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Abstract

:

Ultra-thin and continuous metallic silver films are attracting growing interest due to the applications in flexible transparent conducting electrodes. The surface morphology and structure of silver film are very important for its electrical resistivity and optical loss. Therefore, roughness control is essential for the production of ultra-thin metallic electrode film. We have investigated the effect of aluminum doping on the improvement of surface morphology of ultra-thin silver films using molecular dynamics simulations. Al-doped silver films showed smaller surface roughness than pure silver films at various substrate temperatures. When the temperature of the substrate was 600 K, the roughness of Al-doped silver film first decreased, and then increased with the increase of the incident velocity of silver atoms. Silver atoms were more likely to agglomerate on the surface of the substrate after adding aluminum atoms, as aluminum dopants promoted the immobilization of silver atoms on SiO2 substrate due to the anchoring effect. The smoother surface could be attributable to the reduced mean free path of silver due to the cage effect by the aluminum dopant.
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1. Introduction


Ultra-thin metal films are wildly applicated in metamaterials, plasmonic devices, nanophotonic, and light-emitting diodes [1,2]. Recently, continuous metallic films became a good candidate for the replacement of indium tin oxide (ITO) for flexible optoelectronic devices [3,4,5]. Silver is considered to be the best material for transparent conducting electrodes among metals, due to its low electrical resistance and low refractive index, as well as its high permeability from visible to near-infrared optical wavelengths [6,7]. The performance of deposition film is closely related to its surface morphology, for instance, it has been proven that surface roughness at the atomic scale greatly affects the electrical conductivity of copper films, due to the destruction of the isotropic Fermi surface [8]. Therefore, as an essential material of transparent electrodes, an ultra-thin and smooth surface is urgently needed. Although large area metal films can be easily prepared by electron beam and magnetron sputtering, rough surface morphology is often obtained during the deposition process, as a result of thin silver films grown in the Vomer–Webber mode on polycrystalline substrates [9,10]. To address this issue, much experimental and theoretical research on the fabrication of smooth ultra-thin silver films has been carried out. Nabiyouni et al. grew silver atoms on gold substrates by electrodeposition, and the results show that the grain size and roughness increase as the substrate rotation speed increases [11]. Ko et al. prepared an ultra-smooth and ultra-thin silver film on Corning glass by using an AlN seeding layer. The results indicate that the AlN seeding reduces the percolation threshold of silver films and formed a smooth surface [12]. Jamnig et al. studied the effect of nitrogen gas surfactant on the growth evolution of nanoscale silver films on silicon dioxide substrates, and the results show that early nitrogen deployment leads to 2D morphology without affecting the resistivity of silver film [13]. Kawamura et al. studied the suppression effect of titanium atoms on the agglomeration of thin silver film, and they found that adding titanium atoms can improve the adhesion of silver film to substrate [14]. Pliatsikas et al. studied the surface morphological evolution of magnetron-sputtered thin silver films deposited on silicon dioxide substrates, and found that silver layers grow flatter in the oxygen-containing gas atmosphere due to incomplete island coalescence. However, they also found that oxygen causes the increase of electrical resistivity of the silver layers [15]. Wang et al. provided an effective method for the fabrication of transparent silver electrodes and found that minimal oxygen-doping significantly improves the optical and electrical performances of silver films [16]. Moreover, Gu et al. investigated the microstructure characterizations and found that Al-doped silver film was smoother than pure silver film [17]. Zhang et al. developed Al-doped silver films on fused silica substrate and investigated the electrical and optical properties, and the results show that organic photovoltaic devices using Al-doped silver films as transparent cathodes produce better efficiency than those made with ITO electrodes [18]. The team also showed that such ultra-thin transparent conductors can benefit the light output in organic light-emitting diode (OLED) devices [19]. Ji et al. demonstrated a flexible transparent electrode consisting of ultra-thin and ultra-smooth copper-doped silver film [20]. High-efficiency transparent organic photovoltaics have recently been realized by using the doped silver film [21]. These results reveal that doping in the deposition process can greatly improve the performance of ultra-thin silver film electrodes. A recent review of the vast amount of experimental investigations on ultra-thin silver films has been presented by Zhang et al. [22]. However, despite many experimental results and characterizations, microscopic studies on how aluminum doping affects the initial deposition processes of silver films have been lacking.



In this paper, molecular dynamics (MD) simulations have been employed to investigate the aluminum doping effect on the deposition and growth process of silver films on amorphous SiO2 substrate. Different deposition parameters, including the substrate temperature and incident velocities, were considered. Comparative analysis and a discussion of surface morphology and the initial formation between the pure silver film and the Al-doped silver film were carried out. This paper is expected to provide a theoretical reference for the preparation of high-quality ultra-thin silver film. For example, the kinetic energy of the incident atom is usually achieved by increasing the sputtering current power, whereas the power adjustment affects the concentration of the incident atom. Therefore, a separate discussion of the effects of concentration and incident kinetic energy in atomistic insights would be helpful for further investigation.




