
Journal Pre-proof

Interplay between thin silver films and epitaxial graphene

I. Shtepliuk, I.G. Ivanov, N. Pliatsikas, N. Ben Sedrine, O.
Andersson, T. Iakimov, A. Jamnig, K. Sarakinos, R. Yakimova

PII: S0257-8972(19)31190-9

DOI: https://doi.org/10.1016/j.surfcoat.2019.125200

Reference: SCT 125200

To appear in: Surface & Coatings Technology

Received date: 21 June 2019

Revised date: 25 November 2019

Accepted date: 26 November 2019

Please cite this article as: I. Shtepliuk, I.G. Ivanov, N. Pliatsikas, et al., Interplay between
thin silver films and epitaxial graphene, Surface & Coatings Technology (2018),
https://doi.org/10.1016/j.surfcoat.2019.125200

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2018 Published by Elsevier.

https://doi.org/10.1016/j.surfcoat.2019.125200
https://doi.org/10.1016/j.surfcoat.2019.125200


Jo
ur

na
l P

re
-p

ro
of

1 
 

 

Interplay between thin silver films and epitaxial graphene 
 

I. Shtepliuk
1,2*

, I. G. Ivanov
1
, N. Pliatsikas

1
, N. Ben Sedrine

3
, O. Andersson

1
, T. Iakimov

1
,     

A. Jamnig
1
, K. Sarakinos

1
, and R. Yakimova

1
 

 
1
Department of Physics, Chemistry and Biology, Linköping University, SE-58183, 

Linköping, Sweden 
2
Frantsevich Institute for Problems of Materials Science, NASU- National Academy of 

Sciences of Ukraine, 142 Kyiv, Ukraine 
3
Departamento de Física & I3N, Universidade de Aveiro, Campus Universitário de Santiago, 

3810-193 Aveiro, Portugal 

 

Abstract  

Thin Ag films, with nominal thickness in the range 2 to 30 nm, are deposited using direct 

current magnetron sputtering and film morphology is studied by means of plan-view scanning 

electron microscopy. We find that for 2 nm nominal thickness the film surface consists of 

isolated circular nanoscale islands, which become interconnected as further material is 

deposited, leading to a continuous film at a nominal thickness of 30 nm. Our experimental 

findings are discussed in the context of the density functional theory results, which show that 

van der Waals forces dominate the interaction between Ag and epitaxial graphene. We also 

performed micro-Raman analysis and we find that the G and 2D modes of epitaxial graphene 

exhibit a red-shift upon Ag-layer deposition; which is interpreted as a result of charge transfer 

at the Ag/graphene interface. Moreover, we observed a pronounced enhancement of the G 

peak amplitude and area irrespective of the film nominal thickness and morphology, which 

we attribute to a combination of the charge transfer and plasmonic resonance effects. Our 

observations provide a critical information on the interaction between Ag and epitaxial 

graphene, which can be useful to design electronic and sensing devices based on Ag-epitaxial 

graphene hybrids. 
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Introduction 

Two-dimensional materials (2DMs) are recognized as promising components of next-

generation miniaturized devices, and they are expected to play a great role in the development 

of smart and biocompatible applications in medicine, sustainable electronics, and 

environmental sensorics [1]. Nowadays, 2DMs research activities are at the forefront of 
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scientific attainments [2, 3], promoting a discovery of unusual physical phenomena and 

offering avenues of novel technical concepts [4, 5]. A special focus is placed on the 

investigation of graphene as a main star of the 2DMs family [6], which exhibits the potential 

to become a multifunctional platform for on-demand design of different devices. In this 

regard, an integration of  graphene with traditional semiconducting materials (for instance, 

SiC) and noble metals (especially with Ag as a most prominent representative) may not only 

complement graphene for advanced technologies, but also allow designing of new hybrid 

materials with extraordinary performance in catalysis, sensing, optics and electronics. The 

choice of Ag as a representative noble metal can be justified by following main reasons: (i) 

silver has outstanding electrical and thermal properties (the highest electrical/thermal 

conductivity among all metals and the lowest contact resistance of any metal [7]) providing  

excellent prerequisites for the exploitation of silver as electrical contacts and conductors, and  

(ii) silver is recognized as the best low-loss plasmonic material, which is an essential 

condition for development of Localized Surface Plasmon Resonance (LSPR) applications in 

the visible and near-infrared (NIR) ranges [8]. 

