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Abstract

:

Electrophotography is a digital, on-demand, dry, and page printing technique that operates based on toner particles of electronic materials using an electrostatic force and generates an electrical circuit via distribution of the toner particles. We developed a 10  μ m linewidth resolution with various electronic materials, including conductors, semiconductors, and insulators, without any chemical pretreatments on the substrate films, while a 5  μ m resolution was also possible for limited materials. The electrical resistivity of the printed Ag–Ni after an intense pulse light sintering was comparable to that of commercial indium tin oxide transparent films.
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1. Introduction


The global environment must be considered for any mass-production process, including electronics, with the increasing demand for information technology. Microfabrication processes in modern semiconductor industries require large amounts of materials and energy for high-temperature, high-vacuum, and high-resolution fabrication. These conventional microfabrication processes continue to be essential for high-end semiconductor products such as processors and memory. However, nanoscale fabrication is not required for most electronics, except for state-of-the-art semiconductor chips. Photolithography and etching-based fabrication may not be necessary for macro-scale circuits and devices or even small-scale integrated circuits (ICs) because small-scale integrated circuits, such as logic ICs or analog–digital converter ICs, are fabricated using several standard micrometer processes, not with several nanometer-scale processes. Early commercial processors such as Intel 4004 and 8008 were fabricated using a 10  μ m process rule. Therefore, regarding printing resolution, except for the interior of a high-performance processor, simple processors and peripheral circuits can be fabricated using printed electronics technologies [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15].



Printed electronics are an additive manufacturing process for next-generation flexible electronics; specifically, they are clean and produce less chemical waste than conventional photolithography and etching processes. Although conventional photolithography and etching processes are mature and have high resolution, they produce various chemical wastes, including resists, development, and etching chemicals, as well as waste liquids, including heavy metals, because they are subtractive. This waste was not produced during additive processing.



Another advantage is that electronic products can be made much smaller using high-resolution printed electronics. The ability to reduce the size of electronic products is restricted by the standard size of general-purpose ICs. The size, arrangement, and pitch of the IC pins were fixed according to standard specifications such as the Dual Inline Package (DIP). For example, one DIP IC has the pin pitch of 2.54 mm and package width of 15.2, 10.16, or 7.62 mm. However, the area of the Si chip is smaller than the package size. The occupation area of the internal IC circuit was much smaller than that of the Si chip. More specifically, the occupied area of a commercial IC is much larger than the area necessary to perform the expected function. Therefore, the internal circuit patterns of ICs have to be extended to match the 2.54 mm pin pitch. The occupation size of the ICs can be reduced by printing the entire product from individual transistors and diodes on a  μ m scale to macrowires, including antennas, on a millimeter scale.



Printed electronics are accomplished using various printing methods, such as gravure printing [16,17,18,19,20,21,22,23,24,25,26,27], screen printing [28,29,30,31,32,33,34,35,36,37,38,39,40,41,42], inkjet printing [43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74], flexography [75,76,77,78,79,80,81,82,83], and electrophotography. Gravure and screen printing are advantageous for high-throughput mass production; however, the preparation of printing plates is necessary before performing these processes. Conversely, inkjet and electrophotography are on-demand and direct digital printing techniques; i.e., they do not need a printing plate but only require digital data. Therefore, they are advantageous in prototyping and manufacturing a wide variety of products in small quantities. In addition, electrophotography is advantageous for multilayer and page printing because it does not require solvents or chemical agents. The absence of solvent completely suppressed the exhaustion of volatile organic compounds (VOCs). No VOC emissions are preferred when electronic fabrication is replaced with a direct printing process [84,85,86,87].



In several studies, we fabricated organic field effect transistors [86,87] and macro-scale electrical circuits [85]. In this study, we fabricated simple elements inside small-scale ICs using various electronic materials such as metals, transparent conductors, carbon materials, oxide semiconductors, organic semiconductors, polymer insulators, and inorganic insulators. These materials are required for the fabrication of electronic devices.