2. Model and Methods


Molecular dynamics simulation is a well-established approach that is widely used for computational sub-micron scale investigations [23,24]. The simulations of the silver film deposition process were carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code [25,26]. The simulation box was 114.04 Å (x-axis) × 85.53 Å (y-axis) × 120.00 Å (z-axis) as a super unit cell, which comprised the substrate region and the deposited film region, as shown in Figure 1. Periodic boundary conditions were applied along the X and Y directions of the simulation box. The bottom and top boundaries in the Z direction were non-periodic. The coordinates of the box boundaries were fixed.



The amorphous SiO2 substrate was modeled as a tetrahedra-like structure and consisted of 3420 silicon atoms and 6912 oxygen atoms, which was defined as three blocks: the fixed block, the thermostat block, and the free block. The fixed block was defined from the bottom to 5 Å to prevent the substrate from slipping during the deposition along the Z direction, in which the atoms were fixed and could not move out through the bottom boundary. The thickness of the fixed block was proven to be sufficient in deposition simulations by a previous report [27]. The thermostat block was defined from 5 Å to 11 Å to absorb the kinetic energy of the incident atoms during the deposition process. The free block was defined from 11 Å to 18 Å to simulate the interactions and motions. Atoms aggregated in this block after the impacts of the deposited atoms. The atoms present in the thermal control block were free to move, and the initial velocities of them were governed by the Maxwell–Boltzmann distribution [28]. The temperature of the free block was transferred to the thermal control block through heat conduction. A vacuum layer of about 90 Å was arranged above the substrate, in which the deposition atoms of silver and aluminum were injected from the top of the vacuum space. The equations of the motions of the atoms were computed by the Verlet time integration algorithm, and the simulation time step was set to 2 fs. Different incident velocities and temperatures that affected the deposition of aluminum atoms and silver atoms on the SiO2 were considered.



The parameters of potential functions and corresponding interactions between atoms are very important for the accurate prediction of the dynamics and material properties. The parameter set for the Tersoff potential [29,30] had been used to study the structural properties of the Si-O system, which is an empirical function composed of two-body terms depending on the direct situations. Interactions between the silver and the silver atoms were modeled using the embedded-atom method (EAM) potential, which is applicable to metallic atom systems due to combining pair interactions with the atomic embedding energy term depending on the local electron density [31]. The spherically symmetric Lennard–Jones (LJ) potential was used to represent the dynamic interactions between the atoms. The Lennard–Jones potential ELJ is defined below:


   E  L J    (   γ  i j    )  = 4 ε  [     (   σ   γ  i j      )    12   −    (   σ   γ  i j      )   6   ]   



(1)







In the formula above, γij is the distance between atom i and atom j; ɛ is the height of Lennard–Jones potential energy. When Lennard–Jones potential energy is used for mixed materials, the two elements (ɛij, σij) should be using the Lorentz–Berthelot combination rules [32]. The LJ parameters are listed in Table 1.



The open visualization tool (OVITO) was used for the visualization of the calculation results, displaying the deposition process and the reactions to surface morphology [36]. The surface roughness of the deposited films was presented by the root-mean-square (RMS) Rs, which was computed as follows [37]:


   R s  =       ∑   i = 1  n     (   Z i  −  Z  mean    )   2   n     



(2)




where Zi is the Z coordinate of the topmost atoms in each region, Zmean is the mean height of the Z coordinate of the topmost atoms in each region, and n is the total number of regions divided. In this quantitative evaluation, the deposition surface was divided into 55 × 42 regions along the X-Y plane.




3. Results and Discussion


3.1. Effects of Aluminum Composition


The deposition process of pure silver film and Al-doped silver film on SiO2 substrate are shown in Figure 2. In this process, a total of 22,000 atoms were deposited. The pure silver film contained 22,000 silver atoms, while the Al-doped silver film contained 20,000 silver atoms and 2000 aluminum atoms. The temperature of the substrate was maintained at 600 K. The initial incident velocity of the silver and aluminum atoms was 2 Å/ps, and the incident angle of each deposited atom is perpendicular to the substrate surface.



Four snapshots of different times are presented to describe the deposition process. Figure 2a–d shows the growth process of pure silver film, while Figure 2e–h shows the growth of Al-doped silver film. At the initial deposition stage, there were many clusters, as shown in Figure 2a,e. As the deposition continues, the clusters are connected with each other. Pure silver deposition forms island-like structures, as shown in Figure 2c. Compared to pure silver deposition, Al-doped silver deposition forms relatively smooth surfaces, as shown in Figure 2f. At the final deposition stage, there were still some island-like structures in the pure silver deposition, as shown in Figure 2d, which presents a rough and discontinuous surface morphology. The Al-doped silver deposition formed a smooth and continuous surface morphology, shown in Figure 2h. These results suggest that adding a small amount of aluminum atoms is helpful for forming a smooth and continuous silver film.



