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ABSTRACT: Large-area graphene substrates provide a promising lab bench for synthesizing,
manipulating, and characterizing low-dimensional materials, opening the door to high-resolution
analyses of novel structures, such as two-dimensional (2D) glasses, that cannot be exfoliated and
may not occur naturally. Here, we report the accidental discovery of a 2D silica glass supported
on graphene. The 2D nature of this material enables the first atomic resolution transmission
electron microscopy of a glass, producing images that strikingly resemble Zachariasen’s original
1932 cartoon models of 2D continuous random network glasses. Atomic-resolution electron
spectroscopy identifies the glass as SiO2 formed from a bilayer of (SiO4)

2− tetrahedra and without
detectable covalent bonding to the graphene. From these images, we directly obtain ring statistics
and pair distribution functions that span short-, medium-, and long-range order. Ab initio calculations indicate that van der Waals
interactions with graphene energetically stabilizes the 2D structure with respect to bulk SiO2. These results demonstrate a new
class of 2D glasses that can be applied in layered graphene devices and studied at the atomic scale.

KEYWORDS: two-dimensional glass, 2D silica, SiO2, transmission electron microscopy, graphene imaging substrates,
Zachariasen’s model

In stark contrast with two-dimensional (2D) crystals such as
graphene and monolayer hexagonal boron nitride,1 2D

glasses remain almost completely unexplored. Reducing the
dimensionality of amorphous materials would enable their
direct, atomic resolution structural and chemical character-
ization, a long-standing challenge in amorphous materials.2−5

These materials, particularly if they can be isolated from
substrates and freely manipulated, may have enormous
applicability.
Figure 1a,b shows Zachariasen’s original 1932 model of a

continuous random network.6 In this model, amorphous
structures differ from crystalline ones simply by allowing
variable bond angles, which introduce structural disorder while
maintaining chemical order. In 2D, this creates amorphous
structures that contain continuous networks of rings of different
sizes (Figure 1b). Determining the structure of amorphous
materials and comparing them to theoretical models such as
Zachariasen’s has remained challenging. In principle, trans-
mission electron microscopy (TEM) and scanning TEM
(STEM) possess sufficiently high resolution to resolve atomic
spacings in disordered systems, particularly after recent
developments in aberration-correction.7,8 These techniques,
however, typically produce images which are 2D projections of

3D structures. In these 2D projections, disorder in materials
renders direct atomic-scale imaging almost impossible.9,10

We sidestep the projection problem by imaging a 2D glass.
Crystalline two-dimensional oxides, formed from mono- or
bilayers of silica tetrahedra, have recently been grown on metal
substrates.11−13 These materials are natural starting points for
amorphous 2D glasses because silica is a ready glass former and
contains directional bonds, a necessity for forming a disordered
continuous 2D network. Here, we show that preparation of the
amorphous phase of 2D silica, coupled with a graphene
support,14−16 allows atom-by-atom (S)TEM imaging and
spectroscopy of a glass. During the final preparation of this
manuscript, another group, using scanning tunneling micros-
copy, has observed an amorphous phase of 2D silica grown on
bulk Ru(0001).17 Our results demonstrate that the silica can
also be grown with graphene on copper foils and isolated from
the metal surface; we also detail rigorous analyses of the
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structure, bonding, and thickness of the material, and the nature
of the graphene−silica interface.
Figure 1c−f shows atomic-resolution annular dark-field

scanning TEM (ADF-STEM) images (c,d) and corresponding
diffractograms (e,f) of crystalline and amorphous regions of a
2D silica glass supported by graphene. The weakly scattering
graphene substrate is not apparent in these images without
filtering. As we demonstrate later, the bright spots in ADF
images represent stacks of silicon and oxygen atoms, while
individual oxygen atoms appear as an increase in intensity
between the bright spots (see Supporting Information). The
strong qualitative match between these images and Zachar-
iasen’s model suggests that these images are of a 2D glass that
roughly obeys the continuous random network model. This
silica was synthesized by accident during the chemical vapor
deposition growth of graphene on copper foil, most likely the
result of a contaminant in the graphene growth furnace (see
Supporting Information). Experimentally, we have found the
silica films to remain stable on graphene for over a year’s
exposure to air and heating to at least 400 °C in vacuum.
The diffractograms in Figure 1e,f and TEM nanodiffraction

of the glass show that the crystalline lattice constant is 5.3 Å,

roughly 2.14 times that of graphene (see Supporting
Information). This large 7% lattice mismatch along with the
presence of amorphous regions suggests that the silica is not
covalently bonded to the graphene on large scales. We see no
evidence for local regions that are coherently strained to be
lattice-matched with the graphene. Figure 2 shows large-area
TEM and STEM images of the silica. Different regions of the
material range from predominantly polycrystalline (Figure 2a)
to predominantly amorphous (Figure 2c) in which large areas
appear to be continuous random networks. Most of the
material resembles the region shown in Figure 2b, which
contains mostly amorphous material with some crystalline
inclusions. We attribute the mixing of crystalline and
amorphous phases to growth kinetics. Additional non-silicon
atoms are sometimes present in or near the center of rings,
introducing small amounts of chemical disorder.
We used STEM electron energy-loss spectroscopy (EELS),

which measures the local unoccupied partial density of
states,18,19 to map the composition and bonding of the glass.
Figure 3a−c contains atomic-resolution maps showing the
distributions of silicon, carbon, and oxygen in the region shown
in Figure 3d. Figure 3 e−g shows the corresponding EEL

