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Abstract

:

We report on the high-throughput non-lithographic microprinting of a high-wiring-density interdigitated array electrode (line and space = 5 µm/5 µm), based on a facile wet/dewet patterning of silver nanoparticle ink. The trade-off between high-density wiring and pattern collapse in the wet/dewet patterning is overcome by employing a new herringbone design of interdigitated array electrode. We demonstrate electrochemical sensing of p-benzoquinone by the fabricated interdigitated array electrode, showing a typical steady-state I–V characteristics with superior signal amplification benefiting from the redox cycling effect. Our findings provide a new technical solution for the scalable manufacture of advanced chemical sensors, with an economy of scale that cannot be realized by other techniques.
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1. Introduction


Chemical sensors that convert a chemical or physical property of a specific analyte into a measurable signal are widely used for gas sensing, biosensing, ion sensing, and so on [1,2,3,4,5]. They have become increasingly important with the recent advances in big data analytics, which requires various data sources to obtain very large diverse datasets [6,7,8]. The essential requirements of sensors in big data analytics are small size and high sensitivity, which enable them to be put anywhere to collect meaningful signals, exhaustively. Microelectronics plays a key role in the miniaturization and sensitivity improvement of chemical sensors. For example, it facilitates the miniaturization necessary for in vivo sensing of biochemical responses in tissues and intact organisms [9,10,11]. Moreover, miniaturized electrodes, such as interdigitated array electrodes with dimensions in micrometers, possess convergent analyte diffusion with enhanced mass transport that leads to significant amplification of the sensing signal during amperometric analysis [12,13]. Owing to the narrow gap between the interdigitated array electrodes, a redox species that is oxidized (or reduced) at one electrode can diffuse and be reduced (or oxidized) at the adjacent electrode, which allows multiple oxidative/reductive conversions of the same molecule, resulting in a strong signal amplification, named as the “redox cycling effect”.



The fabrication of high-wiring-density interdigitated array electrodes is conducted by photolithography because it allows submicron-scale metal patterning with high reproducibility, using a patterned photoresist as a lift-off mask [14]. The photolithography is, however, an expensive multi-step process requiring high-precision mask alignment, which severely hinders the development and scale-up of microelectronic chemical sensors. By contrast, wet/dewet patterning, based on the spontaneous alignment of deposited materials as guided by the surface wettability of an underlying substrate, allows an alignment-free, high-throughput, and scalable approach for the manufacture of chemical sensors. Recently, ultrafine metal printing, based on wet/dewet patterning, was reported. The technique, named as nanoparticle chemisorption printing [15], utilizes a unique chemisorption effect of silver nanoparticles (AgNPs) and is composed of a simple two-step process: A patterned activated surface is prepared by irradiating a perfluoropolymer surface with vacuum ultraviolet (VUV) light through a photomask and is then exposed to the AgNP ink by blade coating (Figure 1a). This technique enables facile and high-throughput fabrication of an ultrafine silver pattern with a minimum line width of 0.8 µm and can be utilized to manufacture a transparent touch screen sensor [15,16]. However, it is still challenging to fabricate a complicated high-wiring-density metal pattern, as with interdigitated array electrodes with no line collapse.



Here, we report on the facile and high-throughput fabrication of high-wiring-density interdigitated array electrodes, based on wet/dewet patterning with micron-scale spatial resolution. High-wiring-density interdigitated array electrodes, with line and space of 5 µm/5 µm, were successfully fabricated by the nanoparticle chemisorption printing of an AgNP ink onto a hydrophobic perfluoropolymer surface. We show a design rule for a wet/dewet pattern, enabling fabrication of high-wiring-density interdigitated array electrodes with no line collapse. Furthermore, we demonstrate the high-sensitivity electrochemical sensing of p-benzoquinone, whose derivatives are environmental pollutants toxic to human health [17], by the fabricated interdigitated array electrode, showing typical steady-state I–V characteristics with a signal amplification factor of approximately 6 benefiting from the redox cycling effect.