To further quantify the effects of aluminum composition on Al-doped silver film, different doping ratios of aluminum in silver films were considered. Figure 3 shows the RMS of Al-doped silver films on SiO2 substrates, with the aluminum proportion ranging from 0% to 30% in the deposited atoms. It is obvious that adding aluminum atoms greatly reduced the roughness of the film surface compared to pure silver film (the aluminum proportion was 0%). Moreover, the surface morphology of Al-doped silver films gradually became rough when the proportion of aluminum atoms was above 10%. That is, the best doping concentration ratio for Al-doped silver film was 10% at a temperature of 600 K, while the value of RMS was around 4.65 Å.




3.2. Effect of Substrate Temperature


The temperature of the substrate is also a key parameter for the deposition. In this section, the effects of the deposition temperature of the substrate on the surface morphology of ultra-thin silver film were simulated and discussed. For pure silver deposition cases, 22,000 silver atoms were deposited in each calculation, while 20,000 silver atoms and 2000 aluminum atoms were simultaneously deposited in each calculation of Al-doped deposition. The temperatures of the substrate were increased from 450 K to 900 K.



The snapshots of the deposited process of pure silver film and Al-doped silver film on SiO2 substrate are shown in Figure 4, where the atoms are colored by the height of the z-axis. As shown in Figure 4a–e, the surfaces of the pure silver film were rougher than those of the Al-doped ones at all temperatures. As the temperature increased, the island-like structures in silver films became more significant. This is likely due to the increased atomic mobility on the surface, which increases the probability of silver atom aggregation and clustering. Experimental studies have also shown that the effects of growth temperatures on morphology are affected by the substrate surface [38]. The surfaces of the Al-doped silver films were smoother and more continuous than the pure silver films at different temperatures, as shown in Figure 4f–h. Recently, kinetic Monte Carlo (kMC) simulations of silver depositions on weakly-interacting substrates showed that higher temperatures promote top-layer nucleation, resulting in an increase in island height-to-radius aspect ratios [39].



In order to further quantify the effects of substrate temperatures on the surface morphology, the RMS of silver films were calculated by a statistical atom coordinate. The calculation results are presented in Figure 5, where the red curve denotes the pure silver film, and the black curve denotes the Al-doped silver film. The RMS increased as the substrate temperature increased from 450 K to 900 K. The slope of the red curve is larger than that of the black curve, which means the Al-doped silver film was more thermally stable than the pure silver film as the temperature increased. The RMS of the pure silver film reached 11.92 Å when the substrate temperature reached 900 K, while the RMS of the Al-doped silver film tended to be stable at around 4.85 Å at that temperature. Additive aluminum atoms benefited the thermal stability of the formed film in the deposition of the silver atoms. The evolutions of the top-layer critical radius (Rc) and the growth temperature were affected by a proportionality constant α. In the case of a high α, the Rc increased as the growth temperature increased, while a small α case showed a decreasing Rc as the growth temperature increased [39]. Therefore, it is possible that the doping of aluminum affects the value of this proportionality constant.




3.3. Effects of Initial Incident Velocity of Deposition Atoms


The source power of sputtering or e-beam is also a key parameter for the fabrication of ultra-thin silver film electrodes, which determines the initial kinetic energy of deposition atoms. Therefore, the parameter of the incident velocity of silver and aluminum atoms was introduced into the study of Al-doped silver film deposition. In order to analyze the influence of aluminum atomic velocity independently, the incident velocity of aluminum atoms changed from 1 Å/ps to 60 Å/ps, and the incident angle from the z-axis was set to 0 degrees, while the incident velocity of the silver atoms was maintained at 2 Å/ps. In each calculation, 20,000 silver atoms and 2000 aluminum atoms were deposited. The temperature of the substrate was set to 600 K in each simulation case. The surface morphologies of the Al-doped silver films grown on SiO2 substrate at different incident velocities of aluminum atoms are shown in Figure 6, where the atoms are colored by the height of the z-axis. The surface morphology of the Al-doped silver film became smoother as the incident velocity of the aluminum atoms increased.



To further quantify the effects of the initial incident velocity of aluminum atoms on the surface roughness of Al-doped silver film with different incident velocities of silver atoms, two more cases were calculated, in which the incident velocities of silver atoms were set at 5 Å/ps and 10 Å/ps, respectively. The RMS results of the Al-doped silver film versus the initial incident velocity of the aluminum atoms are presented in Figure 7.



