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We study quasi-freestanding bilayer graphene on silicon carbide intercalated by calcium. The intercalation, and subsequent changes to the system, were investigated by low-energy electron diffraction, angle-resolved photoemission spectroscopy (ARPES) and density-functional theory (DFT). Calcium is found to intercalate only at the graphene-SiC interface, completely displacing the hydrogen terminating SiC. As a consequence, the system becomes highly n-doped. Comparison to DFT calculations shows that the band dispersion, as determined by ARPES, deviates from the band structure expected for Bernal-stacked bilayer graphene. Instead, the electronic structure closely matches AA-stacked bilayer graphene on calcium-terminated SiC, indicating a spontaneous transition from AB- to AA-stacked bilayer graphene following calcium intercalation of the underlying graphene-SiC interface.
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1 INTRODUCTION
Graphene, a single layer of graphite Novoselov et al. (2004) is notable for its unique bandstructure with massless Dirac Fermions Novoselov et al. (2005), which give rise to a plethora of exotic physical phenomena, such as a π-Berry phase Zhang et al. (2005); Liu et al. (2011); Hwang et al. (2011), Katsnelson et al. (2006) and an unusual quantum Hall effect Zhang et al. (2005).
In contrast, the most typical form of bilayer graphene, so called AB- or Bernal stacked bilayer graphene (Supplementary Figures S3A, B), has a completely different electronic structure with massive, yet gapless, Dirac fermions, and a Berry phase of 2π Ohta et al. (2006); Partoens and Peeters (2006); McCann and Koshino (2013); Novoselov et al. (2006). In principle, other types of stacking, such as AA-stacking (Supplementary Figures S3C, D), exist. AA-stacking is a metastable stacking, where graphene layers lie directly above one another. Consequently, AA-stacked graphene has an electronic structure which can be considered as a superposition of two single-layer spectra, preserving massless Dirac fermions and a π-Berry phase Liu et al. (2009); Rozhkov et al. (2016). Despite many interesting properties predicted for AA-stacked bilayer graphene, including a recent prediction that it might host a fractional metal state Sboychakov et al. (2021), there are very few experimental realisations Kim et al. (2013); Liu et al. (2009); Caffrey et al. (2016); Endo et al. (2018); de Jong et al. (2018), de Jong et al. (2023). Out of the few reported cases, the majority have been found in lithium intercalated systems Caffrey et al. (2016); Endo et al. (2018), or contained within very small regions otherwise surrounded by AB-stacked graphene de Jong et al. (2018), de Jong et al. (2023).
One of the most promising methods for graphene production in terms of scalability is the growth of graphene on silicon carbide (SiC) which allows formation of large-scale graphene with high carrier mobility Starke and Riedl (2009); Nyakiti et al. (2012); Kruskopf et al. (2016); Emtsev et al. (2009). Graphene on SiC can either be epitaxial, i.e., directly grown on the SiC, with a buffer layer in between the graphene and the SiC interface, or quasi-freestanding graphene–most commonly created via hydrogen intercalation of epitaxial graphene Daniels et al. (2017); Riedl et al. (2009), in which graphene retains the properties expected for the isolated layer Sforzini et al. (2015). Hydrogen is not the only element that can be used to create quasi-freestanding graphene on SiC by means of intercalation Briggs et al. (2019); various other elements can be used, such as gold Sohn et al. (2021); Marchenko et al. (2016), iron Sung et al. (2014); Shen et al. (2018), oxygen Oliveira et al. (2013), lithium Bao et al. (2014); Caffrey et al. (2016); Endo et al. (2018); Virojanadara et al. (2010), magnesium Kotsakidis