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Abstract 

Integration of graphene into electronic circuits through its joining with conventional metal 

electrodes (i.e. gold) appears to be one of the main technological challenges nowadays. To 

gain insight into this junction, we have studied the physicochemical interactions between 

SiC-supported graphene and a drop of molten gold. Using appropriate high temperature 

experimental conditions we perform wetting experiments and determine contact angles for 

gold drops supported on graphene epitaxially grown on 4H-SiC. The properties of the 

metal/graphene interface are analyzed using a wide variety of characterization techniques, 

along with computational simulations based on density functional theory. In contrast with the 

established, our outcomes clearly show that graphene is translucent in the SiC-graphene-gold 

interface and therefore its integration into electronic circuits primarily depends on the right 

choice of the support to produce favorable wetting interactions with liquid gold. 

 

 

TOC Graphic 

 

 

 

  

120 130 140

HOPG

FL/SiC

BL/SiC

ML/SiC

SiCAu 

SiC 

Gr 

Contact	angle 

Page 2 of 15

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

$&
&(
37
('
�0
$1
86
&5
,37



 3

Graphene characterizes by its peculiar structure of a single-atom-thick sheet of sp
2
-

hybridized carbon atoms arranged in a hexagonal honeycomb lattice. It displays a unique 

combination of properties: it is flexible, chemically stable, mechanically strong, and exhibits 

a high electrical and thermal conductivity, along with a tunable band gap. It is also optically 

transparent at 90%.1 These properties open the possibility for the electronics industry to 

fabricate next generation ultra-fast electronic components. Recently, it was reported that SiC-

based field emission transistors (FETs) exhibit higher mobility than classical Si-based 

transistors2 and that their performance could be further improved by adding a graphene layer 

to the SiC wafer.3 Since the process of epitaxial growth of graphene on SiC by Si atoms 

sublimation is nowadays well-known and controlled, it would be easy to integrate both 

materials to microelectronic components. Furthermore, the ability to control the conductive 

behavior of epitaxially grown graphene on SiC opens a window of opportunity for this novel 

material. However, the integration of graphene into electronics components by classical 

liquid-assisted joining techniques seems to be the main technological challenge. Research on 

physicochemical interactions of graphene and liquid metals seems mandatory in order to 

assess the integration of graphene in electronic circuits and components. 

On the other side, recent researches4 have deepened in the interfacial interactions of 

graphene and liquid water, especially reporting its wetting behavior. In this line, various 

studies5 concluded that it is possible to independently tune the properties of surfaces without 

disrupting their wetting response, except for super-hydrophobic and super-hydrophilic 

substrates, for which wetting transparency breaks down significantly. The wetting 

transparency of graphene towards water motivates the study of other liquids with intrinsic 

importance in electronics, like conventional metals used for joining (e.g. gold). The recently 

called wetting transparency of graphene towards water has created a great controversy, as 

some authors comment that the experiments were not properly conducted since the chemistry 

of the surface of graphene is modified by being exposed to the environment, as it happens to 

any carbon material, greatly modifying its wetting properties.
6
 As a consequence, in order to 

obtain high quality data, there is a need to establish an experimental protocol with a very 

thorough control of the operative conditions and procedures as well as the properties and 

quality of substrate.  

In the present work, we present, for the first time, a thorough study on the 

physicochemical interactions between epitaxial graphene grown on 4H-SiC and liquid gold. 

To assess these interactions two complementary approaches have been used. The 
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 4

macroscopic wetting behavior of the system was studied experimentally using the sessile 

drop technique by depositing liquid gold on SiC-supported graphene at 1373 K under ultra-

clean conditions. In order to understand the fundamental phenomena involved in the 

interactions between the liquid and the substrate, and to explain the wetting responses 

observed, a computational analysis of the interaction energies between epitaxial graphene on 

SiC and gold, based on first-principles periodic Density Functional Theory (DFT) 

calculations, was performed. In both cases we employed SiC-supported graphene with 

variable thickness (from 1 to more than three graphene layers). We conclude that the 

interaction between gold and SiC does get partially transmitted through the graphene layer, 

being the system less translucent as the number of graphene sheets is augmented. Integration 

of graphene as a key element in electronics is then proved to be strongly dependent on the 

right choice of the support within which the liquid gold should establish favorable wetting 

interactions. 