Due to the interesting combination of intrinsic properties of Ag, graphene, and SiC 

(plasmonic nature of Ag [9, 10], ballistic transport in graphene [11, 12] and high breakdown 

voltage of SiC [13]), such hybrid systems can retain the advantages of individual constituents 

and enable to design high-performance devices. For instance, Ag/graphene/SiC hybrid 

systems can be used in optical sensing and Raman imaging, in which the analysis of 

molecules and biomaterials is facilitated by surface enhanced Raman scattering (SERS) 

provided by plasmonic silver nanoparticles [14-17]. Furthermore, over the last few years, 

there has been an upsurge of interest in the synthesis of two-dimensional metallic films due 

their potential to be used as key components in gas sensing and catalysis [18]. In this 

framework, density functional theory (DFT) calculations have suggested that graphene can be 

an excellent template for growth of stable 2D metallic films [18, 19].  

A closer look into the electronic properties of silver [20, 21] and epitaxial graphene [22, 

23] enables capitalizing another possible benefit originating from the hybridization of the two 

materials. Silver nanoparticles residing on free-standing graphene are responsible for n-type 

doping of initially neutral graphene [24], which is associated with the work function 

difference between the two materials. It is also known that epitaxial graphene on SiC is 

naturally n-doped material due to the charge transfer phenomena at the reconstructed interface 

[25], and thus there is a possibility of reaching high doping level via fine tuning of the Ag-

layer morphology. Abovementioned aspects are essential prerequisites for achieving large-
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area uniform n-type doped epitaxial graphene, while maintaining its quality, and thereby 

fabricate electronic devices (p-n junctions, p-n-p and n-p-n transistors, Schottky diodes) 

exhibiting reproducible performance. 

The graphene structure largely governs the Ag-layer nucleation and growth mechanisms 

[16, 26]. Hence, a fundamental understanding of the interplay between Ag and the underlying 

graphene substrates is required for growing Ag films with controlled morphology and 

microstructure. There have been many studies of the interactions between Ag layers and free-

standing (i.e., exfoliated) graphene [27-32], but a detailed understanding of the complex 

interplay among the various layers in the Ag/Graphene/SiC system has not been reached yet.          

Growth of Ag on graphene/6H-SiC has been studied by thermal evaporation [15], Ag 

deposition from chemical solution [14], and evaporation from a water-cooled Knudsen cell at 

a substrate temperature of 77 K [16, 26]. Direct evidences suggest at the initial growth stages 

isolated Ag islands exhibit van-der-Waals epitaxy on defect-free monolayer graphene (with 

measured distance between Ag and graphene of approximately 3.14 Å) [15] and substitutional 

doping of Ag or even Ag intercalation beneath topmost graphene layer take place [26]. It was 

argued that Ag island size is slightly dependent on epitaxial graphene thickness and the 

thickness increase causes a reduction of n-type doping due to the weakened interaction 

between Ag islands and graphene layers [16, 26]. To obtain deeper understanding of the way 

by which Ag interacts with epitaxial graphene, Homa et al. [33] investigated the wettability 

between liquid Ag and graphene-coated SiC by dispensed drop method at 970°C and 

concluded that a strong chemical interaction at the interface results in the formation of a 

second graphene layer on top of Ag, local dissolution of C into liquid Ag, and appearance of 

local discontinuities in epitaxial graphene. Furthermore, it has been recently shown that ultra-

high vacuum annealing of Ag at 570 K causes a pronounced sliding of Ag islands on epitaxial 

graphene grown on 6H-SiC [34]. As a result of such sliding, highly orientated micro-trenches 

on epitaxial graphene were formed, thereby allowing graphene patterning.  

Despite the knowledge generated so far, it is still not understood what the nature of 

graphene defects induced by Ag deposition is and how Ag deposits of various thicknesses and 

morphologies influence the quality and vibrational properties of epitaxial graphene. In the 

present work, we contribute to this understanding by studying the growth of Ag on 

graphene/4H-SiC by direct magnetron sputtering.  

Experimental procedures  

Monolayer (ML) epitaxial graphene with high thickness uniformity was synthesized by 

high-temperature thermal decomposition of Si-face 4H-SiC substrates (nominally on-axis) in 
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argon atmosphere [35]. Due to the unintentional misorientation of the SiC substrate and a 

natural step bunching, epitaxial graphene on the SiC template has terrace-stepped 

morphology. According to reflectance mapping (not shown here) [36], the SiC surface is up to 

97 % covered by monolayer graphene. Bilayer patches are rarely observed. Thus, Ag layer 

deposition is expected almost entirely on a monolayer graphene.  

