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1. Growth  

The silica/graphene films were discovered by accident. While we were unable to reproduce these 

results in other furnaces, we detail here the known conditions under which the films were grown. 

These conditions were sufficient to form several samples of the 2D layer of silica across months 

using the setup at Max Planck.  

 

 The graphene/silica films were prepared with a low pressure CVD technique using hexane as a 

precursor on polycrystalline Cu foils. The Cu foil was attached to a quartz substrate and placed into 

a quartz tube. The tube was pumped down to a pressure of 10-2 mbar. Then, forming gas 

(Ar/(5%)H2) was introduced at a pressure of ~5 mbar and the Cu foil was heated up to 950°C. 

When the desired temperature was achieved, the forming gas flow was interrupted and hexane 

vapor was introduced into the quartz tube instead under a pressure of 0.5 mbar for 1 minute. Finally, 

the sample was cooled to room temperature under the flow of forming gas at a pressure of ~5 mbar. 

These conditions are similar to those described in Reference 1. We speculate that the formation of a 

2D layer of silica is due to an unintentional leakage of air into the quartz tube when switching from 

forming gas to hexane, causing the oxidation of the copper surface and a reaction with the quartz 

substrate at the contact surface with the oxidized copper. Bi-tetrahedral silica has been recently 

reported on ruthenium2,3, and similar conditions may also work for silica growth on copper. 

 

2. Sample Preparation 

Graphene/silica films were transferred from the copper substrate by etching in 15% nitric acid and 

fishing the floating film (without polymer support) onto commercial TEM grids (Quantifoil 

R1.2/1.3 holey carbon film on Au 200 mesh). Afterwards, the specimen was rinsed in distilled 

water and dried in dry nitrogen. Prior to TEM, the samples were heated in air to 200°C for 10 

minutes; prior to STEM, samples were annealed at 130˚C for >8 hours in ultra-high vacuum. 
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3. TEM and STEM acquisition  

TEM experiments were performed with an image-side corrected FEI Titan 80-300 microscope 

operated at 80kV. The spherical aberration was set to approximately 20µm, and the energy spread 

of the source was reduced by lowering the extraction voltage to 2kV.  

 

ADF-STEM images were acquired in the NION100 UltraSTEM using a 60keV electron beam with 

a convergence angle of 25-33 mrad and collection with high- or medium-angle annular dark-field 

(HAADF and MAADF) detectors. The HAADF detector has a collection angle near 90 mrad. 

Acquisition times were typically around 40µs/pixel. The parameters produced a probe size near 1.3 

Å with imaging conditions similar to those in References 4-6. When processed, ADF-STEM images 

were low-pass smoothed using the “Smooth” command in Gatan’s Digital Micrograph program and 

labeled as “smoothed” in figure captions.   

 

4. Film structure, lattice parameters, and uniformity 

Supp. Figure 1 shows further examples of high-resolution TEM images. Dark-field imaging was a 

versatile tool to overcome the lack of contrast in bright field at low magnifications (see Supp. 

Figure 1a). Supp. Figure 1b demonstrates that the silica is also stable on single-layer graphene, as 

can be seen from the zoomed in image and its FFT (Supp. Figure 1c and d).  
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Supplemental Figure 1 | Additional TEM images and FFTs. a) Low magnification image of the 
silica film on graphene. The inset is a dark-field image of the same region where the covered areas 
are clearly detectable and partially colored. b) Silica on single-layer graphene as can be seen from 
d) the FFT of the zoomed-in image c) where only one graphene orientation is present. 
 

Nanobeam diffraction was performed for crystalline and amorphous regions of the silica (Supp. 

Figure 2 c,d) to complement STEM FFTs (Supp. Figure 2 a,b). Because the crystalline areas are 

very small, it was necessary to work with a converged probe for nanodiffraction, using a small 50 

µm condenser aperture. The 7% lattice mismatch between graphene and silica is clearly detected.  

 

Supplemental Figure 2 | STEM FFTs and TEM nanodiffraction showing amorphous and 
crystalline 2D silica, as well as the lattice mismatch between graphene and crystalline 2D silica. 
In c and d, reflections from the silica are contained within the yellow circles. The strongest 
diffraction spots, outside the yellow circles, are due to the polycrystalline graphene support.   
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5. EELS acquisition and elemental identification 
 
EELS data were acquired as spectrum images using the NION100 UltraSTEM. The core-loss 

spectrum image represented in Figure 3 contains 64x64 pixels at 40 milliseconds/pixel and 0.5 

eV/channel dispersion to include the Si-L2,3, C-K, and O-K edges. Each edge was then background-

subtracted using a power-law background model in ImageJ using the Cornell Spectrum Imager 

(CSI) software developed by Paul Cueva et al7. To improve signal-to-noise, we held the power-law 

subtraction constant over several pixels using the “Oversampled” command with a radius of 6 

pixels. This effective background smoothing gave qualitatively similar results as pixel-by-pixel 

background subtraction. After this processing, we integrated over an energy range within the 

background-subtraction fitting region to confirm no artificial signal was present.  