et al. (2020); Grubišić-Čabo et al. (2021); Kotsakidis et al. (2021), calcium Kotsakidis et al. (2020); Valla et al. (2009); Yang et al. (2014); Endo et al. (2020); Toyama et al. (2022); Ichinokura et al. (2016), antimony Wolff et al. (2019) and ytterbium Watcharinyanon et al. (2013). The majority of the intercalation studies have been done on epitaxial monolayer and bilayer graphene on SiC, with very few intercalation studies on already quasi-freestanding, hydrogen intercalated, graphene Watcharinyanon et al. (2012); Kim et al. (2019); Kotsakidis et al. (2020). Of particular interest to us is calcium intercalated graphene, whose study was inspired by the bulk superconducting graphite intercalation compound CaC6 Sugawara et al. (2009); Yang et al. (2014); Weller et al. (2005); Emery et al. (2005). The majority of calcium intercalation experiments have been performed on graphene grown on SiC, as this allows for growth of large-area graphene that can be characterised with various surface characterisation techniques, such as X-ray photoelectron spectroscopy (XPS), angle-resolved photoemission spectroscopy (ARPES), low-energy electron diffraction (LEED) and scanning tunnelling microscopy Kotsakidis et al. (2020); Ohta et al. (2006); Kanetani et al. (2012); McChesney et al. (2010). Calcium intercalation is known to strongly n-type dope graphene, an effect which has been extensively studied Ohta et al. (2006); McChesney et al. (2010), however, the impact of calcium intercalation on the structural aspects of graphene and the precise positioning of calcium atoms remained somewhat ambiguous Kotsakidis et al. (2020); Ichinokura et al. (2016); Kanetani et al. (2012). Recent research using XPS by Kotsakidis et al. (2020) has shed light on this, revealing that calcium is situated at the interface between the SiC substrate and graphene buffer layer, with work by Toyama et al. (2022) further confirming that calcium prefers to go to the SiC interface.
In this paper, we report calcium intercalation of quasi-freestanding bilayer graphene (QFSBLG) on SiC. Using a combination of LEED, ARPES and density-functional theory (DFT), calcium is found to intercalate only at the interface between graphene and SiC, fully replacing hydrogen in the structure, and not between the graphene layers. This results in highly n-doped, quasi-freestanding bilayer graphene (Ca-QFSBLG) with a drastically altered electronic structure, as seen by ARPES. Comparison with DFT shows the structure to be in close agreement with AA-stacked bilayer graphene, indicating a spontaneous transition from AB- to AA-stacking, which has not been previously observed for calcium intercalated graphene.
2 MATERIALS AND METHODS
2.1 Sample preparation
QFSBLG samples on SiC were grown on semi-insulating 6H-SiC(0001) substrate as described in Ref. Daniels et al. (2017). Sample preparation, ARPES and LEED measurements were carried out at the Toroidal Analyzer endstation at the Soft X-ray Beamline of the Australian Synchrotron. Samples were introduced to ultra-high vacuum (UHV, base pressure of 1 × 10−10 mbar), and annealed over night at 773–823 K. Sample cleanliness was confirmed by LEED and ARPES. A calcium effusion cell was baked at 423 K overnight and outgassed at 588 K. Once the pressure reached 1 × 10−8 mbar, the effusion cell was inserted into the UHV preparation chamber. Calcium (dendritic pieces, 99.99%, Sigma-Aldrich) was intercalated under graphene following modified recipe from Ref. Kotsakidis et al. (2020): Calcium was evaporated for 15 min, with the calcium cell held at 688 K, and deposited on the graphene/SiC substrate held at room temperature. The thickness of deposited calcium layer was 22 Å, as determined by a quartz crystal microbalance. Following the deposition, the graphene/SiC substrate was annealed at 773 K for 15 min, in order to facilitate calcium intercalation.