Thin Ag films were deposited on as-grown epitaxial graphene substrates by direct 

current (dc) magnetron sputtering in an ultra-high vacuum chamber (based pressure ~10
-8

 Pa) 

at room temperature. Ar gas (purity 99.999%) at pressures of 0.84 and 1.7 Pa was used to 

generate plasma and sputter a magnetron source which was equipped with Ag target (diameter 

76.2 mm; thickness 6 mm; purity 99.99%). The nominal thickness of the Ag films was varied 

between 2-30 nm by changing the deposition time. The thicknesses of the different Ag layers 

correspond to nominal thicknesses (dAg), which were calculated by using following equations: 

                                            {
𝑑𝐴𝑔 = 𝐹 × 𝑡

𝐹 (1 Å 𝑠⁄ ) =
𝑑𝑐𝑙

𝑡
 
                 (1) 

where F is the deposition rate, t is the deposition time, and dcl is the thickness of a continuous 

Ag layer, which was determined using spectroscopic ellipsometry in accordance to 

methodology presented by Elofsson et al. [37]. 

The film crystal structure was investigated by X-ray diffractometry (XRD) using a 

Panalytical X’pert Pro instrument, utilizing Cu-Kα radiation (λ=0.1542 nm). To study the 

morphology, we performed plan-view scanning electron microscopy (SEM) measurement in 

aa Leo 1550 Gemini SEM instrument at an operating voltage ranging from 10 kV to 20 kV 

and a standard aperture value of 30 mm. SEM images were analyzed using the ImageJ 

software [38] in order to quantify the substrate areal coverage and the size and shape of Ag 

features at the various nominal thicknesses. 

  The quality of epitaxial graphene before and after silver deposition, as well as the Ag 

thickness effect on the vibrational properties of epitaxial graphene, was evaluated by micro-

Raman spectroscopy, including mapping analysis and statistical analysis. The Raman spectra 

were recorded by using micro-Raman setup based on a monochromator (Jobin-Yvon, model 

HR460) equipped with a CCD (couple-charged device) camera. The objective lens has a 

magnification of 100×and numerical aperture NA =0.95 resulting in a ~0.85 μm diameter of 

the laser spot focused on the sample surface. A 532 nm diode-pumped solid-state laser with 1 

mW power was used as an excitation source. The spectral resolution of the system is ~5.5 

cm
−1

. We observed the full disappearance of Raman signals from graphene underneath 30 

nm-thick silver film because thicker films become reflecting. In fact, this result indicates that 
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continuous Ag films can be formed on graphene, but they are not of interest of this study 

because they mask the metal effect on graphene. Absorbance measurements were performed 

at room temperature using Shimatzu UV-2100 spectrometer. 

The interaction of Ag species with epitaxial graphene on the Si-face 4H-SiC has been 

studied using hybrid density-functional theory calculations which were performed using the 

Gaussian 16 Rev. B.01 package [39]. We modelled epitaxial graphene by a cluster consisting 

of 4 × 5 graphene layer located above a 4 × 5 buffer layer on 4 × 4 Si-face surface of 

hexagonal SiC. According to this model, 26% of carbon atoms belonging to buffer layer is 

covalently bonded to SiC surface, forming sp
3
 bonds, which is consistent with experimental 

observations [40, 41]. All the calculations were performed by using the PBE1PBE-D3 level of 

DFT [42, 43] with split basis set and empirical dispersion correction, which was included as 

Grimme’s dispersion term [44]. The 6-31G basis set was used for carbon, silicon and 

hydrogen atoms, while the basis set developed by the LanL2DZ (Los Alamos National 

Laboratory 2 Double-Zeta) was used for Ag [45]. To shed more light on the nature of the 

interaction between Ag and epitaxial graphene, non-covalent interaction (NCI) and 

topological analyses were carried out using the Multiwfn software [46]. 

Results and Discussion 

A. Microstructure and morphology of Ag films on epitaxial graphene  

XRD patterns of Ag films of different nominal thicknesses grown on graphene/4H-SiC 

substrates are presented in Fig. 1. The results show that the Ag films are textured and they 

predominantly grow along the formed [111] crystallographic direction, as evidenced by the 

pronounced Ag (111) and (222) reflections. The intensity of these reflections increases with 

increasing film thickness, while weak (200) peaks appear for nominal thicknesses above 2 

nm. 
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Figure 1. XRD patterns of Ag films with thickness ranging from 2 nm to 30 nm, which were 

grown on epitaxial graphene at room temperature. The XRD peaks corresponding to FCC 

crystal structure of Ag are designated by filled blue circles. 

