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Abstract
Ag thin films are widely used in Low-E glass. High conductivity and low emissivity require a film thickness of at least 10 nm, which is costly for the industry. The cost of Low-E coating could be drastically reduced by lowering the amount of Ag without decreasing the conductivity. For that purpose, it is necessary to understand Ag film growth and related macroscopic properties. This can be studied by thin film growth simulations. In this work, we present results of Ag growth on ZnO by magnetron sputtering and related properties with multiscale simulations (DFT, Molecular Dynamics, and kinetic Monte Carlo). A new method to take into account defects generated by magnetron sputtering has been developed. Simulated conductivity has been compared with experiments and shows the same trend with a difference attributed to electron scattering at grain boundaries. To go further, we propose patterned substrates with and without defects to find an original tuneable process to increase the conductivity of ultrathin metallic films. We show that a patterned substrate does not increase the conductivity. Instead, it leads to a controlled growth of small islands which could be used for other applications requiring plasmonic properties. Finally, conductivity is higher for the same deposited thickness when the substrate has a higher defect density.
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[bookmark: _Ref109217961]Introduction
Nowadays, functional glass technologies involve the usage of ultra-thin metallic films. Among those functional glasses, low emissivity glass (Low-E) requires an ultra-thin film of silver to reflect infrared while being transparent to visible light [1]. Infrared reflectance is inversely proportional to the electrical conductivity through the Hagen-Rubens relationship [2]. Thus, the Low-E application requires a high conductivity. However, the conductivity of an Ag ultra-thin film (~ 10 nm) is strongly dependent on porosity, growth at the early stage, and temperature [2–4].
When deposited by magnetron sputtering, the growth kinetics at the nanoscale is governed by the interaction of Ag with the substrate and by experimental parameters such as deposition rate, the energy of incoming atoms, and the angle of incidence [5–7]. Based on the surface energy of the substrate and film ( and ) as well as the energy of the interface film-substrate (, three growth modes exist. The layer-by-layer growth (2D) also called Frank-van der Merwe growth is obtained when the substrate and the film strongly interact. The island growth (3D) also called Volmer-Weber growth appears when the film and the substrate interact weakly. In the Stranski-Krastanov mode, one or two monolayers are formed followed by island growth. In this way, 2D growth appears when  while 3D occurs when. Stranski-Krastanov growth occurs due to increase of  with the film thickness [8,9]. Some works have also been performed focussing on the role of impurities on film growth looking at a ratio between the flow of contaminants (such as O2 and N2 coming from base pressure) and the flow of metallic atoms emitted by the target [10,11].
Resistivity of the film is determined by scattering at surfaces and grain boundaries. The contribution of the surface becomes small when the film thickness exceeds the electron mean free path. However, this mean free path is generally higher than the grain size of the polycrystalline film. Thus, a seed layer promoting the heteroepitaxy leading to texturated Ag films with large grains size is preferable to reach lower resistivity. Moreover, impurities inside the film generally increase the resistivity of the silver layer. 
Some work focussed on Ag growth on SiO2 and when O2 and N2 impurities are controlled; they can be used as surfactants promoting 2D growth of Ag on SiO2 at the cost of an increase of resistivity [12,13]. Jamnig et al. have shown that Ag alloyed with metals (Cu, Al, Au or Cr) can be used at the very beginning of the growth to promote subsequently 2D Ag growth avoiding a large increase of the resistivity [14]. 
To avoid the small-grains film, a ZnO or Al-doped ZnO (AZO) are generally the preferred seed layer because their growth along c-axis promotes Ag growth along (111) [15,16]. It has been shown that 5 nm of AZO is beneficial to promote heteroepitaxy growth [15]. A layer of ZnO or AZO between 3 and 20 nm is used by industry to promote Ag growth [17,18] and increases the durability of Low-E coatings [19]. 
Experimental studies of Ag growth on ZnO produced by evaporation in UHV show that an increase in temperature leads to an increase in roughness and island coalescence [4,20]. Other studies have been performed on a sapphire substrate and have compared Ag growth between evaporation and magnetron sputtering. These show that Ag grown by magnetron sputtering extends laterally due to highly energetic atoms hindering the coalescence of Ag islands [21–23]. Those recent studies point out the role of energetic particles in substrate defect generation, which influences the Ag initial growth. In other work, dewetting of Ag and Au has been exploited to create a periodic array due to diffusion control. Such periodic arrays are useful for plasmonic applications [24–29]. 
From a simulation point of view, Molecular Dynamics (MD) and adaptive kinetic Monte Carlo (AKMC) simulations show a competition mechanism between the lateral and height extent of the first monolayer. The first monolayer of Ag grows on ZnO and forms a single layer coverage, after that, small Ag islands grow on this layer [30,31]. Recently, kinetic Monte Carlo (kMC) simulation of Ag growth on Ag(111) and weakly interacting substrates such as SiO2 or ZnO show that diffusion along a facetted side of the nanostructure leads to 3D-island nanostructures [32,33]. This new understanding of the growth in the initial stages explains the coalescence process but the system sizes are relatively small [34]. Computation of macroscopic properties such as porosity, roughness, and conductivity requires a larger simulation size [35–37]. However, simulations for a large cell have not been performed until now, due to low barrier energies for Ag to diffuse on Ag(111) and ZnO which generally leads to a very large time computing time. Moreover, the diffusion of metal on an already extruded patterned substrate by simulations has not been extensively investigated.
In this article, we propose to study the initial growth of Ag on ZnO and its effect on electrical conductivity by an in silico multiscale simulation and experimental approach.  We developed a method to take into account defects generated by magnetron sputtering during the growth. This work focusses on the initial Ag growth on a free and patterned substrate with different defect densities.
The article is organised as follows. In Section 2, the geometry and model used during Ag deposited by magnetron sputtering are described. An analytical and computation model of conductivity is also explained. Section 3 discusses the conductivity measured for Ag films deposited on ZnO by magnetron sputtering and compares with other experimental works, analytical models, and simulations. Finally, the effects of defect density and patterned substrate on initial growth have been investigated to give clear insights on how to increase the conductivity of an Ag ultra-thin film.
[bookmark: _Ref106024104]Simulation and experiments
Experimental method
The coater is a semi-industrial coater from the AGC Technovation Centre (ATC). In this coater, a soda-lime glass substrate of 40 cm x 40 cm, cleaned following an industrial protocol, is moving in front of the target. During the process, base pressure is less than 3.7 x 10-4 Pa. The shortest distance between the target and the glass is 4.95 cm. For all the samples, a thin film of 7 nm of ZnO is deposited by magnetron sputtering on the glass with parameters given in Table 1. 
An Ag layer is deposited onto this ZnO film by magnetron sputtering using the parameters described in Table 1. The thickness of the Ag layer is varied changing the deposition time (from 1.15 to 4.60 s) and by location on the glass substrate. A large glass substrate has been cut after deposition into small samples of 4 cm x 4 cm. Figure 1 indicates the sample location on the large substrate. Letters A to E and numbers 1 to 3 refer to the sample location along the -axis and -axis respectively.
Thickness is measured by XRF after calibration giving a relation between thickness and intensity for different positions on the glass and for different deposition times. The ZnO thickness is 7 nm ± 2 nm and the Ag thickness varies from 3 to 15 nm. The conductivity measurement has been performed using an ex-situ 4-probes method in a linear configuration.
[bookmark: _Ref100301615]Table 1 – Sputtering parameters for Ag and ZnO. 
	Layer
	ZnO
	Ag