2.2 Angle-resolved photoemission spectroscopy and low-energy electron diffraction
Structural characterisation of samples was undertaken using a LEED (OCIVM 3 grid reverse view optics, 200 μm spot size) at room temperature, in the endstation used for ARPES. ARPES measurements used a toroidal-type angle-resolving endstation Broekman et al. (2005) at the Soft X-Ray Beamline of the Australian Synchrotron. All ARPES data was taken at room temperature with photon energy (hν) of 100 eV using linearly polarised light at normal incidence to the sample. The beam spot size was 100 μm × 60 μm. The binding energy (EBin) scale for all spectra is referenced to the Fermi energy (EF), determined using the Fermi edge of a gold foil reference sample in electrical contact with the sample. The toroidal analyser permits all polar (Θ) emission angles (−90° to +90°) to be measured along a high-symmetry azimuth (ϕ) of the surface containing the [image: image] point. This unique geometry allows for measurement of the Dirac cone along the [image: image] high-symmetry direction without the need for complex alignment of the spectrometer. Under this geometry, the polarisation vector of the X-rays is entirely contained in the detection plane. The estimated momentum and energy resolution are ≈ 0.02 Å−1 and ≈ 150 meV.
2.3 Density-functional theory and tight-binding
First principles density-functional theory calculations were implemented using the Vienna ab initio Simulation Package (VASP) to calculate the electronic structure of Ca-QFSBLG Kresse and Furthmüller (1996). The Perdew-Burke-Ernzehof (PBE) form of the generalized gradient approximation (GGA) was used to describe electron exchange and correlation Perdew et al. (1996). A semi-empirical functional (DFT-D2) was employed to describe van der Waals interactions in the system Grimme et al. (2011). The kinetic energy cut-off for the plane-wave basis set was set to 500 eV. We used a 9 × 9 × 1 Γ-centred k-point mesh for sampling the Brillouin zone. The unfolded band structure and Fermi surface were obtained using the KPROJ program based on the k-projection method Chen and Weinert (2018); Chen et al. (2017). Tight-binding calculations were performed in Igor Pro Wavemetrics software based on Ref. Rozhkov et al. (2016) for AA-stacked bilayer graphene, and Refs. Partoens and Peeters (2006); McCann and Koshino (2013) for AB-stacked bilayer graphene. Tight-binding calculations are presented along the [image: image] high-symmetry direction. Parameters used for tight binding calculations were t = 3.05 (±0.05) and γ1 = 0.4 for AB-stacked QFSBLG, and t = 2.9 (±0.05) and γ1 = 0.4 for AA-stacked Ca-QFSBLG.
3 RESULTS AND DISCUSSION
3.1 Experimental results
QFSBLG samples, Figure 1A, prepared as described in Ref. Daniels et al. (2017) were loaded into the UHV chamber and annealed to remove surface adsorbates, as described in Methods. Following the annealing procedure, LEED data was taken on the clean sample, as shown in Figure 1C. LEED data shows typical diffraction pattern of quasi-freestanding graphene, with only (1 × 1) graphene spots (red circles) and (1 × 1) SiC spots rotated 30° with respect to graphene (purple circles) visible. Following calcium intercalation (Figure 1B), the SiC (1 × 1) spots are less intense compared to the clean QFSBLG, but no other significant changes can be seen in LEED, as shown in Figure 1D. After the second intercalation step (Figure 1E) drastic changes can be observed in the LEED pattern: (1 × 1) SiC spots are almost completely gone, while (1 × 1) graphene spots are much weaker and broader. Blurring of the graphene (1 × 1) spots suggests additional scattering, likely from calcium atoms accumulating on the surface of the sample in a disordered manner. A new feature can also be observed in the diffraction pattern in Figure 1E, a diffuse ring, marked by a yellow arrow, with a radius corresponding to that of a [image: image]R30° calcium structure. Ring like features observed in LEED usually point towards rotationally disordered system Emtsev et al. (2008), suggesting calcium is not ordered either under graphene or on its surface. This is in contrast to previous LEED data on calcium intercalated graphene on SiC, where a sharp single domain [image: image]R30° LEED pattern coming from calcium intercalation is observed Kanetani et al. (2012); Kotsakidis et al. (2020); Toyama et al. (2022). One possible explanation for this discrepancy is that in our system, disorder comes from calcium that did not intercalate, but is instead deposited on the surface of the sample where it does not order. Another possibility is that while calcium is replacing hydrogen at the SiC interface, it does so without rotational order, though the reason for this difference in structure is not clear.