 

The plan-view SEM images of Ag films with nominal thicknesses 2, 5, 10, 15, and 30 nm are 

show in Figs. 2 (a) through (e). The surface of the 2 nm film (Fig. 2(a)) consists of isolated 

circular islands. Analysis of multiple images corresponding to the same nominal thickness 

showed that the mean island size is 17.6 nm with standard deviation of 5.3. Increase of the 

nominal film thickness to 5 nm (Fig. 2(b)), yields elongated islands with mean size of 42.3 nm 

with standard deviation of 15.9. Further deposition of Ag results in increase of island size 

which form an interconnected network (10 and 15 nm in Figs. 2 (c) and (d), respectively) 

which eventually leads to the formation a continuous layer (30 nm; Fig. 2(e)). The 

morphological evolution observed in Fig. 2 is consistent with results for noble metal film 

growth on a variety of weakly-interacting substrates, including SiO2 and graphite [37, 47], 

and is result of the dynamic competition between island nucleation, growth, and coalescence 

[48].   
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Figure 2. SEM images of the Ag films grown on epitaxial graphene corresponding to different 

nominal thicknesses: (a) 2 nm, (b) 5 nm, (c) 10 nm, (d) 15 nm and (e) 30 nm. 

B. Difference in Ag nucleation processes on bare SiC and epitaxial graphene: 

experimental and theoretical insights 

To shed more light on the role of epitaxial graphene for the Ag nucleation and growth, 

we compared film morphology on bare 4H-SiC substrate vs. Morphology on graphene/4H-

SiC. Analysis of the SEM images for 2 nm Ag films on the two types of substrates showed 

that the mean diameter of Ag islands on bare 4H-SiC is 11.3 nm, with RSD=4.1 (Fig. 3a), 

which is smaller than island size on epitaxial graphene (17.6 nm; Fig. 3b).  

In order to understand the tendency of Ag islands toward larger sizes, we studied the 

adsorption behavior of four Ag atoms on both bare SiC and epitaxial graphene by means of 

density functional theory (DFT) calculations. Figures 3 (c) and (d) represent optimized 

structures of adsorbed atoms on 4H-SiC (Fig. 3(c)) and graphene/4H-SiC (Fig. 3(d)). It is seen 

that Ag species on bare 4H-SiC tend to bind strongly to Si atoms, while the Ag species on 

epitaxial graphene form a tetramer metallic cluster in which metal-metal interaction prevails 

over the metal-graphene interaction. This means that epitaxial graphene template favors 

formation of Ag clusters, which can explain the larger island size observed experimentally 

and the smaller areal coverage for a given nominal thickness shown in Fig. 3(e). Furthermore, 

we notice the presence of the charge transfer from Ag cluster to epitaxial graphene 
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(approximately 0.123e
-
 as was estimated by Hirshfeld population analysis), pointing out the n-

type doping of graphene.  

 

 

Figure 3. SEM images of the 2 nm Ag films deposited on bare (a) 4H-SiC and (b) 

graphene/4H-SiC substrates. Optimized structures representing surface adsorption of the four 

Ag atoms on the bare (c) 4H-SiC (d) graphene/4H-SiC surfaces. (e) Substrate areal coverage 

vs. nominal thickness on 4H-SiC and graphene/4H-SiC substrates as extracted from SEM 

data.   

        

To get deeper insight into the nature of interaction between Ag and both considered 

substrates, we performed non-covalent interaction (NCI) analysis (see the Figure S1 and 

related discussion in Figure S1) and revealed that the interaction between epitaxial graphene 

and Ag is dominated by weak long-range forces. In the absence of graphene on the surface of 

4H-SiC, no maxima within this region are observed, which is indicative of chemisorption 

state rather than physisorption. The results are illustrated in Fig. S1. More evidence of the 

pronounced van der Waals interaction between Ag and epitaxial graphene can be obtained 

from topological analysis, which provides useful information on bond type (see Table 1 and 

related discussion in Supplementary Information). It was found that the interaction between 

Ag with epitaxial graphene is non-bonding in nature, while Ag-Si demonstrates much stronger 

chemical bonding. In terms of experimental growth of Ag films, the above-mentioned results 

indicate that ideal graphene surface (free of defects and structural disorder) will provide a 

limited number of nucleation sites during sputtering process, thereby favoring lateral growth 

of Ag islands weakly bonded to substrate. 

