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Abstract

:

The morphology of aluminum co-doped scandium stabilized zirconia (ScAlSZ) thin films formed by e-beam deposition system was investigated experimentally and theoretically. The dependencies of surface roughness, and the films’ structure on deposition temperature and deposition rate were analyzed. It was shown experimentally that the dependence of the surface roughness on deposition temperature and deposition rate was not monotonic. Those dependencies were analyzed by mathematical modeling. The mathematical model includes the processes of phase separation, adsorption and diffusion process due to the film surface curvature. The impacts of substrate temperature, growth rate on surface roughness of thin films and lateral nanoparticle sizes are shown by the modeling results. Modeling showed that the roughness of the surface of grown films became higher in most cases as the substrate’s temperature rose, but the higher deposition rate resulted in lower surface roughness in most cases. The results obtained by simulations were compared to the relevant experimental data. The non-linear relationships between surface roughness of grown films and lateral size of nanoparticles were also shown by our modeling results, which suggested that the variation in the surface roughness depending on the substrate temperature and growth rate was related to the lateral size of nanoparticles.
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1. Introduction


High ionic conductivity (0.1–0.01 S/cm) [1] is one of the reasons to consider zirconium oxide-based ceramic thin films as the electrolyte for solid oxide fuel cells (SOFC). High ionic conductivity of zirconium oxide is achieved by doping or co-doping it as dopants and co-dopants stabilize the structure and create vacancies of oxygen ions. On the other hand, the microstructure of thin films has a great effect on ionic conductivity as well. Roughness of the surface is expected to influence charge transfer at the electrolyte/electrode interface, which would impact the electrochemical impedance of SOFCs. [2]. Grain and grain boundary conductivities strongly decrease with increasing porosity [3,4]. Moreover, it is generally agreed that grain boundaries act as barriers to oxygen ion diffusion [5,6]. According to the brick layer model, the electrical grain boundary consists of core and two space charge layers whose thickness is equal to the Debye length [7]. Oxygen vacancies are severely depleted in the space charge layers [5], and dopant concentration increases [6], therefore, diffusion of oxygen ions does not occur along grain boundaries [8,9] and ionic conductivity decreases with increasing density of grain boundaries and the ratio of space charge layer to the grain area. It follows that ionic conductivity depends on the shape of grains and their size [10,11].



Zirconium oxide-based thin films tend to have a columnar structure. The result of such growth is a high density of grain boundaries and dislocations. So far, there has been little agreement on the influence of columnar growth on ionic conductivity. Data from several studies [12,13] suggest that columnar grain boundaries act as barriers for oxygen diffusion, and columnar grain boundaries act as rapid diffusion paths. Contrary to the previously published studies, T. Kiguchi et al. demonstrated that total ionic conductivity was restricted by the columnar growth, and columnar structure with high coherence was preferred [14,15].



To obtain the highest ionic conductivity, the microstructure of zirconium oxide-based ceramic thin films must be carefully controllable. Different formation methods, e.g., e-beam evaporation, and the chosen formation parameters allow us to achieve it. E-beam evaporation is suitable for the formation of ceramic thin films due to the possibility of heating the material to 3000–4000 °C temperatures. Such high temperatures permit the attainment and control of deposition rates between 0.02 nm/s to 10 nm/s. In addition, the obtained thin films’ structure is not dependent on the structure of evaporating material as ZrO2 evaporates by partial decomposition [16,17]. The vapor phase consists of ZrO2, ZrO, O2, or O atoms, molecules, and molecule fragments.



