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ABSTRACT 

The Sn intercalation into a buffer layer graphene grown on 4H-SiC(0001) substrate has been 

studied with spectroscopic photoemission and low energy electron microscope. Both SnSix and 

SnOx interfacial layers are found to form below the buffer layer, converting it into a quasi-free-

standing monolayer graphene. Combining the various operation modes of the microscope 

allows a detailed insight into the formation processes of the interlayers and their thermal 

stability. In particular, at the interface we observed a reversible transition from silicide to oxide 

after exposure to ambient pressure and subsequent annealing. This metal-dielectric transition 

might be useful for interface engineering in graphene-based devices. 

1. Introduction 

Epitaxial graphene grown on SiC substrates by thermal decomposition has attracted a lot of 

research interest in recent years [1–7]. As one of most promising methods of graphene 

fabrication, it is fully compatible with the modern semiconductor industrial standards, which 

means various graphene-based nanostructures and electronic/optoelectronic devices could be 

directly manufactured on a wafer-size graphene sample by lithography without being 

transferred onto other substrates [8–12]. The first carbon layer formed on a SiC(0001) surface 

(Si-face), so called buffer or zero layer, does not exhibit graphene-like electronic structure, i.e., 

Dirac points round the Κ points in the first Brillouin zone, because of the strong covalent bonds 

to  the SiC substrate. Only the second carbon layer starts to show the properties of graphene 

and thus it is normally called a conventional monolayer graphene. The bonds between the 

buffer layer and SiC can be broken by intercalation of foreign atoms, which therefore converts 

the buffer layer to a monolayer graphene and opens a way to tailor its electronic properties, i.e., 

by doping. Intercalation of many species such as H, O, F, Au, Li, Na, Ge, Si and Yb [13–22] 

varied graphene doping in a wide range from n-doped to p-doped materials. Si and Ge, both 

from group IV, can be intercalated and effectively decouple the buffer layer from its supporting 

SiC substrate [19,20,23,24]. Si atoms can form two ordered structures at the interface 
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depending on the annealing temperature, and the more ordered one obtained at higher 

temperature passivates the substrate more effectively with less electron doping [23]. Ge, similar 

to Au [16], produces ambipolar doping depending on the amount of intercalated atoms [19,24]. 

The next element in the group, Sn, was found to decouple CVD graphene from its supporter, 

Ni(111), by forming a Sn/Ni (√3×√3) alloy interface [25]. In the present work we study the 

intercalation of Sn into the buffer layer of SiC(0001) and investigate the property of the 

interfacial layer and quasi-free-standing graphene. We demonstrate this intercalation happens 

at temperatures above 600 ºC and the interfacial layer can be altered from metal to dielectric 

by exposing the sample to ambient conditions. We systematically characterized the intercalated 

graphene using a plethora of surface techniques offered by a synchrotron radiation-based 

spectroscopic photoemission and low energy electron microscope (SPELEEM): selected area 

low energy electron diffraction (μ-LEED), low energy electron microscopy (LEEM), x-ray 

photeoemission electron microscopy (XPEEM), selected area x-ray photoemission electron 

spectroscopy (μ-XPS) and selected area angle resolved photoemission electron spectroscopy 

(μ-ARPES).  

2. Experimental procedures 

The buffer layer graphene used in this study was grown on 4H-SiC(0001) substrates by a well-

developed furnace method [7]. Briefly, the SiC wafer is annealed and graphitized through slow 

Si sublimation in an inductively heated furnace filled with an atmosphere Ar gas. Compared 

with annealing in ultra-high vacuum (UHV), the furnace method produces much larger 

graphene terraces and better crystallinity [26]. Before Sn deposition, the sample was degassed 

throughout in UHV at 600°C followed by a complete set of measurements to verify the 

attainment of a clean buffer layer. All measurements presented in this paper were carried out 

at the SPELEEM end station of Beamline I311, MAX IV Laboratory, Sweden [27]. Sn was 

deposited from a homemade evaporator that composes of a high purity Sn rod (99.99%) and a 

tungsten heating coil. The deposition rate was estimated to be about 0.14 monolayer/min from 

the attenuation of the substrate’s Si2p spectra assuming a layer by layer growth of Sn. Here 1 

