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Abstract:



A first step towards a microfabricated potentiometric thin-film sensor array for the simultaneous detection of Pb2+, Cd2+ and Cu2+ has been realized. The sensitive layers used are on the basis of chalcogenide glass materials. These thin-film chalcogenide glass materials that consist of mixtures of Pb-Ag-As-I-S, Cd-Ag-As-I-S or Cu-Ag-As-Se have been prepared by pulsed laser deposition technique. The developed sensor array has been physically characterized by means of scanning electron microscopy and Rutherford backscattering spectrometry. The electrochemical sensor characterization has been performend by potentiometric measurements.
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Introduction


Nowadays, the development of cost-effective sensors and sensor systems for analytical tasks becomes more and more important. Under the aspect of a growing demand for environmental analysis as well as monitoring and process control systems, the request of these market segments are an easy to use and cheap realization of sensor systems. The trend of such sensor systems goes into the direction of multisensor arrangements, so-called sensor arrays [1,2,3].



In the field of analytics of aqueous solutions, recently, the term of “electronic tongue” was created. In common, an “electronic tongue” sensor system consists of the sensor- and the signal/data-processing unit. The sensor part is often an array of non-specific, poorly selective sensors with cross-sensitivities to different elements in the test samples. In combination with pattern recognition methods, like fuzzy logic or artificial neural networks, the electronic tongue can become a powerful analytical instrument [4,5,6]. One attempt for the fabrication of such “electronic tongue”-based sensor systems for the detection of metal ions (Pb2+, Cd2+, Cu2+, Tl+, etc.) in aqueous media on the basis of the ion-selective potentiometry offer chalcogenide glasses. The advantages of chalcogenide glasses are their good stability in corrosive media and their long-term stability, to only give two examples [7]. Conventional bulk electrodes on the basis of chalcogenide glass materials are available from Analytical Systems, St. Petersburg. Investigations of a macroscopic sensor array based on these conventional chalcogenide glass bulk electrodes already exist and the results are published in [8]. However, the disadvantage of this sensor system is the expensive fabrication of the single electrodes as well as the insufficient possibility of miniaturization of the sensor array by means of batch processes.



To solve these problems in terms of realizing a compact and cheap sensor system, it is necessary to deposit these chalcogenide glass materials as thin films in a modular set-up. As a new tool to deposit such complex materials, the pulsed laser deposition (PLD) technique has been recently suggested. The major advantage of the PLD is the stoichiometric transfer of the complex target materials such as chalcogenide glasses (Pb-Ag-As-I-S, Cd-Ag-As-I-S, etc.) to a given substrate, the short process times and the fabrication compatibility to methods of silicon planar technology [9,10].



By means of the application of chalcogenide glass materials as ion-selective layers together with the combination of the PLD process and silicon planar technology for material processing and structuring, we can demonstrate that it is possible to design a compact sensor array for the detection of Pb2+-, Cd2+- and Cu2+-ions in aqueous solutions onto one silicon substrate. This sensor array represents a first step towards a microbabricated thin-film sensor array on the basis of chalcogenide glass materials into the direction of an “electronic tongue”-based sensor system.




Experimental


Fabrication of the Chalcogenide Glass-Based Thin-Film Sensor Array


The chalcogenide glasses, which are needed as targets for the subsequent PLD process, were synthesized from the base elements of high purity in evacuated quartz ampoules at a pressure between 0.1-0.01 Pa and at temperatures of 1000-1200 K for 5-12 h. The ampoules with the melt were air-quenched in the 400-600 K temperature range, with an average cooling rate of 4-6 Ks-1 [7,11]. In this way prepared chalcogenide glasses served as target materials for the thin-film deposition.



For the fabrication of the sensor arrays, a p-doped (Bor) 4” single-crystal silicon wafer (Wacker-Chemitronic) with <100>-orientation, specific resistance of >1000 Ωcm and thickness of 381±25 µm has been used. The complete fabrication steps to realize the thin-film sensor array are summarized in Figure 1.