The growth of thin film begins when the atoms, molecules, and molecule fragments evaporated from the vapor phase reach the surface of the substrate. This complex process involves the formation of nucleation centers followed by island growth, coalescence of islands, formation of polycrystalline islands and channels, development of continuous structure, and thickness growth [18,19,20,21]. The most important stage is nucleation. An adatom that arrives on the surface usually has non-zero mobility and can diffuse onto the surface. Diffusion of an adatom occurs until it finds and joins an existing island or meets another adatom. The dimmer or nucleus dissociates if other adatoms do not arrive at a certain time, i.e., the nucleus does not reach a critical size [22]. The diffusion distance decreases with increasing number of islands and finally becomes constant [23]. At this moment nucleation of new islands is prevented and all adatoms join existing islands. The number of islands (N) is dependent on deposition rate (F) and diffusion coefficient (D)   N = F / D   [24,25]. The number of islands is higher if the deposition rate is higher and lower if diffusion distance is higher (substrate temperature and arrived particle energy). Moreover, the growth of thin films after the nucleation phase strongly depends on the ratio of substrate temperature (Ts) to the melting temperature of thin-film material (Tm),    T s  /  T m    [26]. If    T s  /  T m  < 0.2   (Zone I), the surface diffusion is negligible. Consequently, thin films consist of small randomly-oriented grains that develop during the nucleation and growth stages. The grains grow with the same rate independently of their orientation and form fibrous structure [27]. If   0.2 <  T s  /  T m  < 0.4   (Zone T), the surface diffusion predominates and competitive growth occurs [19,28]. At lower temperatures, the mobility of adatoms which are close to grain boundaries is low and, therefore, they presumably become incorporated at a low diffusivity surface compared to adatoms at high diffusivity planes. This results in a faster growth of the grains with low surface diffusivities, e.g., (001) [18]. However, at higher temperatures island coalescence starts to occur due to the increased surface diffusion and grain boundary motion [29]. During the coalescence process, the densest planes of the grains, e.g., (111) result in the formation of face-centered cubic [19] structure. Grains have a V shape and roughness with temperature increases. At higher temperatures, when    T s  /  T m  > 0.4   (Zone II), surface and bulk diffusion becomes significant. Therefore, grain boundary migration occurs not only during coalescence but through the chickening process also, and the large textured grains dominate in the zone II [18].



The phase structure influences many properties of a nanocomposite material [10,11,30,31,32,33] and it is crucial to comprehend the influence of various growth variables such as substrate temperature, deposition rate, contents of depositing particles, etc. It may lead to a better development of the desired structures of composites and help explain the mechanism causing the formation of a particular phase structure. In addition, surface roughness is also influenced by many electrochemical, optical, and mechanical properties of nanocomposites [34] together with deposition parameters such as temperature of the substrate during the deposition, deposition rate, composition of the evaporated powder, the substrate’s surface pretreatment, etc. The physical processes that occur during the growth of the thin film affect the surface roughness [23], hence the understanding of the relationship between this characteristic and the particular growth conditions is a valuable source to better comprehend the growth mechanisms and may allow better control of desired properties of composites.



There have been several recent works dealing with the simulation of the growth of nanostructured thin films [35,36,37,38,39,40,41,42,43]. The influence of deposition rate and substrate temperature on the phase structure of the Cu-Mo films was examined using the approaches based on the phase-field models by Derby et al. [35] and Ankit et al. [36]. By using the kinetic Monte Carlo approaches, the effects of substrate tilt angle [37], substrate temperature [38], deposition rate [13,14], and composition [39] on the phase structure of nanocomposites have been recently investigated. Bouaouina et al. in [37] discovered that the surface roughness and the phase structure of TiN thin films are influenced by the change of substrate tilt angle: an increase in the substrate tilt angle caused an increase in the tilt angle of TiN columns and the surface roughness as well. The factors affecting the stress generation in metallic thin films with body-centered cubic lattice structure were examined by using a molecular dynamics approach [40] by Zhou et al. and Stewart and Dingreville [41] and showed the influence of deposition rate, phase fraction, and the dissimilar elastic response on thin films growth during simulated physical vapor deposition. Powers et al. [42] were focused on determining the kinetic conditions favorable to the development of hierarchical phase structures during a thin film growth (in immiscible alloy systems: Cu-Ta, Cu-Fe, Cu-Mo, Cu-Ag, Mo-Ag, Cu-Mo-Ag). Our previous work [42] examined the influence of substrate temperature and relative incoming ion flux on the phase structure and surface roughness of grown films. A model based on the phase-field approach was used in [43]. The modeling results [43] showed that both substrate temperature and incoming ion flux influenced the surface roughness of grown film and the average nanoparticle size.