	Planar target  (43 cm x 12.7 cm)
	Zn
	Ag

	Power [W/cm2]
	3.66
	0.916

	Pressure [Pa]
	0.68
	0.428

	Ar/O2 inlet
	20 / 80
	44 / 0

	Glass speed [cm/s]
	0.93 cm/s
	Static

	Mean deposition rate [nm/s]
	0.16
	2.04
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[bookmark: _Ref97825600]Figure 1 – Top and side view of chamber geometry and sample location.
[bookmark: _Toc100673474][bookmark: _Ref106023691]Simulation and methodology
The deposition process is simulated using Monte Carlo (MC) simulation separating the deposition into three different steps: sputtering, transport through the gas phase, and deposition as schematised in Figure 2. 
[image: ]
[bookmark: _Ref97825566]Figure 2 – Simulation of the deposition process of Ag growth on ZnO. The software and symbols used in the diagram are explained in more detail in the text below.
Sputtering
Simulation of the Ag target bombarded by Ar+ ions has been carried out using SRIM [38,39]. Voltage applied to the target is -350 V such as Ar+ ions impings the surface of the target with an energy of 350 eV at normal incidence to the surface. Angular and energetic distributions of neutral sputtered Ag and backscattered Ar are shown in Figures S2 and S3.
Transport through the gas phase
The transport of Ag atoms through the gas phase is simulated using the SIMTRA software, a MC code based on a Binary Collision Algorithm (BCA) taking into account only neutral atoms [40,41]. The geometry shown in Figure 1 is reproduced and the distance,  pressure, and materials indicated in Table 1 are used for the simulation box. Initialisation of sputtering has been performed using the Thompson energetic and polynomial angular distributions corresponding to those performed by SRIM as shown in Figures S2 and S3. Finally, a Molière potential is used as interaction potential for the BCA algorithm, and 10 x 106 particles have been run to perform the simulation. 
The angular and energetic normalized distributions of neutral Ag atoms arriving on positions C1, C2, and C3 are shown in Figure 3. Sample C1 is positioned in the centre of the racetrack while C2 is in front of the racetrack leading in both situations to a symmetrical angular distribution. C3 is positioned outside of the racetrack leading to an asymmetrical distribution with almost no atoms coming from negative polar angle. Energetic distributions in all situations show the same behaviour with mean energy in the range of 10 eV. Approximately 5% of atoms impinging the substrate have an energy higher than 40 eV. Figures S4 and S5 show angular and energetic distributions for all other sample positions leading to similar results. The distribution of neutral Ag atoms arriving at the sample position () is used to initiate the Ag growth.
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[bookmark: _Ref97825618]Figure 3 – The polar angular distribution (a) and the energetic distribution (b) of Ag atoms arriving on the substrate for C1,C2 and C3 sample positions.
[bookmark: _Ref109217921]Ag growth
It is well known that the energy barrier for surface hopping of a metal atom on an oxide layer is very small, leading to a high rate of diffusion and generally crystalline material, even at room temperature [5]. In the case where the event is thermally activated, an energy barrier corresponding to the event is required to initiate properly the growth of Ag on ZnO. 
kMC simulations have been performed using NASCAM [42]. This code is based on a predefined list of events leading to lower simulation time. Thus, simulations with a larger box size compared to other kMC codes are performed. Each event has a transition rate following the Arrhenius law
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where  is approximately equal to 10 x 1013 transitions per second,  is the barrier energy related to the event ,  is the Boltzmann constant, and  is the temperature.
Previous works show a competition between the lateral increase of the first Ag layer on ZnO(0001) and growth of small Ag islands on this first monolayer leading to a Stranski-Krastanov growth [30,31]. Recent studies show that 3D island growth is due to the weak interaction of Ag with ZnO with sidewall nanofacets facilitating an upstepping mechanism. Cycles of lateral and height growth lead a Volmer-Weber growth. In both works, only free diffusion and jump events of individual atoms are responsible for Ag islands [32,33]. Thus, we assumed that other events are similar to Ag growth on Ag(111), and only free diffusion and jump up and down events require specific attention.