Figure 1. Survey on the fabrication steps of the chalcogenide glass-based thin-film sensor array (I: thermal oxidation, II: spin-coating, III: exposure, IV: chemical etching, V: electron-beam evaporation, VI: lift-off process, VII: ONO passivation, VIII: RIE, IX: PLD).



[image: Sensors 02 00356 g001]








The first fabrication step is the generation of a SiO2 layer with a thickness of about 500 nm as insulating layer between the substrate and the electrodes as well as the electrodes (fabrication step I). This SiO2 layer was grown by means of thermal oxidation (oxidation oven, Tempress). To structurize the respective thin-film sensors as sensor array on the silicon wafer, photolithographic patterning has been performend (fabrication steps II + III). Therefore, a positive photoresist (AZ 5214, Hoechst) was spin-coated on the silicon substrate. Hexamethyldisiloxan was firstly used to improve the adhesion between the photoresist and the silicon substrate. For the exposure of the photoresist through a mask, which consists of the structure of the sensor array, a mask aligner (MA 6, Suss-microtec) was used. After developing the photoresist (AZ 312 MIF developer, Clariant), the structure of the sensor electrodes was chemically wet-etched by hydrofluoric solution (AF-91-09-HF, Riedel de Haen) as shown in fabrication step IV. In this way, trenches have been etched into the SiO2 layer, in order to embed the contact layers for the sensor structures. Fabrication step V depicts the deposition of the contact layers by means of electron-beam evaporation (PLS 500, Balzers). The contact layers are built-up of a layer system of Ti:Pt:Au with a thickness of 30:175:300 nm.



The deposition of the contact layers has been finished by a lift-off process in acetone that allows to remove all photoresist-coated metallic areas (see fabrication step VI). To prevent a later corrosion of the silicon substrate and the contact layers, an oxide-nitride-oxide (ONO) passivation layer system has been deposited by means of a plasma-enhanced chemical vapour deposition process (UDP 80, Plasma Technology) [12]. This ONO-layer system was made of SiO2:Si3N4:SiO2 with a thickness of 130:530:130 nm (see fabrication step VII). By means of a reactive ion-etching process (AMR, Oxford Instruments), only the areas which serve as contact for the sensor layers as well as the contact pads have been opened, as shown in fabrication step VIII.



Subsequent to the described process steps, the heavy metal-selective chalcogenide glass materials such as Pb-Ag-As-I-S, Cd-Ag-As-I-S and Cu-Ag-As-Se have been deposited by means of an “off-axis” PLD-process (see fabrication step IX). A KrF-excimer laser (LPX 300, Lambda) with a wavelenght of 248 nm and a repetition rate of 10 s-1 was used to deposit the individual materials of the respective chalcogenide glass target to the Si/SiO2 substrate including the contact layers. An energy density of the laser of 5 Jcm-2 was applied to the chalcogenide glass target at room temperature. The PLD process took place in a N2-atmosphere to prevent any oxidation of the deposited materials at a pressure of 2*10-1 mbar. A process time of approximately 10 minutes was used to get thin films with a thickness of about 500 nm. To ensure the patterning of the different thin-film sensors on the silicon chip, a home-made Al mask has been used. The detailed PLD process is described elsewhere [9,10,13]. After cutting the wafer into single sensor chips of 10 mm * 10 mm, each sensor chip has been glued on a printed circuit board (PCB), wire-bonded and encapsulated by an epoxy resin (EPO-TEK 87-GT, Polytec). Figure 2 shows the cross-sectional view of a single sensor chip including the chalcogenide glass-based thin-film sensor array after connection to the PCB and encapsulation.


Figure 2. Schematic cross-section of the chalcogenide glass-based sensor chip after bonding and encapsulation.
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Physical and Electrochemical Characterization of the Chalcogenide Glass-Based Thin-Film Sensor Array


The thin films based on chalcogenide glass materials were physically studied using Rutherford backscattering spectrometry (RBS) to control the stoichiometry of the target and the deposited thin films. By means of transmission electron microscopy (TEM) as well as scanning electron microscopy (SEM) the morphology and topography of the prepared thin films have been proved. For the TEM characterization, see e.g. [10].



