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Abstract

:

Chemical vapour deposition (CVD) is the most promising graphene synthesis route for film and electronic applications but the growth mechanism is still not fully understood. Herein, we investigate the role of the solubility of carbon in the underlying growth substrate on the CVD growth of graphene. A range of Cu-Ni alloys compositions that cover the carbon (C) solubility range between low C solubility (pure Cu) and high C solubility (pure Ni) were used as the catalytic growth substrates. The CVD of graphene on Cu-Ni alloys showed a transition from bilayer graphene (BLG) to few-layer graphene (FLG) at a substrate Ni concentration of 45 wt.%, which was attributed to an increase in the bulk diffusion of C. The Cu-rich alloys had a high graphene coverage (BLG) at a fast-cooling rate (367 °C/min), while the Ni-rich alloys had a low coverage (FLG) under the same cooling condition. In contrast, at slow cooling rates (27 °C/min), the Cu-rich alloys had a low coverage of graphene (BLG) and the Ni-rich alloys had a high coverage of graphene (FLG). Glow discharge optical emission spectroscopy (GDOES) was used to profile the subsurface composition, particularly the C concentration, as a function of depth.
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1. Introduction


Carbon compounds make up 95% of all known chemical compounds, due to the tendency of carbon to combine with both electronegative and electropositive elements and, moreover, its ability to bond with itself in different configurations [1]. Carbon tends to hybridise in one of the following three known forms: sp, sp2 and sp3 [2]. Carbon allotropes are classified according to their dimension; (zero-dimension) 0D, (one dimension) 1D, (two-dimension) 2D and (three-dimension) 3D. Fullerenes, nanotubes, graphene and diamond are examples of the stated dimension classification, respectively [3]. Two-dimensional materials, such as graphene and graphene-like materials [4], have attracted the interest of the researchers due to their superior properties and potential applications [5,6].



Since the first successful report of graphene isolation from graphite in 2004 [7], several methods have been developed for graphene synthesis. All of these methods may be categorised as either top-down or bottom-up. For the top-down approach, bulk graphite is isolated into individual two-dimension graphene sheets through chemical exfoliation, mechanical cleavage etc., whilst the bottom-up approaches form graphene sheets from their constituent building blocks (atoms or molecules), typically on a supporting substrate, as in the CVD method. The first attempt to grow graphene using CVD was reported by Somani and co-workers in 2006 [8] using camphor (C10H16O) as a C source and Ni foil as the hot substrate. The process resulted in few-layer graphene (FLG) growth with an interlayer spacing of 0.34 nm. Even though the graphitic film was very thick, their work highlighted the possibility of graphene synthesis using CVD.



The breakthrough was made by Ruoff et al., who reported the CVD of single-layer graphene (SLG) on a Cu substrate [9]. A 25-micrometer-thick Cu foil was annealed in a hydrogen atmosphere at 1000 °C, followed by methane (CH4) at low pressure. The resulting deposited film was ~95% SLG with a small percentage of FLG. The graphene film was found to be continuous over the Cu grain boundaries and steps. Byung et al. demonstrated the ability of CVD to produce graphene films across areas as wide as 30 inches with a 95% SLG coverage. This work demonstrated that CVD can meet the demands of thin film applications in terms of quality and scalability.



Nevertheless, there are remaining challenges for the CVD of graphene, including controlling the number of layers and grain size, for which further study of the CVD graphene growth mechanism is needed. The CVD growth of graphene is a surface reaction process; the metal surface is exposed to a hydrocarbon, usually CH4, which leads to stepwise dehydrogenation and liberation of C [10]. Based upon C isotope labelling, the CVD graphene growth mechanism is believed to be via the surface adsorption of carbon species for metals with low C solubility (e.g., Cu) [11]. In this process, C diffuses on the substrate surface until its concentration increases, reaches a critical supersaturation level and graphene nucleation takes place. Thus, graphene growth is completely controlled by a vapor–surface reaction that is commonly a self-limited growth process [12]. In contrast, for high C solubility metals, growth occurs by the segregation of C from saturated substrates (e.g., Ni). In this process, the C active species initially diffuse into the substrate bulk and when the C concentration reaches close to the C solubility limit (e.g., by a change of temperature), graphene nucleation occurs by a precipitation–segregation process [10,13,14,15]. Even though the CVD growth of single-layer graphene is self-limiting on Cu, achieving a large single crystal and controlling the number of graphene layers is challenging [11]. On the other hand, using a Ni substrate results in inhomogeneous graphitic films with varying thicknesses because of the Ni’s high C solubility [16].