C. Vibrational properties of epitaxial graphene before and after Ag deposition 
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To better understand the nature of the interaction between Ag and epitaxial graphene, 

we consider the changes in the Raman spectra of epitaxial graphene induced by the deposition 

of Ag films. By performing Raman mapping analysis before and after Ag deposition, we 

constructed two-dimensional contour plots of the spectral data, showing the intensity of the 

Raman signal as a function of spatial coordinate (a lateral position of laser spot at the 

investigated region of the epitaxial graphene) and frequency (Figure 4). Such 2D plots are 

very useful to conclude about the homogeneity of Ag coverage. Contour plots of Raman data 

indicate that the intensity over 120 spectra is quite uniform (except some local regions 

displaying enhanced Raman signal from epitaxial graphene due to discontinuous nature of the 

Ag films), implying that the Ag islands are rather uniformly distributed over the investigated 

area of epitaxial graphene. The Raman spectra of the pristine epitaxial graphene are 

characterized by the presence of three most prominent spectral features: buffer-layer related 

features ranging from 1000 cm
-1

 to 1600 cm
-1

, G peak (at 1611 cm
-1

) and 2D peak (2733 cm
-

1
). No Raman signal from the defect-related D mode is observed before silver deposition, 

pointing to the high crystalline quality of the epitaxial graphene. This agrees well with the 

previous Raman studies of epitaxial monolayer graphene, which is originally n-type doped 

(typically ~ 2-3×10
12

 cm
-2

 and under biaxial compressive strain [49].  

The Raman spectra of epitaxial graphene change in a continuous manner with 

increasing Ag-layer thickness. Particularly, a gradual redshift of both G and 2D peaks is 

observed, followed by subsequent spatial fluctuations in positions of characteristic lines. It is 

notable that the 2D line position is more sensitive to Ag deposition in comparison to the 

position of the characteristic G peak. The peak amplitude ratio of 2D to G is found to decrease 

from 0.75 (for pristine graphene) to 0.1 and 0.06 for graphene decorated with 2 nm and 5 nm 

thick Ag film, respectively. This result and the previously mentioned red-shift of the 2D peak 

indicate additional n-type doping of graphene [50], which is in line with literature data on Ag-

induced n-doping in exfoliated graphene [51-53]. On the other hand, the variation in 2D/G 

intensity ratio can be also interpreted as a result of the availability of plasmonic active noble 

metal nanoparticles at the graphene surface [54], which induces inequivalent enhancement of 

intensities of both modes (see related discussion below). Correlation analysis of the G and 2D 

Raman peaks allows to estimate the electron density concentration in epitaxial graphene [50, 

55, 56]. The estimated electron density changes from 3.4×10
12

 cm
-2

 (before Ag deposition) to 

9.5×10
12

 cm
-2 

and 1.3×10
13

 cm
-2

 for graphene coverage with 2 and 5 nm Ag layer.  
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Figure 4. Two-dimensional contour plots of spectral data before and after Ag deposition, 

showing the intensity of Raman signal as a function of the Raman shift and coordinate. 

Raman fingerprint of the epitaxial graphene and the regions zooming near the G and 2D peaks 

are depicted in the three panels from the top to the bottom, respectively. 

 

Deposition of the thicker films (nominal thicknesses 10 nm and 15 nm), in which the 

islands are more interconnected and the substrate areal coverage is larger compared to the 2 

and 5 nm films, results in higher values of 2D/G ratio (0.29 and 0.4, respectively) and reduced 

carrier density probably due to large mechanical strain at the interface. According to literature 

data on doping of free-standing graphene, the electron doping should result in a blue shift of 

the G line and a decrease in its half-width. In our case, the red-shift of the G line after Ag 

adsorption (Figure 5a-e) can be understood in terms of local strain model [57] and the 

broadening of the G peak width can be related to inhomogeneous broadening due to the local 

strain variation caused by Ag-induced lattice distortions. According to the local strain model, 

the charge transfer between adsorbed Ag atoms and graphene, which induces the strain in 

graphene, is regarded as a main reason of the observed red-shift. Since the total charge 

transferred from Ag species to graphene surface increases with increasing the amount of Ag 

atoms (up to some level), local negatively charged epitaxial graphene regions occur near the 

reactive sites, while the positive charge will be accumulated at Ag species. Consequently, two 