2. Experimental Details


Electrophotography is one of the printing methods widely used in office-use laser printers and photocopy machines. Commercial electrophotography for document printing includes: (1) charging a photosensitive drum, (2) image exposure, (3) development (making a latent image appear), (4) transfer, and (5) thermal fixing of toner powder. In the first step, the photosensitive drum is electrically charged and exposed to laser light to draw the printing patterns. The photosensitive drum surface excited by the laser is electrically neutralized by releasing the initially produced electrical charge, producing a latent image of the printed pattern. During the development process, electrically charged toner particles are attracted to the photosensitive drum by the electrical potential difference between the toner reservoir and photosensitive drum and form patterns. The developed toner pattern is transferred to the paper, and the toner particles are thermally fixed on the paper’s surface by melting the resin component included in the toner particle. However, this process differs from that in this work in several respects. First, toner particles do not include resin in this study; all toner particles are bare electronic materials and do not include any additives, which is advantageous in the sintering process in the final stage of the printing procedure. The second difference lies in the sintering process. Many electronic materials cannot be thermally fixed at approximately 200 °C. Therefore, we adopted intense pulsed light (IPL) sintering. Third, we omitted (1) and (2) because this process is technically mature and common to any material. We investigated processes (3)–(5) considering a wide range of electronic materials, such as metals, conductors, semiconductors, and insulators.



Figure 1a shows the developer consisting of Ag nanoparticles (NPs) and carrier particles [85,86]. The carrier particle comprises the ferrite material and has a role in generating electrical charge in the toner particle by frictional charging and by prohibiting natural aggregation of the toner particle. Industrial carrier particles include a surface polymer layer to adjust frictional charging toward the document-printing toner, although the carrier particles we used had no surface polymer coating. Toner particles mixed with the carrier particles remain on the surface of the carrier particle due to van der Waals forces as well as to the image force between the charged particle and the conductive surface, as mentioned in ref. [86]. The carrier particles were provided by Powdertech Co., Ltd., Tokyo, Japan All carrier particles used in this study were the same. The Ag nanoparticles were purchased from Sigma-Aldrich (Burlington, MA, USA) and were used as received. The carrier particles and Ag nanoparticles were mixed to form the developer. The dark gray particles include approximately 10% Ag NPs and 90% carrier particles by weight, and the mixed powder had sufficient fluidity for the developer particles. The fluidity of the developer particles is essential for drawing high-resolution electronic circuits, which are evaluated using the repose angle [85]. Figure 1b shows the SEM image of the developer. The Ag NP toner particles were distributed on the surfaces of the carrier particles. In these appropriately mixed particles, the natural aggregation of Ag NPs was effectively prevented. Consequently, the Ag NPs maintained sub-micrometer particle diameters.



Figure 2a shows a schematic of the electrophotographic printing equipment. The development system comprised a target electrode, developer reservoir, external voltage supply, and a motorized moving magnet. The developer above the magnet forms a brush-like structure along the magnetic lines of force called a magnetic brush. Figure 2b presents a photograph of a magnetic brush. As shown in the figure, magnetic brushes were formed above each magnet. A motorized mechanism drives the reciprocal motion of the magnetic brush along the developer reservoir. Therefore, the tip of the magnetic brush skims the surface of the insulation layer of the target electrode substrate. In this situation, an external voltage is applied between the developer reservoir and target electrode. Subsequently, the charged toner particles of the electronic materials move from the carrier particle surface toward the target electrodes along the electric lines of force and develop images of the electrical circuits and devices. In contrast, the carrier particles remain in the developer reservoir because they are attracted by a strong magnetic field. Only the toner particles of the electronic materials are transferred onto the surface of the target electrode substrate to form an image of the device components, such as interdigital source/drain electrodes of thin-film transistors, semiconductor layers, and gate insulator layers.



The developed image was then transferred from the substrate to a plastic film. Currently, we have adopted an adhesive layer-based transfer method, although there are many alternatives. A thin polyethylene terephthalate (PET) film substrate with a thin and weak adhesive layer was prepared, and the PET film was laminated onto the target electrode substrate. After the PET film was delaminated from the target electrode substrate, toner images were transferred onto the PET film surface. This method is useful in the prototyping stage because the thin adhesive layer inhibits the slipping of the PET film during the transfer process, and it is easy to finish the device as a laminated device, which is expected to be durable in bending and surface scratches and to prevent surface contamination of the device, such as airborne particles and water drops.



IPL sintering [88,89,90,91,92,93,94,95,96,97,98] was performed after the developed patterns were transferred. A commercially distributed xenon flash lamp was used as the IPL light source. The main component of xenon flash lamp radiation is visible light, including near-infrared region light. In our light source, the UV region was cut using an optical filter. Because the PET film was transparent to visible light, only the toner patterns developed were sintered via IPL without damaging the PET film. The instantaneous maximum temperature is not easily estimated and depends on the materials and surface; however, some vaporized particles were observed around the printed pattern when the Zn toner pattern was IPL sintered; therefore, the instantaneous maximum temperature was estimated to be over the boiling point of Zn (approximately 907 °C). After the IPL sintering, two-terminal, four-probe electrical resistance measurements were performed using a 34420A nanovoltmeter (Keysight Technologies, Santa Clara, CA, USA).