Both theoretical studies and experimental results have found that alloying Ni with Cu decreases the C solubility in the Cu-Ni system [17]. Combining the high catalytic activity of Ni with the low C solubility of Cu is a promising route to control a number of layers of graphene during film growth. Xie et al. reported the growth of 300-micrometer domain size AB-stacked BLG with the Cu vapour assistance on 25-micrometer-thick electrodeposited Cu85-Ni15 alloy [18]. Liu and co-workers achieved 95% SLG graphene coverage on a 300-nanometer Cu94.5-Ni5.5 film substrate; however, by increasing the Ni content to 10.4%, the produced graphene was 89% BLG [19]. Ruoff et al. have investigated the CVD of graphene on commercial Cu31-Ni67.8 [20] and Cu90-Ni10 [21] alloys; they found that the thickness of precipitated graphene is influenced by both the growth temperature and the cooling rate. A Cu-Ni alloy thin film has been previously used to synthesise graphene; Jeon et al. found that the number of graphene layers can be controlled by controlling the Ni content in the Cu-Ni thin film [22]. Prior studies using Cu-Ni alloys as a catalytic substrate for CVD graphene are limited both in number and the composition range studied [13,19,20,21,22,23,24,25,26,27,28,29]; therefore, further study is required.



Hence, herein, we use a range of Cu-Ni alloys to investigate how growth transitions between the two mechanisms (surface reaction and segregation). In particular, a transition between low and high C solubility on the CVD growth mechanism is seen at a Ni concentration of 45 wt.%.




2. Results and Discussion


CVD growth was initially conducted on pure metals substrate (Cu and Ni) with a thickness of 500 µm. Raman spectra were collected from the result films (Figure 1). The graphene grown on the Cu has an I2D/IG ratio of ~1.8 and a 2D FWHM of 30, which is in good agreement with the reported Raman fingerprint for CVD single-layer graphene [9]. However, the I2D/IG of the graphene grown on the Ni is ~0.5, which indicates a thicker graphitic film formed on the surface [11,30].



CVD was then conducted under the same conditions on Cu-Ni alloys with compositions of Cu70-Ni30, Cu55, Ni45 and Cu33-Ni67, by weight ratio. Figure 2 shows the Raman spectra and maps obtained from the resulting graphene films. It can be seen that the Raman spectra transitioned from being similar to that found on pure Cu to that found on pure Ni with increasing Ni content within the alloy. These maps were used to calculate the arial coverage of SLG, BLG and FLG (Figure 3). The 100 wt.% Cu substrate was found to be virtually covered by pure SLG. The degree of BLG and FLG content was found to increase with the Ni content, such that the films were almost entirely FLG on 100% Ni. The reported C solubility [17] of the corresponding alloys is also plotted in Figure 3 to aid understanding of the results. (For reference, the Raman maps for samples grown at lower pressures are in given in Figure S1).



The increasing thickness of the graphene with increasing Ni content correlates with the increase in C solubility with higher Ni content. Furthermore, introducing Ni not only increased the C solubility but also increased the alloy’s catalytic activity towards hydrocarbon decomposition [31,32]. The C solubility of the growth substrate should also effect the growth time of the graphene. Figure 4a plots the time required to grow a graphene (e.g., SLG, BLG or FLG) film against Ni content and compares it with each alloy’s C solubility values. As can be seen, the growth time increases with the increasing C solubility of the Cu-Ni alloy. This observation is consistent with the CVD graphene growth on the Cu-Ni alloy being a bulk diffusion–precipitation process. When the hydrocarbon (CH4) interacts with the metal surface, C atoms are liberated through breaking the C–H bond (Figure 4b) and diffuse into the metal bulk. The C concentration in the metal bulk (CB) increases up to the solubility limit (SLimit) for a given substrate [10]. When the precursor supply is stopped and the substrate is cooled, the growth of the graphene occurs through C precipitation at the surface [33,34]. The incubation period (the required time to fulfil the CB ≈ SLimit condition) is dependent on the growth parameters (temperature, pressure and feeding stock composition) and C solubility.