different electrostatic forces are formed (Figure S2). One of them is attractive in nature and 

tends to bind the Ag atoms and/or clusters to the graphene surface via attraction between 

opposite charges, thereby causing a stretch of carbon-carbon bonds. According to our 

estimation C-C bond lengths near the contact area in the case of single Ag atom adsorption 

are approximately 1.43 Å that is 0.7% longer compared to that of perfect graphene. Another 
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force is a repulsive in-plane force between the graphene regions with the same charges. Such 

negatively charged localized areas will be repelled by each other, thereby causing a strong 

tension in the graphene and occurrence of local strain that is mainly responsible for the red-

shift of the G band. 

 

Figure 5. (Top panel) Raman spectral maps corresponding to the position of the G peak of 

epitaxial graphene before (a) and after Ag deposition: 2 nm (b), 5 nm (c), 10 nm (d) and 15 

nm (e), respectively. (Bottom panel) Spectral position of the 2D peak of epitaxial graphene 

before (f) and after Ag deposition: 2 nm (g), 5 nm (h), 10 nm (i) and 15 nm (j), respectively. 

     

 Another important observation is that all Ag-decorated epitaxial graphene samples 

exhibit defect-related Raman peaks: breathing D mode, D´ peak (weak low-frequency 

shoulder of the G peak) and D+G peak (see Figure 4). The increase in Ag film thickness gives 

rise to increase in the degree of disorder as manifest by the enhancement of intensity of the D, 

D´, and D+G peaks when moving from the left- to the right-hand-side panels in Fig. 4. The 

emergence of the disorder-related peaks is explained by defect-activated resonance Raman 

scattering by optical phonons near the K point of the Brillouin zone – intervalley scattering 

from K to K´ (D peak), intravalley scattering from K to K (D´ peak) and combination 

scattering (D+G peak) [58, 59] – and can be originating from the generation of point defects 

during magnetron sputtering process.  

A detailed analysis of the relationships between defect-related and characteristic Raman 

peaks (G and 2D) can be used to determine the defect density and graphene domain size (the 
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distance between two subsequent disruptions in graphene network, showing the geometrical 

size of the graphene region, where graphene remains intact) [60] as well as to elucidate the 

nature of defects [61]. In this context, the ratio of the intensities of the D- and G-lines is 

indicative of the degree of structural perfection of the graphene film (Figure 6): the smaller 

this value is, the more perfect the film is. After plotting the experimental points (D/G 

amplitude ratio values for Ag-decorated graphene), on the theoretical curve (D/G amplitude 

ratio versus domain size), experimentally derived domain size value can be easily extracted 

by projecting the intersections down to the x-axis (Figure 6e). Knowing the value of Ld, one 

can estimate the defect density in epitaxial graphene [62]. In our case, the intensity ratio 

increases with increase in Ag-layer thickness (Figs. 6 (a)-(d)), suggesting reduction of domain 

size in graphene (Fig. 6e) and subsequent increase in density of defects. More specifically, for 

graphene decorated with 2 nm and 5 nm Ag films the D/G ratio is less than 1 and defect 

density is approximately equal to 3.0×10
11

 cm
-2

 and 2.7×10
11

 cm
-2

, respectively. Interfacing 

epitaxial graphene with thicker films (10 nm and 15 nm) leads to generation of larger number 

of defects (7.7×10
11

 cm
-2

 and 9.5×10
11

 cm
-2

, respectively).  

To shed light on the nature of defects, we plotted the D/G vs. D'/G amplitude ratios for 

all Ag-decorated epitaxial graphene samples (Fig. 6f). Curve fitting with linear regression 

indicates the slopes of the linear dependences belonging to graphene decorated with 2-10 nm 

Ag films is less than 2, which can be attributed to a formation of boundary-related defects, 

rather than to vacancy defects and/or sp
3
 defects. We suggest that the so-called boundary-

related defects can be referred to the case of substitutional doping of graphene, which 

modifies the in-plane C-C bonds. It is likely that during the initial film growth stages, Ag 

nucleation occurs preferentially at the domain boundaries, edges of the bilayer inclusions, and 

other linear native defects in epitaxial graphene, thereby avoiding the inert host sites of the 

basal plane of graphene. Since the atomic radius of Ag (160 pm) is much higher than the 

atomic radius of C (70 pm), whenever substitution doping occurs, it induces disorder in 

graphene and appearance of local tensile strains. Concomitantly, lateral growth of the initially 