2. Methods


The perfluoropolymer, CYTOP CTL-809M, and p-benzoquinone were purchased from Asahi Glass Co., Ltd., Tokyo, Japan and TCI Co., Ltd., Tokyo, Japan, respectively. 50 wt% of AgNP ink was synthesized by the thermal decomposition of oxalate-bridging silver alkyl-amine complexes dispersed in 4:1 octane and butanol [18]. The fabrication of interdigitated array electrodes by nanoparticle chemisorption printing was examined for three different electrode designs; a closed-edge design, an opened-edge design, and an extended-edge design (henceforth referred to as “closed edge”, “opened edge”, and “extended edge”, respectively), as shown in Figure 1b. Firstly, the CYTOP CTL-809M was spin-coated onto a glass substrate at 3000 rpm and dried at 453 K, for 30 min, to form a perfluoropolymer layer with a thickness of 700 nm. Next, the perfluoropolymer layer was irradiated by an Xe2 excimer lamp, with a wavelength of 172 nm (VUS-3150, ORC manufacturing, Tokyo, Japan), through a photomask, to prepare a patterned reactive surface (Figure 1a). Then, the patterned reactive surface was exposed to the AgNP ink by blade-coating, with a coating speed of 0.5 to 5 mm s−1, resulting in the spontaneous formation of a silver pattern on the irradiated surface, after a coating blade was swept across it, while the unirradiated surface remained bare. Finally, the silver pattern was annealed at 353 K, for 30 min. The surface morphology and electric conductivity of the interdigitated array electrodes were examined by an atomic force microscope (AFM) (Dimension 3100, Digital Instruments, Inc., Santa Barbara, CA, USA) and a semiconductor device analyzer (E5270, Agilent Technologies, Inc., Santa Clara, CA, USA), respectively. Electrochemical measurements were performed, using an electrochemical workstation (CompactStat, Ivium Technologies B. V., Eindhoven, Netherlands), with the interdigitated array electrodes as the working electrodes, a platinum wire as the counter electrode, and an Ag/AgCl electrode as the reference electrode. The measurements were carried out for an aqueous solution of p-benzoquinone, containing 100 mM tetraethylammonium tetrafluoroborate as a supporting electrolyte. Cyclic voltammetry was performed by applying 1 mL of the p-benzoquinone solution (0.01–100 μM and 10 mM) onto the interdigitated array electrodes and measured at voltage range between −0.5 and 0.1 V vs. Ag/AgCl under unstirred condition.




3. Results and Discussion


Figure 2a shows the results of the nanoparticle chemisorption printing for the closed edge, on which the silver patterns were coated by sweeping a blade from left to right in the images. The electrode width was fixed at 5 μm and the electrode gap (L) was systematically changed from 5 to 100 μm. As indicated in the figure, scuffed traces were observed at the right edge of the interdigitated array electrodes, due to pinning of the ink by the right edge line, perpendicular to the blade-sweep axis. Furthermore, line collapses were observed in a wide area of the interdigitated array electrodes, associated with pinning of the ink by the left edge line, perpendicular to the blade-sweep axis. Such serious line collapses may be ascribed to the phenomenon that wettable lines surrounding a dewettable region strongly pin ink, as shown in Figure 1c. As the evidence shows, no pattern collapses were observed, even at L = 5 μm, in the case of the opened edge (Figure 2b), which did not have wettable lines surrounding the dewettable region (Figure 1c). The area fraction of line collapses in the closed edge tended to decrease with an increase of L, while it could not be eliminated completely, even at L = 100 μm. By extrapolating the dependence of the area fraction on L, it was estimated that, at least, L should be larger than 200 μm, to eliminate line collapses completely (Figure 2c).