The cooling rate plays a critical role in controlling the amount of solute C in the diffusion–precipitation process. The SEM images for the CVD graphene grown under the same conditions, but with different cooling rates, show a diverse range in the surface coverage (Figure 5a). The graphene surface coverage percentage was determined by using Image J (Java-based image processing programme, 1.52n) and is plotted in Figure 5b. Under fast cooling conditions, the graphene film shows a transition from high coverage with the Cu-rich alloy to low coverage with the Ni-rich alloy. However, during slow cooling conditions, the behaviour reversed, with low graphene coverage on the Cu-rich alloy and more coverage with the Ni-rich alloys. CVD graphene coverage on pure metals (Cu and Ni) is also affected by the cooling rate; however, the difference between slow and fast cooling rates is not marked. In order to determine the reasons for this transition in behaviour with cooling rate, it is necessary to ascertain the composition of the alloy (Cu, Ni and C content) beneath the surface on which the graphene film is grown.



Glow discharge optical emission spectroscopy (GDOES) was used to perform concentration–depth profile analysis to explicate the results in Figure 5. The concentration of the selected element is proportional to the measured emission intensities, which expressed in Equation (1) [35], as follows:


   I  λ  E    =  α  λ  E     C  E , M    



(1)




where    I  λ  E  , M     is the intensity of the emission line of element E,    C  E , M     is the concentration of the element and    α  λ  E      is a constant.



The bulk C depth profile of the pure Cu shows no difference between the slow and fast cooling rates. However, the C profile shows a higher C concentration at the surface and a gradual decrease in the subsurface (Figure 6).



In contrast, the C depth profile of the slow and fast cooled pure Ni samples shows three distinct regions (I, II and III), which are assigned, respectively, to the surface, subsurface and bulk (Figure 6). The slow cooling rate of the substrate from 1000 °C to room temperature drove more C atoms to diffuse towards the surface, which is evident from the depth profile of the region I compared with the fast cooling rate sample. Region II is characterised by an increasing Ni intensity with depth until it reaches the bulk value. Moreover, the subsurface region is a C-rich, Ni–C solid solution, which feeds the graphitic film on the surface during the cooling stage [36]. At fast cooling rates, the subsurface thickness is about five times smaller than slow cooling, explaining the variation in graphitic film thickness on the surface.



Figure 7 shows the depth–intensity profile of the three elements, Cu, Ni and C, in the Cu-Ni alloys. There is a clear difference in the depth profiles with different cooling rates. The profiles for all of the alloys under fast cooling show a stable and smooth plasma intensity for both Cu and Ni, except near the substrate surface, where the intensity increases due to the influence of the free surface [37]. However, the depth profiles for the slow cooling rate alloy show a change in the intensity. For the Cu70-Ni30 alloy, at a depth of 2.18 µm (0.07 µm below the surface), the Cu intensity decreases, and the Ni intensity increases significantly. However, at a 0.6 µm depth, the Cu and Ni intensities are constant. The variation in the Cu and Ni intensity profile diminishes when the proportion of Ni increases in the alloy. For example, the change in the Ni depth profile below the Cu55-Ni45 surface is very minimal compared to that in seen in the Cu70-Ni30 alloy and the variation is absent in the Ni-rich alloy.



The Ni and Cu plasma intensity change near the Ni-rich substrate surface is minimal at a slow cooling rate. The GDOES results for the Cu-Ni alloys can be summarised as follows:




	
The plasma intensity of Cu and Ni at the surface is always higher than the bulk (the flat intensity region), regardless of the cooling rate.



	
After fast cooling rates, the plasma intensity profile is smooth and flat for both the Cu and Ni signal.



	
The slowly cooled samples exhibit disturbances in Cu and Ni intensity at the surface and subsurface, indicating a local change in the alloy composition.



	
The intensity (composition) changes with the Ni content are more evident for the Cu70–Ni30 substrate alloy than for Cu33-Ni67.