The surface roughness of Al-doped silver films significantly decreased as the velocity of the aluminum atoms increased from 1 Å/ps to 10 Å/ps. In the case of the velocities of the silver atoms being 5 Å/ps and 10 Å/ps, as the value of velocity continued to increase, the surface roughness of the Al-doped silver films decreased slightly. On the contrary, in the case of the velocity of the silver atoms being 2 Å/ps, the surface roughness of the Al-doped silver films increased slightly as the value of velocity continued to increase. These results indicate that a higher initial kinetic energy of aluminum atoms is beneficial to the formation of better surface morphology. Similar experimental research on sputtered silver films revealed that silver film prepared at plasma power 25 W contained more discontinuous pores than the film prepared at plasma power 50 W, and the surfaces are smoother when the plasma power increased to 75 W and 100 W [40]. Another similar result has been reported by Gu et al. [17]. However, it was found that the RMS of Al-doped silver films increase again as the incident velocity of aluminum atoms exceeds 50 Å/ps, in the case of the velocity of silver atoms being 5 Å/ps, which means that the incident energy of silver atoms should be controlled in a reasonable range within 1 to 50 Å/ps.



The incident velocity of silver atoms should be discussed further to explore the effect of the incident velocity of deposition atoms on the surface morphology of Al-doped silver films. Figure 8 shows the surface morphology of Al-doped silver films deposited on SiO2 substrates at different incident velocities of silver atoms. The incident velocity of aluminum atoms was 2 Å/ps. The atoms are colored by the height of their coordinate along the z-axis. It is obvious that the surface morphology of Al-doped silver films was rough at 600 K, while it became smooth as the incident velocity of the silver atoms increased. This is because the high kinetic energy of aluminum atoms can overcome the random thermal motion of the substrate atoms and form a chemical bond with oxygen.



The following quantity calculations present the deposition process of Al-doped silver films that the incident velocity of silver atoms varies from 1 Å/ps to 60 Å/ps are shown in Figure 9. Three doping conditions were considered, in which the incident velocities of aluminum atoms were set at 2 Å/ps, 5 Å/ps, and 10 Å/ps, respectively. The temperature of the substrate was also maintained at 600 K in each calculation case. The RMS of the Al-doped silver films were reduced rapidly when the initial incident velocity of the silver atom was less than 30 Å/ps. However, the reduction of the RMS of Al-doped silver film became stable when the range of incident velocities of silver atoms was between 30 Å/ps and 50 Å/ps. When the incident velocity of deposited silver atoms exceeded 50 Å/ps, the kinetic energy of silver atoms was more than 14 eV, and the surface morphology of the Al-doped silver film turned rough. This may partially be due to the fact that the incident silver atoms passed through the surface of the silver film that was formed before, and directly injected into the lattice of silver film. The RMS of the Al-doped silver film reached a minimum of 2.03 Å, in the case of the velocity of the aluminum atoms being 10 Å/ps, and the velocity of the silver atoms increased to 30 Å/ps. Thus, the surface morphology was not solely decreasing with the increasing incident velocity of the deposition atoms, but decreased rapidly at first and then increased slightly.




3.4. Atomic Migration Mechanism


Taking the above results into consideration, the morphological evolutions of ultra-thin Al-doped silver film revealed that a few aluminum atoms may strongly influence the migration and subsequent growth of silver films. Further research is presented to discuss the effects of aluminum atom doping on the initial deposition stage. The migration characteristics of silver atoms and aluminum atoms on SiO2 substrate are shown in Figure 10, in which the growth temperature was set to 600 K and the proportion of injected atoms was set as Ag:Al = 10:1. As can be seen in Figure 10a,b, silver atoms were successfully deposited on the surface and then bonded with the appropriate atoms. Subsequently, as the number of deposited silver atoms increased, it was found that the silver atoms dispersed. This may be due to the weak interaction between the silver atoms and the SiO2 substrate.



In the deposition of the aluminum doping case, several silver atoms with a single aluminum atom were deposited on the substrate, and the snapshot results are shown in Figure 10e,f. The deposition results show that the silver clusters with an aluminum atom still attached together as the number of silver atoms increased. Therefore, these processes indicate that silver atoms are more likely to agglomerate on the surface of the substrate after adding aluminum atoms, and aluminum atoms mitigate the migration behavior of silver atoms, which confirms that the smoothness of Al-doped silver film is better than pure silver film.



Furthermore, reports show that the bond strength of Ag-O bonds is much weaker than that of Al-O bonds [41]. This is because of the high enthalpy of formation of Al-O bonds. In the initial deposition stage, the average diffusion distance of silver atoms on SiO2 substrate is larger than that of aluminum atoms, and aluminum atoms are more easily attached to SiO2 substrate than silver atoms due to their stronger bond with the oxidized surface. Then, the immobilization of the aluminum atoms promotes the immobilization of the silver atoms on the SiO2 substrate. It can be explained by the anchoring effect [42,43], in which the aluminum atoms anchored to the substrate act as a nucleation center to a silver cluster. A further explanation is that when silver atoms try to move some distance from the aluminum atoms, the cluster will become smaller and their surface areas and surface energies increase, therefore, energetically, it is not favorable.