The aim of this study was to examine the impact of the simulation parameters on the formation of the thin films and their microstructure. Moreover, by using a mathematical model, the work contributes to the analysis of the influence of substrate temperature and growth rate on the surface roughness and phase structure of compound thin films. The mathematical model involves the Cahn–Hilliard equation to simulate the phase separation process of film growth that takes place. The processes of adsorption and diffusion due to surface curvature (of a growing film) are also included in the model. The dependencies of surface roughness on temperature and growth rate are analyzed. The relationships between surface roughness of grown films and average nanoparticle size are reported. The findings are compared to the experimental data dealing with aluminum co-doped scandium stabilized zirconia thin films formed using an e-beam deposition method.




2. Materials and Methods


2.1. Experimental


Aluminum co-doped scandium stabilized zirconia (ScAlSZ) thin films (~1500 nm) were formed using an e-beam physical vapor deposition system (Kurt J. Lesker EB-PVD 75, Kurt J. Lesker Company Ltd., Hastings, UK). The pellets of pressed (Sc2O3)0.10(Al2O3)0.01(ZrO2)0.89 powders were used as evaporating material. The formation was carried out on amorphous SiO2 using 0.2, 0.4, 0.8, 1.2 and 1.6 nm/s deposition rates and 20, 150, 300, 450 or 600 °C substrate temperatures. Prior to the deposition, the substrates were cleaned in an ultrasonic bath and processed in Ar+ ion plasma for 10 min. The deposition rate was monitored with an INFICON (Inficon, Bad Ragaz, Switzerland) crystal sensor and adjusted by changing the e-beam current in a range of 60–100 mA. The electron gun’s accelerating voltage was kept constant, i.e., 7.9 kV. The pressure was ~2.0 × 10−2 Pa in the vacuum chamber during the deposition process. The rotation speed of the substrates was kept at 8 rpm.



The elemental analysis was performed using energy-dispersive X-ray spectroscopy (EDS) (BrukerXFlash QUAD 5040, Bruker AXS GmbH, Karlsruhe, Germany). The accelerating voltage of 15 kV, 6 min. sampling time, and 1000× magnification were used. Sc, Al, Zr, and O concentrations can be found in Supplementary Materials (Table S1). A scanning electron microscope (SEM) (Hitachi S-3400N, Hitachi High-Technologies Corporation, Tokyo, Japan) was used to obtain cross-section images. Images were obtained using secondary electron mode and 5 kV accelerating voltage. The atomic force microscope (AFM) (NT-206, Microtestmachines Co., Gomel, Belarus) was used to obtain topographic images (10 μm × 10 μm) of ScAlSZ thin films. The tapping mode with 20 nm step size was chosen for AFM measurements. The Si tip used during the scans was pyramidal shape, 16 μm high, and 6 nm diameter. The samples were measured in three different places each. The surface roughness (Rq) was calculated from topographic images using Gwyddion software, and the average values of Rq were plotted.




2.2. Kinetic Model


To model the evolution of concentrations of film components in time and the growth process of a thin film, a three-dimensional grid was used. Three local relative concentrations      c A  i , j , k    ,    c B  i , j , k    , and    c S  i , j , k    , with i = 1, ..., I, j = 1, ..., J, and k = 1, ..., K, were assigned to each grid point i, j, and k. They denoted the component concentrations A, B and substrate material, respectively. The indices i and j indicated the positions in the horizontal plane directions, k being the position in the vertical direction toward the film growth direction. The condition    c A  i , j , k    +   c B  i , j , k   +  c S  i , j , k     ≤ 1   was always satisfied at any grid cell. The previously published model [43] was used to simulate the growth of thin films. The processes of phase separation, diffusion of both thin components due to surface curvature, and adsorption were included in the model. The phase separation of components was described by the Cahn–Hilliard equations:


    ∂  c  A _ S     ∂ t   = ∇  D A  ∇  (    d f  (   c  A _ S    )    d  c  A _ S     − γ  ∇ 2   c  A _ S    )  ,  



(1)




where    c  A _ S     (   c  A _ S   i , j   ,   i = 1 , … , I ,   j = 1 , … , J  ) is the concentration of component A on the surface of substrate, f is the density of free energy (the form of function f is used the same as in our previous work [29]),  γ  is a phase gradient power coefficient, and DA is a diffusion coefficient.



The parameter    c  A _ S   i , j      , which is the concentration variable used in Equation (1), was defined through Equation (2) given in [43]. The changes in component B concentration due to phase separation in the surface layer were also described by Equation (1), but, in order to do this, the term    c  A _ S     in Equation (1) had to be replaced with    c  B _ S     (the concentration of component B in the surface layer), which was defined analogously to Equation (2) given in [43].



We next introduce a new process, which is mathematically described by the Cahn–Hilliard equation given in Equation (1) but with a different concentration variable being used. This new process ensured that atoms of the given type migrating on a nano-island formed of the same type atoms can gather together. This process also influenced the surface patterns of the nano-islands. The new variable    c  A _ S   i , j       (see Equation (3) in [43]) (instead of    c  A _ S     defined by Equation (2) in [43]) and the diffusion coefficient D1A (instead of DA) were used in Equation (1) to get the mathematical description for the considered process. Therefore, the use of Equation (1) with the variable given by Equation (3) in [43] introduced another process that ensured that atoms of type A migrating on a nano-island made of the same type of atoms gather to form or influence the surface pattern. The value D1A = DA was used for nano-islands made of component A, and D1A = 0 was used anywhere else. An identical process was defined for component B by the types of equations given in Equations (1) and (3) found in [43], but the respective variable that represented the concentration of component B (instead of the concentration of component A) was used to get the description of the process for component B.



Atomic diffusion on the nano-island surface initiated by its surface curvature was also included in the model by the following equation:


    ∂  c  A _ S     ∂ t   = ∇  D A  ∇  (  −  p A   c  A _ S    ∇ 2  h  )  ,  



(2)







The term    ∇ 2  h   denoted the surface curvature,  h  was the position parameter, and pA was the coefficient of proportionality. Equation (2) ensured that atoms diffuse from crests to valleys on the surface of nano-islands due to their surface curvature. Equation (2) was also used to define the changes in component B, but    c  B _ S     and pB had to be used instead of    c  A _ S    , and pA, respectively, in Equation (2).



The concentrations changes occurred due to the process of adsorption were described by the following expressions:


     ∂  c A  i , j ,  k *      ∂ t   =  k  A A    i A   c  A _ S   i , j   +  k  A B    i A   c  B _ S   i , j   +  k  A S    i A   c  S _ S   i , j   ,      ∂  c B  i , j ,  k *      ∂ t   =  k  B A    i B   c  A _ S   i , j   +  k  B B    i B   c  B _ S   i , j   +  k  B S    i B   c  S _ S   i , j   ,   



(3)







I = 1,...,I, j = 1,...,J, and kAA, kAB, and kAS, are the sticking coefficients, iA and iB are relative fluxes, and    c  A _ S   i , j    ,    c  B _ S   i , j    , and    c  S _ S   i , j     are the surface concentrations.