3. Results and Discussion


Figure 3 displays an SEM image of the printed microcircuit pattern obtained via toner printing. The bright pattern comprises Ag–Ni conductive particles, and the dark background corresponds to the carbon tape used for SEM observation. The Ag–Ni pattern was directly transferred from the developed substrate surface to the carbon tape surface. The right side of the SEM micrograph shows an Ag–Ni interdigital electrode pattern with a linewidth of 30  μ m, and the left side shows a 10  μ m linewidth interdigital electrode pattern printed using the electrophotography method. The 30  μ m linewidth interdigital electrode patterns show a precise contour similar to their designed original shape and comprise sufficiently uniform and dense Ag–Ni particles that can be used as electrode patterns in microelectronic circuits. The 10  μ m linewidth pattern also exhibits a clear shape, as originally designed; however, the contour of the 10  μ m linewidth pattern is slightly jagged. The success rate of printing 5  μ m linewidth interdigital electrode patterns is currently relatively low and depends on the material, i.e., the particle diameter and fluidity of the powder. Among the present toner particles, Ag–Ni and indium tin oxide (ITO) are suitable for the 5  μ m pattern.



The energy dispersive X-ray (EDX) spectrum of the printed Ag–Ni toner pattern transferred to the surface of the carbon tape is provided in Figure 4. Characteristic X-ray lines of Ag, Ni, Fe, C, and O can be observed from the Ag–Ni toner pattern surface. Ag lines appear at approximately 3 keV as the main peak, and slight Fe and Ni lines are apparent at approximately the 6.3 and 7.5 keV regions, respectively. Owing to the atomic ratio calculation, excluding O and C, 94% Ag, 1.8% Ni, and 3.6% Fe were estimated. As the nominal mixing atomic ratio of Ag:Ni was 5.44:1, the expected Ni ratio was 15.5%. However, the Ni atomic ratio in the printed Ag–Ni pattern was remarkably lower than the nominal ratio. This is because the magnetic field attracts excess Ni nanoparticles that remain in the developer’s powder. Consequently, the purity of Ag in the printed Ag pattern becomes higher than that in the nominal pattern, which effectively prevents an increase in the electrical resistivity, regardless of the addition of Ni nanoparticles. Therefore, the Ni addition effectively improved the fluidity of the Ag toner particles and did not degrade the electrical conductance of the printed Ag pattern. In addition, the slight amount of Fe detected by EDX can be attributed to small fragments of the carrier particles. The weight ratio of the Fe components is less than 1%. However, a higher Ag ratio is crucial for approaching the lower limit of electrical resistivity.



Figure 5 shows the optical micrographs of the printed micro-interdigital electrode pattern obtained using various electronic materials. Ag–Ni in Figure 5a and Cu NPs in Figure 5b appear comparable. Ni NP-added Ag NPs are superior to Ag NPs in terms of fluidity [85]. Therefore, the results printed with Ag–Ni NPs are more precise and stable, particularly in high-resolution printing. Cu NPs in Figure 5b and Zn NPs also show a 10  μ m linewidth scale resolution. The Cu and Zn NPs exhibited high fluidity, probably because of surface oxidation of Cu and Zn. However, Au particles have a highly active surface; therefore, they spontaneously grow into larger particles over time by taking the surrounding Au particles onto their surface. More specifically, Au nanoparticles cannot exist as dried nanoparticles. In contrast, Au solution inks contain chemical agents that separate the Au particles; therefore, they do not directly contact the Au surfaces in the solution. Consequently, creating a high-resolution (10  μ m scale) Au pattern using electrophotographic printing is currently difficult, although macro-scale Au circuit printing is possible.



In addition, the main components of the small scattered particles around the printed interdigital pattern are stray toner particles and aggregates. Because some of the low-charged toner particles tend to scatter owing to the movement of the magnetic brush during the printing process, a small number of toner particles stick to the target electrode substrate surface. It is necessary to decrease the toner ratio of the developer to reduce excess toner scattering. A minor component of the scattered particles is a fragment of the carrier particles. Large fragments of carrier particles were removed using a magnet. However, smaller carrier particle fragments have lower magnetic attractive force owing to their smaller volume and are thus difficult to remove. Methods for suppressing or removing particles of small size have yet to be fully developed.