monolayer (ML) is defined to be the C atom density of graphene, i.e., 0.382 atoms/Å2. The 

values of mean free path used in the paper are adopted from Ref. [28].  During the deposition, 

half of the sample was covered by a Ta foil to keep it Sn-free. Thus comparative analyses can 

be done around the boundary between the Sn-free pristine buffer layer and the Sn-covered area 

to minimize any experimental uncertainties and artifacts. Most of the measurements were 

conducted at room temperature. The sample was heated by a tungsten filament build in the 

sample holder. For higher temperatures, e-beam bombardment was used by simply biasing the 

filament to a negative high voltage. The temperature was measured either by a W/Re3%-

W/Re25% thermocouple spot-welded to the support ring under the sample or by an infrared 

pyrometer.  

3. Results and discussion 

After the deposition of about 0.7 ML Sn at room temperature, the sample was annealed step by 

step to 1050 °C. Our results (not shown) reveal that at about 600 °C, Sn atoms start to penetrate 
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and decouple the buffer layer from its SiC substrate. Figs. 1(a), 1(d) and 1(e) show LEEM and 

XPEEM images taken at the boundary separating Sn covered (right) and uncovered (left) halves 

of the sample after it was cooled down from 1050 °C. The difference between these two areas 

is well resolved from the corresponding μ-LEED patterns [Figs. 1(b) and 1(c)] and the XPEEM 

images taken at Si2p [Fig. 1(d)] and Sn4d photoelectrons [Fig. 1(e)]. The μ-LEED pattern from 

the intercalated area has much suppressed (if any) 6√3×6√3R30° superstructure which 

signalizes that the buffer layer is lifted up and a quasi-free-standing graphene is formed. Further 

information is provided by the μ-XPS spectra of C1s, Si2p and Sn4d taken from the two areas 

[Figs. 1(f)‒1(h)]. For the pristine buffer layer, its C1s spectrum consists of two surface 

components and one bulk SiC component [1]. After intercalation, the two surface components 

disappear while an intensive signal from the new formed graphene arises with a simultaneous 

reduction of the SiC component. In addition, the SiC component shifts to the lower binding 

energy by 1.6 eV, which is also well seen in earlier intercalation experiments with other 

intercalants carried out on the similar SiC-grown graphene samples [13,14,18–22].  Quite 

pronounced changes happen also in the Si2p spectra [Fig. 1(g)]. The original bulk Si2p 

component (SiC) was heavily reduced and shifted meanwhile for about the same amount (1.5 

eV) in binding energy as the bulk C1s component shifts. A new component (SnSix) resulting 

from the interfacial Si atoms that now have bonds with intercalated Sn atoms emerges beside 

the bulk Si2p at lower binding energy. We denote this component as SnSix for a precise 

stoichiometry is unknown. With quantitative comparison of these two Si2p components, we 

estimate that the thickness of interfacial Sn layer is about 3Å. This number can be understood 

on the basis of a model assuming a constant atomic volume maintains when metal atoms attach 

to a surface, for here, graphene [29]. For β-Tin with a body centered tetragonal structure, 4 

atoms in a volume of 5.813×5.813×3.18 Å3, a Sn atom occupies 27.0488 Å3 [30], which turns 

out that a single layer of such Sn atoms on graphene should be 10.323Å thick, provided the 

graphene lattice is 2.46 Å. Accordingly we can conclude that about 1/3 ML Sn was intercalated 

under the graphene, which is quite reasonable for about every third carbon atom in the buffer 

layer graphene forms a C-Si bond [1]. Here 1 ML corresponds to two Sn atoms per graphene 

unit cell. Finally, deconvolution of the Sn4d spectrum from the SnSix intercalated area indicates 

a small number of Sn clusters exists on the top of the graphene. Such Sn clusters are also 

traceable on the buffer layer area as can be seen in Fig. 1(h).   