The electrochemical properties of the sensor array were investigated by means of potentiometric measurements. The sensor array itself represents an electrochemical half-cell. To complete the measuring set-up for ion-selective potentiometry, it is necessary to utilize an additional reference electrode. In this experiment, we chose a Ag/AgCl double-liquid junction reference electrode with an inner solution of 0.1 mol/l KCl, and 0.1 mol/l KNO3 for the outer solution. The potentiometric response of the sensor array has been characterized in Pb2+-, Cd2+- and Cu2+-solutions in the concentration range of 10-6-10-2 mol/l for Pb2+- and Cd2+-ions, respectively, and 10-7-10-3 mol/l for Cu2+-ions. To guarantee a constant ionic strength of the test sample, a constant background electrolyte solution of 0.1 mol/l KNO3 was used. All chemicals applied were of reagent grade.



The sensor signal was recorded by a highly ohmic voltmeter (Type 2700, Keithley) controlled by a conventional personal computer via general purpose interface bus (GPIB); using a multiplexer offers the possibility to simultaneously measure and control up to 20 sensors. A schematic picture of the complete measurement set-up is shown in Figure 3.


Figure 3. Measurement set-up for the electrochemical characterization of the chalcogenide glass-based thin-film sensor array.
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Results and Discussion


Physical Characterization of the Chalcogenide Glass-Based Thin-Film Sensor Array


A videomicroscopic picture of the thin-film sensor array after the PLD process is given in Figure 4 (a). The 10 mm * 10 mm silicon chip carries the different chalcogenide glass thin films and a pseudo-reference. For the electrical connection to the PCB, the bond pads are shown in the lower part of the picture. The Pb-selective sensor layer is located on the left electrode, the Cd-selective sensor layer on the right electrode and the Cu-selective sensor layer on the lower middle electrode. In the middle of the sensor array, the pseudo-reference, which consists of a gold layer, is located. This pseudo-reference has not been used in this experiment for the potentiometric characterization of the thin-film sensor array. For the potentiometric measurements, a Ag/AgCl double-liquid junction reference electrode has been utilized. The diameter of electrodes is about 2 mm. The slight colour difference between the bond pads and the conduction tracks depends on the thickness of the ONO-passivation layer system.


Figure 4. (a) Videomicroscopic picture of the thin-film sensor array after the PLD process. The different chalcogenide glasses onto the electrodes are shown. (b) Picture of the complete thin-film sensor array after wire bonding and encapsulation.
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In Figure 4 (b), the complete thin-film sensor array is presented after wire bonding and encapsulation. The sensor array from Figure 4 (a) was now sticked onto the PCB, bonded and encapsulated with epoxy resin. In the left part of the picture, the conduction tracks and the contact pins to the measurement device can be seen.





To study the morphology of the thin films, SEM investigations have been done. In Figure 5, a typical SEM micrograph of a Pb2+-selective layer with the chalcogenide glass-based thin film of the system Pb-Ag-As-I-S is shown. The surface of the deposited thin-film material has a nearly homogeneous distribution of the chalcogenide glass on the electrode surface.


Figure 5. SEM micrograph of the surface of the Pb2+-selective layer of the thin-film sensor array with chalcogenide glass material system of Pb-Ag-As-I-S.
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No distinct crystallographic orientation of the thin-film layer has been found. The stoichiometric deposition has been proven by means of RBS experiments (see also Figure 6). On the SEM micrograph, one can also recognize so-called droplets, i.e. clusters of the deposited target material that is typical for PLD-prepared thin-film layers. However, these droplets completely cover the sensor surface and do not influence both the stoichiometry and the electrochemical sensor performance of the respective sensor within the thin-film sensor array. For all other chalcogenide glass materials investigated in this experiment, the SEM micrographs are quite similar.