Figure 1. Atomic-resolution images of a 2D glass. (a,b) Zachariasen’s models for a 2D crystal and a 2D amorphous glass, modified from ref 6. (c,d)
Experimental ADF-STEM images of 2D crystalline and amorphous silica supported by graphene. The strong qualitative match between these images
and Zachariasen’s model suggests that these images are of a 2D glass that roughly obeys the continuous random network model. Scale bars 5 Å. (e,f)
Fast Fourier transforms (FFTs) of STEM images from amorphous and crystalline regions. Spots inside the gold-colored region are from silica; spots
immediately outside this region are graphene spots. Other spots can be either graphene or silica. In the silica-only (gold) regions, the amorphous
silica exhibits no clear reflections, a contrast with the crystalline FFT. The silica crystalline lattice constant is 5.3 Å, roughly 2.14 times that of
graphene.
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Figure 2. Large-area TEM and STEM images showing different phases of 2D silica ranging from predominantly crystalline to amorphous. (a) A
smoothed TEM image of a predominantly crystalline region. Crystals are joined by grain boundaries similar to those in polycrystalline graphene.16

(b) A TEM image of a typical region of glass, which contains both amorphous regions and crystalline inclusions such as that seen in the bottom right,
which range in size from just a few unit cells up to tens of nanometers across. (c) A smoothed ADF-STEM image of an extended amorphous region
formed primarily from a continuous random network of rings. Scale bars 2 nm.

Figure 3. Atomic resolution EELS identifies the 2D glass as SiO2, a bi-tetrahedral layer of silica. (a−c) EELS concentrations maps of Si, C, and O of a
region of bilayer graphene partly covered by 2D glass (top half). The O map has been smoothed to improve contrast. (d) Corresponding ADF
image. In the bottom portion of the image, the glass is damaged and largely removed with a few Si atoms clinging to the edge of the graphene sheets
(bottom left). Unlike the SiO2-like bonding in undamaged glass, these Si atoms have SiC-like fine structure, suggesting they have bonded to the
graphene edge. Scale bar 2 nm. (e−g) Raw (black diamonds) and smoothed (black lines) experimental EEL spectra of the 2D glass plotted with
reference data (green lines) for bulk a-SiO2 and FEFF simulations (blue, red). (h) Side view cartoon of the structure suggested by EELS
measurements.
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spectra from the glass. The glass seen in the top portion of the
ADF image corresponds with EELS maps of silicon and oxygen,
suggesting that the glass is silicon oxide.
We analyzed the images and spectra in Figure 3 to construct

a 3D model of the atomic structure and thickness of the silica.
First, the Si-L2,3 edges in the glass are similar to bulk SiO2
reference EELS edges, a strong indication that the Si atoms are
tetrahedrally bonded (SiO4)

2− units. In contrast, silicon atoms
from damaged areas (Figure 3a, bottom) have a SiC-like fine
structure that indicates that they have bonded to the graphene
edge (Supporting Information). Additionally, the intensity and
fine-structure of the C−K edge (Figure 3f) are consistent with
bilayer graphene20 and do not show any indications of covalent
C−O bonding. Finally, we observe a peak at 536 eV in the O−
K edge (Figure 3g). To understand the origin of this peak, we
performed ab initio simulations using FEFF921 of two
crystalline silica structural models of different thicknesses,
which we term mono- and bi-tetrahedral (Supporting
Information). These simulated O−K edges are plotted along
with the experimental spectrum in Figure 3g. While the mono-
tetrahedral structure lacks the peak observed in experiment, a
good agreement is found for the bi-tetrahedral structure, shown
in Figure 3h. This difference occurs because the O−K edge
peaks damp out when O atoms have fewer than 6 O nearest-
neighbors,22,23 a condition met by a bilayer but not a
monolayer of silica tetrahedra. Additional quantitative measure-
ments of the amplitudes of ADF and EELS signals on the film
also are within experimental error of the bilayer structure and
exclude the mono-tetrahedral structure and structures which
are ≥3 tetrahedra thick. (Supporting Information).
Figure 4 shows top and perspective cartoons of the bi-

tetrahedral silica structure on graphene suggested by our data.