The gradual increase in GDOES intensity near the surface for both Cu and Ni has been reported previously for Cu-Ni alloys. It is believed to be due to a change in the Cu-Ni composition close to the free surface [37,38]. There is a difference in the surface and bulk composition of the Cu-Ni alloy studied experimentally and theoretically. The results confirm that the Cu-Ni alloy surface is always Cu-rich [39,40,41]. Furthermore, the concentration of Cu at the alloy surface is influenced by both the working temperature and the bulk alloy concentration [41].



The low-pressure and high temperature conditions during the annealing and growth period facilitates Cu evaporation from the alloy surface due to the proximity of the working temperature to Cu’s melting temperature (1084 °C). Thus, to explain the GDOES results in Figure 7 satisfactorily, one needs to consider the Lea and Seah kinetic model for surface segregation in the case of evaporation in an alloy system [42]. The model takes into consideration the competing mechanisms between evaporation from the surface (Je), bulk to subsurface diffusion (JSb) and subsurface to surface diffusion (JS) as a function of temperature [43] (Figure 8). Webber and Chadwick established the following simple expression following Lea and Seah’s work to describe the evaporation of Cu in Cu-Ni alloy [44]:


     C S t     C S ∞    = exp   1 −   E D t    α 2   d 2        1 − exp     E D t    α 2   d 2      erf       D t    α 2   d 2         1 2       



(2)




where    C S t    is the Cu concentration at the surface at time t and    C S ∞    is the Cu surface concentration when evaporation is zero, α is the enrichment ratio (concentration of Cu on the surface (   C S t   ) to the subsurface concentration (   C 0 t   )), D is the diffusion coefficient, d is the surface layer thickness and E is a dimensionless parameter to describe the evaporation rate such that [44]:


  E v a p o r a t i o n   r a t e =     10  4   C 0 t  E D    α 2   d 2     



(3)







This equation assumes that the Cu is distributed evenly in the substrate, and the surface, subsurface and bulk concentrations are equal, and the fluxes are zero (Je = JS = Jsb = 0). When the temperature is increased, the Cu concentration on the surface increases as a result of subsurface to surface segregation. This deficiency in the subsurface concentration is overcome by the diffusion of Cu from the bulk region. At this point JS and Jsb ≠ 0; however, the evaporation flux is still zero (Je = 0) until the surface concentration is sufficiently high to reach a Cu vapour pressure higher than ambient pressure (0.11 mbr). At this point, Cu begins to evaporate (E > 0). The evaporation rate reaches its maximum value at 1000 °C (E = 1); consequently, the Cu surface concentration decreases. The system retains the equilibrium by Cu diffusing from the bulk to the depleted Cu region at the subsurface, which feeds the surface.



Consequently, when the growth terminates and the sample cools down at a fast cooling rate (~376 °C/min), the three fluxes (Je, JS and Jsb) reach their minimum values in a short time, resulting in a constant GDOES depth profile for all three Cu-Ni samples, reflecting the composition homogeneity during the growth period.



When the Cu evaporation rate reduces from the alloy surface (E → 0), its surface concentration increases to the maximum. That increase comes from the diffusion of Cu from below the surface to the surface. This process is irreversible, resulting in Cu consumption below the surface. Inhomogeneity at the surface and subsurface regions creates diversity in the C solubility values, i.e., the Cu-rich surface has a lower SLimit than the Ni-rich subsurface region, which consequently impacts the graphene coverage. Based on Equation (2), the surface concentration is related primarily to the initial alloy composition. Therefore, the impact of evaporation–diffusion segregation is higher for the Cu-rich alloys (Cu70-Ni30 and Cu55-Ni45) than the Ni-rich alloy (Cu33-Ni67).



The C depth profile for all the Cu-Ni alloys in this study shows a higher bulk intensity of C at fast cooling rates than at a slow cooling rate (Figure S2). This result might be due to the short C segregation time during the cooling rate. Moreover, there is an increase in the intensity of the C signal when the Ni content increases.