 

To generate the spectra in Figure 3 e-g, the background-subtracted spectra from roughly the top-half 

of the spectrum image, which correspond to un-damaged glassy regions, were averaged. Raw data 

are plotted as black diamonds. The diamonds are connected with black lines representing the data 

smoothed using a Savitsky-Golay filter in the energy direction. The oxygen edge, which was 

weaker and noisier than the others, was more heavily smoothed. The edges were then plotted 

against reference spectra of SiO2. The reference spectrum in Figure 3e was acquired on a cross-

sectioned, thermally oxidized Si wafer using similar acquisition and processing parameters.  

 

To produce the spectrum maps in Figure 3a-c, we integrated over the background-subtracted Si-L23, 

C-K, and O-K edges. To increase signal-to-noise, the O map in Figure 3c was low-pass smoothed 

using the “Smooth” function in Gatan’s Digital Micrograph Program. We performed multivariate 

curve resolution (MCR) and nonlinear least-squares fitting to characterize the bonding states of the 

Si atoms. While Si atoms in the glass produce Si4+ edges similar to those of SiO2 reference EELS 

edges, Si atoms attached to graphene edges form SiC-like bonding (Supp. Figure 3).  
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Supplemental Figure 3 | Si L2,3 EELS edge fine structure. a) MCR map separating Si 
concentration into SiO2-like (green) and SiC-like (white) components. b) Si L2,3 extracted from MCR 
analysis. The edges in each pixel in a were fitted to these edges using nonlinear least-squares fitting 
to make a map of SiC and SiO2 bonding states. c) Reference Si edges corresponding to SiO2, SiC, 
and Si. The edge in b most closely match the SiO2 and SiC edges, suggesting the glass is SiO2-like, 
while the damaged Si atoms have SiC-like bonding to the edge of the graphene. 
 
6. Determinations of film thickness: ADF imaging 

Because local contrast in ADF-STEM imaging scales roughly with the atomic number Zn, 

quantitative analysis of image intensities can provide mass-thickness information. We measured the 

mass-thickness of the material using graphene as a reference. Supp. Figure 4a plots the averaged 

intensities of ADF images of the silicate on various thickness of graphene along with the intensities 

expected for the theoretical candidate structures (See also Supp. Figure 8). From these data, we 

extract a mean, silica-only ADF intensity of 3.5 ± 0.5 (s.d.) times the intensity of graphene. This 

value is consistent with a bi-tetrahedral silicate structure.  

 

For comparison to ADF data, we plotted two models in Supp. Figure 4a. In the first, we use an 

incoherent imaging approximation to generate average intensities. These values take into account 

only the average density of each element and apply a Zn model with 1.5<n<2 to account for 

uncertainty in collection and convergence angles.  Using a Z1.7 incoherent approximation, for 

example, the ADF intensity should be 1.8 times the intensity of graphene for a monolayer or 3.3 for 

a bilayer of (SiO4)2- tetrahedra. 
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Supplemental Figure 4 | Thickness measurements using quantitative high-angle ADF intensities 
and a graphene standard. a) Plot of ADF intensity versus graphene thickness for experiment (filled 
symbols), compared with multislice (empty symbols) and incoherent models (shaded bars). The data 
most closely correspond with the bi-tetrahedral structure in both simulations. b) Multislice 
simulation of an image of bi-tetrahedral silica on single-layer graphene. c) Experimental image of 
crystalline silica on graphene 
 

For a more rigorous comparison to ADF data, we simulated dark-field detector signals using 

numerical scattering calculations in E.J. Kirkland’s multislice code. In this code, a full quantum 

mechanical multiple scattering simulation of electrons is propagated through multi-layered atomic 

membranes, producing quantitative simulations of dark field detector signals8. Atomic scattering 

factors are characterized by a 12-parameter fit of Gaussians and Lorentzians to relativistic Hartree-

Fock calculations9. With the inclusion of frozen phonons—where lattice vibrations are modeled by 

stochastic atomic displacements—multislice has been demonstrated to quantitatively match 

experimental detector intensities when the specimen, probe, and detector geometries are known8,10.  

 

We set up the code, inputting the experimental conditions discussed in Section 3 and theoretical 

mono- and bi-layer silica structures on varying thicknesses of graphene. We then extracted 
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simulated images such as Supp. Figure 4b and averaged intensities versus graphene thickness, 

plotted in Supp. Figure 4a along with experimental data. To match theory to experiment, we found 

it was important to include phonon-induced displacements of ~1Å for carbon atoms and ~0.8 Å for 

Si atoms. With these values, multislice simulations for bi-tetrahedral silica match both qualitatively 

(Supp. Figure 4 b,c) and quantitatively (Supp. Figure 4a) with experimental data. 