[image: Figure 1]FIGURE 1 | Quasi freestanding bilayer graphene (QFSBLG) before and after calcium intercalation. A sketch of QFSBLG before and after intercalation, where hydrogen is replaced by calcium at the SiC interface is shown in (A,B), respectively. (C) LEED image of QFSBLG prior calcium intercalation, (D) following first, and (E) following second calcium intercalation. Red circles indicate the (1 × 1) graphene spots, purple circles indicate the (1 × 1) SiC spots. Yellow arrow points to the ring arising from disordered Ca. All data taken at an incident beam energy of 126 eV and room temperature.
Following structural characterization by LEED, we proceed with the electronic structure investigation using ARPES Damascelli (2004) which allows direct imaging of the electronic bands. Due to an increase in observed disorder for the second intercalation step in LEED (Figure 1E) we will only focus on the first intercalation step for the ARPES investigation. Figure 2 shows intercalation induced changes in the electronic structure of graphene, as observed by ARPES. Changes are tracked in the energy–momentum cuts taken at the Fermi surface (Figures 2A, C) and along the [image: image] high-symmetry direction (Figures 2B, D). In order to enhance the dispersive features of graphene around the [image: image] point, we use a two-dimensional (2D) curvature analysis technique Zhang et al. (2011), shown in Figures 2B, D, on the right. The Fermi surface map, Figure 2A, shows the first Brillouin zone of pristine QFSBLG prior calcium intercalation, with six hole pockets visible at the Brillouin zone boundary. As expected for the case of bilayer graphene Ohta et al. (2006), two sets of bands are visible in the energy dispersion data, Figure 2B. Since the samples are p-doped, the Dirac point is located above the Fermi level (0.20 eV, Supplementary Material), which can be clearly seen in the energy dispersion and the 2D curvature data (Figure 2B).
[image: Figure 2]FIGURE 2 | ARPES measurements of clean and calcium intercalated quasi-freestanding bilayer graphene (Ca-QFSBLG) after the first intercalation step. (A) Fermi surface and (B) band structure around the [image: image] point of QFSBLG, and (C) Fermi surface and (D) band structure around the [image: image] point of Ca-QFSBLG. In (B,D) both raw ARPES spectra (left) and a 2D curvature of ARPES spectra (right) are shown. Following calcium intercalation, a significant change in the electronic structure and doping level can be seen. (E) and (F) show tight-binding calculations for AB- (left) and AA-stacked (right) bilayer graphene before and after calcium intercalation, respectively. Red arrows in (D,F) indicate location of band crossing between the top and bottom layer band, and a lack of the band gap for AA-stacked bilayer graphene. Blue arrows in (D,F) show the Dirac point in the top graphene layer which appears ungapped.