Graphene nanoplatelets (GNPs) purchased from Aldrich were expected to be conductive electronic materials that could be developed using electrophotographic printing. The nominal size of the GNP was less than 2  μ m in diameter and a few nanometers in thickness. GNPs are excellent electronic toner materials because of their high fluidity and sufficiently small particle sizes, producing several  μ m patterns. In addition, the electrical resistance of the developed GNPs was sufficiently low, even before the sintering process. In addition, it was confirmed that carbon nanotube powder and other carbon material particles were also developed using the electrophotographic method. Therefore, by combining the proper sintering processes, thin-film printing of carbon materials is possible. These materials could be useful in the development of batteries.



Oxide electronic materials such as ITO, ZnO, NiO, and SiO2 NPs can also be printed using electrophotography. All oxide powders were purchased from Sigma-Aldrich (Burlington, MA, USA) and were used as received. Figure 5c shows the results of high-resolution ITO printing. Because ITO is a transparent electrode material, it is difficult to observe the developed ITO pattern under optical observation conditions. However, a high-resolution interdigital electrode pattern was formed and confirmed via SEM observations (Figure 5d). The SEM result shows that the developed ITO NP pattern was clear-cut and had a dense and uniform distribution. Oxide electronic materials, including ITO, ZnO, and NiO, also have relatively high fluidity and do not spontaneously form aggregates; therefore, they are advantageous for high-resolution electrophotographic printing. These oxide electronic materials are also beneficial for dense and thick pattern formation owing to their low density and high electrical charge. Thus, such materials are useful for fabricating transparent electronics.



Organic electronic materials, including C8-BTBT, Poly(4-vinylphenol) (PVP), PSS-Octakis (dimethylsilyloxy), and PSS-(2-(trans-3,4-Cyclohexanediol) ethyl)-heptaisobutyl substituted (PSSs), can be electrophotographically printed, as shown in Figure 5e,f. Figure 5e displays the printed C8-BTBT toner pattern. The C8-BTBT is an organic semiconductor. In the initial stage of this study, we could only obtain a sparse pattern of C8-BTBT [86]; however, we can now create a sufficiently dense pattern of C8-BTBT toner particles. A small number of C8-BTBT toner particles was sufficient to fabricate a thin-film transistor because the volume of the toner particles was sufficient to fill a thin layer of less than several dozen nm [86]. PVP is a polymeric insulator material expected to act as a gate insulator in organic thin-film transistors. The melting point of PVP is 360 °C, which may be too high to fix PVP particles on the PET film thermally. PSS group polymers are alternative insulating polymers, with melting points ranging from 120 °C to 350°C. However, as the melting point decreases, ball milling of these materials becomes difficult, the fluidity of nano/micro-particles decreases. Their fluidity can be adjusted with the addition of inert nanoparticles, including SiO2 NPs.



After the electrophotographic development of the electronic materials, the materials had to be fixed because the toner particles are individual, not forming a thin film. As previously investigated, materials with lower melting points, such as organic semiconductors, can be thermally fixed [86,99,100]. Application of ultrasonic vibration produces a thermal effect that is also useful for melting the organic semiconductor [87], as well as a mechanical effect that is effective for fixing metals such as Au and Ag. In this study, IPL sintering was performed to sinter metallic materials. Figure 6a shows the printed Ag stripe patterns before and after IPL sintering. The left half of the figure shows the powdery Ag pattern on the PET film, and the right half shows the IPL applied region. Before sintering, the surface of the printed Ag stripe exhibited a dark gray color and no gloss. Conversely, the IPL applied surface has a white-silver color and is glossy, specific to the bulk Ag surface. This change in appearance is achieved after applying several pulsed light flashes. SEM micrographs of the printed Ag pattern surfaces before and after IPL sintering are displayed in Figure 6b,c, respectively. The surface of the developed Ag stripe comprised individual Ag particles densely packed within the stripe pattern. However, after IPL sintering, the boundaries of the Ag particles became unclear because the surfaces of the Ag nanoparticles melted slightly and formed connections with them. No individual particles are observed on the IPL-sintered surface in the SEM images, and the features of the original piled particles are retained. In addition, a glossy silver color was observed in the macroscopic image. This indicates that the developed Ag particles formed continuous Ag thin films after IPL sintering.