 The experimental study used large-area (7x7 mm
2
) substrates of epitaxial graphene 

of variable thickness, grown on 4H-SiC.  The number of graphene layers (N) was varied from 

N=1 (ML) to N=3-4(FL). Figure 1 shows the Raman spectra and the Scanning Probe 

Microscope (SPM) 2D-topography of the substrates used. The intensity ratio between the 2D 

band and the G band were found to be consistent with the number of layers in the different 

substrates, and the SPM measurements showed homogeneous coating over the smooth SiC 

surface. A more detailed description of the characterization of the substrates before and after 

the experiments is provided in the Supporting Information. 

a) 

 

b) 
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 5

Figure 1. a) Raman spectra of the substrates, and b) a representative SPM 2D-topography 

image of the surface of the ML/SiC substrate. 

 

Unlike in transported graphene, in epitaxially grown graphene there is a buffer layer 

between the SiC substrate and the first graphene monolayer (see Figure 2). This layer is the 

result of a surface reconstruction after Si atom sublimation and exhibits a mixed hybridized 

sp3+sp2 structure.7 Even though the buffer layer is composed exclusively of carbon atoms, it 

does not possess the properties of graphene, and it only acts as an interface between graphene 

and SiC. 

 The nomenclature followed for the samples was SiCfree for SiC bare structure; SiC 

for the SiC+C buffer, HOPG for the highly oriented pyrolytic graphite and ML/SiC, BL/SiC, 

FL/SiC for silicon carbide-supported graphene consisting of one, two and few (between 3-4), 

graphene layers, respectively. Both experimental and theoretical studies demonstrate that the 

presence of graphene on a SiC substrate, acts as a translucent barrier for the interactions 

between the SiC substrate and the pure metal. Right ahead, both borderline cases of study are 

detailed. 

 

   

 
Figure 2. Scheme of the structure of epitaxial monolayer graphene on a SiC substrate. 

 

 The wetting experiments were performed at a temperature of Texp= 1373 K by a 

sessile drop method under ultra-clean conditions both under dynamic vacuum (p∼10
-5

 Pa at 

RT and p ∼ 10-3 Pa at Texp) and under flowing Ar (N5.0 p ∼ 9·104 Pa). Heating rate up to Texp 

was 12 K/min while after wettability test the drop/substrate couple was cooled at a rate of 2 
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 6

K/min. The details of wettability tests are given in the Supporting Information. The results of 

contact angle of liquid gold on different substrates are collected in Figure 3. 

 

 

Figure 3. Measured contact angles for liquid Au on different substrates. The error bars 

represent the experimental measurement error. 

  

The contact angles values measured under vacuum are slightly lower than those 

obtained under Ar atmosphere. This result is explained by the characterization with Raman 

spectroscopy (see Supporting Information) that shows that graphene layers are growing 

during experiments under vacuum at Texp. Contact angles measured under Ar atmosphere 

showed decreasing values for increasing numbers of graphene layers. The same trend with 

the number of graphene layers is observed for contact angles obtained under vacuum. For 

ease, the results obtained under Ar atmosphere will be herein commented. 

The contact angle of Au on carbon was found to be dependent on the crystallinity of 

the carbon substrate.8 On monocrystalline graphite, the contact angle at 1373 K was reported 

to be 119º, and on vitreous carbon, a value of 135º was reported.8 In the present experiments, 

the contact angle value of gold on HOPG was found to be 125º. This value falls in the narrow 

range between the two literature values, closer to the value corresponding to a perfectly 

monocrystalline surface given the highly oriented graphitic basal planes characteristic of the 

HOPG material. As aforementioned, the wettability of carbon materials is highly influenced 

by the surface chemistry of the substrate.
8
 In this work, to ensure the cleanest surface 

possible, both uncoated substrates (HOPG and SiC) were previously etched using an ion 

beam gun and as that, directly transported through the experimental complex into the 

working chamber, under high vacuum conditions.9  
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 7

In both series of experiments, the contact angle is larger for SiC than for HOPG, 

showing a smooth lowering as the number of graphene layer is increased (from left to right in 