Oxidation of the intercalated graphene was made by exposing it to the ambient pressure for 

about four months. After introduced into the UHV chamber, the sample was heated at 600 °C 

to remove any possible contamination. LEEM, Si2p and Sn4d XPEEM images of the boundary 

area after oxidation are shown in Figs. 2(a), 2(d) and 2(e). Atmospheric pressure of oxygen (or 

moisture) might be a prerequisite for this oxidation process because no oxidation can be found 

for the interfacial Sn layer by annealing the sample in situ at as high as 600 °C in an oxygen 

pressure of 5×10-6 torr (the highest gas pressure available in our UHV chamber). The μ-LEED 

pattern from the Sn-intercalated part after oxidation shows more diffuse (00) spots and even 

weaker 6√3×6√3R30° and bulk SiC spots than that before oxidation [Figs. 2(b) and 2(c)]. Note 

that data presented in Fig. 2 are from a different preparation of the surface with a boundary 

area consisting of a mix of buffer layer and SnSix intercalated graphene patches. To avoid 
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confusion, the μ-LEED patterns here and the corresponding μ-XPS data to be presented were 

collected ~150 μm away from the boundary. The boundary area will be discussed later.  

After air exposure, the SiC component of C1s peak [Fig. 2(f)] moves back by 0.4 eV to higher 

binding energy which indicates the extra charge transfer between the substrate and the first 

carbon layer. After oxidation, no SnSix component can be seen any more, which means the Sn 

bonds to Si are broken and replaced by oxygen. Moreover, the bulk Si2p component moves 

back to the higher binding energy by ~0.5 eV [Fig. 2(g)], which is consistent with the C1s shift 

of the substrate. Using a simple attenuation model to compare the Si2p spectrum of the pristine 

buffer layer with that after oxidation, we estimated that the interfacial SnOx layer is about 11 

Å thick. Note that the method used here is a rough estimation and its accuracy depends on 

many factors, i.e., the selection of mean free path of electrons, the film stoichiometry of Sn and 

O, and the atom arrangement in the interfacial layer. In addition to the changes of C1s and Si2p 

spectra, the Sn4d peak [Fig. 2(h)] shifts to the higher binding energy by 2.3 eV and exhibits 

considerable broadening after long time air exposure. The oxidation of Sn is also seen from the 

O1s spectrum in the inset of Fig. 2(h). Similar to the previous case of SnSix, we denote the Sn 

oxide hereafter as SnOx due to the uncertain stoichiometry at the interface.  

Having three different species (buffer layer, SnSix and SnOx) on the surface, it is important to 

easily distinguish them not only with X-rays but also with a diffraction contrast. To do that, we 

collected LEEM-IV curves of the pristine buffer layer, the buffer layer after oxidation, SnSix 

and SnOx intercalated graphene shown in Fig. 3, which give additional insight into the 

intercalation and oxidation process. The number of dips in the oscillated LEEM-IV curves has 

been used extensively as an easy and reliable way to count the number of graphene layers just 

by counting the number of dips in the reflectivity curve [31,32]. A typical LEEM-IV curve of 

the buffer layer doesn’t show any pronounced dip due to its strong bonding to the substrate. 

Only the next layer of carbon, on top of the buffer layer, would cause a characteristic dip at 

about 3 eV. In our case, after the Sn intercalation, a pronounced dip appears at about 5 eV, 

which indicates a quasi-free-standing graphene as a result of intercalation. The LEEM-IV curve 

after Sn intercalation is indeed similar to that from an n-type Ge intercalated monolayer 

graphene formed by intercalation of about 1 ML Ge atoms into the interface [19]. It is also 

analogous to what was obtained from an n-type Au intercalated monolayer graphene with 1/3 

ML Au present at the interface [16,33]. After Sn oxidation, an extra dip appears in the LEEM-

IV curve at about 3 eV (Fig. 3). A similar dip was also found in the Ge and Au cases when 

more atoms were intercalated into the interface, i.e., 2 ML Ge and 1 ML Au respectively 

[19,33]. Thus this second dip is an indication of a further graphene layer lift up, which is not 

surprised for extra oxygen atoms go into the interface. Significant difference of Sn intercalation 

with regard to Ge and Au is the absence of the minimum at 7 eV and the preservation of the 

dip at 5 eV. Apparently, two different kinds of intercalated atoms coexisting at the interface 

are responsible for such a difference.     