The structural building blocks are similar to those recently
reported in 2D silica on bulk Ru(0001), also composed of a
bilayer of silica tetrahedra.13,17 This structure places every atom
in a local environment similar to bulk SiO2 in which all bonds
are satisfied. Unlike its crystalline analogue, the amorphous 2D
silica has a unique structure where tetrahedra are disordered in
two dimensions but ordered in the third dimension, where the
upper and lower tetrahedra are locked in registry. This structure
is therefore a 2D glass in the sense that it is single unit cell
thick, analogous to 2D atomic crystals1 such as MoS2 or NbSe2.
We extend the atomic scale analyses above by examining the

pair distribution function (PDF) and ring statistics. PDFs,
which statistically describe atomic spacings, have played an
historic role in distinguishing between paracrystalline and
continuous random network glassy models. Ring statistics are
also instrumental because they can differentiate structural

models whose PDFs are indistinguishable.24,25 Ring statistics,
however, are difficult, if not impossible, to measure directly in
3D glasses. These two standard metrics of structural models in
glasses provide a quantitative measure of short, medium, and
long-range order in our 2D glass and allow comparison to
theoretical models for 2D and 3D glasses.
Figure 5a,b shows 2D-projected partial Si−Si pair-distribu-

tion functions (PDFs) in crystalline and amorphous regions

extracted from Si positions in real-space images. On short
ranges, on the order of 0−5 Å, the first peak in each pair-
distribution functions represents Si−Si nearest neighbor
spacings. For medium ranges on the order of 5−20 Å, the
pair distribution functions of the crystalline and amorphous
regions begin to diverge; peaks in the amorphous Si−Si pair
distributions become strongly damped. The second-peak in the
amorphous PDF around 4.3 Å is almost as sharp as the first
one, a notable difference from 3D silica.26 This likely
corresponds to the reduced set of possible Si−Si−Si bond
angles that occur in 2D in order to provide ring closure. At long
ranges >20 Å, the crystalline PDF maintains sharp peaks while
the amorphous PDF is featureless.
Figure 5c plots a histogram of ring size in crystalline and

amorphous regions extracted from large area images (Support-
ing Information). In this plot, the ring size refers to the number
of vertices visible, or the projected number of tetrahedral units.
In the amorphous material, we observed stable rings ranging
from 3 to 10 tetrahedra in size (see Supporting Information)
with an expectation value of 6.04 ± 0.024 (s.e.m.) tetrahedral
units in-plane. Figure 5d compares our experimental ring
statistics to a few selected theoretical models: a purely
geometrical model for a 2D glass and two molecular dynamics
simulations for 3D silicas using different interaction poten-
tials.25,27,28 None of the models fit our experimental results.
Part of the deviation from the 3D models may be attributed to
different dimensional geometric constraints.29,30 Because
Shackelford’s 2D model takes only geometrical factors into
account, we attribute its mismatch with experiment to effects
not accounted for in the model, such as ring strain, formation

Figure 4. A structural model of 2D crystalline silica on graphene. (a)
Top and (b) perspective side views of the bi-tetrahedral structure that
matched experimental results.

Figure 5. Structural analysis and ring statistics. (a,b) Two-dimensional
projected Si−Si pair-distribution functions for crystalline and
amorphous regions fully spanning the regimes of short-, medium-,
and long-range order (SRO, MRO, and LRO). (c) Histogram of ring
sizes and (d) ring statistics plotted on a log-normal probability scale
and compared to two- and three-dimensional models.25,27,28 None of
the models fit our experimental results.
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kinetics, and cooling rates. As direct experimental measure-
ments of ring size distributions, these results show the distance
that separates experiment and theory and should aid in
improving models of connectivity in glasses.
We constructed ab initio models of a periodic bi-tetrahedral

2D silica to assess its stability, structure, and electronic
properties (Supporting Information). The relaxed bi-tetrahedral
structures (Figure 4) closely match our experimental results,
and their calculated band structure is similar to bulk SiO2
(Supporting Information). Our energetic calculations indicate
that in vacuum, the binding energy of the bi-tetrahedral
structure is 86 meV per structural unit higher than bulk silica.
Adding vdW interactions to monolayer graphene energetically
stabilizes the bi-tetrahedral silica over bulk SiO2 by 107 meV
per structural unit. Covalent bonding to unstrained graphene is
a higher-energy state than the van der Waals bonded structures,
likely because covalent bonding would result in a large 7%
strain and disruption of the conjugated π-system in graphene.
Our calculations therefore indicate that graphene, in addition to
providing a support membrane, can stabilize new 2D materials.
Coupling ultrathin glasses with graphene support membranes

frees these materials from the requirements of extreme
mechanical stability, low reactivity, and isolation via exfoliation
that have so far limited the range of 2D materials that could be
easily identified, processed, and applied. Further, this new class
of materials likely includes additional 2D glasses such as
alumina or boric oxides and may be applicable in layered
graphene devices. Because the silica glass can be easily removed
from the copper substrate and contains no dangling bonds, it
may also find application in semiconductor or layered graphene
electronics as a passivated starting layer for gate insulators.
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