Equations (1)–(3), describing the different processes with respect to the thin film component, were added together to get the final model for that component. Since we investigated two growing phases, two models consisting of Equations (1)–(3) concerning each growing phase were considered. To analyze a large temperature range, the diffusion was discriminated into the three regimes: (1) thermal diffusion (DTh), (2) radiation enhanced diffusion (DRad), and (3) ion beam mixing (Dm). Assuming this, the dependence of the diffusion coefficient DA on the substrate temperature T was expressed as follows:


   D A  =  {       D m  = α i ,   T < 0.2  T m  ,          D  R a d   = i β  e  −    Q 1    R T     ,   0.2  T m  < T < 0.6  T m         D  T h   = δ  e  −    Q 2    R T     ,   T > 0.6  T m           



(4)




where I = iA + iB is the relative total flux of components, α, β, and δ are the coefficients of proportionality, and Q1 and Q2 are the activation energies of radiation enhanced diffusion and thermal diffusion, respectively. In our calculations, the value of melting temperature Tm = ~3000 K (value close to the melting temperature of ScAlSZ ceramics) was used.





3. Results and Discussion


ScAlSZ thin films have different microstructures depending on the temperature of the substrate (Figure 1). It is visible that two different surface morphologies exist. Thin films consist of small ~8 nm height and ~200 nm width grains when using 50–300 °C temperature substrates (Figure 1a–c). In contrast, large triangle prism shape grains grow using higher temperature substrates (Figure 1d,e). The height of triangle prism shape grains is ~20 nm and ~30 nm for thin films deposited on 450 and 600 °C temperature substrates respectively. The lateral dimensions are ~800 nm for 450 °C substrates and ~900 nm for 600 °C substrates. The growth of small, randomly-oriented grains indicates that the mobility of adatoms on the surface is low at low temperatures. In comparison, at high temperatures, the mobility of adatoms is high enough to occasion predominant grain growth.



The surface roughness calculations indicate that the roughness of ScAlSZ thin films is higher using higher temperature substrates (Figure 2). It increases from 2 to 9.5 nm at 50 and 600 °C substrate temperatures, respectively. There are two values (0.8 and 1.6 nm/s for 600 °C) shifted from the dependence due to the effect of deposition rate. Obtained values of surface roughness are similar to other authors’ results [44,45,46].



The deposition rate affects the growth of ScAlSZ thin films, also (Figure 3). The surface topography is similar for thin films deposited using 0.2, 0.4 and 0.8 nm/s deposition rates (Figure 3a–c). The grains have a triangular prism shape with lateral dimensions of ~600 nm. At higher deposition rates, 1.2 nm/s and 1.6 nm/s (Figure 3d,e), large clusters consisting of few grains form on the surface of thin films. The height of the clusters is ~66 nm and the lateral dimensions ~1700 nm. The clusters of grains started to form due to increased flux of arriving atoms, i.e., the atom flux is high enough to form a new nucleus on the top of grains before the monolayer is finished.



The dependence of surface roughness on deposition rate is nonlinear at higher deposition temperatures (Figure 4). The peak values of surface roughness are obtained for thin films formed using 0.4 and 1.2 nm/s deposition rates and valley values of the surface roughness are obtained for thin films formed using 0.2, 0.8 and 1.6 nm/s deposition rates. Moreover, our experiments showed that the deposition rate of 1.2 nm/s acts as a breaking point where a sudden decrease of surface roughness appears.



The cross-section photos and XRD results supplement topography images. Thin films are composed of cubic, tetragonal, and rhombohedral phase grains [47]. Small and randomly-oriented grains are visible at low temperatures, e.g., 50 °C (Figure 5a). The columnar structure starts to show up using 300 °C temperature substrates (Figure 5b) and the columns are wider using 600 °C substrates (Figure 5c). At this temperature even prism shape grains are visible (Figure 5c). The deposition rate does not have a visible influence on the growth nature (Figure 6).



The initial conditions assumed a perfectly flat substrate (the lateral dimensions of the substrate are 36 nm × 36 nm, the grid spacing is 1 nm) that occupies five computational layers at the beginning of a growth process. On that flat substrate, there is a thin layer made of a random mix of components A and B where concentrations of both components are uniformly distributed in the interval {0, 0.01}. This random thin layer of components A and B lying on top of a perfectly flat substrate is called an initial condition. The concentrations are cA = 30%, cB = 70%, the values of model parameters pA = pB = 1.2 × 10−13 J/m (see Equation (4) in [42]), DB = DA (see Equation (5) and Figure 1 in [43]), γ = 4.8 × 10−13 J/m (see Equation (1) in [43]) are assumed for the simulations. The sticking coefficients (see Equation (5) in [43]) are assumed to be equal.



