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In recent years, ultrathin Ag films (UTAFs), which are attractive owing to its extremely low resistance, relatively high transparency, excellent mechanical flexibility, and mature mass production, have been reported as potential candidates to replace traditional indium tin oxide (ITO). To achieve a high-quality UTAF, a nucleation-inducing seed layer (NISL) is required to address the issue of irregular Ag islands growth. However, the structures of films so deposited are still far from being ideal and consist of rough surfaces with high densities of voids and grain boundaries when the film thickness is < ~6 nm. Here, a hybrid structure composed of a gold (Au)/polyethyleneimine (PEI) bilayer is employed as a high-density NISL for the fabrication of an UTAF. Compared to the conventional single-layered PEI NISL that physisorbed on the substrate via the weak electrostatic attraction between the negatively charged substrate and the positively charged amine groups in PEI, our novel bilayered Au/PEI NISL exhibits a much higher density of nucleation sites due to the formation of strong coordinate covalent bonds between the Au atoms and amine groups. As a result, the percolation threshold thickness of the UTAF based on the Au/PEI bilayer can be reduced to as low as 3 nm. After capping with a high-refractive-index tantalum pentoxide (Ta2O5) anti-reflection layer, the resultant Au/PEI/8 nm Ag/30 nm Ta2O5 (APAT) electrode exhibits an excellent optoelectrical performance with a sheet resistance of 9.07 Ω/sq and transmittance of 92.9% in the spectral range of 400–800 nm as well as outstanding long-term environmental and mechanical stabilities. The findings demonstrate a novel strategy for the development of high-performance UTAF-based transparent electrodes.
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INTRODUCTION

The rapid growth of optoelectronic devices including flexible displays, touchscreens, electrochromics, light-emitting diodes, and photovoltaic cells requires the development of flexible transparent conductive electrodes (FTCEs) possessing high optical transparency, low sheet resistance, good mechanical flexibility, and superior environmental stability (Hecht et al., 2011; Morales-Masis et al., 2017). Traditional transparent conductive oxide, typically represented by indium tin oxide (ITO), is the most widely used TCE owing to its excellent electrical conductivity and light transmittance; however, the high-temperature fabrication, its brittle nature under repeated bending condition, opacity in the near-infrared region, and high raw material cost hinder its application in flexible and large-area devices (Ellmer, 2012). Therefore, various candidate materials based on carbon nanotubes, graphene, conducting polymers, metallic nanowires, metal meshes, or their hybrids have been extensively investigated to replace ITO as novel FTCEs (Zhang et al., 2005; Nair et al., 2008; Guo et al., 2013; Hsu et al., 2013; Ricciardulli et al., 2018). Although all the above-mentioned ITO alternatives have experienced a rapid development and achieved different levels of success in commercial applications, some of them still suffer from one or more drawbacks such as poor stability, less adhesion, large surface roughness, high fabrication cost, and strong optical scattering, and do not always achieve a competitive trade-off between optical transmittance (T) and electrical sheet resistance (Rsheet) (Yun, 2017).