Upon calcium intercalation, profound changes can be observed in the electronic structure: two sets of electron pockets can be seen at the Fermi surface (Figure 2C), and system exhibits high levels of n-doping (Figure 2D). In order to better understand the dispersions and changes arising from calcium intercalation, we compare our experimental data to simple tight-binding models for AA- and AB-stacked graphene (Figures 2E, F) Rozhkov et al. (2016); Partoens and Peeters (2006). The same model was used to estimate Dirac point position, doping, Fermi wavevector and Fermi velocity. We used the band position data obtained from momentum dispersion curves, to refine the tight-binding model, and select the appropriate graphene stacking. More information about this can be found in the Supplementary Material. Prior to calcium intercalation, the system is found to be p-doped, with the Dirac point located at DP = (0.20 ± 0.02) eV above the Fermi level, and a Fermi wavevector (kF) value of kF = (0.057 ± 0.007) Å−1, corresponding to a hole carrier density of [image: image] = (5.17 ± 0.08) × 1012 cm−2, in agreement with literature values for hydrogen intercalated graphene on SiC Riedl et al. (2009); Sforzini et al. (2015). Following calcium intercalation (Figures 2C, D) the sample is transformed into highly n-doped system in which no clear band gap can be seen. This structure is in stark contrast to the C6CaC6 electronic structure, where the ordered calcium phase gives rise to a folding of the π bands of graphene, resulting in the folded bands appearing close to the [image: image] point Kanetani et al. (2012); Toyama et al. (2022); Mazin and Balatsky (2010). In the case of Ca-QFSBLG, no states are observed at the [image: image] point, supporting the interpretation that in our case calcium is not ordered in C6CaC6 structure, in agreement with the LEED data (Figures 1D, E). Absence of the signatures of C6CaC6 structure implies that calcium is not intercalated between the layers, in agreement with recent work by Kotsakidis et al. (2020). Rather, we instead observe a quasi-freestanding bilayer graphene that is n-doped. Nevertheless, there are several discrepancies between our results (Figure 2D) and what is expected from simply n-doped (quasi-freestanding) bilayer graphene Ohta et al. (2006). The most obvious discrepancy is a lack of band gap in the system (see red and blue arrows in Figure 2D), which is expected for the simple case of AB-stacked bilayer graphene Ohta et al. (2006); Grubišić-Čabo et al. (2021). This is reminiscent of the structure expected for AA-stacked bilayer graphene where a band gap is not expected, and the electronic bands still have massless character as for the case of monolayer graphene Rozhkov et al. (2016). Taking this into the account, we modelled both AA- and AB-stacked bilayer graphene with tight-binding (Figures 2E, F) and DFT (Figure 3). From the tight-binding model, the best agreement was obtained for AA-stacked bilayer graphene, where the inner band Fermi wavevector was [image: image] = (0.086 ± 0.007) Å−1, and the outer band was [image: image] = (0.280 ± 0.007)Å−1. These values correspond to a total electron density of [image: image] = [image: image]+[image: image] = (1.37 ± 0.06) × 1014 cm−2, a two orders of magnitude increase in carrier concentration with respect to the pristine QFSBLG. The aforementioned dramatic increase in the carrier concentration is accompanied with small reduction in Fermi velocity of graphene–Ca-QFSBLG has Fermi velocity vF = (0.93 ± 0.02) × 106 ms−1, while QFSBLG has Fermi velocity vF = (0.99 ± 0.02) × 106 ms−1, suggesting that no significant renormalisaiton of Fermi velocity due to transformation of stacking Li et al. (2010), change of the dielectric constant of the graphene’s surroundings Hwang et al. (2012), or many-body interactions Elias et al. (2011) takes place. Lastly, while the observed increase in the carrier density is significant, it is lower than values observed for the case when calcium goes both to the SiC interface and in between the sheets of bilayer graphene Toyama et al. (2022), thus underpinning the notion of intercalation occurring solely at the interface of our system.
[image: Figure 3]FIGURE 3 | DFT calculations for calcium intercalated QFSBLG. The unfolded band structure of calcium intercalated bilayer graphene for the case of AB- and AA-stacking is shown in (A) and (B), respectively. The contribution from the top graphene layer is shown in blue, and from the bottom layer in red. Arrows indicate a band gap for the case of AB-stacking, (A), and a band crossing for the case of AA-stacking in Ca-QFSBLG, (B).