deposited islands takes place and a part of the Ag atoms above defect-free region of graphene 

interacts with graphene mainly through dispersive forces, producing n-type doping without 

structural damages. As more and more Ag atoms arrive to epitaxial graphene surface, the 

islands grow, coalesce and form a continuous film. Under such conditions, Ag atoms are 

forced to occupy not only thermodynamically favorable sites of graphene, but also all 

available sites. As a result of such nucleation, the formation of on-site Ag-C bonds related to 

out-of-plane Ag atoms adsorbed onto graphene is highly probable. For this reason, after 
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deposition of 15 nm Ag films epitaxial graphene exhibits linear dependence of D/G amplitude 

ratio versus D'/G amplitude ratio with a slope of ~13, which can be ascribed to sp
3
 defects 

generation upon Ag adsorption followed by the formation of the continuous Ag film. To 

better understand the defects' energetics, we performed additional ab initio calculations (see 

details in Supplementary Materials) using periodic boundary conditions (PBC). The optimized 

structures for defect-free and defect-containing monolayer (ML) epitaxial graphene are 

presented in Figure S3. It is clearly seen that out-of-plane distortion caused by monovacancy 

formation in graphene is negligibly small, while the substitution of a carbon atom in the 

monolayer with Ag atom causes a significant distortion of the graphene plane followed by the 

protrusion of the Ag atom from the sp
2
-bonded surface. 

The formation energy of mentioned defects in epitaxial graphene is defined as: 

    𝐸𝑓 = 𝐸𝑑 − 𝐸𝑝 + ∑ 𝑛𝑖𝜇𝑖𝑖           (2) 

where 𝐸𝑑 and 𝐸𝑝 are total energy of defective and defect-free perfect epitaxial graphene, 

respectively, 𝜇𝑖 is the chemical potential of the removed/added atom, which can be taken as 

the  total energy of the isolated atom, and 𝑛𝑖 is the number of removed atoms to form 

monovacancy (positive value) or added adatoms to form Ag substitutional defect (negative 

value). The formation energy of single monovacancy in our calculations is estimated to be ~ 

17.7 eV, which is higher than previously reported values of 7.6–7.9 eV for monovacancy 

formation in free-standing infinite graphene [63]. On the other hand, the formation energy of 

Ag substitutional defects is found to be 13.3 eV, which explains their prevalence in 2-10 nm 

Ag film-covered graphene.  Since the sputtered Ag target atoms in our experiment have 

energies in the order of few eV with energy tails of several tens of eV, their kinetic energies 

are lower than threshold energies for vacancy production, and Ag atoms tend to occupy the 

available in-plane nucleation sites. 
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Figure 6. Intensity ratio maps of D to G band for epitaxial graphene after deposition of Ag 

films: (a) 2 nm, (b) 5 nm, (c) 10 nm and (d) 15 nm. (e) Theoretical dependence of the D/G 

amplitude ratio on the distance between two neighboring defects (graphene domain size) and 

experimental points corresponding to measured D/G ratios for epitaxial graphene interfacing 

to silver thicknesses ranging from 2 nm to 15 nm. (f) Mutual correlation between D/G 

amplitude ratio on D'/G amplitude ratio for epitaxial graphene after deposition of Ag films 

with different thicknesses. The corresponding linear fits (solid lines) are also plotted.  

 

By analyzing the dependencies of the G and 2D peak positions on D/G amplitude ratio 

(Fig. 7), it is possible to trace the influence of defects on the characteristic vibrational modes. 

It is seen that G peak is virtually insensitive to the presence of defects in graphene after 

decoration with 2 nm and 5 nm Ag films (Fig. 7a), implying that the mentioned above red-

shift of this peak can be attributed to a charge transfer between out-of-plane Ag dopants 

adsorbed onto epitaxial graphene rather than substitutional defects generated during early 

stages of Ag nucleation. Whilst 2D peak for similar samples demonstrates more randomly 

distributed data points (Fig. 7b). After adsorption of thicker silver films, we observe a more 

complex picture, which is evidenced by large spread of data points and is contributed by both 

electron doping and local strains.  

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

15 
 

 

 

 

Figure 7. Dependences of (a) G peak and (b) 2D peak positions on D/G amplitude ratio for 

epitaxial graphene after deposition of Ag films with different thicknesses. 