Figure 7 shows the plots of average surface roughness (root mean squared) versus substrate temperature calculated by using the different thin film growth rates. The growth rates of 0.2, 0.4, 0.8, 1.2 and 1.6 nm/s and the substrate temperatures of 50, 200, 350, 500 and 650 °C were used in calculations. Moreover, incoming ion flux also influences the value of the diffusion coefficient. Hence, the dependence of diffusion coefficient on temperature and incoming ion flux is expressed through Equation (4). The values 2.18 × 10−17, 3.18 × 10−17, 4.62 × 10−17 and 5.95 × 10−17 m2/s are considered to be the values of the diffusion coefficient at the substrate temperatures of 50, 200, 350, 500 and 650 °C, respectively, at a growth rate of 0.8 nm/s. To get the growth rates of 0.4, 0.8, 1.2 and 1.6 nm/s, the flux values of 0.5, 1.0, 1.5 and 2.0 s−1 are used, respectively. The diffusion coefficient at the substrate temperatures of 50 and 200 °C is defined as Dm through Equation (6) in [43]. The diffusion coefficients at the three highest temperatures examined are defined as DRad through Equation (6) in [43].



Each point in Figure 7 is the average result of four different calculations with different initial conditions. It is seen that the average surface roughness increases as the substrate temperature rises in almost all cases examined. Relatively little variation in the surface roughness is observed at the growth rates of 0.2, 0.4 and 1.6 nm/s when the substrate temperature is changed from 500 to 650 °C.



To investigate the reason for the dependence of the surface roughness on the substrate temperature in more detail, a plot of average grain size versus substrate temperature observed at the growth rates of 0.2, 0.4, 0.8, 1.2, and 1.6 nm/s is shown in Figure 8. Figure 8 demonstrates that the average grain sizes monotonically increase as the substrate temperature rises at almost all growth rates presented. The exceptions are observed at the lowest two temperatures investigated (for all growth rates used) and at the lowest growth rate of 0.2 nm/s used when substrate temperature is varied from 500 to 650 °C. Figure 8 reveals that similar monotonic relationships between the substrate temperature and average grain size are observed for all growth rates examined. The curves corresponding to the growth rates of 0.8, 1.2, and 1.6 nm/s are situated very close to each other over the whole temperature range examined, but the curves corresponding to the two lowest growth rates of 0.2 and 0.4 nm/s show some deviations from the curves observed at the three highest growth rates depending on the substrate temperature. Figure 7 and Figure 8 display that both the surface roughness and average grain size are similarly influenced by the increase in the substrate temperature, which suggests that the variation in the thickness of the thin film (it is directly related to the surface roughness) is related to the average grain size. To investigate this relationship in detail, a plot of surface roughness versus average grain size observed at growth rates of 0.2, 0.4, 0.8, 1.2, and 1.6 nm/s is shown in Figure 9, where the surface roughness monotonically increases as the average grain size grows and there is some nonlinear relationship between the surface roughness and the average grain size at growth rates of 0.4, 0.8, and 1.6 nm/s. At a growth rate of 0.2 nm/s a very good linear relationship between the average grain size and the surface roughness with a value of R2 of 0.9998 (the value and the linear equation are given in Figure 8) is observed. It is found that the surface roughness at the growth rate of 0.4 nm/s varies relatively slowly when the average grain size changes from 7.27 to 10.875 nm and from 11.25 to 14.6 nm, but the variation in the surface roughness is considerably greater when the average grain size changes from 10.875 to 11.25 nm. It is also seen that the variation in the surface roughness at growth rates of 0.8 and 1.6 nm/s shows a similar pattern in comparison to the case with the growth rate of 0.4 nm/s, but the intervals of grain size values in which the surface roughness varies relatively slowly or quickly are different from the case with the higher growth rate. The given results reveal that the increase in the surface roughness is highly related to the increase in the average lateral grain size. The substrate temperature rises and the value of the diffusion coefficient increases resulting in greater lateral dimensions of grains formed during the phase separation occurring throughout the growth process [48]. The monotonic linear and nonlinear relationships between the average lateral size of grains and the surface roughness are shown by our calculations in Figure 9. This confirms the relationship between the surface roughness and the average grain size in the examined cases.