Barrier energies for the predefined list of events of Ag on Ag(111) have been calculated at both atomistic ab-initio and Molecular Dynamics levels, and compared together. The first method uses geometries relaxed at the full periodical DFT level using the SIESTA code [43,44]; while the second method uses geometries relaxed by reactive forcefield (ReaxFF) method with potential fit to SIESTA data (but not explicitly barriers) on larger system [45,46]. Barrier energies are calculated by the climbing image Nudged Elastic Band (CI-NEB) method for both approaches and shown in Table 2 [47]. The results obtained with the DFT approach show systematically lower values compared to the ReaxFF data. A behaviour that can be associated to several aspects. A first one is the size of the model structures used. Indeed, the DFT+NEB process have been done on relatively small model systems (maximum of 100 atoms) for the sake of computational and time ressources. A second one is the effect of electronic structure which is only fully described at the DFT level. However, the trend observed by the DFT and ReaxFF is similar. Especially the energy ordering of the main considered events is the same, going from low to high activation energy: free diffusion < hopping < jumpup. Moreover, the activation energy ratio of inverse events i.e. hopping with increase/decrease of number of neighbors and jumping up/down are also close with Hopdec/Hopinc equal to 1.7 with DFT and 1.5 with ReaxFF ; and jumpup/jumpdown equal to 2.1 (DFT) and 1.8 (ReaxFF). Both methods also conclude that free diffusion is largely the main dominant event and is thermally activated with an energy barrier around 0.1 eV (0.08 eV for DFT, 0.12 eV for ReaxFF). This value was already reported as the most probable for the diffusion of silver along a terrace by Antczak and Ehrlich who also pointed the large but similar scattering in the available experimental and theoretical data [48].

In the case of Ag on ZnO, the mean energy for free diffusion of silver obtained with ReaxFF is 0.36 eV, which is in the same order of the value computed at the full DFT level which gives an energy barrier of 0.27 eV. At the ReaxFF level, the jump up for Ag on a second layer is not thermally activated with large energy barrier of 1.53 eV. The associated jump down from the top of the first silver to the top of the ZnO is 0.39 eV while the jump down from the top of the second silver layer to the top of the first one is 0.82 eV which is similar to the 0.83 eV obtained on pristine Ag(111). The jump diffusion event was also computed at the DFT level for Ag/ZnO interface. In this case, the jump involves the displacement of an Ag atom between the ZnO surface and a small island of silver (see Supplementary Materials for details). The associated energy barriers for jump up (down) were 1.07 eV (0.43 eV). These results nicely support the data obtained by ReaxFF i.e. the non-thermal activation of the jump up and the similar values between a jump down of Ag on ZnO (0.43 eV) and Ag on Ag(111) (0.36 eV). 
Altogether, the comparison between ab-initio and ReaxFF methods shows that the parametrized forcefield used is able to reproduce a similar trend computed at a full DFT level for the diffusion events of Ag on Ag and ZnO surfaces. The values obtained by the ReaxFF were kept for barrier energy parameters for our kMC simulations because of the ability to obtain a full set of barrier using this methodology. Those barriers assure a reasonable computing time with respect to the system size ( 650 000 atoms). Moreover, one can assume that simulation is not impacted by the artificial increase of free diffusion. Indeed, a transition rate with free diffusion barrier fixed at 0.24 eV ( = 9.3 x 108 [1/s]) is much higher than the transition rate for the next event at 0.43 eV (= 6.0 x 105 [1/s]). It assures that free diffusion still stays the main event and is thermally activated.
[bookmark: _Ref97825532][bookmark: _Ref98409518]Table 2 – Barrier energies of Ag on Ag(111) for the predefined list of events of kMC simulation and predominance of transition rate associated to event i compare to free diffusion.
	