 

7. Determinations of film thickness: Quantitative EELS 

We acquired a second measure of the silicate thickness by doing quantitative EELS (Supp. Figure 

5). We first acquired “full” EEL spectra containing Si, C, and O edges as well as the elastic, or 

zero-loss, signal by recording core-loss spectrum images followed by short-acquisition low-loss 

spectrum images in the same region. The two energy ranges in each spectrum image were stitched 

together in each pixel by aligning and scaling spectra so the intensities and peak positions matched 

in an overlap region.  

 

By acquiring full EEL spectra, we can compare the integrated intensities of background-subtracted 

core-loss edges as a fraction of the elastic signal to known Si, C, and O inelastic scattering cross-

sections11. We used reference scattering cross-sections from Gatan’s EELS atlas12, adjusted for a 

convergence angle of 25 mrad and a collection angle of 60 mrad. From a continuous 2D silica sheet, 

we extracted areal densities of 17 ± 3 (s.d) atoms/nm2 for Si and of 39 ± 7 (s.d.) atoms/nm2 for O. 

To within error, these values are consistent with expected values for the bi-tetrahedral structure: 17 

atoms/nm2 for Si and 33 atoms/nm2 for O.  
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Supplemental Figure 5 |Thickness measurements using quantitative EELS on an absolute scale. 
a) A semi-log plot of a representative EEL spectrum, including the zero-loss peak and Si, C, and O 
core-loss edges (highlighted in red). We measured the area under these edges as a fraction of the 
elastic signal in the zero-loss peak to extract areal densities of each element. b) A table 
summarizing EELS measurement of elemental densities and comparing them to expectations for 
mono-tetrahedral and bi-tetrahedral models 
 

To confirm that these values were correct, we repeated these calculations for a thermally-oxidized 

silicon wafer, which provided an Si/SiO2 interface. We measured the thickness of the samples using 

the ratio of the inelastic and elastic signals to determine the electron mean-free paths in the sample. 

Then, we converted these values to thicknesses in nanometers using reference mean free paths, 

corrected for our beam energy and collection and convergence angles using equation 5.2 in 

Reference 11. Then, using the bulk densities of Si and SiO2, we converted areal densities of Si and O 

from EELS measurements into thicknesses. The measured values from EELS core-loss areal density 

measurements matched to within ~10% with thicknesses derived from low-loss thickness 

measurements.  
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9. Determinations of film thickness: FEFF simulations 

Simulated EELS edges were generated using FEFF9 code, “an ab initio self-consistent multiple-

scattering code… based on a real space Green’s function approach” 13,14. We input the 1- and 2-

layer structures generated by the DFT relaxations in Section 12. For bulk SiO2, we used reference 

coordinates for α-quartz. The other parameters were: 60keV incident electrons with convergence 

and collection angles of 30 and 80 mrad, respectively, core-hole excitons included, and a 0.4 eV 

energy broadening. When structures contained atoms such as oxygen, which existed in multiple 

local chemical environments producing different edge shapes, the simulated edges were averaged 

weighted by their stoichiometry.  

 

9. Determinations of film thickness: Images of silica edge 

Another strong indication for bi-tetrahedral structure of the silica film was found at a flipped-over 

edge of the graphene where it was possible to image the silica film in side-view: Each graphene 

layer is clearly detectable as dark lines (3 layers in Supp. Figure 6a). According to the double layer 

silica film, two additional lines are detected in the covered areas as marked by the red arrows in 

Supp. Figure 6b. 
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Supplemental Figure 6 | Views of silica/graphene edges. a) A zoomed in image of the edge of 3-
layer graphene. b) A similar image from a nearby region containing the edges of both graphene 
and the 2D silica. Arrows indicate the number of fringes visible from each material. c) The area 
containing both regions a and b. These images suggest the silica is bi-tetrahedral out-of-plane. 

 

10. Pair distribution functions 

To generate pair distribution functions, we used ImageJ to threshold and find the centroids of Si+O 

sites in ADF STEM images. These values were read into MATLAB, which we used to compute 

tables of in-plane nearest neighbor positions for each Si site. These lists were converted to radial 

distribution functions !(!) by tabulating neighbor distances and dividing total counts by 2 to avoid 

double counting. We used 2D equivalents for definitions for the RDF of ! ! = 2!"  ! !  and PDF 

of ! ! = !(!)/!!. Atom positions shorter than the nearest-neighbor Si-O-Si distances were 

chopped because these typically represented atoms in the center of rings, which we did not want to 

include in our distributions. EELS analysis of these center atoms revealed they were not Si atoms. 