Figure 3). For the FL/SiC material the contact angle is 127º, which is increased to 129º when 

two graphene layers are present (BL/SiC) and to 132º when only a monolayer is supported on 

the SiC substrate (ML/SiC). The contact angle value of liquid gold on SiC here obtained is 

approximately 140º. The values found in the literature for the Au/SiC system fall in the range 

of 120-140º. However, it was stated by Eustathopoulos et al. that those values were actually 

not representative of a contact between Au and SiC but rather of an Au-C-SiC contact, as SiC 

seems to be always covered with a thin graphite layer that strongly affects both the wetting 

behavior and the reaction kinetics.
10

 In our experiments, no reactivity between Au and 

monocrystalline SiC was observed after 30 min at 1373 K, despite the fact that Drevet et al. 

have reported that Au may attack SiC, estimating a Si concentration in Au of XSi=10-6 after 

30 min at 1373 K.11 Different characterization techniques were performed after wetting 

experiments (see Supplementary Information) aimed at checking i) the composition of the 

metal after solidification and ii) the integrity of graphene below the droplet of solidified gold. 

By EDX analysis and Raman spectroscopy, no traces of other elements in the metal were 

found, thereby ensuring that the interaction between liquid gold/graphene/SiC substrate does 

not involve dissolution into the metal of either silicon or carbon from the SiC. This is further 

supported by the fact that the value of contact angle during each experiment remains constant 

after 30 min of isothermal conditions. Graphene integrity after wetting experiments was 

demonstrated by post-mortem Raman spectroscopy analysis. 

In view of the results obtained in the present work, summarized in Figure 3, it 

becomes clear that graphene acts as a translucent barrier for the interactions between the SiC 

support and the liquid gold at 1373 K. 

The interaction between gold and graphene was analyzed from a theoretical point of 

view through periodic-DFT calculations including dispersion corrections. The general model 

consists of a gold nanoparticle (NP) of 140 atoms deposited on several surface models 

intended to represent the different scenarios considered in the experimental work. The 

Au/surface contact is done through a face of the Au nanocrystal exposing 18 atoms. The 

simplest model consists of the Au140 NP deposited on a perfect sheet of graphene, hereafter 

labeled as ML (see Figure 4a). The Au140 NP may also be deposited on a bilayer of 

graphene, BL (see Figure 4b), and on a multilayer of graphene to mimic highly oriented 

pyrolytic graphite, HOPG (see Figure 4c). To represent the free SiC surface we used a nine-

Page 7 of 15

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

$&
&(
37
('
�0
$1
86
&5
,37



 8

atomic layer slab with a Si termination (see Figure 4d). This surface, SiCfree, might be topped 

by a one-layer sheet of graphene, which acts as buffer (model SiC, see Figure 4e), or by a 

graphene monolayer, supported over the previous SiC+C buffer model (model ML/SiC, see 

Figure 4f). Optimized geometric structures of these models are reported in Figure 4. 

a) 

 

b) 

 

c) 

 

d)  

 

e)  

 

 

f) 

 

Figure 4. Optimized geometries for the Au140 NP deposited on a) ML; b) BL; c) HOPG; d) 

SiCfree; e) SiC; f) ML/SiC model surfaces. 

 

The surfaces were represented by means of the supercell approach using an 

orthorhombic cell that is replicated into the three directions. The parameters of the supercell 

were a = 30.5 Å and b = 30.5 Å. These values were determined to minimize the mismatch 
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 9

between graphene and SiC (0001) surfaces and are large enough to neglect lateral interaction 

between Au NPs.  In the c direction, the length of the supercell is kept to 50 Å, which allows 

for a suitable vacuum between slabs. The atomic composition for the different supercell 

models is: ML: C336; BL: C672; HOPG: C1344; SiCfree: Si500C400; SiC: Si500C736: ML/SiC: 

Si500C1072. As a first check of the surface models, the optimized structure for SiCfree was 

found to agree with the studies reported by Qi et al.11 The distance between SiC outer plane 

and the one-layer sheet of graphene topping the surface, was also found in agreement with 

the results obtained by de Lima et al.12 It is worth noting that the thermodynamic studies 

reported by Eustathopoulos et al.8 showed that in the interaction between Au and SiCfree 

surface, the bonding between Si and Au is an order of magnitude higher than between gold 

and carbon. This behavior agrees with the theoretical findings presented here. 