	This work
	
	

	Event
	DFT method
[eV]
	ReaxFF method [eV]
	Energy used [eV]
	

	free diffusion
	0.080
	0.12
	0.24
	1.0

	Hop with the same number or an increase of neighbouring atoms number
	0.273
	0.43
	0.43
	6.4E-04

	Hop with a decrease of neighbouring atoms number
	0.476
	0.64
	0.64
	1.9E-07

	Detachment from an island or substrate feature
	0.523
	0.74
	0.74
	4.0E-09

	Jump up
	0.747
	1.53
	1.53
	2.1E-22

	Jump down
	0.359
	0.83
	0.83
	1.2E-10



Magnetron sputtering leads to the generation of defects by atom bombardment which could be sputtered Ag , backscattered Ar and Ar ions accelerated across the substrate sheath. While backscattered Ar could have a strong influence on the film properties [49], the model presented here does not consider it to stay simple. However, the same procedure could be used for Ar ions and backscattered Ar.
Those defects inhibit the free diffusion which is thermally activated. An Ag atom arrives on the substrate with a certain probability to initiate a defect as a function of energy and incident angle. The density of defect is related to the probability to initiate it, , and the Ag population . The symmetry of the surface makes that  is independent of the azimuthal angle (. Thus, the number of defects (D) can be reduced to
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The probability to initiate a defect is calculated via a database created by running numerous MD simulations of Ag impacts on the irreducible symmetry zone of the polar wurtzite surface of ZnO at various angles and a range of low energies using the ReaxFF potential for the Ag-ZnO interactions, splined to a screened Coulomb potential for close separation. This symmetry zone is shown by the dotted outline in Figure 4.a. Possible events are the adsorption to site A or C, reflection, Ag pushing Zn to the top, and Ag penetrating into C site. The two last events lead to a defect and act as a nucleation site.
[image: ]
[bookmark: _Ref100135219]Figure 4 – The pristine surface of ZnO showing the nomenclature used for the various adsorption sites (a).  The event probability as a function of angle and energy of an Ag atom deposited on a pristine surface of ZnO and leading to adsorption to site A (b) and to the site C (c), to push Zn to the top (d), to penetrate into the site C (e) and Ag reflection (f).
The population of neutral Ag atoms impinging the C1 position () and defect density of the C1 sample are illustrated in Figure 5. Ag atoms arriving with polar angles lower than 45° and energies higher than 20 eV generate defects. Those parameters are generally found in magnetron sputtering when there is a small distance between the target and the substrate, low pressure, and when the substrate is positioned in front of the target. Thus, the sample position in front of the racetrack leads to a higher density of defects.

[image: ]
[bookmark: _Ref100131272]Figure 5 – Density of population impinging C1 (a) and the related defect density (b).

In NASCAM, the generation of defects is taken into account through an energy threshold by the term “defect creation energy” (. Beyond this energy, impinging atoms generate a defect. This energy is higher than the energy corresponding to sublimation enthalpy because it is necessary to take into account energy transferred to the lattice. The probability to diffuse away the defect site is given by relation (1), where  is the activation energy for the de-trapping. We assume that the de-trapping barrier is higher than the energy barrier for free diffusion and is fixed to 3.0 eV. Thus, once an atom has approached a defect its mobility decreased, and if the de-trapping barrier is high enough the atom becomes practically immobile. Therefore, “defects” serve as nucleation centres for film growth.

An energetic dependent mechanism explains the equilibrium vacancy concentration in a crystalline solid at a given temperature  which is similar to a defect generated by the bombardment mechanism. In this case, concentration is defined as  where  is the free energy of formation [50]. Thus, an analogue relation is found for the defect concentration ( generated by bombardment.  is similar to  and we define   as a coefficient specific to the incoming energy distribution of Ag atoms. One can find that number of defects () decreases exponentially with  following the relation
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where  is fitting a coefficient. A relationship is found between the parameter  and defect density (. 
Primary simulation of Ag growth without diffusion has been performed with the energy and angular distributions related to C1 with a different  to fit the curve of the number of defects as a function of  from NASCAM with the relation (3). Results are shown in Figure 6 and the same procedure has been performed for all the positions giving similar fitting values as shown in Table S4.
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[bookmark: _Ref97825683]Figure 6 – Number of defects as a function of the defect creation energy on sample C1.

When the number of defects calculated by relation (2)  is inserted into relation (3) with the  and  parameters found by the fit, one can find that  is equal to 43.57 eV for a sample in position C1. Thus, this  is used to take into account defects generated during film growth simulation. The same process has been used for other positions leading to  between 43 eV and 70 eV (Table S4).
[bookmark: _Ref107485862]Electrical conductivity computation
Resistivity of a film is governed by several scattering mechanisms such as scattering by lattice vibrations (phonon), point defects (Frenkel pair, vacancy, interstitial or substitutional atoms, and impurities), dislocations, stacking faults, grain boundaries, and surfaces. For very thin films, scattering at the surface and by grain boundaries are strong. In this way, Mayadas-Shatzkes describe the scattering at grain-boundary by the following relation [51]
	
	
	(4)



where is the conductivity of material inside the grain with the same defect density (points defects, dislocation) as the bulk of silver. The scattering due to those defects will be referred as bulk-like scattering.  is lower than the bulk value ( and is linked to this one by the electron mean free path inside a perfect bulk ([52] and the same material with defect density () with the relation .   is a parameter describing the scattering with the grain boundary through the reflection parameter  with the following relation [51,53]
	