Figure 7 presents the printed Ag–Ni stripe pattern used for the four-probe electrical resistance measurement. A steady electrical current flow was applied between the two Ag paste pads, reinforcing the ohmic electrical contact by securing a sufficient contact area. The two probes touched the Ag paste, and an electrical current flowed through the sample. In addition, two other probes were used to measure the electrical voltage difference by directly touching the sintered Ag–Ni striped surface. Because the printed Ag–Ni stripe is thin, direct contact of the probes with the Ag–Ni stripe surface carries the risk of damaging the stripe. Therefore, we used a contact probe with a tip radius of 50  μ m to touch the Ag surface carefully. The two-terminal electrical resistance was greater than 75 M Ω  before sintering; however, it decreased to 84.9  Ω  after IPL sintering. We obtained 3.07  Ω  using four-probe electrical-resistance measurements. As a result, the electrical resistivity of the Ag–Ni stripe was 8.96 × 10−6  Ω ·  m. This is presently higher than the recent electrical resistivity reported using Ag nanoparticles (ranging from 3.9 × 10−8  Ω ·  m to 2.4 × 10−4  Ω ·  m) [101,102,103,104,105] and Ag nanowires (ranging from 3.6 × 10−8  Ω ·  m to 2.6 × 10−6   Ω ·  m) [71,106,107,108,109]. The highest measurements are very close to the electrical resistivity of bulk Ag; however, wide applications in the electrical engineering field are expected even if the electrical resistivity is not comparable to the world champion data. The typical electrical resistivity values of commercially available Ag paste and ITO thin films are approximately 10−7  Ω ·  m and 10−6   Ω ·  m, respectively. The electrical resistivity of the sintered Ag–Ni stripes was nearly equivalent to that of commercial ITO thin films. However, this Ag–Ni conductive thin film does not require vacuum processes such as sputtering or thermal annealing and is instantly sintered by several IPL pulses. In addition, the effect of the light pulse on the metallic material is maximal at the surface and rapidly decreases in the depth direction; therefore, a thick Ag–Ni film is disadvantageous in terms of the average electrical resistivity under limited IPL pulse intensity. More specifically, the local electrical resistivity around the Ag–Ni stripe surface is expected to be lower than the present average electrical resistivity of 8.96 × 10−6  Ω ·  m. Therefore, there is room for improvement in the electrical resistivity of the printed Ag–Ni stripe under proper IPL sintering conditions.



Although PET film with a weak adhesive layer was used in this study, we mention the possibility of direct printing onto other substrates such as PET or paper surfaces. Toner particles developed on the appropriate substrate keep electrical charges. Therefore, we can transfer the developed Ag patterns by applying a reverse voltage to release the toner particles from the target electrode substrate surface and transfer them to another substrate. In addition, if there is no electrical charge in the printed toner particles, applying only the appropriate pressure is sufficient to pick up the toner nanoparticles. Because the adsorption force between the toner particle and the substrate surface differs depending on the substrate material, such as PET, polyimide, or cellulose (paper), the combination and selection of materials is important. The use of an adhesive layer on the substrate is another effective measure, as indicated in this study.




4. Conclusions


We established high-resolution electrophotographic printing of various electronic materials, including metals, carbon and oxide conductors, oxide and organic semiconductors, and insulators. The present printing resolution was 10  μ m; however, a 5  μ m line and space are possible depending on the material, i.e., the effective diameter and fluidity of the powder. IPL sintering was effective in fixing the printed powdery metal pattern and finishing it as a low-resistance electrical circuit pattern. The electrical resistivity obtained is comparable to that of a commercial ITO thin film. Because the Ag toner is a bare metal particle that is free from additional chemical agents, thermal annealing to burn the chemicals is unnecessary, and several IPL pulses are sufficient to convert the powdery metal pattern into a thin film. Therefore, electrophotographic printed electronics can save materials, energy, and processing time.
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Figure 1. (a) Picture of the developer and (b) SEM image of the developer consisting of a 20  μ m carrier particle and toner of Ag NP. 
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Figure 2. (a) Developing system; (b) photograph of magnetic brush. 
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Figure 3. SEM image of the printed microcircuit pattern with Ag–Ni conductive toner particles. 






Figure 3. SEM image of the printed microcircuit pattern with Ag–Ni conductive toner particles.



[image: Applsci 14 02668 g003]







[image: Applsci 14 02668 g004] 





Figure 4. Energy dispersive X-ray spectra of the printed Ag–Ni stripe transferred to carbon tape. Due to the atomic ratio calculation, Ag:94