The reduced roughness due to the additive aluminum atoms in the subsequent growth process could be further explained by the sluggish migration, according to the cage effect [44], in which aluminum doping atoms act as obstacles for the movement of silver clusters in bulk diffusion. Similar analysis has been found in the experiment of germanium-wetted silver films, in which the Raman spectra results demonstrated that the germanium atoms at the silver grain boundaries form clusters of a few atoms [45]. Because of the mismatch of the atom size, additive aluminum atoms create atomic distortions and strains. Such a strain field is centered on these impurities and is long-range. As a result, these additive heterogeneous aluminum atoms form cages that impair the migration of silver atoms by reducing the mean free path. According to the cage model [46], the mean free path λ is a function of the concentration c of impurity, as   λ = A / ∛ c + B  , where A and B are constants. Increases in the concentration of aluminum results in the reduction of the mean free path of silver, and thus, the agglomerations. As a consequence, the roughness decreases.





4. Conclusions


We have systematically studied the effects of aluminum doping on the initial growth of ultra-thin silver films using molecular dynamics simulations. The critical conditions of Al-doped silver films under different aluminum compositions, substrate temperatures, and initial incident velocities were calculated, and the surface morphology and RMS surface roughness of deposited film were discussed. The results show that aluminum dopant promoted the immobilization of silver atoms on SiO2 substrate and formed a smoother silver film. Further studies indicated that Al-doped silver films show better surface roughness than pure silver films at various substrate temperatures. Moreover, when the temperature of the substrate is set to 600 K, the RMS of the Al-doped silver film first decreased, and then increased with the increasing of the incident velocity of deposited silver atoms. The optimum injection velocity was 30 Å/ps for the silver atoms and 10 Å/ps for the aluminum atoms. The atomic migration mechanism is that silver atoms are more likely to agglomerate on the surface of the substrate after adding aluminum atoms, as aluminum dopants promote the immobilization of silver atoms on SiO2 substrate, due to the anchoring effect. The smoother surface could be attributable to the reduced mean free path of silver, due to the cage effect by the aluminum dopant. The simulation results of this paper could be beneficial in guiding and regulating the deposition process and analyzing the film characteristics of transparent metallic conducting electrode films.







Author Contributions


Conceptualization, H.Y. and L.J.G.; investigation and writing—original draft preparation, Z.T. and H.Y.; methodology and software, Q.P.; data curation and visualization, C.D., P.L. and Q.L.; resources, S.Z.; writing—review and editing, Q.P., S.Z. and L.J.G.; supervision and project administration, H.Y. and Q.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 51775387 and 51605358. Q.P. would like to acknowledge the support provided by the Deanship of Scientific Research (DSR) at King Fahd University of Petroleum & Minerals (KFUPM) through project No. SR191013.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author H.Y.




Acknowledgments


L.J.G acknowledges partial support from ZenithNano.




Conflicts of Interest


The authors declare no conflict of interest. L.J.G. declares financial interest in the ultra-thin Ag-based film and its applications.




References


	



Zhou, S.; Liu, X.; Yan, H.; Chen, Z.; Liu, Y.; Liu, S. Highly efficient GaN-based high-power flip-chip light-emitting diodes. Opt. Express 2019, 27, A669–A692. [Google Scholar] [CrossRef] [PubMed]

	



Colin, J.; Jamnig, A.; Furgeaud, C.; Michel, A.; Pliatsikas, N.; Sarakinos, K.; Abadias, G. In situ and real-time nanoscale monitoring of ultra-thin metal film growth using optical and electrical diagnostic tools. Nanomaterials 2020, 10, 2225. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.; Wang, W.; Bae, T.-S.; Lee, S.-G.; Mun, C.; Lee, S.; Yu, H.; Lee, G.-H.; Song, M.; Yun, J. Stable ultrathin partially oxidized copper film electrode for highly efficient flexible solar cells. Nat. Commun. 2015, 6, 8830. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Fan, G.; Zhang, H.; Zhou, L.; Zhu, W.; Xi, H.; Dong, H.; Pang, S.; He, X.; Lin, Z.; et al. Efficient Ni/Au mesh transparent electrodes for ITO-free planar perovskite solar cells. Nanomaterials 2019, 9, 932. [Google Scholar] [CrossRef]

	



Zhang, C.; Kinsey, N.; Chen, L.; Ji, C.; Xu, M.; Ferrera, M.; Pan, X.; Shalaev, V.M.; Boltasseva, A.; Guo, L.J. high-performance doped silver films: Overcoming fundamental material limits for nanophotonic applications. Adv. Mater. 2017, 29, 1605177. [Google Scholar] [CrossRef]