To further understand the relationship between the incubation time and the C content in the substrate, the C intensity at the deepest measured point (which is assumed to represent the bulk) is plotted against the Ni content for both a fast and slow cooling rate (Figure 9). It is clear that both the fast and slow cooled samples have the same trend as the reported C solubility for the alloy under study. Moreover, the difference in C intensity is considerable between the fast and slow cooled samples. The data shown in Figure 9 agrees with the proposed diffusion–perspiration mechanism for Cu-Ni alloy substrates. The C solubility limit in the alloys represents the amount of C that diffuses into the substrate during the incubation period. When the maximum solubility concentration is achieved, the growth of graphene on the surface is possible. If the sample cooled down quickly, then the amount of C that can diffuse back to the surface is small; however, at the slow cooling rate, the substrate remains at an elevated temperature for enough time to allow C to diffuse toward the surface (which explains why Cu33-Ni67 has a high graphene coverage). The difference in composition between the surface, subsurface and the bulk of a Cu-Ni alloy leads to a change in C solubility and diffusivity within the same substrate. Consequently, a diffusion barrier might develop, preventing carbon segregation from the bulk towards the surface under some conditions, possibly explaining the low graphene coverage observed at the slow cooling rate for Cu70-Ni30 and Cu55-Ni45 substrates.




3. Conclusions


In conclusion, the CVD of graphene was performed on Cu-Ni alloys and the resulting films were characterised. Single-layer graphene was dominant in the films grown on the Cu substrates, whereas few-layer graphene grew on the Ni substrate. The thickness of the films grown on the Cu-Ni alloy was closely related to the Ni content in the alloy. By increasing the Ni content, the percentage of FLG coverage increased, reaching full FLG coverage for pure Ni substrates. This result was attributed to the rise in C solubility with an increasing Ni content. The substrate surface coverage was highly affected by the sample cooling rate after growth; Cu-rich substrates require fast cooling to achieve good surface coverage, while a slow cooling rate is needed for Ni-rich substrates to gain good surface coverage. The GDOES results revealed that the subsurface region of the Cu-rich alloy substrates was actually Ni-rich due to Cu evaporation. This Ni region may have acted as a diffusion barrier, preventing C precipitation to the surface. The depth profile of the C intensity was found to depend on the Ni concentration, reflecting the change in C solubility behaviour.




4. Methods


4.1. Graphene Growth


A hot-wall CVD system that was built in-house was used to grow the graphene samples. The system comprised a tube furnace (Lenton Eurotherm, Worthin, UK) and a 1-inch outer diameter quartz tube as the growth chamber. Low pressure was achieved using a rotary vane pump (Edwards RV12, Edwards Vacuum, Burgess Hill, UK) with a capacitance manometer gauge (Leybold Oerlikon CTR100, Leybold GmbH, Kölner, Germany) to monitor it. The growth procedure is illustrated in Figure S3; a small piece of the 500-micrometer-thick Cu-Ni alloys (substrates supplier, composition and purity shown in Table S1) was placed in the centre of the furnace isothermal zone. The substrate is first annealed under a flow of hydrogen (99.95%, BOC, Guilford, UK) at 1000 °C for 20 min at a base pressure of 0.035 mbar. Growth was then started by flowing methane (99.95%, BOC, Guilford, UK) into the chamber at a growth pressure of 0.11 mbar for a specific time for each Cu-Ni composition; subsequently, the sample was cooled down under the hydrogen flow either slowly (27 °C/min) or quickly (376 °C/min).




4.2. Sample Characterisation


All the graphene films were characterised whilst on the growth substrate. The scanning electron microscopy (SEM) images were acquired using an XL-30 FEG SEM (FEI, Eindhoven, The Netherlands) at an accelerating voltage of 8 kV. A LabRAM HR Evolution Raman system (Jobin Yvon, Kyoto, Japan) with a 488-nanometer wavelength laser was used to characterise graphene coverage and uniformity. For the mapping, the range was set for I2D/IG from 1.4 to 0.7 and 2D FWHM from 45 to 60 cm−1 for BLG: an I2D/IG ratio higher than 1.4 and a FWHM of 2D peak less than 45 cm−1, indicated SLG, while an I2D/IG ratio less than 0.7 and a 2D peak FWHM of 60 cm−1 indicated FLG [45,46]. A GDOES depth profiler (HORIBA Jobin Yvon, Kyoto, Japan) was used for the depth profile of the Cu, Ni and C profile in substrate bulk. Both the argon flash time and sputtering time was 30 s and the emission lines for Cu, Ni and C were 325, 341 and 156 nm, respectively.




