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The frequency spectrum to be used by future wireless telecommunication systems such as 5G and beyond requires novel materials which are environment-friendly, are low cost and, most importantly, have low dielectric loss and permittivity when approaching higher frequencies. In this work, the development of all-inorganic composites with a relative permittivity of ~1.2 and loss tangents in the range of 10−3 is presented. The composites were fabricated at the exceptionally low temperature of 120°C and were based on lithium molybdate (Li2MoO4) ceramic as a water-soluble binder reinforced by quartz fibers. The relative permittivity was further decreased by the addition of hollow micron-sized glass spheres having very low dielectric loss. A simple manufacturing method through filtration, stencil printing and drying is presented. The microstructure of the composites was investigated with FESEM microscopy and the dielectric properties by SPDR. Printing tests were carried out in order to evaluate the possibility of using the proposed composites in, for example, printed antenna applications.
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INTRODUCTION

The future telecommunication systems such as 5G will lead to new challenges to be solved: the increasingly high frequencies will increase the parasitic capacitances between the metal interconnects, the line-to-line crosstalk noise, the resistance—capacitance delay on the signal and the increased power dissipation (Maex et al., 2003; Shamiryan et al., 2004; Zhao et al., 2018). The use of low relative permittivity (εr) and low dielectric loss (tan δ) materials would minimize the parasitic capacitances, thus decreasing signal latency and allowing higher signal speeds and improved efficiency (Farrell et al., 2011). Low εr dielectric materials have been utilized in improving semiconductor packaging and integrated circuit performance as well as in high frequency, low-loss circuit boards (Shamiryan et al., 2004; Lee et al., 2005; Farrell et al., 2011). In polymeric materials both the use of porosity (Rathore et al., 2008; Joseph et al., 2015; Zhao et al., 2018) and low permittivity functional groups (Yuan et al., 2013; Liu et al., 2015; Lei et al., 2016) have been employed. Permittivity values as low as 1.05 with excellent dielectric losses have been achieved with porous polymeric materials such as the polyurethane and polyethylene foams as used in radomes (Eccostock product data sheet, 2018; General Plastics product data sheet, 2018).

Hollow glass microspheres (HGMS) offer an inexpensive solution to reducing the dielectric permittivity and losses of circuit boards or thick film devices (Kellerman, 1988; Chellis et al., 1992). Recently, coated glass microspheres have also been utilized in EM-shielding (Fu et al., 2007; Wang et al., 2016). Traditional solutions for making HGMS composites include a polymeric binder phase, although in this case the temperature stability is again a challenge.

Ceramic composite materials offer good stability at higher temperatures and their permittivity has been successfully reduced by introducing porosity (Bittner and Schmid, 2010; Sobocinski et al., 2015; Synkiewicz et al., 2017). Their downside has been the high manufacturing temperature resulting in high energy consumption and increased production costs. With the recent invention of a room temperature fabrication method (RTF), a water-based suspension of lithium molybdenum oxide (LMO), has been used to produce bulk dielectric samples and composites (Kähäri et al., 2014, 2015; Väätäjä et al., 2017). Using LMO enables a new approach to the manufacture of low εr ceramic materials at very low temperature due to its ability to form solid structures with 3D printing utilizing a low external pressure (Väätäjä et al., 2018). This enables the use of HGMS as a porosity-adding material without the risk of crushing them during molding. In this work, with the combination of the RTF method with its low pressure approach, a further development step is taken to achieve extremely low εr ceramic based composite materials.

EXPERIMENTAL

HGMS were purchased from Kevra Oy (Finland). According to the datasheet from the manufacturer, the spheres were C-type glass with 50–75% SiO2 and had an average particle size of 40–80 μm, a volumetric density of 0.1–0.15 g/cm3 and a temperature resistance of up to 650°C. Saturated Li2MoO4 (LMO) solution was made by mixing 80.0 g of LMO powder (>99%; Alfa Aesar, USA) in 100.0 g of deionized water overnight. The resulting saturated clear solution was collected and used in the experiments. The quartz fibers used were purchased from Robson Scientific (UK). According to the manufacturer, the fibers were quartz wool with a fiber diameter range of 5–30 μm, a purity of 99.995% SiO2 and a temperature resistance of up to 1,000°C.

Cellulose nanofibers (CNF) were synthesized from bleached birch-wood pulp (Betula Pendula) using a non-derivatizing urea-choline chloride deep eutectic solvent (DES) pre-treatment (Sirviö et al., 2015). First, the DES system was formed by heating 107.5 g choline chloride and 92.5 g urea in a round-bottom flask at 100°C in an oil bath to obtain a clear, colorless liquid, after which the cellulose fibers (2.0 g of dry sheets) were introduced into the liquid at 100°C for 2 h. After the DES pre-treatment, 200 ml of deionized water was added while mixing and the cellulose fibers were filtered (Whatman 413) and washed with deionized water (2,000 ml). The pretreated sample was further individualized into cellulose nanofibers using a microfluidizer (Microfluidics M-110EH-30, USA). The sample was diluted in a low concentration (0.5%) before microfluidization, and was then passed five times through 400 and 200 μm chambers at a pressure of 1,000 bar. The obtained viscous cellulose nanofiber suspension was stored in a cold environment (+4°C).