Recently, FTCEs based on ultrathin metal films (UTMFs) with thickness below 10 nm have generated great interest owing to their high electrical conductivity, good mechanical stability, low surface roughness, and mature fabrication technology (Hatton et al., 2003; Illhwan and Jong-Lam, 2015; Maniyara et al., 2016). However, the metal film with such a low film thickness deposited on a foreign substrate tends to disorderly migrate and aggregate as irregular islands (Volmer-Weber growth mode) due to the surface energy mismatch with the substrate, and consequently exhibits a discrete granular morphology with a high electrical resistivity as well as an additional light absorption and scattering loss, which severely affect both the Rsheet and T of the resulting TCE (Zhang et al., 2014). To address this morphological deficiency, an ultrathin nucleation-inducing seed layer (NISL) composed of high-surface energy metals, transition metal oxides, organics with thiol and amine functional groups, or a hybrid thereof is usually placed underneath the evaporated metal film to suppress the growth of isolated islands and promote the formation of a highly continuous UTMF (Zhang et al., 1997; Meiss et al., 2008; Logeeswaran et al., 2009; Liu et al., 2010; Stec et al., 2011; Salinas et al., 2012; Hutter et al., 2013; Jeong and Kim, 2013; Schubert et al., 2013, 2014; Kim et al., 2014; Luo et al., 2014; Wang et al., 2014; Zou et al., 2014; Hutter and Hatton, 2015; Chang et al., 2016; Xue et al., 2016; Ghosh and Leo, 2017; Yang et al., 2017; Zheng et al., 2017; Zhu et al., 2018). Among them, a solution-processed cationic polyelectrolyte of amine-terminated polyethyleneimine (PEI), which can be easily physisorbed onto various substrates based on the electrostatic attraction between opposite charges, has been proved a commendable NISL for achieving high-quality and large-area ultrathin Ag films (UTAFs) owing to its low-cost, low-temperature and high-throughput fabrication compared with other physical vapor- deposited and chemisorbed films (Min et al., 2014; Kang et al., 2015). Although an effective reduction in the percolation threshold thickness of Ag can be achieved by employing the PEI NISL, the thickness of the Ag films actually applied in TCEs is still above 6 nm and these Ag films possess a narrow transmittance spectrum, decreasing from ~75% peak transmittance at 400 nm to below 60% at 800 nm. This is because the structures of Ag films so deposited are still far from being ideal and consist of rough surfaces with high densities of voids and grain boundaries when the film thickness is < 6 nm. Recently, it was demonstrated that the density of the sites that are chemically reactive with the evaporated Ag atoms could be determined by the concentration of functional amine groups on the NISL surface (Jeong et al., 2017). However, the adsorbed amine groups in the PEI NISL is always limited by the poor electrostatic attraction to the weakly charged substrate as well as the strong repulsion between the PEI chain entanglements (Hoogeveen et al., 1996; Li et al., 1997; Dobrynin et al., 2000). Therefore, to achieve a high-performance UTAF with a lower thickness while maintaining a smooth surface, it is very essential to develop a novel method to improve the density of amine groups in the adsorbed PEI NISL.

In this work, a novel bilayered structure of Au/PEI is employed as a high-density NISL to obtain a high-performance UTAF. The bottom Au layer is introduced to improve the adsorption of PEI, while the top PEI layer is used to immobilize the incoming Ag atoms. Compared to the conventional single-layered PEI NISL that physisorbed on the substrate via the weak electrostatic attraction between the negatively charged substrate and the positively charged amine groups in PEI, our novel bilayered Au/PEI NISL exhibits a much higher density of nucleation sites due to the formation of strong coordinate covalent bonds between the Au atoms and amine groups; this is beneficial for the fabrication of UTAFs with high conductivities, low optical absorption losses, and smooth surfaces. As a result, the percolation threshold thickness of the UTAF based on the Au/PEI bilayer can be reduced to as low as 3 nm. After capping with a high-refractive-index tantalum pentoxide (Ta2O5) anti-reflection layer, the resultant Au/PEI/Ag/Ta2O5 (APAT) electrode exhibits an excellent optoelectrical performance with a Rsheet of 9.07 Ω/sq and T of 92.9% at a wavelength of 550 nm as well as outstanding long-term environmental and mechanical stabilities. This study demonstrates a novel strategy for the development of high-performance UTAF-based FTCEs.

EXPERIMENTS

Electrode Fabrication

The quartz and PET substrates were cleaned with acetone, alcohol, and DI water, respectively, and then treated with ultraviolet-ozone. PEI (Sigma-Aldrich, linear type, 50 wt% in H2O) was diluted in DI water to prepare a 0.3 wt% aqueous solution. The samples were loaded into an electron beam chamber (Xinnan-Tech ZZS-500) (base pressure of 6 × 10−4 Pa) and a 6-Å-thick Au layer was deposited at a rate of 0.5 Å/s. A PEI film was then coated onto the substrates by immersing into the PEI solution for 10 min, rinsing with water, and drying under filtered a N2 flow. Finally, the samples were loaded into the electron beam chamber (base pressure of 6 × 10−4 Pa) to successively deposit Ag and Ta2O5 layers at a rate of 1.7 and 0.5 Å/s, respectively.