To clarify the design rule of a wet/dewet pattern enabling the fabrication of high-wiring density interdigitated array electrodes with no line collapse, we consider the interfacial free energy [19] for a simple closed edge model, as shown in Figure 3. Assuming that the line collapse occurs as shown by the pinning state in Figure 3, the total interfacial free energy (   γ 1   ) of the region, indicated by the dotted line, can be expressed as follows:


   γ 1  =  γ  lg     x G + 2 h x + 2 h G + π  h 2    +  γ   s d  l     x G + h G   +  γ   s w  l     2 h x + h G + π  h 2     



(1)




where    γ  lg    ,    γ   s d  l    , and    γ   s w  l     are interfacial free energies for the liquid-gas interface, the solid (dewettable)–liquid interface and the solid (wettable)–liquid interface, respectively. Moreover, h and G correspond to the thickness of a liquid film and the gap between adjacent wettable lines, respectively; x is the distance between the front edge of a blade and the pinning edge of an ink. On the other hand, assuming that the line collapse does not occur as shown in the non-pinning state depicted in Figure 3, the total interfacial free energy (   γ 2   ) can be expressed as follows:
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where    γ   s d  g     is the interfacial free energy for the solid (dewettable)–gas interface. From Equations (1) and (2), the energy difference between the pinning and non-pinning states can be obtained as follows:


  E =  γ 2  −  γ 1  =  γ  lg      π 2   h 2  − 3 π  h 2  + h   x + G     π − 2   − x G   1 − cos  θ d       



(3)




where    θ d    is a liquid contact angle on the dewettable solid surface. To obtain the non-pinning state stably, the Equation (3) must satisfy the conditions,   E ≤ 0   and     d E   d x   < 0  . These conditions give the following equations:


  x ≥   3 π  h 2  −  π 2   h 2  − h G   π − 2     h   π − 2   + G   cos  θ d  − 1      



(4)






    G   1 − cos  θ d     h  > π − 2  



(5)







From Equation (5), it was found that G and    θ d    should be larger and h should be smaller, to obtain the non-pinning state stably. The nanoparticle chemisorption printing in this study was performed with h = 35 μm, which was controlled by the height of the blade from a substrate.    θ d    of AgNP ink on the Cytop layer is 37° [15]. Inputting these experimental parameters to Equations (4) and (5) gives G > 200 μm and x ≥ 26 mm, where the former is consistent with the experimental estimation of L = 200 μm, as shown in Figure 2c. The latter indicates that the blade must be swept more than 26 mm from a pinning edge of ink to eliminate a line collapse, although, in practical experiments, ink will dry before sweeping 26 mm. The realistic condition of the practical experiments can be obtained as x ≥ 600 μm, by setting G = 300 μm in Equation (4).



On the basis of the parameters estimated in the previous paragraph, we designed a new wet/dewet pattern of interdigitated array electrodes (see the extended edge in Figure 1b). In this pattern, the edge region with the length of b = 1 mm has the electrode gap extended to a = 300 µm, where a and b satisfy the requirements, G = 300 μm and x ≥ 600 μm, to eliminate line collapses. On the other hand, the central region should have a small electrode gap (L) to achieve better sensitivity in chemical sensor applications, while a small L leads to a large ratio of a/L, resulting in a misshapen electrode shape; for example, L = 5 µm gives a/L = 300/5, meaning that the edge region is 60 times larger than the central region. To avoid this problem, we employed a herringbone-like electrode design with L = 5 µm and L’ = 100 µm for the central region (Figure 1b), which enables a/L’ = 300/100, a small value, even at L = 5 µm. Furthermore, to avoid the scuffed traces found in Figure 2a, we introduced a zigzag shape into the edge line. This design is composed of tilted lines with respect to the blade-sweep axis, which is effective for eliminating the ink pinning in a line perpendicular to the blade-sweep axis. Figure 4 shows a result of the nanoparticle chemisorption printing for the extended edge with L = 5 µm. It can be clearly seen that the high-wiring-density interdigitated array electrodes were successfully fabricated with no line collapse and no scuffed trace, indicating that the new design is quite effective for eliminating these patterning errors. The coating speed of 0.5 mm s−1 took 44 s to fabricate the interdigitated array electrodes, with a dimension of 22.0 mm × 13.7 mm; it is possible to scale-up the process with high-throughput parallel printing.