	



Huang, Q.B.; Zhang, K.; Yang, Y.; Ren, J.L.; Sun, R.C.; Huang, F.; Wang, X.H. Highly smooth, stable and reflective Ag-paper electrode enabled by silver mirror reaction for organic optoelectronics. Chem. Eng. J. 2019, 370, 1048–1056. [Google Scholar] [CrossRef]

	



Kato, K.; Omoto, H.; Tomioka, T.; Takamatsu, A. Visible and near infrared light absorbance of Ag thin films deposited on ZnO under layers by magnetron sputtering. Sol. Energy Mater. Sol. Cells 2011, 95, 2352–2356. [Google Scholar] [CrossRef]

	



Timoshevskii, V.; Ke, Y.; Guo, H.; Gall, D. The influence of surface roughness on electrical conductance of thin Cu films: An ab initio study. J. Appl. Phys. 2008, 103, 113705. [Google Scholar] [CrossRef]

	



Arai, N.; Tsuji, H.; Ueno, K.; Matsumoto, T.; Gotoh, N.; Aadachi, K.; Kotaki, H.; Gotoh, Y.; Ishikawa, J. Formation of silver nanoparticles aligned near the bottom of SiO2 film on silicon substrate by negative-ion implantation and post-annealing. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2006, 242, 217–220. [Google Scholar] [CrossRef]

	



Lu, Y.J.; Kim, J.; Chen, H.Y.; Wu, C.; Dabidian, N.; Sanders, C.E.; Wang, C.Y.; Lu, M.Y.; Li, B.H.; Qiu, X.; et al. Plasmonic nanolaser using epitaxially grown silver film. Science 2012, 337, 450–453. [Google Scholar] [CrossRef]

	



Nabiyouni, G.; Nasehnejad, M. Conventional and fractal analyses and nanoscale behavior studies of electrodeposited silver films. Phys. B Condens. Matter 2018, 548, 46–52. [Google Scholar] [CrossRef]

	



Ko, R.H.H.; Khalatpour, A.; Clark, J.K.D.; Kherani, N.P. Ultrasmooth ultrathin Ag films by AlN seeding and Ar/N2 sputtering for transparent conductive and heating applications. APL Mater. 2018, 6, 121112. [Google Scholar] [CrossRef]

	



Jamnig, A.; Pliatsikas, N.; Konpan, M.; Lu, J.; Kehagias, T.; Kotanidis, A.N.; Kalfagiannis, N.; Bellas, D.V.; Lidorikis, E.; Kovac, J.; et al. 3D-to-2D morphology manipulation of sputter-deposited nanoscale silver films on weakly interacting substrates via selective nitrogen deployment for multifunctional metal contacts. Acs Appl. Nano Mater. 2020, 3, 4728–4738. [Google Scholar] [CrossRef]

	



Kawamura, M.; Zhang, Z.; Kiyono, R.; Abe, Y. Thermal stability and electrical properties of Ag–Ti films and Ti/Ag/Ti films prepared by sputtering. Vacuum 2013, 87, 222–226. [Google Scholar] [CrossRef]

	



Pliatsikas, N.; Jamnig, A.; Konpan, M.; Delimitis, A.; Abadias, G.; Sarakinos, K. Manipulation of thin silver film growth on weakly interacting silicon dioxide substrates using oxygen as a surfactant. J. Vac. Sci. Technol. A 2020, 38, 9. [Google Scholar] [CrossRef]

	



Wang, W.; Song, M.; Bae, T.S.; Park, Y.H.; Kang, Y.C.; Lee, S.G.; Kim, S.Y.; Kim, D.H.; Lee, S.; Min, G.H.; et al. Transparent ultrathin oxygen-doped silver electrodes for flexible organic solar cells. Adv. Funct. Mater. 2014, 24, 1551–1561. [Google Scholar] [CrossRef]

	



Gu, D.; Zhang, C.; Wu, Y.K.; Guo, L.J. Ultrasmooth and thermally stable silver-based thin films with subnanometer roughness by aluminum doping. Acs Nano 2014, 8, 10343–10351. [Google Scholar] [CrossRef]

	



Zhang, C.; Zhao, D.W.; Gu, D.E.; Kim, H.; Ling, T.; Wu, Y.K.R.; Guo, L.J. An ultrathin, smooth, and low-loss Al-doped Ag film and its application as a transparent electrode in organic photovoltaics. Adv. Mater. 2014, 26, 5696–5701. [Google Scholar] [CrossRef]

	



Zhang, C.; Huang, Q.; Cui, Q.; Ji, C.; Zhang, Z.; Chen, X.; George, T.; Zhao, S.; Guo, L.J. High-performance large-scale flexible optoelectronics using ultrathin silver films with tunable properties. Acs Appl. Mater. Interfaces 2019, 11, 27216–27225. [Google Scholar] [CrossRef]