Now we turn to the electronic structures of the Sn-intercalated graphene. Valence band (VB) 

spectra from the pristine buffer layer, the SnSix and SnOx intercalated graphene are shown in 

Fig. 4(a). The main result of the present study is a significant density of electronic states at the 



5 
 

Fermi level (EF) for SnSix intercalated graphene. Such high electronic density of states is a 

characteristic of the metallic Sn-Si interface and has never been observed for other intercalants. 

Kim et al. [34] previously claimed the metallicity of this Sn-Si interface but the inferior quality 

of the buffer layer sample used with significant density of states at EF before intercalation 

depreciates their statement. Peaks at binding energies of about 0.3, 1.2 and 2.6 eV may originate 

from the quantum well states due to the potential relief of the valence bands at the interface 

[35]. After oxidation, the states around EF disappear which manifests a metal-dielectric 

transition in the system. The electronic states in the valence band at 3 and 5 eV get increased 

which is due to the contribution from Sn5s and O2p states [36]. 

The Dirac cone formed by the linear dispersive states around the Κ point in the first Brillouin 

zone is a well-known fingerprint of free-standing graphene. A three dimensional dataset of the 

band structures can be obtained by doing μ-ARPES measurement in the photoelectron 

diffraction mode of the microscope. After Sn intercalation, six clear Dirac cones close to EF 

emerge as shown in Fig. 4(b). The band structures around the Κ point before and after oxidation 

are shown in Fig. 4(c). We found that the Dirac point after Sn intercalation locates roughly at 

EF, which clearly demonstrates the graphene layer is neutral in terms of doping. The intrinsic 

n-doping due to the charge transfer from the SiC substrate that was normally observed in the 

conventional monolayer graphene, is not seen here. After oxidation the Dirac point moves 

downward by 0.4 eV which turns the graphene from neutral to n-doping. One possible 

explanation for such an electron transfer is the existence of oxygen vacancies in the interfacial 

SnOx layer. It is worth to note that the spectra in Figs. 4(a) and 4(c) are collected in different 

parts of the Brillouin zone: VB spectra in Fig. 4(a) are acquired close to the zone center while 

spectra in Fig. 4(c) show the electronic structure around the K point.  

One more interesting and important observation is the thermal stability of the Sn oxide under 

graphene. A closer inspection of the buffer layer area near the boundary in Figs. 2(a), 2(d) and 

2(e) reveals that the area consists of a mixture of the buffer layer, SnOx and SnSix intercalated 

graphene, which can be seen also by the μ-XPS Sn4d spectrum from the boundary area [Fig. 

2(h)]. Upon annealing the amount of the SnSix intercalated graphene at the boundary gradually 

grows at the expense of small patches of the SnOx which decompose at temperatures above 

1000 ºC. The whole process can be followed in the stack of LEEM images [Figs. 5(a)‒5(e)] 

taken after successive flashes at 1100 °C. A stripe-like area (SnSix) at the boundary constantly 

grows after every new flash and we couple this behavior with the decomposition of small SnOx 

patches embedded in the buffer layer area and the consequent re-formation of metallic SnSix 

intercalated graphene. In each LEEM image (Fig. 5), the three areas, from left to right, are 

buffer layer, restored SnSix intercalated graphene and SnOx intercalated graphene. The restored 

metallic graphene is almost identical to the graphene before oxidation, which has been verified 

by μ-LEED, μ-XPS, μ-ARPES and LEEM-IV curves. For example, in Fig. 5(f) the Si2p 

spectrum from the metallic (SnSix) area resembles the counterpart from Fig. 1(g). The Sn4d 

spectra shown in Fig. 5(g) are almost identical to the spectra before oxidation [Fig. 1(h)]. It is 

worth to mention that the SnOx intercalated half of the sample [Figs. 5(a)‒(e)] seems to stay 

intact during the repeated annealing, though an indication of SnOx decomposition even from 

this area can be seen from Fig. 5(g) where the μ-XPS Sn4d data for two successive flashes 
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[Figs. 5(c) and (d)] show some decrease in SnOx photoelectron intensity. This means that more 

energy (higher temperatures or longer flashes) is needed to decompose a continuous SnOx layer 

back to the metallic state.  