Characterization of the fabricated interdigitated array electrodes, with L = 5 µm, was carried out by AFM, SEM, and conductivity measurements. Figure 5a shows an AFM image taken for a herringbone-like silver pattern of the electrodes. As seen, the electrodes are homogeneously formed with line and space of 5 µm/5 µm and a thickness of 40 nm. Figure 5b presents an enlarged SEM image of the printed silver electrode surface. It was clearly observed that the AgNPs fused to form conductive pass. The conductivity was examined by using a test element group (TEG), which is printed together with the interdigitated array electrodes on the same substrate. Figure 5c shows that the results measured for the silver lines with a width of 5 to 50 µm and a length of 1 to 5 mm. The obtained I–V characteristics had good linearity, and the conductivity was obtained at 80 ± 5 kS cm−1 by linear fitting, which was comparable to the reported value (100 kS cm−1) [15].



Electrochemical sensing by the fabricated interdigitated array electrodes was examined by measuring cyclic voltammograms of p-benzoquinone, which showed a reversible redox reaction as shown in Scheme 1 [20].



It is known that the application of interdigitated array electrodes to a reversible redox reaction induces current amplification, based on redox cycling effect [12,13]. The amplification factor strongly depends on the dimension of interdigitated array electrodes and can be considered as an indicator of the sensing capability [21]. As shown in Figure 5d, by applying a potential higher (or lower) than the redox potential of p-benzoquinone to the electrodes, W1 (or W2), of the interdigitated array electrodes, p-benzoquinone oxidized (or reduced) at W1 (or W2) can diffuse and be reduced (or oxidized) at W2 (or W1). This allows multiple oxidative/reductive conversions of p-benzoquinone, resulting in a strong redox current amplification. Such a redox cycling effect was examined by bipotentiostat-mode cyclic voltammetry, where a potential of W1 was swept in the voltage range of −0.5 to 0.1 V with fixing potential of W2 at 0.0 V. For comparison, normal measurements with no redox cycling effect were also performed by monopotentiostat-mode cyclic voltammetry, where the same potential was applied to W1 and W2 and was swept in the voltage range of −0.5 to 0.1 V. Figure 5e shows the results measured for 10 mM p-benzoquinone, using the interdigitated array electrodes (line and space of 5 µm/5 µm). The monopotentiostat-mode cyclic voltammogram showed typical, non-steady state I–V characteristics, with redox current peaks at −0.06 and −0.24 V for the forward and backward scans, respectively. In contrast, the bipotentiostat-mode cyclic voltammograms showed steady-state I–V characteristics with a constant current below −0.3 V, which is clear evidence of the redox cycling. Furthermore, the steady-state current of W1 (0.77 mA at −0.5 V) coincided very well with the theoretical value (0.71 mA), as calculated by the following equation [21]:


  I = m b n F c D   0.637 ln   2.55   1 +  w   w g        − 0.19 /     1 +  w   w g       2     



(6)




where m, b, n, F, c, D, w, and wg are number of electrodes, electrode length, number of electrons transferred in a redox reaction, Faraday constant, concentration of redox species, the diffusion coefficient of redox species (2.3 × 10−10 m2 s−1 for p-benzoquinone [22]), electrode width, and electrode gap, respectively. The amplification factor was estimated at 5.75 from the ratio between the steady-state current measured by the bipotentiostat mode and the non-steady state current measured by the monopotentiostat mode. The obtained amplification factor clearly indicates the capability of high-sensitivity chemical sensing for the fabricated interdigitated array electrodes. Figure 5f–i shows the current responses of the interdigitated array electrodes to 0.01–0.1, 0.1–1, 1–10, and 10–100 μM p-benzoquinone, respectively, measured by the bipotentiostat mode at the fixed potential of −0.3 V. As can be seen, a linear relationship was obtained for the range of 0.1–1 μM, 1–10 μM and 10–100 μM with sensitivity of 0.02527 ± 0.00227 A M−1, 0.02627 ± 0.00013 A M−1, and 0.02857 ± 0.00003 A M−1 and the corresponding R2 of 0.96093, 0.99988, and 0.99999, respectively. Such wide-range linearity and high sensitivity are likely benefits from the current amplification due to the redox cycling effect.