Figure 6. RBS measurement of chalcogenide glass layer system of Pb-Ag-As-I-S onto a silicon substrate.
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In Figure 6, a typical RBS measurement is exemplarily presented for the chalcogenide glass layer system of Pb-Ag-As-I-S onto a silicon substrate. The RBS measurements in this work could validate the stoichiometric transfer of the chalcogenide glass target to the substrate as thin film by means of the PLD process. In the figure, the elemental composition of the thin film was compared to the simulation based on the bulk material. As can be seen, there is a good correlation between the measurement data of the thin film and the simulation data. Thus, a nearly perfect stoichiometric transfer from the target material to the silicon substrate can be assumed. Former investigations in terms of the thin-film composition, also done by the authors, are published elsewhere [9,10,13,14].






Electrochemical Characterization of the Chalcogenide Glass-Based Thin-Film Sensor Array


The chalcogenide glass-based sensor array was electrochemically characterized by means of potentiomentric measurements. Measurements with different ionic solutions (variable ion concentrations) with variable lead, cadmium and copper contents have been performed. The response of the sensor array for measurements in Cd(NO3)2-solutions is exemplarily shown in Figure 7.


Figure 7. Calibration curves of the single sensors of the thin-film sensor array towards Cd2+- ions.
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With increasing ion concentrations from 10-6 mol/l to 10-2 mol/l and vice versa, the potentiometric response of the sensor array has been recorded. In the diagram, the sensitivity towards Cd2+ of the Cd-sensitive layer was about 24 mV/dec. In contrast, the sensor response of the Pb-selective sensor was about 14 mV/dec. For the Cu-selective sensor, a sensitivity to varying concentrations of Cd2+ of less than 1 mV/dec (0.2 mV/dec) has been observed. As expected, the highest sensitivity was found for the Cd-type sensor, which detects its primary ion with highest sensitivity. Nonetheless, some cross-sensitivity exists for the Pb-type sensor within the developed sensor array. This selectivity behaviour is also well-known from the macroscopic bulk electrodes and not originated from the thin-film sensor itself [8]. The Cu-type sensor posesses almost no cross-selectivity.



Further electrochemical measurements have been performed in Pb(NO3)2- and Cu(NO3)2-solutions, too. The results obtained are comparable to the sensor behaviour of conventional bulk electrodes in terms of sensitivity and selectivity. For both, the Pb(NO3)2- and Cu(NO3)2- test samples, the Cd-type sensor shows the highest “interference” towards Pb2+-and Cu2+-ions, respectively.





Conclusions and Perspectives


A first step towards a microfabricated thin-film sensor array on the basis of chalcogenide glass materials has been presented. The chalcogenide glass-based sensor array has been prepared by methods of silicon planar technology. As a new tool to deposit various chalcogenide glass materials (Pb-Ag-As-I-S, Cd-Ag-As-I-S, Cu-Ag-As-Se) as thin films, the pulsed laser deposition technique emerged as an excellent method. It has been demostrated that it is possible to deposit three different chalcogenide glass thin films onto one silicon substrate by means of PLD process. The thickness of the thin films were about 500 nm. The thin films have been physically characterized by means of SEM and RBS, and electrochemically characterized by means of ion-selective potentiometry. The chalcogenide glass-based thin-film sensor array exhibits a nearly Nernstian response to the respective primary ions such as Pb, Cu and Cd in the concentration range of 10-6-10-2 mol/l for Pb2+- and Cd2+ -ions and 10-7-10-3 mol/l for Cu2+-ions. The results obtained in terms of cross-sensitivities, i.e. selectivities, are comparable to those measurements achieved with conventional bulk electrodes [8].



The presented paper demonstrates a good feasibility to design a compact thin-film sensor array based on chalcogenide glass materials. Future experiments will deal with the combination of several sensors of the thin-film array together with artificial neural networks (ANN) for data processing. Therewith, not only solutions that contain one ion but also complex mixtures could be analyzed. Moreover, the cross-sensitivity of the single sensors can be advantageously utilized to realize an “electronic tongue”-type thin-film sensor array. Basing on the presented results and with regard to practical applications, in the future, the authors plan to develop a “portable electrochemical testsystem for real-time analysis (PETRA)”.
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