Table 1 shows the values for the adsorption energies obtained after the Au140 

nanoparticle is deposited (and optimized) on the model surfaces. The highest adsorption 

energy per atom, 265.3 kJ/mol, has been obtained for the SiCfree+Au140 system, which is 

consistent with the presence of a covalent interaction between Si and Au atoms (see Figure 

1). The Si-Au bond lengths fall in the 2.37 – 2.42 Å range, close to the values for Si-Au 

bonds found in Au clusters supported over Si (111).13 The averaged distance between the top 

Si plane and the bottom Au layer is of 1.7 Å. 

 

Table 1. Adsorption energies (Eads by interfacial Au atom, in kJ/mol) for the Au140 

nanoparticle deposited on different model surfaces. Dsurf-Au refers to the averaged 

distance (in Å) between the top surface layer and the bottom Au layer. 

 SiCfree ML BL HOPG SiC ML/SiC 

Eads 265.3 20.9 21.8 28.5 43.1 26.8 

Dsurf-Au 1.7 3.3 2.8 2.6 2.3 2.7 

 

In the case of the graphene (ML and BL) and graphite (HOPG) structures, the 

computed adsorption energies per atom were found to be much lower, with values close each 

other: 20.9, 21.8 and 28.5 kJ/mol, respectively. The averaged distances between the top plane 

of carbon atoms and the bottom layer of Au atoms in these structures are of 3.2, 2.8 and 2.6 Å 

for ML, BL and HOPG, respectively, indicating that for these models the Au-NP/surface 

interaction is ruled by Van der Waals forces. Let us now consider the graphene-intercalated 

models. The adsorption energies estimated for SiC+Au140 is 43.1 kJ/mol, i.e. practically twice 
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 10

that computed for ML model, however, it still is significantly lower that found for the bare 

SiC free surface. The C-Au bond lengths are ranging from 2.26 Å to 2.55 Å, which are too 

far from the typical C-Au bond length.14 The surface/Au-NP interlayer average distance is of 

2.3 Å. In the case of ML/SiC model surface, a further lowering in the adsorption energy is 

observed, 26.8 kJ/mol. This value is close to that found for HOPG or even BL, indicating that 

the interactions introduced by the SiC surface are almost damped. A similar conclusion might 

be obtained from the surface/Au-NP interlayer average distance that now amounts for 2.7 Å.  

In consequence, the analysis of the adsorption energies reveals that the strong 

interaction between SiCfree and Au NPs surfaces is partially shielded by the intercalated 

graphene sheets. In terms of wettability of the system, these findings indicate that graphene 

layer/s should be considered as being translucent with respect to the Au/SiCfree interaction. 

To summarize, we have shown that if we take as reference carbon buffered silicon 

carbide surfaces (model 4e), the growth of epitaxial graphene layers (model 4f) does not 

significantly disrupt the wetting behavior of liquid gold onto such SiC substrates. Precise 

contact angle measurements at 1373 K and theoretical calculations allow us to conclude that 

the translucency of graphene depends on the numbers of constituent layers, being a graphene 

monolayer 70% translucent while a three-layer graphene is only 30%. Furthermore, we 

demonstrate that graphene remains structurally unaltered below the liquid gold, thus 

guarantying an excellent electronic contact between substrate and metal. Within this scenario, 

the integration of substrate-supported graphene into electronic circuits, in order to take 

advantage of its superior electron transport properties, seems dominated by the choice of a 

proper substrate able to efficiently establish long-range interactions with gold trough a few-

layered graphene coating. 
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 11

SUBSTRATE ANALYSIS 

* Prior to wetting tests 

Before wetting tests, the surface of each substrate was characterized by means of Raman 

spectroscopy using a He laser (633 nm). Moreover, Auger spectroscopy was used as an 

alternative method to determine the number of graphene layers. XPS was also used in order 

to study the surface chemistry and bonding of the different materials conforming the 

substrates for wetting experiments. Results from these characterizations are collected in the 

Supplementary Information section. 

* During wetting tests 

Mass spectroscopy analysis allowed identify the different chemical species that got desorbed 

during the first stage of heating in wetting test (until 973 K) for the different SiC-supported 

graphene substrates. Results are shown in the Supplementary Information section. 