	
	(5)



for which  is the average grain diameter, R is the grain boundary reflection parameter between 0 and 1. This last parameter depends on the type, impurities, and geometry of the grain boundary. One can assume that below 55 nm, the crystallite size is similar to the thickness of the film (). 
Surface scattering of electrons has been described by Fuchs and Sondheimer [54,55]. Mayadas and Shatzkes describe a complete analytical conductivity of the film () model taking into account both mechanisms [53]
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with
	
	
	(7)


and 
	
	
	(8)


where  is a coefficient of specularity of the surface which takes values between 0 (diffuse scattering) and 1 (specular scattering).  and  are integration variables. 
The first-term on the right-side of relation (6) depends only on the scattering at the grain boundary while the second term shows the coupling between the surface and grain boundary scattering mechanism. Thus, scattering mechanisms are not entirely independent. During the nucleation and percolation stage (until ~ 5 nm), the validity of the model is doubtful because the continuity of the film is not ensured.  
The film conductivity  is computed by a finite-element method as described in detail elsewhere [56,57], thanks to an electrical module integrated into NASCAM. The Ag layer simulated with NASCAM is divided into small 3D elements for which each corner of the mesh is an atom. The core of the model is based on the computation of the power dissipated in each element () given by 
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where  is the volume of the nth element, is the electrical field, and  is the conductivity tensor at each node.
This method to compute the effective conductivity needs then to associate to each node of the mesh a local conductivity. When the node is occupied by an Ag atom, the conductivity tensor is the scalar matrix  where  is the material conductivity, while if no atom is found at the node (porosity), the tensor is null.
Then, the power dissipated into  the coating, which is the sum of  in all elements, has to be minimised, achieved by means of the conjugate gradient method. Computation of the effective conductivity in the direction  is given by
	
	
	(10)


where  is the number of elements in the  direction,  is the size of an element in the  direction,  is the electric potential difference in the  direction and  is the  component of the mean current  which is calculated by
	
	
	(11)