	



Ji, C.; Liu, D.; Zhang, C.; Guo, L.J. Ultrathin-metal-film-based transparent electrodes with relative transmittance surpassing 100%. Nat. Commun. 2020, 11, 3367. [Google Scholar] [CrossRef]

	



Li, Y.; Ji, C.; Qu, Y.; Huang, X.; Hou, S.; Li, C.-Z.; Liao, L.-S.; Guo, L.J.; Forrest, S.R. Enhanced light utilization in semitransparent organic photovoltaics using an optical outcoupling architecture. Adv. Mater. 2019, 31, 1903173. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Ji, C.; Park, Y.-B.; Guo, L.J. Thin-metal-film-based transparent conductors: Material preparation, optical design, and device applications. Adv. Opt. Mater. 2001, 2001298. [Google Scholar] [CrossRef]

	



Peng, Q.; Meng, F.J.; Yang, Y.Z.; Lu, C.Y.; Deng, H.Q.; Wang, L.M.; De, S.; Gao, F. Shockwave generates < 100 > dislocation loops in bcc iron. Nat. Commun. 2018, 9, 6. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Cao, Q.; Peng, Q.; Liu, S. Atomistic Study of Mechanical Behaviors of Carbon Honeycombs. Nanomaterials 2019, 9, 109. [Google Scholar] [CrossRef] [PubMed]

	



Ringl, C.; Urbassek, H.M. A LAMMPS implementation of granular mechanics: Inclusion of adhesive and microscopic friction forces. Comput. Phys. Commun. 2012, 183, 986–992. [Google Scholar] [CrossRef]

	



Favata, A.; Micheletti, A.; Ryu, S.; Pugno, N.M. An analytical benchmark and a mathematica program for MD codes: Testing LAMMPS on the 2nd generation Brenner potential. Comput. Phys. Commun. 2016, 207, 426–431. [Google Scholar] [CrossRef]

	



Gao, Y.; Li, G.; Chang, L.; Liu, S.; Liu, S.; Wang, Q. Effects of Cu contents on defects formation in molecular dynamics simulations of ZnO:Cu films deposition. Appl. Surf. Sci. 2019, 465, 67–72. [Google Scholar] [CrossRef]

	



Viddal, C.A.; Roshko, R.M. Thermal fluctuations in a titanomagnetite mineral: A two-level subsystem approach. J. Appl. Phys. 2006, 99, 3. [Google Scholar] [CrossRef]

	



Munetoh, S.; Motooka, T.; Moriguchi, K.; Shintani, A. Interatomic potential for Si–O systems using Tersoff parameterization. Comput. Mater. Sci. 2007, 39, 334–339. [Google Scholar] [CrossRef]

	



Zhang, Y.-Y.; Pei, Q.-X.; Sha, Z.-D.; Zhang, Y.-W. A molecular dynamics study of the mechanical properties of h-BCN monolayer using a modified Tersoff interatomic potential. Phys. Lett. A 2019, 383, 2821–2827. [Google Scholar] [CrossRef]

	



Wu, H.H.; Trinkle, D.R. Cu/Ag EAM potential optimized for heteroepitaxial diffusion from ab initio data. Comput. Mater. Sci. 2009, 47, 577–583. [Google Scholar] [CrossRef]

	



Al-Matar, A.K.; Rockstraw, D.A. A generating equation for mixing rules and two new mixing rules for interatomic potential energy parameters. J. Comput. Chem. 2004, 25, 660–668. [Google Scholar] [CrossRef] [PubMed]

	



Caro, M.; Béland, L.K.; Samolyuk, G.D.; Stoller, R.E.; Caro, A. Lattice thermal conductivity of multi-component alloys. J. Alloy. Compd. 2015, 648, 408–413. [Google Scholar] [CrossRef]

	



Dewapriya, M.A.N.; Rajapakse, R.K.N.D. Development of a homogenous nonlinear spring model characterizing the interfacial adhesion properties of graphene with surface defects. Compos. Part B Eng. 2016, 98, 339–349. [Google Scholar] [CrossRef]

	



Rajgarhia, R.K.; Spearot, D.E.; Saxena, A. Interatomic potential for copper–antimony in dilute solid–solution alloys and application to single crystal dislocation nucleation. Comput. Mater. Sci. 2009, 44, 1258–1264. [Google Scholar] [CrossRef]

	



Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool. Model. Simul. Mater. Sci. Eng. 2010, 18, 7. [Google Scholar] [CrossRef]

	