The samples were fabricated by the following method, inspired by the paper making process, but instead of cellulose fibers, 100 mg of quartz fibers were used to provide mechanical strength for the samples. The fibers were placed in a square format on a filter sheet using a 200 μm thick 60 × 60 mm stencil as a guide. They were moistened with deionized water to temporary bind them together. Two Hundred milligram of HGMS were mixed with 1.0 g of deionized water and 1.0 g of saturated LMO solution to form a paste. This paste was applied on top of the quartz fibers using a 100 μm thick, 50 × 50 mm sized stencil and a blade. The resulting sandwich-like structure was lifted from the filter and placed on a release film with the LMO-HGMS paste downwards, thus achieving a smooth surface. The second layer of LMO-HGMS paste was printed through the 100 μm stencil as in the previous step, resulting in samples with LMO-HGMS paste layers on both sides. A perforated plastic film was placed on top of the samples, followed by four layers of suction paper to absorb the excess LMO solution. Finally, the samples, release films and papers were placed between two aluminum plates, pressed using 2 kPa pressure and dried in an oven for 18 h at 110°C. The aluminum plates and additional pressure were used to avoid warping during drying. The resultant samples were treated with an additional 2 h of drying without the plates and pressure to ensure that all the water was evaporated.

The dimensions and weight of samples were measured after drying. Since the amounts of glass spheres and quartz wool were precisely known, the LMO content could be calculated from the weight of the samples. After the weighing, the samples were cut into 52 × 52 mm squares for density and dielectric measurements. Post-treatments for surface smoothening with CNF suspension or LMO solution were carried out after the first measurements. On post-treatment with CNF, 1.0 ml of 0.49 wt.% CNF suspension was spread on each side of the samples using a doctoring blade, and on post-treatment with LMO, 0.50 g of saturated solution and 0.5 g of deionized water was applied to both sides of the samples. Moistened samples were handled as in the original preparation step by drying them between smooth and perforated release films, suction papers, aluminum plates, and pressure for 18 h at 110°C followed by additional drying of 2 h freely at 110°C.

The printing tests of the conductive patterns were done by manually screen printing DuPont 5064H (DuPont Ltd, UK) silver ink through a 180 mesh nylon screen with 16 μm thick emulsion and 500 μm wide lines. The printed patterns were dried for 30 min at 120°C. The flow of the sample manufacturing process with a schematic drawing of the sample structure is presented in Figure 1.
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FIGURE 1. (Left) Flow diagram of sample preparation process. (Right) Structural layers of the samples.



The dielectric measurements were carried out with a vector network analyzer (VNA) (Rhodes and Schwarz ZVB20, Germany) with split-post dielectric resonators (SPDR) (QWED, Poland) with nominal resonances at 2,475 and 5,180 MHz. The measurement results were calculated using QWED analysis software developed for the resonators. The resistance of the printed conductive lines was measured using a four-point measurement carried out in a probe station (Wentworth Laboratories, USA) connected to a multimeter (Agilent Technologies 34401A, USA). The surface quality after different treatments and elemental composition was investigated with field emission scanning electron microscopy (FESEM-EDS) analysis (Carl Zeiss Ultra Plus, Germany). Finally, the surface roughness analysis was done with a 3D laser scanning microscope (Keyence VK-X200, USA).

RESULTS AND DISCUSSION

The dielectric values for the coated samples are shown in Table 1. Untreated LMO-HGMS samples were measured before and after two different coatings. A total of six samples were measured in each case and the standard deviations calculated. The uncoated samples had an average relative permittivity of 1.19 and a loss tangent of 1.6–1.7 × 10−3 at both measurement frequencies, whereas the CNF coated samples had a permittivity of 1.19 with an increased loss tangent of 2.5–2.7 × 10−3. The small influence of the CNF coating on the permittivity was estimated to be caused by the small quantity of CNF needed to achieve a smooth surface; typically 10 mg per sample. However, the increased losses were probably caused by polar functional groups in the CNF coating. The LMO coated samples remained similar in their dielectric properties with only minor changes in both relative permittivity and loss tangent. This result is due to the low dielectric loss of LMO, thus leading to very small changes in dielectric properties.