where  is the current in the nth element. In this work, all the computed conductivity are performed along  direction which is parallel to the substrate.
To summarise the global method, porosity and surface effect are taken into account by simulations morphology from NASCAM and its electric module while defects and lattice vibration are taken into account by the experimental bulk conductivity .
[bookmark: _Toc100673475][bookmark: _Ref106024420]Results and discussion
Conductivity assessed for a flat substrate
The conductivity of a silver polycrystalline film as a function of the thickness measurement is shown in Figure 7 by red square dots. It is compared with other experimental results of Ag films deposited on ZnO:Al by magnetron sputtering (MS) in an industrial coater [58] and Ag films deposited on a glass substrate [59] represented by red circles dots and red triangles dots respectively. For magnetron sputtering, the deposition rate is high (typically in the range of 5 ML/s), base pressure is in the range of ~10-6 Torr, and the energy of Ag atoms deposited is a few eV. Moreover, conductivity measurements are performed ex-situ. Light and dark green dots represent Ag conductivity deposited on an Si substrate by evaporation (E) with a base pressure of 3x10-10 Torr and 5x10-6 Torr, respectively. The deposition rate is 0.04ML/s and atoms are thermalised. Conductivity measurement for evaporation has been performed in-situ and ex-situ showing less than 10% error [60]. The conductivity of Ag films deposited by evaporation is higher than those deposited by magnetron sputtering.
For a perfect Ag bulk,  [52]. However, defect density inside the grain lowers the conductivity. Experimentally, this value of  can be computed when the relation (6) is expressed for thick films as performed for evaporation by Dayal et al.[60] and for magnetron sputtering by Philipp [58]. It shows that varied from 47.4 MS/m for magnetron sputtering to 43.1 MS/m for evaporation with base pressure of 5x10-6 Torr. Those value has been used inside (6) and (9) to compute  and  for deposition with magnetron sputtering and evaporation parameters.
The influence of  and  have been investigated and the influence of both parameters is illustrated in Figure S14. The magenta curve in Figure 7 is the conductivity calculated using the Mayadas-Shatzkes model expressed by (6). Solid line shows the conductivity when scattering at grain boundaries is small (p=0.9 and R=0.14), while the dotted line shows the conductivity for higher scattering at grain boundaries (p=0.8 and R=0.26). The solid line fits very well with the experimental conductivity measured on thin films deposited by evaporation while the dotted line fits better with the experimental conductivity achieved by magnetron sputtering. It suggests that a film grown by magnetron sputtering is more affected by grain boundaries than films grown by evaporation.
The Ag growth on an 50 l.u x 50 l.u hexagonal substrate of ZnO at 300K has been simulated using barrier energies described in Table 2, with angle and energy distributions corresponding to a sample in the C1, C2 or C3 positions. The deposition rate varies from 8.76 to 3.16 ML/s as a function of the sample location (Table S4). Considering the unit cell of face-centered-cubic Ag, a lattice unit corresponds to 0.408 nm [61]. Coating morphology at different steps of the growth is shown in Figure S15. After 1ML and until 20ML of Ag, separated islands grow and connect. Above 20 ML, porosity appears. The blue curves in Figure 7 show the conductivity simulated by the electrical module of NASCAM described in section 2.3 for an Ag layer at different growth steps and in positions C1, C2, and C3. Until ~100 Å, conductivity curves are similar while exceeding this thickness, conductivity decreases more for the sample located in C3. The sample located in C2 shows the highest conductivity.
This behaviour is explained by the density of the simulated coating. Until 20 ML (~ 80 Å) of deposited atoms, the density of the simulated film is identical and equal to 10.5 g/cm3 regardless of the sample position. At this stage, the film begins to grow and no porosity appears. Exceeding 20 ML, the morphology of the coating begins to be driven by the angular distributions and depends on the sample location. A decrease in density is less important for the sample with symmetric angular distributions while asymmetric angular distributions lead to higher porosity and smaller density. At 100 ML of deposited thickness (~400 Å), the density varied between 10.08 and 10.4 g/cm3  while at 250 ML (~1000 Å), it varied from 9.66 to 10.4 g/cm3 (See Table S5 for detailed values). One can note that density based on porosity is overestimated because impurities are not taken into account. A density of 10.0 ± 0.2 g/cm3 has been reported for a thin Ag layer of 10.8 nm [62] while thicker films (>114 nm) aged 1 year can exhibit a density between 10.2 and 10.5 [63] depending of deposition parameters. It clearly shows the importance of location and deposition parameters on the porosity. 
Those simulated curves of conductivity and the experimental one evaporated with a base pressure of 5.0x10-6 Torr (dark green dots) fit very well, while the conductivity measured for coating deposited by magnetron sputtering shows a lower value than simulated conductivity between 10 and 100 nm. 
[image: ]
[bookmark: _Ref97825880]Figure 7 – Conductivity for an Ag coating grown by magnetron sputtering (MS) (red) [58,59], evaporation (E) (green) [60], and conductivity based on the Mayadas –Shatzkes model. The black curve shows the conductivity for the Ag coating simulated by kMC for sample in the C1 position. The blue curves show the conductivity of the Ag film for the C2 and C3 positions.
[bookmark: _Hlk117100146]The difference in electrical conductivity between the NASCAM simulations and the experimental films produced by magnetron sputtering could be the measurement itself. Indeed, Ag films produced by magnetron sputtering have been measured ex-situ [58,59]. In this case, conductivity in the thin film can slightly decrease due to surface contamination in air after the deposition while conductivity simulated by NASCAM is in-situ. However, conductivity for Ag films produced by evaporation has been measured in-situ and ex-situ with a change of less than 10% [60]. This observation does not support the hypothesis of a surface contamination effect to explain the difference in conductivity. Moreover, it has been shown that an Ag/ZnO/glass without top layer and with different thicknesses of ZnO as top layer has the same sheet resistivity [64]. Thus, the top layer does not seem to change the post-growth of Ag.