Characterization

The electrical properties of the films were measured using a four-point probe system (NAPSON CRESBOX). Typically, measurements were performed at 25 different positions on each film, and the average values of Rsheet were calculated. The transmittance in the spectral range of 400–800 nm was measured using a Perkin-Elmer Lambda 950 UV/Vis/NIR spectrophotometer equipped with a 150-mm-diameter integrating sphere including the substrates. Scanning electron microscopy (SEM) and the tapping-mode atomic force microscopic (AFM) measurements were conducted using a Hitachi S-4800 SEM and a Veeco 3100 SPM, respectively. ImageJ software was used to analyze the surface coverage of the Ag films. Optical calculations were implemented using the finite element method. The deposition rate and film thickness of the deposited materials were monitored by a quartz crystal oscillator mounted adjacent to the substrates. X-ray photoelectron spectroscopy (XPS) was performed onto the film deposited on single-side polished c-Si wafers using a Kratos AXIS Ultra delay-line detector system under ultrahigh vacuum with a monochromatic Al Kα X-ray source and a hemispherical analyzer.

RESULTS AND DISCUSSION

Figure 1A illustrates the schematic diagrams of the Ag films initially grown on the bare substrate, conventional single-layered PEI, and novel bilayered Au/PEI NISLs. When the Ag film is deposited on the bare substrate, the Ag atoms coalesce with each other due to the strong cohesive force between the adatoms, resulting in rough 3D Ag islands. In the case of single-layered PEI, the amine groups in the PEI act as nucleation centers to suppress the growth of large metal islands during film deposition. Although the PEI polymer has the highest charge density currently available (23.3 mequiv./g in an aqueous solution when fully protonated), the actually deposited PEI monomers, which are physically absorbed onto the substrate through a weak electrostatic interaction between the positive protonated amine groups in the PEI monomers and the negatively charged OH groups on the substrate, are still limited by the poor surface charge density of most substrates as well as the repulsive intertrain interaction in PEI (Dobrynin et al., 2000; Gorin et al., 2009; Yu et al., 2013). However, for the novel bilayered Au/PEI NISL, the introduction of the Au subjacent layer can promote the adsorption of PEI and further immobilize the incoming evaporated Ag atoms. The driving force for the adsorption of PEI on the Au surface is the strong covalent interaction between the Au atoms and the amine groups in the PEI monomers. We expect that these strong covalent bonds can screen the repulsive interaction and firmly immobilize more PEI monomers, thus increasing the density of amine groups in the adsorbed PEI.
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FIGURE 1. (A) Conceptual diagram of the growth mechanism of Ag film on bare substrate, conventional single-layered PEI, and novel bilayered Au/PEI NISLs. (B) XPS survey spectra of bare Si substrate before and after coating with Au, PEI, and Au/PEI NISLs. High-resolution normalized XPS spectra of (C) N1s and (D) Au 4f on different NISLs.