Table 1. Dielectric properties with standard deviation of samples at 2.5 and 5 GHz.
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FESEM analysis was used to assess the surface quality of the samples. On uncoated samples (Figure 2a), it was noted that despite the gentle manufacturing process (maximum of 2 kPa pressure) some of the HGMS on the surface were cracked. This could be further improved by selecting smaller HGMS. Some quartz fibers were also visible on the surface. These caused some problems later in the printing experiments. Although the LMO was observed to bind most of the particles together, some porosity was observed on the sample surfaces. LMO and CNF coated samples (Figures 2b,c) had clearly reduced porosity, the latter being the least porous. CNF coating resulted in the smoothest surface, whereas LMO coating appeared to form crystals during the precipitation of LMO from the coating solution. EDS analysis (Figure 2d) was carried out on an uncoated sample to determine the SiO2 content of the HGMS beads. After reduction of LMO from the result, the HGMS contained 72 wt.% SiO2, 14 wt.% Na2O, and 14 wt.% CaO. Using reduced alkali HGMS could possibly further reduce the dielectric losses of the composite samples.
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FIGURE 2. (a) Uncoated sample. The surface consisted of LMO- bound HGMS showing porosity and some quartz fibers (white arrows). (b) LMO-coating reduced the surface porosity and submerged fibers. The LMO was observed to form hexagonal patterns on the sample surface. (c) CNF coated sample showed the smoothest surface with only a minor amount of porosity visible. All scale bars 100 μm. (d) EDS analysis of uncoated sample surface showing molybdate and oxygen from the LMO and the other elements from the HGMS.



The roughness after different surface treatments was studied with 3D laser scanning microscope using 3 × 3 mm2 area of each sample. In addition, a common printing paper (Xerox, 80 g/m2), a sintered ceramic substrate (DuPont 951) and a PET sheet for printed electronics (Melinex 339 PET) were analyzed to compare the surface quality of the produced samples. The results collected in Figure 3 show that whereas LMO coating has a small effect, the utilization of CNF greatly reduces surface roughness. With further optimization, even smoother surface should be achievable.
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FIGURE 3. Surface profiles and roughness values for different samples. Zero height is set as the lowest point for each sample. (A) Uncoated sample with the highest roughness. (B) Sample with LMO-coating with lower roughness. (C) CNF coated sample with the smoothest surface of HGMS composites. (D) Surface roughness measured for the HGMS composite samples, printing paper, sintered ceramic substrate, and PET sheet.



The conductive lines were fabricated by screen printing. The high viscosity of the printing ink was considered to be beneficial when printing on a porous surface, while low viscosity inks could easily be completely absorbed into the samples. The printing proved to be challenging due to the contact that the printing screen made with the substrate despite the offset of the screen. In the untreated samples, loosely attached HGMS or quartz fibers adhered to the screen's surface. The same tendency was observed with the loose crystals on the LMO coated samples. This contaminated the printing surface of the screen and caused damage to the printed lines, as shown in Figures 4a,b. These problems were not present with CNF coated samples (Figure 4c), which resulted in more uniform printed patterns.
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FIGURE 4. (a–c) Printed 500 μm wide test lines. (a) Sample with untreated surface, (b) sample with LMO coating, (c) sample with CNF coating. Damage (white arrows) on lines was observed in untreated and LMO coated samples.



The resistance values of the 4.0 mm long and 0.5 mm wide printed lines as determined by four-point measurement were compared with those of the patterns printed on PET sheet. Six parallel lines were measured and their resistance values and standard deviations are shown in Table 2. The results showed that the lines printed on CNF coated samples gave lower resistance values than those measured from uncoated and LMO coated samples. Moreover, these CNF coated samples exhibited very similar resistance values to those of the lines printed on the PET sheet. The feasibility of the silver ink used here has been earlier demonstrated for antenna operating at ~ 4 GHz (Kähäri et al., 2016).


Table 2. Resistance of 4.0 × 0.5 mm2 printed lines.
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CONCLUSIONS AND PERSPECTIVES

A simple method of manufacturing extremely low εr ceramic based composite materials at very low temperature is presented. The composites showed low losses at high frequencies. In addition to this, a surface coating method was developed by utilizing LMO solution and CNF suspension for resulting in improved surface smoothness which enabled printing of conductive lines with low resistance. The composite with CNF coating exhibited εr and tan δ values of 1.19 and 0.0027 at 5 GHz, respectively. The lines printed on this composite showed a resistance of 0.29 Ω, similar to those printed on PET. The performance of the composite can be even further optimized in the future with lower alkali content or reduced size of HGMS, and different methods of surface coatings, such as applying sol-gel film on top of the samples.

The proposed method provides a simple approach to fabricate ceramic-based low εr substrates with only five processing steps starting from raw powder materials. The method is also environmentally friendly due to its low energy consumption achieved by low fabrication temperature (120°C) compared to the one commonly used for ceramics (>850°C). Moreover, since only low fabrication temperature and pressure are used, no special devices with high investment costs are required.
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