It is seen from Figure 2 that the surface roughness in ScAlSZ thin films increases with the increase in the substrate temperature at various growth rates in most cases. Similar tendencies are observed in Figure 7, where the influence of substrate temperature on surface roughness determined by modeling is presented. Moreover, the experiments and calculations were performed in the similar range of substrate temperatures. The monotonic dependencies of the surface roughness on the substrate temperature, showing an increase in the surface roughness with an increase in the substrate temperature, are also observed in YSZ films deposited by pulsed laser deposition [49] and in InN/YSZ films deposited by the reactive RF magnetron sputter deposition technique [50]. Therefore, the qualitative agreement between our modeling results dealing with substrate temperature influence and the mentioned experimental data can be noticed.



Figure 10 provides the cross-sectional views (Figure 10a,d,g) (through the plane x = 24 nm), the concentration plots of component A (Figure 10b,e,h), and the surface maps (Figure 10c,f,i) calculated at the substrate temperatures of 200 °C (Figure 10a–c), 350 °C (Figure 10d–f) and 650 °C 923 K (Figure 10g–i). The used growth rate is 0.8 nm/s. The given surface maps as the two variable functions also represent the thicknesses of the films (with 5 layers of the substrate material included). The areas in Figure 10c,f,i painted in blue mark the regions with a film thickness of 5 nm or the substrate areas not covered with either phase A or B. The areas in Figure 10c,f,i painted in brown indicate the regions where the film thickness is highest. The blue color in Figure 10b,e,h indicates regions which consist of phase B. The brown color in Figure 10b,e,h marks regions of the surface of the thin film, which consists of pure phase A. The cyan color in Figure 10a,d,g indicates regions consisting of phase A, the yellow color marks regions of phase B, and the brown color marks the substrates.



It can be seen that, at the lowest given substrate temperature (200 °C), phase 8 A associated individual nanoparticles and a relatively low variation in the film thickness are observed.



As shown in Figure 10d,e the increase in the substrate temperature up to 350 °C causes a higher variation in the film thickness and lowers the number of nanoparticles of component A formed throughout the growth process. At the substrate temperature of 650 °C (see Figure 10g–i) we observe 4 nanoparticles of component A and the highest variation in the film thickness in comparison to the cases corresponding to two lower substrate temperatures. It can also be seen that an increase in the temperature from 200 to 650 °C decreases the number of nanoparticles of phase A from 8 to 4. Since the total concentration of phase A was kept constant in the calculations, the decrease in the number of nanoparticles of phase A increases the average lateral dimensions of nanoparticles of phase A, therefore the results given in Figure 10 also supports the previously-found relationship between the average lateral dimensions of nanoparticles and the surface roughness.



The plots given in Figure 7 and Figure 11 are based on the same calculation data. The plots of surface roughness versus growth rate obtained at the substrate temperatures of 50, 200, 350, 500 and 650 °C indicate that the surface roughness decreases as the film growth rate rises in most cases (Figure 11). The monotonic decrease in the surface roughness is observed at the substrate temperatures of 50, 350, and 650 °C. At the substrate temperature of 500 °C, the surface roughness decreases when the growth rate is changed from 0.2 nm/s to 1.2 nm/s, but there is an increase in the surface roughness when the growth rate is changed from 1.2 nm/s to 1.6 nm/s. This inconsistency should be attributed to the random initial conditions and the limited computational grid size.