To validate the above-described assumption, we first compared the surface chemical composition of the adsorbed PEI with and without the 6-Å-thick Au precoated layer on the Si substrate by XPS. For comparison, Si substrates with and without the Au subjacent layer before PEI adsorption were used as reference samples. Figure 1B shows the survey spectra of these four samples. The atomic concentrations of various principal elements (C 1s, N 1s, Au 4f, and Si 2p) are listed in Table 1. The presence of N element in PEI and Au/PEI samples indicate the successful adsorption of PEI. The N atomic concentration in Au/PEI (9.67%) is higher than that in PEI (5.15%), suggesting an enhanced PEI adsorption in Au/PEI NISL. For clarity, fine XPS spectra of N 1s for PEI and Au/PEI were fitted by multiple Gaussians. As shown in Figure 1C, the deconvoluted N 1s region in the XPS spectra of both PEI and Au/PEI show two different components: the peak located at the low binding energy (BE) of 399.8 eV is attributed to the N element in the neutral amines, while that at the high BE of 401.8 eV is attributed to N+ in the protonated amines (Suriyanarayanan et al., 2013). It is noteworthy that the N 1s peak intensity in the Au/PEI spectrum at a high BE (with a [N+]/[N] ratio of 0.27) is ~1.7 times that of the single-layered PEI (with a [N+]/[N] ratio of 0.16), which suggests that the subjacent Au layer can significantly increase the number of protonated amines groups in the adsorbed PEI. To further indicate the interaction between Au and PEI during the adsorption of PEI on Au, the fine XPS spectra of Au 4f for Au and Au/PEI were measured and are shown in Figure 1D. Compared to bare Au, the Au 4f peaks of Au/PEI shifted toward a lower BE, with the Au 4f 7/2 and Au 4f 5/2 bands shifting from 84.0 and 87.7 eV to 83.7 and 87.4 eV, respectively. These chemical shifts indicate that the Au atoms accept the unshared electron pairs from the amines of the PEI layer to form coordinate covalent bonds (Wang et al., 2018). Therefore, more amine groups are protonated during the adsorption of PEI on Au, which is consistent with the XPS results of N 1s. Based on these results, we conclude that the adsorbed PEI monomers on the Au precoated layer are immobilized by a strong coordination reaction rather than the weak electrostatic interaction in the conventional adsorption of PEI without Au, thus resulting in a much higher density of PEI NISL.


Table 1. Atomic concentration (%) of different samples determined by XPS analysis.
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Further, we demonstrate the influence of high-density Au/PEI NISL on the nucleation of UTAF. Figures 2A–D show the SEM images of the surface morphologies of the 8-nm-thick Ag films on a bare glass and on different types of seed (Au, PEI, and Au/PEI) layers. The AFM images and the corresponding typical cross-section line profiles of the surfaces of Ag films are shown in Figures 2E-H. The Ag film directly deposited on a bare glass exhibits island-like structures with a large surface root-mean-square (RMS) roughness of 6.44 nm and a low surface coverage of 74.6%. The peak-to-valley ratio of the film is even higher than the film thickness, implying that the film is discontinuous over the microscopic dimension. In contrast, the Ag film with only the Au NISL shows a decrease in grain size with an RMS roughness of 2.09 nm. Although the Ag islands begin to connect, resulting in an improved surface coverage of 80.5%, a large number of voids still exist. The high surface coverage is possibly because the Au functions as a high-surface energy seed layer, and it is energetically more favorable for the Ag atoms to attach to the Au surface than to agglomerate together (Schubert et al., 2013). A similar but larger effect is noted for the Ag film grown on the PEI NISL, wherein more Ag islands are connected with each other with only a small number of voids on the surface, thus exhibiting a reduced RMS roughness of 1.52 nm and an increased surface coverage of 94.1%. The improvement in film continuity and uniformity is due to the immobilization of Ag atoms via strong coordination bond interactions to the amine groups on the PEI surface (Kang et al., 2015). However, when the Ag film is deposited on the Au/PEI hybrid NISL, the Ag film almost completely covers the entire substrate, exhibiting the lowest RMS roughness of 0.42 nm and the highest surface coverage of 98.4%. This excellent morphology of the Ag film on Au/PEI NISL can be ascribed to the high density of amine groups in Au/PEI, which act as a much higher-interface energy substrate with an a higher density of nucleation sites for the deposited Ag atoms.
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FIGURE 2. SEM and AFM images of 8-nm-thick Ag on top of (A,E) glass, (B,F) Au, (C,G) PEI, and (D,H) Au/PEI NISLs, respectively.