3.2 Theoretical results
We further examine the nature of stacking in Ca-QFSBLG by performing DFT calculations of the electronic structure of AB- and AA-stacked Ca-QFSBLG. We first calculate the calcium intercalation energy based on Eq. 1 as follows:
[image: image]
where EI is the intercalation energy, E (SiC/graphene), E (Ca) and E (SiC/graphene + Ca) are the energy of SiC/graphene heterostructure (SiC covalently bonded with graphene plus a monolayer graphene), atomic energy of calcium in its bulk state, and the energy of SiC/graphene system upon calcium intercalation, respectively. Once calcium is placed below bilayer graphene, a small difference is found in the formation energy between the AA- and AB-stacked bilayer graphene, as shown in Table 1, with AB-stacking being slightly favourable. This small difference in formation energy suggests it is plausible that AA-stacking could indeed be a stable phase in Ca-QFSBLG, similar to what has been observed for the case of lithium intercalation Watcharinyanon et al. (2012); Caffrey et al. (2016). As both structures appear energetically stable, and are close in the formation energy, DFT band structure calculations were performed for AA- and AB-stacking in order to determine which structure fits experimental ARPES data better.
TABLE 1 | Calculation for intercalation energy, AA- vs. AB-stacking, using different van der Waals corrections.
[image: Table 1]The unfolded band structure of AA- and AB-stacked Ca-QFSBLG is shown in Figure 3. For the case of AB-stacked Ca-QFSBLG (Figure 3A), a large band gap, approximately 0.38 eV in size, is found between the top of the valence band and bottom of a conduction band, situated 0.51 eV below the Fermi level. This structure is similar to the one observed for magnesium intercalated graphene on SiC Grubišić-Čabo et al. (2021), where a band gap of 0.36 eV was observed. In the case of AA-stacked bilayer graphene (Figure 3B), the structure is markedly different, and no band gap is found between the top of the valence band and bottom of a conduction band. Instead, a smaller 0.20 eV gap is identified 1.05 eV below the Fermi level located only in the bottom graphene layer. In contrast, the top graphene layer is gapless, and nearly indistinguishable from the pristine monolayer graphene. The latter structure is in good agreement with the experimental data shown in Figure 2, particularly in the region where the top- and bottom-layer derived bands cross at finite momentum (red arrows in Figures 2D, F) and the Dirac point of the top graphene layer (blue arrows in Figures 2D, F), in agreement with our experimental ARPES results which show Ca-QFSBLG as AA-stacked.
The interaction distance between intercalated calcium atoms and graphene plays a crucial role in driving the electronic structure differences between AA-stacked and AB-stacked systems. In the AA-stacked system with calcium intercalation, we observed a larger separation between the graphene layers and calcium atoms for AA-stacked configuration (2.45 Å) in comparison to the AB-stacked configuration (2.33 Å, Supplementary Figure S3). This observation may provide a partial explanation for the diminished impact on the top layer during the doping process.
4 CONCLUSION
Calcium intercalation was successfully achieved in quasi-freestanding bilayer graphene on hydrogenated SiC, resulting in significant changes to the system. Upon calcium intercalation, calcium replaced hydrogen at the SiC interface, leading to a switch from p-type doping to n-type doping. This transition was accompanied with almost two orders of magnitude change in the carrier concentration, going from [image: image] = 5.17 × 1012 cm−2 to [image: image] = 1.37 × 1014 cm−2, while retaining the quasi-freestanding nature, and exhibiting minimal change of the Fermi velocity. Structurally, the intercalation process resulted in a transformation from AB-stacked to AA-stacked bilayer graphene, a shift facilitated by a small difference in the formation energy between the two stacking types. As a result, the electronic band structure is significantly altered. The top layer of graphene is nearly indistinguishable from a pristine monolayer, retaining the ungapped Dirac point. While previous reports show indirect evidence of inhomogeneous AA- and AB-stacked regions in epitaxial graphene following lithium intercalation and de-intercalation, to our knowledge, this is the first report of the preparation of large-area, uniform quasi-freestanding AA-stacked graphene following calcium intercalation. This opens the door to further study of the properties of this distinct new graphene system with its unique band structure.
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