Chen, X.; Wang, Y.-W.; Liu, X.; Wang, X.-Y.; Wang, X.-B.; An, S.-D.; Zhao, Y.-Q. Molecular dynamics study of the effect of titanium ion energy on surface structure during the amorphous TiO2 films deposition. Appl. Surf. Sci. 2015, 345, 162–168. [Google Scholar] [CrossRef]

	



Sarakinos, K. A review on morphological evolution of thin metal films on weakly-interacting substrates. Thin Solid Film. 2019, 688, 6. [Google Scholar] [CrossRef]

	



Gervilla, V.; Almyras, G.A.; Thunström, F.; Greene, J.E.; Sarakinos, K. Dynamics of 3D-island growth on weakly-interacting substrates. Appl. Surf. Sci. 2019, 488, 383–390. [Google Scholar] [CrossRef]

	



Cinali, M.B.; Coskun, O.D. Optimization of physical properties of sputtered silver films by change of deposition power for low emissivity applications. J. Alloy. Compd. 2021, 853, 157073. [Google Scholar] [CrossRef]

	



Campbell, C.T. Ultrathin metal films and particles on oxide surfaces: Structural, electronic and chemisorptive properties. Surf. Sci. Rep. 1997, 27, 1–111. [Google Scholar] [CrossRef]

	



Di Valentin, C.; Giordano, L.; Pacchioni, G.; Rösch, N. Nucleation and growth of Ni clusters on regular sites and F centers on the MgO(001) surface. Surf. Sci. 2003, 522, 175–184. [Google Scholar] [CrossRef]

	



Souda, R.; Aizawa, T. Nucleation and growth of water ice on Ru(0001): Influences of oxygen and carbon-monoxide adspecies. Chem. Phys. Lett. 2019, 722, 132–139. [Google Scholar] [CrossRef]

	



Li, Y.; Li, R.; Peng, Q.; Ogata, S. Reduction of dislocation, mean free path, and migration barriers using high entropy alloy: Insights from the atomistic study of irradiation damage of CoNiCrFeMn. Nanotechnology 2020, 31, 425701. [Google Scholar] [CrossRef] [PubMed]

	



Ciesielski, A.; Skowronski, L.; Gorecka, E.; Kierdaszuk, J.; Szoplik, T. Growth model and structure evolution of Ag layers deposited on Ge films. Beilstein J. Nanotechnol. 2018, 9, 66–76. [Google Scholar] [CrossRef]

	



Lu, C.Y.; Yang, T.; Niu, L.N.; Peng, Q.; Jin, K.; Crespillo, M.L.; Velisa, G.; Xue, H.Z.; Zhang, F.F.; Xiu, P.Y.; et al. Interstitial migration behavior and defect evolution in ion irradiated pure nickel and Ni-xFe binary alloys. J. Nucl. Mater. 2018, 509, 237–244. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 00158 g001 550] 





Figure 1. Schematic of simulation model of the deposition process. 
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Figure 2. The growth process of pure silver film from (a) to (d), and the growth process of Al-doped silver film from (e) to (h). 
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Figure 3. The RMS of Al-doped silver films versus proportion of aluminum in deposited atoms. 
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Figure 4. Surface morphology of pure silver films (a–d) and Al-doped silver films (e–h), in which the temperature of the substrate increased from 450 K to 900 K. 
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Figure 5. The RMS surface roughness of pure silver films and Al-doped silver films versus substrate temperatures. 






Figure 5. The RMS surface roughness of pure silver films and Al-doped silver films versus substrate temperatures.



[image: Nanomaterials 11 00158 g005]







[image: Nanomaterials 11 00158 g006 550] 





Figure 6. Surface morphology of Al-doped silver films deposited under different incident velocities of the aluminum atoms at 600 K. 
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Figure 7. The RMS surface roughness of Al-doped silver films deposited in various initial incident velocities of aluminum atoms at 600 K. 
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Figure 8. Surface morphology of Al-doped silver films on SiO2 substrate deposited in different incident velocities of silver atoms at 600 K. 
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Figure 9. The RMS surface roughness of Al-doped silver films deposited in different incident velocities of silver atoms at 600 K. 






Figure 9. The RMS surface roughness of Al-doped silver films deposited in different incident velocities of silver atoms at 600 K.



[image: Nanomaterials 11 00158 g009]







[image: Nanomaterials 11 00158 g010 550] 





Figure 10. Atomic migration process of pure silver atom deposition cases (a–d) and aluminum doping cases (e–h). 
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Table 1. LJ parameters and material constants [33,34,35].
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	Atom
	Ε (eV)
	σ (Å)





	Ag-Ag
	0.345
	2.644



	Al-Al
	0.392
	2.620



	Si-Si
	0.0175
	3.826



	O-O
	0.0026
	3.166



	Al-O
	0.032
	2.893



	Ag-O
	0.030
	2.905



	Al-Si
	0.083
	3.223



	Ag-Si
	0.078
	3.235
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