It is well-known that the abrupt change in morphology plays a vital role in both electrical and optical properties of a Ag film. The variation in Rsheet with thickness of the Ag thin films deposited on different substrates is shown in Figure 3A. In the case of bare substrate, the Rsheet of Ag film is infinite at a film thickness of < 12 nm, indicating the 3D growth of a discontinuous Ag film caused by the severe diffusion of Ag atoms on glass due to the stronger interaction between Ag atoms than that between Ag and glass. For thicknesses ≥ 12 nm, a dramatic drop in Rsheet by one order of magnitude can be observed, which suggests the coalescence of Ag islands at this percolation threshold thickness (Ghosh, 2012). For Ag films grown on Au, PEI, and Au/PEI NISLs, the same effects can be seen but at a lower percolation threshold thickness of 6, 4, and 3 nm, respectively, which are in good agreement with the changes in film morphology as mentioned above. Figure 3B shows the wavelength-dependent transmittance and corresponding Rsheet of 8-nm-thin Ag layers on varying substrates. It can be seen that the non-conductive bare Ag film is characterized by a valley at ~450 nm due to the excitation of strong localized surface plasmon resonance (SPR) induced by the isolated Ag islands (Xu et al., 2003). After the SPR peak, the transparency of the bare Ag gradually increased with wavelength, suggesting that the film is discontinuous and non-conductive. In contrast, by introducing the Au and PEI single-layered NISLs, the Rsheet of both the Ag films were reduced to 58.6 and 12.5 Ω/sq, respectively, which is indicative of the formation of percolation paths. In addition, the spectral shape of the transmittance curves changed and showed a weakened Ag SPR peak as well as a reduced T above 600 nm, evidencing the improved morphology of Ag films. The emergence of a new mild dip at ~ 520 nm in the transmittance of the Ag film on the Au single-layered NISL can be ascribed to the SPR induced by the Au (Daniel and Astruc, 2004). Strikingly, after employing the bilayered Au/PEI NISL, the Ag film delivers the lowest Rsheet of 9.07 Ω/sq, which is much lower than that of the conventional ITO (15–30 Ω/sq). The spectral shape of the transmittance curve remarkably changed to a flat profile over the entire wavelength range. Moreover, both the SPR peaks induced by Ag and Au are eliminated, indicating a smooth surface topography of a completely continuous Ag film without any parasitic absorption.
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FIGURE 3. (A) Sheet resistance of Ag films on different NISLs as a function of Ag thickness. (B) Transmission spectra of 8-nm-thick Ag film on different NISLs. (C) Calculated transmittance of APAT film as a function of wavelength and thickness of Ta2O5 layers. (D) Transmittance spectra and (E) optical photographs of APAT films with various Ta2O5 thicknesses. The transmittance spectra of conventional ITO (black dashed line) is also shown for comparison.



Although the absorption loss of the Ag film can be counteracted by the introduction of NISL, its transmittance in the visible spectral region is still below 80%, which is hardly comparable with that of ITO due to the high reflection of Ag. To further enhance the transmittance, we employed a high-refractive-index Ta2O5 film on top of the Au/PEI/Ag electrode as an anti-reflection layer. An 8-nm-thick Ag layer was introduced to ensure a low Rsheet, while the thickness of the Ta2O5 layer was varied to optimize the optical transmittance of the resultant APAT stacked films. Figure 3C shows the simulated transmittance of APAT films for different Ta2O5 layer thicknesses in the wavelength range of 400–800 nm. The measured transmittance spectra of the APAT films with different Ta2O5 layer thicknesses are in good agreement with the calculated results, as shown in Figure 3D. Figure 3E shows the photographs demonstrating the transparency of different APAT electrodes. It can be observed that the optical behaviors of Ag thin films strongly depend on the Ta2O5 layer thickness. As the Ta2O5 layer thickness increased, the transmittance peak position red-shifted and the transmittance in the long-wavelength region gradually increased. When the thickness of the Ta2O5 layer exceeded 30 nm, the light transmittance in the short-wavelength region noticeably decreased. The best APAT film with a Ta2O5 layer thickness of 30 nm in our experiment presents a transmittance of 92.9% at 550 nm and an average transmittance of 90.0% over the entire 400–800 nm wavelength range. To gain a further insight into the effect of Au/PEI NISL and Ta2O5 capping layer on the overall performance of the APAT-based TCE, a commonly used figure of merit (FoM), namely the ratio of electrical conductance to optical conductance (σDC/σOP), is calculated for all the TCEs prepared in this work using the following widely accepted expression (Ellmer, 2012):
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where σDC is the DC conductivity and σOP is the optical conductivity of the film, T550 is the optical transmittance at a wavelength of 550 nm, and ξ0 = 120π is the impedance of free space. Generally, a higher FoM value indicates a better optoelectronic property. The calculated FoM values for the different TCEs are listed in Table 2. The FoM value of the bare Ag film is only 0.6. The introduction of Au, PEI, and Au/PEI NISLs increased the FoM to 8, 71, and 149, respectively, due to the improved conductivity; however, the values are still lower than that of ITO because of the poor transmittance. After capping with the Ta2O5 anti-reflection layer, the APAT electrode exhibits the best FoM value of 562, significantly outperforming ITO. These results clearly indicate that the APAT-based TCE displays superior overall performance to ITO as well as other UTMFs based on the single-layered NISLs of Au and PEI.