4.3. Experiment Parameters


Raman I2D/IG and 2D band FWHM maps for 25 µm Cu. Distribution of graphene coverage vs. copper substrate thickness. Raman maps of CVD graphene grow on Cu-Ni alloy at growth pressure 0.65 mbar. SEM images of Cu, Ni and Cu-Ni substrates at a slow and fast cooling rate. GDOES C intensity against sputtering time in the Cu-Ni alloys. Experimental procedure of CVD growth process. Substrate specifications.
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The following are available online at https://www.mdpi.com/article/10.3390/coatings11080892/s1, Figure S1: Raman I2D/IG and 2D band FWHM Cu-Ni alloys. Growth conditions were 1000 °C growth temperature, 0.65 mbar growth pressure, and fast cooling rate, Figure S2: GDOES C intensity vs. sputtering time profile in Cu-Ni alloys. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure, fast cooling rate and growth time as stated in Figure 5, Figure S3: Schematic illustrating the experimental pro-cedure used for the CVD growth process, Table S1: Substrate specifications used in this work.
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Figure 1. Raman characterisation of CVD graphene grown at 1000 °C, 30 min growth time and 0.1 mbar growth pressure on 500-micrometer Cu and Ni foils. 
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Figure 2. Raman I2D/IG and 2D band FWHM maps for Cu-Ni alloys. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and fast cooling rate. 






Figure 2. Raman I2D/IG and 2D band FWHM maps for Cu-Ni alloys. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and fast cooling rate.



[image: Coatings 11 00892 g002]







[image: Coatings 11 00892 g003 550] 





Figure 3. The effect of Ni content in the substrate on the thickness of the CVD graphene film grown. The degree of coverage of FLG increases with increasing Ni content in Cu-Ni alloy. The number of graphene layers was calculated from the Raman I2D/IG ratio. The orange dashed line is a guide to the eye for the C solubility data. Reprinted with permission from ref [17]. Copyright 2021 Society of Petroleum Engineers (SPE). Growth conditions are 1000 °C growth temperature, 0.65 mbar growth pressure and fast cooling rate. 
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Figure 4. (a) Change of C solubility with Ni content and its effect on growth time. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and a fast cooling rate (367 °C/min). (b) Schematic of the growth model. (1) CH4 reaction with Cu-Ni surface. (2) Decomposition of CH4 produces C and (3) hydrogen. (4) Diffusion of the carbon into the substrate bulk. (5) C concentration, CB, reaches the solubility limit, SLimit. Precipitation of C in high and low SLimit substrates, (6) and (7), respectively, leading to graphitic film with varying thickness during a cooling stage. 
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Figure 5. (a) SEM images of CVD graphene on different Cu-Ni alloy concentrations at slow cooling rate 27 °C/min and fast cooling rate 376 °C/min. (b) Cu-Ni surface coverage calculated based on SEM images in (a) using Image J software. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and growth time as presented in Figure 4. 
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Figure 6. GDOES intensity–sputtering time profile for Cu, Ni and C in pure Cu and Ni substrates at slow and fast cooling rates. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and growth time as stated in Figure 4. 
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Figure 7. GDOES intensity–sputtering time profile for Cu, Ni and C in Cu-Ni alloys at slow and fast cooling rates. Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and growth time as stated in Figure 4. Note the probe depth is higher for these figures compared to Figure 6. 
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Figure 8. Surface segregation model in the case of surface evaporation. A, B and C represent substrate bulk, subsurface and surface regions, respectively. Reprinted with permission from ref [43]. Copyright 2021 Elsevier License Terms and Conditions. 
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Figure 9. C intensity at 30 s sputtering time vs. Ni content for fast and slow cooled samples. (30 s sputtering time represents the bulk concentrations.) Growth conditions are 1000 °C growth temperature, 0.1 mbar growth pressure and growth time as stated in Figure 4. The dashed line is a guide to the eye. 
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