* Post-wetting tests 

After wetting experiments, the surface of the substrates surrounding the drop of Au, and the 

surface below the drop were analyzed using Raman spectroscopy to evaluate the structural 

changes in graphene. To ensure a complete removal of metal on the substrate the solidified 

droplet was eliminated by dissolution into mercury, in a special in-house made device that 

ensures no contact between substrate and mercury (Figure S1 in Supplementary Information). 

Results are shown in the Supplementary Information section. 

 

CONTACT ANGLE MEASUREMENTS 

The wetting experiments were performed under very clean conditions created by 

turbomolecular and ionic pumps and tantalum heater in an experimental complex for 

investigations of high-temperature capillarity phenomena (9) located at the Center for High 

Temperature Studies of Liquid Metals and Alloys of the Foundry Research Institute, Cracow. 

This equipment integrates several unique features in the sessile drop wettability test 

equipment. It can work at temperatures up to 2300 K and a vacuum up to 10
−5

 Pa or under 

protective atmosphere (static or flowing gas with controlled rate at a required level of 

pressure). During the wettability tests, the images of drop/substrate couples were recorded by 

means of high-speed high-resolution camera MC1310 with a rate of 100 frames per second 

(fps). The collected images were used for estimation of the contact angle values with 

dedicated software developed by CNR-ICMATE Italy). 
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 12

THEORETICAL CALCULATIONS 

Periodic DFT calculations have been performed using the VASP.15,16 The Projector 

Augmented Wave (PAW) method has been used to represent atomic cores effect on the 

valence electron density.
17,18

 The generalized gradient approximation (GGA) was adopted to 

describe the electron-electron exchange and correlation interactions, by employing the 

Perdew, Burke and Ernzherhof (PBE) functional.19 The PBE functional has been proven to 

adequately reproduce the experimental data for both graphene and transition metals.
20

 The 

electronic one-particle wave functions were expanded in a plane wave basis set up to an 

energy cut-off of 300 eV. Gradients and energies were computed at the gamma point. In the 

geometry minimizations, all atoms were allowed to relax, stopping the optimization when 

changes in energy where smaller than 0.001 eV, which in general means that all forces acting 

on atoms became less than 0.02 eV Å−1.  

It is well known that dispersion forces dominate the interaction between gold surfaces 

and for instance, aromatic molecules. For this reason, the calculations were carried out 

including the semi-empirical DFT-D2 dispersive correction developed by Grimme.
21

 The 

values of dispersion coefficient (C6) and Van der Waals radius (R0) for C and Si were those 

originally proposed by Grimme in the original discussion of his method,21 while for gold we 

used the parameters proposed by Nguyen et al.,22
 namely, C6 = 21.23 J nm

6
/mol and R0 = 

1.66 Å. This set of values is also close to that proposed by other authors.23 The global scaling 

factor s6, and the cut-off radius for pair interactions employed in the dispersion corrections 

were set to 0.75 and 30 Å respectively. To test the performance of the DFT-D2 approach in 

rendering the graphite structure we first determined the lattice parameters and compared them 

with experimental data: a = 2.46 Å and c = 6.71 Å.24 Plain PBE calculations give a = 2.47 Å, 

in agreement with experiment, while the value of c = 7.98 Å is overestimated by 1.27 Å, 

clearly illustrating that interactions between carbon layers are mostly neglected. Including the 

dispersion forces through the DFT-D2 approach dramatically improves the description giving 

values in good agreement with the experimental data: a = 2.46 Å and c = 6.43 Å. 

The absorption energy, Eads, were calculated by the following equation 

Eads = (Esurf + EAuNP) – Esurf/AuNP (1) 

where Esurf/AuNP, Esurf and EAuNP correspond with the total energy of the relaxed adsorption 

complex (composed by surface and Au140 NP), the energy of the clean surface (in that case, it 

could be SiCfree, SiC+C, ML/SiC, ML, BL or HOPG) and the energy of the isolated gold NP, 

respectively. According to this definition, adsorption energies are defined positive, and 
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hence, the larger the Eads value, the stronger the interaction between the surface and the Au 

NP. 

 

ASSOCIATED CONTENT 

Supporting Information.  

The file assembles details on the wetting tests and experimental procedures used in the 

measure of contact angles as well as the different characterization techniques employed to 

analyze the substrates before and after the experimental measures, in particular Raman and 

XPS/Auger spectra.  
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