 

As a final note, it is striking that G Raman mode displays an obvious enhancement in 

amplitude and peak area after deposition of Ag films at all nominal thicknesses (see Fig. 4), 

possibly due to SERS (Surface Enhanced Raman Scattering) effect [64]. G peak experiences 

the strongest enhancement because of the good matching between its position and the position 

of the Ag plasmon resonance peak. The degree of enhancement is not the same for the G and 

2D modes, since the frequency of 2D peak is away from the Ag resonance peak. However, the 

mechanism of SERS (observed in all Ag-decorated samples) is still questionable, since only 

morphology of 2 nm and 5 nm Ag films (with mean particle size of 17.6 nm and 42.3 nm, 

respectively) may, to some extent,  provide the required conditions for SERS in terms of 

island size and inter-island separation. At the same time, the morphology of the thicker Ag 

films (10 and 15 nm) shows the presence of large interconnected islands and, thus, it would be 

hard to expect from these systems SERS phenomenon as a result of plasmonic effect. 

Absorbance measurements of Ag-covered graphene/4H-SiC (Figure S4, Supplementary 

Materials) confirmed the occurrence of LSPR, which is evidenced by enhanced absorbance 

when the 2-10 nm Ag films were deposited onto epitaxial graphene/4H-SiC. Absorbance peak 

in the range 490 to 530 nm corresponds to the ranges, where LSPR for surface is reported. 

This, in combination with the morphology showing the existence of isolated particles at 2 and 

5 nm, speaks in favor of LSPR. SEM data show that at 10 nm the substrate surface features 

interconnected Ag islands, while inter-island distance decreases. This is consistent with the 

LSPR red-shift and broadening of the absorbance peak. Since the surface plasmon resonance 

is largely responsible for the Raman intensity enhancement [65], we consider the 
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electromagnetic (EM) enhancement mechanism as dominant SERS mechanism for 

graphene/4H-SiC covered with small isolated nanoparticles (2 and 5 nm), while Raman peak 

enhancement for samples coated with thicker Ag films can be explained by mixed 

contribution from charge-transfer resonance enhancement [66] and EM enhancement. 

According to literature data [67], the enhancement is expected to be maximal for a separated 

particle size of approximately 175 nm, which is much larger than the mean radius of the 

islands in our films.  We can foresee an eventual improvement across such a hybrid system, 

particularly through annealing of samples to reshape the silver nanoparticles [68].  

Conclusions 

Ag films of various thicknesses (2-30 nm) were prepared by magnetron sputtering technique 

on epitaxial graphene grown on (0001) 4H-SiC substrate and studied by XRD, SEM and 

Raman spectroscopy with the aim to gain understanding of graphene-metal interaction. 

Deposited films with a face-centered cubic crystal structure were formed by polycrystalline 

grains and their morphology was changed from nano-island like to interconnected structure as 

the thickness increases. 30 nm Ag films showed to be optically reflective and were not subject 

to further studies. The comparison of early nucleation stages of Ag on bare SiC and epitaxial 

graphene as well as DFT calculations suggest that epitaxial graphene favors lateral growth of 

Ag due to weak van-der Waals interaction between them and strong metal-metal attraction. 

Very thin Ag films (2-5 nm) cause n-type doping of graphene evidenced by a systematic red 

shift of the G and 2D peak positions, while thicker films lead to increased strain.  A model of 

local strain was proposed to explain unusual behavior of Raman modes, originating from the 

charge transfer from Ag to graphene. Ag deposition was found to induce a generation of in-

plane defects (defects density of ~3-7×10
11

 cm
-2

) in epitaxial graphene on SiC decorated with 

2-10 nm Ag films and out-of-plane defects in  epitaxial graphene decorated with 15 nm Ag 

film (defect density of ~9.5×10
11

 cm
-2

). We interpreted the observation of the enhancement of 

G peak amplitude and area for Ag-epitaxial graphene system as a synergetic SERS effect 

originating from both pronounced charge transfer at the interface and plasmonically-active Ag 

nanoparticles. The comparison of experimental findings and DFT calculations suggest that 

epitaxial graphene is a promising platform for the formation of novel 2D material systems 

with possible applications in electronics and sensorics. 
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Highlights 

 Extremely thin silver films (2-30 nm) were deposited on epitaxial graphene on 
SiC 

 Nano-island Ag films produce in-plane defects in graphene, while continuous 
Ag layers generate out-of-plane defects  

 Raman mapping analysis reveled charge transfer from Ag to graphene  
 Silver-decorated epitaxial graphene supports surface-enhanced Raman 

scattering  
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