Another explanation of this difference in conductivity between films deposited by magnetron and evaporation is related to the scattering at grain boundaries. If the lateral grain size is higher than the mean free path of the electron which is 55 nm, the dominant scattering mechanism is due to electron interaction with phonon and defects inside the grain. In the other case, the dominant scattering mechanism is due to grain boundaries. Moreover, an increase of defect density at grain boundaries  increases the strength of scattering. All of that affect principally the parameter . Grain refinement is generally attributed to repeated nucleation due to intense energetic bombardment during growth and/or impurity adsorption [65,66]. In this way, impurities and energetic bombardment during evaporation and magnetron sputtering depositions are compared.
[bookmark: _Hlk117100204]It has been shown that impurities could enhance nucleation [10]. At low impurity-to-metal ratio (, impurities can be used as surfactant [67] while at higher impurity-to-metal ratio, it could lead to grain refinement and higher impurities inside the grain changing film properties such as conductivity [11].  has been computed for evaporation deposition  leading to  and  for deposition at 5x10-6 Torr and 3x10-10 Torr respectively. This is in good agreement with the lowest conductivity achieved by deposition at higher base pressure as shown in Figure 7. The same ratio computed for magnetron sputtering deposition leads to  which is between ratios computed for evaporation. However, the curve of conductivity is lower than curves related to evaporation which indicates that impurities are not the only effect leading to the decrease of conductivity.
Grachev et al. show that Ag grown by magnetron sputtering on Al2O3(0001) exhibits a higher lateral extent compared to evaporation. This difference was attributed to the kinetic energy of impinging species leading to the hindrance of coalescence. However, no clear mechanism explains this hindrance [21] Based on energetic considerations, Ag on ZnO forms a 2D island layer of large size on which small 3D islands grow [30,31]. After the initial layer, one can assume that Ag grows on a perfect Ag(111) substrate. In this case, the Ag layer is more complete and has less stacking fault when deposited by magnetron sputtering compared to evaporation. It was shown that an optimum energy of deposition was around 30-40eV. This energy was sufficient to jiggle atoms into lattice sites and produced smoother films than those grown at much lower energies such as those that would occur during evaporation [46,68]. Ag atoms with energy higher than  (> 40eV) generate defects on the substrate (see 2.2.3). Because free diffusion is thermally activated, higher defects density on the substrate lead to a film with smaller grain size. On the contrary, during evaporation and at lower arrival energies, condensed Ag atoms do not create damage. In this case, grains are larger. 
[bookmark: _Hlk117100429]Exceeding 39 eV, Ag atoms striking Ag layer being formed transfer enough energy to create a Frenkel pair (interstital-vacancy) in the film (point defects) [69]. From energetic distributions shown in Figure 3, approximately 5% of Ag atoms exceed this energy and could create this kind of pair-defect. We assume that highly energetic atoms can produce damage to the film by the creation of point defects. Bombardment by backscattered Ar has the same effect [49]. Creation of these points defects could act as a preferable site for impurities that form new nucleation site or segregate at grain boundaries. Those impurities at grain boundaries can hinder coalescence [65] and could explain the strongest reflection at grain boundary for magnetron sputtering. Warrender and Aziz highlighted a two steps mechanism involving energetic atoms during PLD deposition [70]. The first step is the creation of adatom-vacancy due to energetic bombardment which promote the vertical shape of the islands. The second step is the coalescence process which occurs faster for taller islands. This two steps mechanism is favoured at high temperature (more than 160°C for Ag deposited on SiO2 and mica) while the island density dominates the morphology evolution at low temperature which is the case here.
Lü et al. defined the critical deposition rate () withrepresenting the strength of the coalescence and  the diffusion of an adatom. When the deposition rate is lower than this critical one, the growth regime is controlled by the coalescence while if it is higher coalescence is hindered [32]. This dynamic has been studied in detail by Gervilla et al. [34]. When the deposition rate is lower than 1ML/s, the coalescence process is driven by the net atom flow from one island to the other one leading to a large 3D feature. When the deposition rate is higher than 1ML/s, the island coalescence is governed by vapor deposition and fast facet growth leading to a lateral extension of the island and a 2D morphology [34]. Considering those works, films grown by magnetron sputtering are likely in a coalescence-free regime due to the high deposition rate (~ 5 ML/s) leading to an in-plane growth while the growth of films produced by evaporation leads to an out-of-plane growth and large 3D islands.
[bookmark: _Hlk117100263]In summary, impurity-to-metal ratio, energetic atoms bombardment, and deposition rate concomitantly affect the conductivity of the films. Impurity-to-metal ratio affects the density inside the grain and thus the bulk-like scattering contribution. Additionally to that, it could lead to smaller grain size and increase the strength of scattering at grain boundaries. Moreover, energetic bombardment strongly increases the defect density and the strength of scattering at grain boundaries. It also leads to smaller grain size by nucleation enhancement. Finally, deposition rate higher than 1 ML/s hinders the coalescence and decreases the grain size. Thus, evaporation at low pressure (5x10-6 Torr)  leads to Ag film of high quality with large grain size and low defect density while evaporation at high base pressure (3x10-10 Torr) leads to moderate grain size and higher defect density inside the grain. In both cases, the bulk-like scattering seems to be the major contributor to decrease of film conductivity. Magnetron sputtering leads to smaller grain size and more scattering grain boundaries due to impurities and defects generated by energetic atoms. In this way, magnetron sputtering is dominated by scattering at grain boundaries. Simulations reproduce very well the conductivity of films produced by evaporation and differ a little bit from films deposited by magnetron sputtering because the grain boundary scattering mechanism is not taken into account in NASCAM.
Ag growth control for a patterned substrate
There is some physical limitation to increase the conductivity in an ultrathin film due to thermodynamical considerations. It is possible to control the island growth artificially making a structured pattern with the distance between patterns lower than the mean distance of diffusion. Indeed, based on geometric consideration, a free silver atom is considered to follow a Brownian motion, and the diffusion length () travelled by the silver particle on a defect-free substrate is 
	