4. Conclusions 

The process of Sn intercalation and reversible oxidation on a buffer layer graphene/SiC(0001)   

has been studied by various complementary microscopic techniques offered by the synchrotron 

radiation-based SPELEEM microscope. A Sn interfacial layer of about 1/3 ML thick forms at 

about 600 °C after Sn intercalation. This layer is metallic as can be inferred from the µ-XPS 

data showing significant density of the electronic states at EF. This interfacial layer can be 

oxidized by long time ambient pressure exposure which turns the system to the dielectric state. 

We found that small insulating patches of the SnOx intercalated graphene can be decomposed 

back to the metallic state by high temperature (1100 ºC) annealing. Our results pave the way 

to interface engineering of the Sn-intercalated graphene grown on SiC, utilizing the possible 

chemical reactions at the interface in this system. This idea is promising in the development of 

graphene-base devices, considering the extensive usage nowadays of Sn oxide in conductive 

glass and gas sensors.   
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Fig.1. (a) LEEM, (d) Si2p XPEEM and (e) Sn4d XPEEM images measured at room 

temperature at the boundary between the buffer layer area (left) and the SnSix intercalated area 

(right) after the sample was gradually heated up to 1050 °C. LEED patterns of the two areas 

are shown in (b) and (c). The imaging electron energy is 4.9 eV in (a) and 45 eV in -LEED. 

The imaging (photon) energy is 101.26 eV (133 eV) in (d) and 23.23 eV (80 eV) in (e). (f)‒(h) 

-XPS spectra of (f) C1s, (g) Si2p and (h) Sn4d measured from both halves, about 40 μm away 

from the boundary. The photon energy is 330 eV in (f), 150 eV in (g) and 60 eV in (h). The 

arrows in (f) indicate that the bulk C1s components from SiC substrate have moved to the lower 

binding energy by 1.6 eV when the buffer layer (SiC) was transferred to a quasi-free-standing 

graphene (SiC’) by Sn intercalation. In (g), Si2p spectrum after Sn intercalation is fitted by two 

contributions: one from the bulk SiC (cyan) and the other from Si-Sn bonds (magenta).   
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Fig.2. (a) LEEM, (d) Si2p XPEEM and (e) Sn4d XPEEM images acquired at the boundary 

between the buffer layer area (left) and the Sn-intercalated area (right) after long time exposure 

at ambient pressure. LEED patterns of the two areas are shown in (b) and (c). The imaging 

electron energy is 1.8 eV in (a) and 45 eV in -LEED. The binding (photon) energy is 101.28 

eV (133 eV) in (d) and 25.75 eV (90 eV) in (e). (f)‒(h) -XPS spectra of (f) C1s, (g) Si2p and 

(h) Sn4d measured from both halves, about 150 μm away from the boundary. The photon 

energy is 330 eV in (f), 133 eV in (g) and 60 eV in (h). The arrows indicate the bulk C1s 

components of the buffer layer area (SiC) and the SnOx intercalated graphene (SiC”). The inset 

in (h) shows O1s spectra from two areas taken at photon energy of 600 eV.  
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Fig.3. LEEM-IV curves from the pristine buffer layer, the buffer layer after oxidation, SnSix 

and SnOx intercalated graphene. Each curve has been normalized to the total reflection (R=1) 

at zero or negative electron energy. The curve of the buffer layer after oxidation, Bufferox, has 

been shifted vertically for a better viewing and comparison.  
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Fig.4. (a) Valence band spectra (hν= 60 eV) of the buffer layer, Sn intercalated graphene and 

Sn oxide intercalated graphene. (b) a μ-ARPES (hν= 45 eV) (kx,ky) map (EB= ‒2.25 eV) which 

clearly shows the emergence of Dirac cones from the graphene after Sn intercalation. (c) E(k) 

for SnSix intercalated graphene (left) and SnOx intercalated graphene (right) after re-slicing 

along the yellow line drawn in (b). The yellow line in (c) marks the energy where the μ-ARPES 

image in (b) was taken.  
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Fig.5. (a-e) LEEM images taken during successive flashes at 1100 °C showing the formation 

of the metallic SnSix intercalated graphene area (middle) that results from decomposition of 

small patches of the SnOx intercalated graphene. (f) Si2p and (g) Sn4d spectra taken from the 

three areas in the middle (c) LEEM image. The dash lines in (g) represent the set of data from 

the next (d) LEEM image showing the process of SnOx decomposition.  
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