Data intensities tail off at large radii because of the finite size of images. 
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11. Ring statistics  

Ring sizes were tallied by hand from ADF images. Rings that appeared damaged or were difficult to 

identify were not counted. While the ring distributions of amorphous regions did not change 

significantly from region to region, the ratio of amorphous to crystalline rings varied considerably. 

To create the plots in Figure 5c-d, we had to choose a criterion to separate crystalline regions from 

amorphous ones. At these short length scales, the distinction is somewhat arbitrary. We chose to 

define crystalline regions as continuous groups of 6-membered rings that were 3x3 hexagons or 

larger with each hexagon oriented within a few degrees of the same direction.  Some additional, 

interesting ring configurations are highlighted in Supp. Figure 7. 

 

Supplemental Figure 7 | Catalog of interesting ring shapes. A few cropped images centering 
around rare or interesting shapes. The images are shown at different scales. 
 

12. DFT structure and electronic simulations 

In our first principles simulations we used the density-functional theory (DFT) as implemented in 

the plane-wave-basis-set VASP code15,16. Projector augmented wave potentials17 were employed to 

describe the core electrons, and the generalized gradient approximation18 to describe the exchange 

and correlation. Kinetic energy cutoff for the plane waves was set to 500 eV, and all structures were 

relaxed until atomic forces were below 0.01 eV/Å. Brillouin zone sampling scheme of Monkhorst-

Pack19 was used with a mesh of 15x15x1 to generate the k-points. A non-empirical functional20 for 

exchange and correlations, which is capable of describing both short-ranged covalent bonding and 

long-ranged van der Waals (vdW)-type interactions was used to simulate the graphene-silica 

systems. The nonlocal term in the vdW-DF was evaluated using the adaptive real-space approach21. 
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Supplemental Figure 8 | Structural models and energetics of 2D silica-based crystalline 
nanosheets on graphene. a) Mono- and bi-tetrahedral structures considered for the 2D silica. b) 
Schematic illustrating DFT energetics calculations of the candidate structure. The bi-tetrahedral 
structure becomes energetically favored by 107 meV per structural unit over bulk SiO2 when van 
der Waals (vdW) interaction with single-layer graphene is taken into account.  
 
The SiOx structural models were constructed based on insights from the HRTEM images and their 

resemblance to the (001) projection of the ß-tridymite structure of bulk silica, then the atomic 

positions and cell size were fully optimized. The reference energy for the bulk structure was that of 

the ß-tridymite. To compare the energetics of systems with different chemical compositions, we 

used chemical potentials of H and O atoms as in an isolated H2O molecule for mono-tetrahedral 

structures with a structural unit of Si2O5H2. With these chemical potentials, the mono-tetrahedral 

structure was calculated to be slightly lower in energy than the bi-tetrahedral one (by ~94 meV and 

~9 meV for the 'all-Up and 'Up-Down' configurations, respectively). After initial comparison, we 

checked how breaking the symmetry of the primitive unit cell affects the relaxation for larger 

supercells, and noticed that at least without the supporting graphene sheet, the mono-tetrahedral one 

structures were unstable, whereas the bi-tetrahedral structure remained stable in all of our 

calculations. Since the bi-tetrahedral structure is also a better match to the experimental TEM 

images, it is the most probable stable ultra-thin silica structure. 

 

According to our DFT GGA calculations, the bi-tetrahedral structure has a hexagonal unit cell with 

a lattice constant of a=5.311 Å. The four silicon atoms are arranged in two layers with two atoms 

always along the same line in the z-direction, and one oxygen atom in between. The atoms within 
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the lower and upper silicon layers are further connected via oxygen atoms so that the structural unit 

is a Si-centered tetrahedron with oxygen atoms in each corner. The atomic positions are given in 

Supp. Table 1. 

Si 1/3 2/3 -1.625 Å 

Si 2/3 1/3 -1.625 Å 

Si 1/3 2/3 1.625 Å 

Si 2/3 1/3 1.625 Å 

O 1/3 2/3 0 

O 2/3 1/3 0 

O 1/2 0 -2.170 Å 

O 0 1/2 -2.170 Å 

O 1/2 1/2 -2.170 Å 

O 1/2 0 2.170 Å 

O 0 1/2 2.170 Å 

O 1/2 1/2 2.170 Å 

Supplemental Table 1 | Atomic coordinates for the bi-tetrahedral structure. In the x and y-

direction, relative coordinates are given, whereas the z-coordinate is given with an absolute value. 

 

According to our electronic structure calculations with the DFT GGA method, the band structure of 

the bi-tetrahedral structure is very similar to that of bulk ß-tridymite, as can be expected for an ionic 

material. The band structures are presented below along selected high symmetry lines.

 

Supplemental Figure 9 | Band structures of the bulk ß-tridymite structure and the ultra-thin bi-
tetrahedral silica as obtained within DFT GGA calculations. 
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