4. Conclusions


We showed high-throughput, non-lithographic microprinting of a high-wiring-density interdigitated array electrode, based on a facile wet/dewet patterning of silver nanoparticle ink. The patterning was performed for the closed- and opened-edge interdigitated array electrodes with systematically changing their electrode gap, and the results were analyzed by an interfacial free-energy model to clarify the requirements for eliminating patterning errors, such as line collapses and scuffed traces. Based on the obtained requirements, we designed a new extended-edge pattern with herringbone-like electrodes, which allowed the high-throughput wet/dewet patterning of high-wiring-density interdigitated array electrodes (line and space = 5 µm/5 µm) with no patterning error. Finally, we demonstrated the electrochemical sensing of p-benzoquinone by a fabricated interdigitated array electrode, showing superior signal amplification benefiting from the redox cycling effect.
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Figure 1. (a) Schematic of nanoparticle chemisorption printing. (b) Schematic of interdigitated array electrodes with three different designs: closed edge, opened edge, and extended edge. (c) Schematic of ink pinning at the edge line perpendicular to the blade-sweep axis. 
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Figure 2. Optical micrographs for different designs of interdigitated array electrodes fabricated by nanoparticle chemisorption printing: (a) closed edge and (b) opened edge. The white arrows indicate the blade-sweep direction during the nanoparticle chemisorption printing. (c) Area fraction of line collapses, plotted as a function of electrode gap (L). 
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Figure 3. Schematic models of non-pinning and pinning states used for the interfacial free-energy calculation. 
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Figure 4. Optical micrographs for extended-edge interdigitated array electrodes fabricated by nanoparticle chemisorption printing. The white arrows indicate the blade-sweep direction during the nanoparticle chemisorption printing. 
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Figure 5. (a) Atomic force microscope (AFM) and (b) SEM images of interdigitated array electrodes with the extended edge design. (c) Electric conductance of interdigitated array electrodes plotted as a function of the electrode width. (d) Schematic of redox cycling by interdigitated array electrodes. (e) Cyclic voltammograms of 10 mM p-benzoquinone measured by the interdigitated array electrodes with line and space of 5 µm/5 µm. The black and red curves correspond to the results obtained by monopotentiostat mode and bipotentiostat mode, respectively. Current responses to (f) 0.01–0.1 µM, (g) 0.1–1 µM, (h) 1–10 µM, and (i) 10–100 µM p-benzoquinone measured by bipotentiostat mode. 






Figure 5. (a) Atomic force microscope (AFM) and (b) SEM images of interdigitated array electrodes with the extended edge design. (c) Electric conductance of interdigitated array electrodes plotted as a function of the electrode width. (d) Schematic of redox cycling by interdigitated array electrodes. (e) Cyclic voltammograms of 10 mM p-benzoquinone measured by the interdigitated array electrodes with line and space of 5 µm/5 µm. The black and red curves correspond to the results obtained by monopotentiostat mode and bipotentiostat mode, respectively. Current responses to (f) 0.01–0.1 µM, (g) 0.1–1 µM, (h) 1–10 µM, and (i) 10–100 µM p-benzoquinone measured by bipotentiostat mode.



[image: Electronicmat 02 00007 g005]







[image: Electronicmat 02 00007 sch001 550] 





Scheme 1. Redox reaction of p-benzoquinone. 
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