Sb doped SnO2 films deposited on Si with native SiO2). 
 
 
The polymer 2 morphology was investigated using systematically AFM measurements (Fig 4b,c). In 
term of roughness, it depends (or does not) on the initial Sb doped SnO2 morphology following the 
nature of the interfacial insulating SiO2 film. Indeed, in the case of thermal SiO2, the polymer 
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morphology follows the initial Sb doped SnO2 morphology leading to more homogeneous polymer 
film (Fig 4b), whereas in the case of the native SiO2, the polymer morphology takes a “cauliflower” 
aspect independently of the initial Sb doped SnO2 film(Fig 4c). 
 
These results emphasize that the nature of the interfacial SiO2 sublayer is important and influences the 
way of polymerisation of pyrrole monomers on the Sb doped SnO2 film. An explanation can be 
advanced. The thermal SiO2 layer, being much thicker than the native SiO2, offers a real and strong 
insulation between the Si substrate and the conductive Sb doped SnO2 film. In such case, in electrically 
point of view, only the conductive film is involved during the electropolymerisation of the pyrrole 
monomers. This seems to enhance a more 2D-oriented polymerisation of pyrrole monomers, as the 
polymer follows the initial Sb doped SnO2 morphology. On the other hand, in the case of native SiO2 
sublayer, electron tunnelling effects can occur between the substrate and Sb doped SnO2 film. This 
could cause a 3D-oriented polymerisation of pyrrole monomers which has been observed through the 
“cauliflower” aspect. More extensive study has to be performed to go further and to confirm such 
hypothesis. 
 
 
Conclusions 
 
Electrodeposition of functionalised polymer films was possible at the surface of semiconducting 
electrodes such as Sb doped SnO2. Moreover, AFM studies of the polymer modified electrodes 
demonstrated that thick insulating layer offer a homogeneous polymer 2 film on Sb doped SnO2 
devices. Thanks to the anchoring abilities of these polypyrrole films towards biological 
macromolecules, it is expected that such results set the basis for the development of a new generation 
of biopolymer-modified semiconducting electrodes. 
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