Table 2. Optical and electrical parameters of transmittance, sheet resistance, and FoM obtained from different TCEs.
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Apart from the optoelectronic properties, the long-term environmental stability and mechanical flexibility of the APAT film also play indispensable roles in the evaluation of the resultant FTCEs. The stability of Rsheet of the APAT film was investigated as a function of time by exposing the film to ambient environment. As shown in Figure 4A, the Rsheet of the bare Ag dramatically increased after exposing to ambient environment for 48 h, which is possibly due to the chemical corrosion of Ag through oxidation or sulfidation reactions (Graedel, 1992). After capping with the Ta2O5 layer, the Rsheet of the APAT film increased only by ~0.5% under the same condition, suggesting that the Ta2O5 layer can effectively protect the Ag underlayer. Meanwhile, the mechanical robustness of the APAT film was evaluated by conducting a bending test, and that of the ITO was estimated for comparison. Figure 4B shows the changes in the Rsheet of APAT and ITO films on PET substrates as a function of bending radius. Figure 4C shows the photograph of an optimized APAT film fabricated on an 8 in flexible PET. The APAT film shows a negligible increase in the Rsheet at a bending radius of 6 mm. In contrast, the ITO film shows a dramatic increase in Rsheet even as the bending radius is decreased to 8 mm. Moreover, the reliability of the TEs in terms of mechanical deformation geometries under continuous exposures to repeated bending was investigated by performing a repeated bending test with a 9 mm radius of curvature. As seen in Figure 4D, the Rsheet of ITO increases dramatically as soon as the bending test is initiated due to its inherent brittleness. In comparison, the APAT exhibits a Rsheet change of <2% even after 700 bending cycles and no crack appears on the film surface; this indicates the excellent mechanical flexibility of the APAT-based FTCEs.
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FIGURE 4. (A) Relative changes in the resistance of bare Ag and APAT film as a function of exposure time of up to 1,000 h. (B) Photograph of an 8 in flexible APAT film on PET. Relative change in the resistances of ITO and APAT films as a function of (C) bending radius and (D) number of bending cycles at a bending radius of 9 mm. The inset in (C) shows a photograph of a folded APAT film with a bending radius of 2 mm set for the bending test.



CONCLUSION

In summary, a high-performance UTAF with a percolation threshold thickness of as low as 3 nm is successfully demonstrated by incorporating an Au/PEI bilayered structure as a novel NISL with a high density of nucleation sites for the incoming deposited Ag atoms. XPS studies revealed that the adsorbed PEI monomers on Au precoated layer are immobilized by a strong coordination reaction between amine groups and Au atoms rather than the weak electrostatic interaction in the conventional adsorption of PEI without Au. Benefitting from the increased PEI density, the Ag film deposited on Au/PEI bilayered NISL shows a much smoother surface morphology as well as a higher conductivity and lower optical absorption loss than those of the Ag films deposited on conventional single-layered Au and PEI NISLs. After capping with a high-refractive-index Ta2O5 anti-reflection layer, a Rsheet of 9.07 Ω/sq and T of 92.9% at a wavelength of 550 nm are achieved for the resultant APAT stacked film. In addition, the APAT-based FTCE exhibits excellent long-term environmental and mechanical stabilities. Our work paves a facile way for the development of high-density NISLs for efficient UTMF-based FTCEs, which have a substantial application in flexible electronics.
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