To understand reasons for the given relationship between the surface roughness and the growth rate, the plots of average grain size (of component A) versus growth rate were obtained at the substrate temperatures of 350 and 650 °C (Figure 12). It is seen that the average grain size decreases monotonically as the growth rate increases at both substrate temperatures given, therefore both decreases in the surface roughness and the average grain size can be related. Hence, the monotonic decrease in the surface roughness caused by the increase in the growth rate can be attributed to the monotonic decrease in the average grain size under the given conditions. By comparing Figure 7 and Figure 8 to Figure 11 and Figure 12, it can be seen that the influence of the increase in the growth rate on the surface roughness (and on the average grain size) is opposite in comparison to the influence in the increase of the substrate temperature.




4. Conclusions


This study set out to gain a better understanding of the influence of substrate temperature and growth rate on the surface roughness and the phase structure of thin films and explore these relationships experimentally and by using a mathematical model.



It was determined that a different microstructure with different surface morphologies is obtained depending on the temperature of the substrate. At substrate temperatures below 300 °C, thin films are comprised of small grains having ~8 nm height and ~200 nm width grains, whereas large triangle prism shape grains are predominant while using substrates above 300 °C.



The modeling results revealed that the increase in the substrate temperature resulted in the monotonic increase in the surface roughness of thin films in most cases. A similar relationship was noticed between the size of nanoparticles formed and the substrate temperature. Moreover, the nonlinear relationships between surface roughness and the average size of nanoparticles were also discovered, so the increase in the surface roughness with an increase of temperature was influenced by the increase of nanoparticle size. Modeling results also showed that the increase in the growth rate caused the monotonic decrease in the surface roughness of thin films in most cases. The decrease in the surface roughness in the given condition was also attributed to the decrease in the average size of nanoparticles.
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Figure 1. AFM topography images of ScAlSZ thin films deposited using a 0.4 nm/s deposition rate and different substrate temperatures: (a) 50 °C, (b) 150 °C, (c) 300 °C, (d) 450 °C, and (e) 600 °C. 
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Figure 2. Roughness dependence of ScAlSZ thin films on deposition temperature. 
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Figure 3. AFM topography images of ScAlSZ thin films deposited on 450 °C substrates using different deposition rates: (a) 0.2 nm/s, (b) 0.4 nm/s, (c) 0.8 nm/s, (d) 1.2 nm/s, and (e) 1.6 nm/s. 
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Figure 4. Roughness dependence of ScAlSZ thin films on deposition rate at different substrate temperatures during the deposition. 
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Figure 5. Cross-section images of ScAlSZ thin films deposited using 0.4 nm/s deposition rate and different substrate temperatures: (a) 50 °C, (b) 300 °C, and (c) 600 °C. 
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Figure 6. Cross-section images of ScAlSZ thin films deposited on 450 °C substrates using different deposition rates: (a) 0.4 nm/s, (b) 0.8 nm/s, and (c) 1.2 nm/s. 
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Figure 7. Plots of surface roughness versus substrate temperature obtained by using different growth rates. 
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Figure 8. Plots of average grain size versus substrate temperature observed at the growth rates of 0.2, 0.4, 0.8, 1.2, and 1.6 nm/s. 
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Figure 9. Plots of surface roughness versus average grain size observed at the growth rates of 0.2, 0.4, 0.8, 1.2, and 1.6 nm/s. 
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Figure 10. Cross-sectional views (a,d,g), concentration plots of component A (in the surface layer of thin films) (b,e,h), and surface maps (c,f,i) calculated at the substrate temperatures of 200 °C (a–c), 350 °C (d–f), and 650 °C (g–i). 
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Figure 11. Plots of surface roughness versus growth rate obtained by using different substrate temperatures. 
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Figure 12. Plots of average grain size versus growth rate observed at the substrate temperatures of 350 °C and 650 °C. 
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