	
	(12)


where  is the number of jumps before another silver atom has been deposited on the surface. This number of jumps depends on the deposition rate  and the diffusion rate for the free diffusion event () expressed by the Arrhenius law in (1). It leads to   where N is the dimension number, which takes a value of 3 for an hexagonal substrate.  is fixed by the barrier energy and temperature. Experimentally the temperature is the easiest way to modify the diffusion length  due to exponential dependance.
If a nucleation site lies within this distance, the silver atom will be attached to this site. In this context, a controlled growth indicates that all the atoms deposited on the substrate are captured by the pattern. Other work considering the effect of defect density or the temperature on the island growth demonstrated very well the effect of those parameters on the distance travelled by the particle [4,10,11].
Here, we suggest studying the effect of diffusion distance on a patterned substrate with and without defects. A schema of the patterned substrate is shown Figure 8. The pattern of the substrate is a cylinder of 1ML of thickness as shown in orange in Figure 8. If the distance between cylinders is   the diagonal of the square is given by .  A particle likely forms new islands if  while it is captured on the pattern in the other case.  Thus,  is defined as a coefficient for which all the atoms are captured to the pattern and  is a reduced parameter such as .
We introduce the following criteria to predict the growth control by the pattern
	
	
	(13)
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[bookmark: _Ref107583691]Figure 8 – a) Schema of a patterned substrate. The pattern of the patterned substrate is the orange cylinder of 1ML thickness. b) Patterned substrate with a cylinder pattern in the middle. c) Same patterned substrate after 0.25 ML of Ag deposited.
Simulations have been performed to determine this  coefficient by modifying the diffusion length to vary the  coefficient. A cylinder pattern on a hexagonal substrate of 100 l.u x 100 l.u has been used and  and  have fixed at 0.3 eV and 0.025 eV for all the simulations performed in this section.
The rate of capture (has been computed at the beginning of the simulation and is defined as the ratio between the number of atoms captured by the pattern (and the number of atoms deposited (). The rate of capture increases linearly when  increases and plateaus corresponding to a complete control growth when the value of is approximately equal to 2 as shown in Figure 9. The red zone represents the zone corresponding to an uncontrolled growth by the pattern while the green zone exhibits the complete control zone.
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[bookmark: _Ref105600839]Figure 9 – Rate of capture as a function of  value. The green zone is the value for which the growth is under control while in the red zone, the growth is uncontrolled.
Although growth control can be performed on a perfect patterned substrate, it does not necessarily lead to higher conductivity. Moreover, during a real deposition by magnetron sputtering, it has been shown that energetic atoms create defects on the substrate. Thus, the conductivity at the very beginning of the growth has been investigated for controlled growth (and uncontrolled growth by the pattern () without, with moderate (3%) and with a high (15%) density of defects (Morphology after 1ML is shown Figure S16).
First, the effect of control growth by the pattern ( on the conductivity is investigated through films simulated without defects (0%). Conductivity for those films increases when  decreases (Figure 10). For the same thickness deposited, uncontrolled growth film begins to be conductive at approximately 1.5ML while controlled growth occurs at 2.25 ML. Films exhibit a preferential 3D island growth mode with larger islands when  is higher than 2 while an Ag connected network appears when the  value is lower than 2.
Results show that a growth controlled by the pattern is already hindered with only 3% of defects which is the typical defect density when silver thin films are deposited by magnetron sputtering. When the defect density increase from 3% to 15%, higher conductivity is reached for lower deposited thickness (Figure 10). One can note that the staircase trend in Figure 10 is a numerical artefact. Indeed, a new deposited atom contributes to a new upper layer almost empty. Numerically, it decreases the effective conductivity a little.
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[bookmark: _Ref105601445]Figure 10 – Conductivity simulated for thin Ag films on ZnO as a function of ML deposited. Films with controlled growth appear in blue and uncontrolled growth in red. Symbols indicate the defect density on the substrate.
A larger picture of conductivity behaviour as a function of defect density (and for a growth controlled () and uncontrolled () by the pattern is shown in Figure 11. In both cases, higher conductivity is reached for lower deposited thickness when the defect density exceeds approximately 3%. At a defect density lower than 3% and for the same thickness, a film with a controlled growth shows lower electrical conductivity than a film with an uncontrolled growth because of the formation of larger 3D islands which are not connected. This suggests that 3D island sizes are linked to the controlled growth parameter . Moreover, the result , suggests also that growth controlled by the pattern is favoured for a low deposition rate. Indeed, an Ag free particle has much more time to diffuse and is captured by the pattern. 
Finally, a growth controlled by the pattern does not help to reach a higher conductivity at a lower deposited thickness because deposition parameters are similar to those favouring  3D island growth. However, growth controlled by the pattern could be useful for applications requiring plasmonic properties such as Surface-Enhanced Raman Spectroscopy (SERS) [26–29]. A Low-E glass requirement is that this higher conductivity is reached for a thinner film which could be achieved if the substrate contains more than 3% of defects. 
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[bookmark: _Ref106261050]Figure 11 – Conductivity mapped as a function of defect density and deposited thickness for a (a) controlled growth () and (b) uncontrolled growth (.
[bookmark: _Toc100673479]Conclusions
The influence of Ag growth on ZnO on electrical conductivity has been studied as a function of defect density and for a patterned substrate. We established a Multiscale approach based on Molecular Dynamics and kMC taking into account the defect density generated by magnetron sputtering. A database of events of Ag interacting with ZnO as a function of angle and energy of impinging particle has been developed to compute the defect density. This has been used in connection with defect creation energy (in our kMC simulations (NASCAM). Barrier energies have been calculated by the NEB method and used in our predefined list of events.
The conductivity property of simulated thin films has been compared with our experimental deposition and data found in the literature. It has been shown that our simulations fit well with evaporation and are slightly less good for magnetron sputtering. It is suggested that this difference is due to the grain boundary scattering mechanism which is dominant in magnetron sputtering and not in evaporation. This mechanism appears only in magnetron sputtering due to impurities, damage generation and high deposition rate. Our model does not take into account this scattering mechanism during the computation of the conductivity.
Finally, an investigation of Ag growth on a ZnO patterned substrate and for different defects density has been performed. We define criteria predicting if the growth will be controlled by the pattern forming periodic 3D islands which could be useful for applications requiring plasmonic properties such as Surface-Enhanced Raman Spectroscopy. Moreover, we predict that the growth is controlled when  and the substrate is free of defects. In the other case, the growth of the Ag layer is essentially driven by the defect density and does not change when the defect density exceeds 3%.  Those results are summarised in a conductivity diagram which is useful to determine the thickness, defect density, and reduced parameter giving rise to the wanted conductivity.
Supplementary materials
Supplementary materials contain angular and energetic distributions of emitted and impinging Ag atoms. Details about DFT computations are given. Defect density values and morphology of coating are also shown.
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