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In recent years, silica films have emerged as a novel class of two-dimensional (2D) materials.
Several groups succeeded in epitaxial growth of ultrathin SiO, layers using different growth
methods and various substrates. The structures consist of tetrahedral [SiO4] building blocks
in two mirror symmetrical planes, connected via oxygen bridges. This arrangement is called
a silica bilayer as it is the thinnest 2D arrangement with the stoichiometry SiO, known
today. With all bonds saturated within the nano-sheet, the interaction with the substrate
is based on van der Waals forces. Complex ring networks are observed, including hexagonal
honeycomb lattices, point defects and domain boundaries, as well as amorphous domains.
The network structures are highly tuneable through variation of the substrate, deposition
parameters, cooling procedure, introducing dopants or intercalating small species.

The amorphous networks and structural defects were resolved with atomic resolution
microscopy and modeled with density functional theory and molecular dynamics. Such data
contribute to our understanding of the formation and characteristic motifs of glassy systems.
Growth studies and doping with other chemical elements reveal ways to tune ring sizes and
defects as well as chemical reactivities. The pristine films have been utilized as molecular
sieves and for confining molecules in nanocatalysis. Post growth hydroxylation can be used
to tweak the reactivity as well.

The electronic properties of silica bilayers are favourable for using silica as insulators in 2D
material stacks. Due to the fully saturated atomic structure, the bilayer interacts weakly
with the substrate and can be described as quasi-freestanding. Recently, a mm-scale film
transfer under structure retention has been demonstrated. The chemical and mechanical
stability of silica bilayers is very promising for technological applications in 2D heterostacks.

Due to the impact of this bilayer system for glass science, catalysis and the field of 2D
materials, a large number of theoretical and experimental studies on silica bilayers have
been reported in the last years. This review aims to provide an overview on the insights
gained on this material and to point out opportunities for further discovery in various fields.
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Abbreviations: 2D, two-dimensional; 3D, three-dimensional; AES, Auger electron spectroscopy; AFM, atomic force microscopy; DFT, density functional
theory; EELS, electron energy loss spectroscopy; ESEM, environmental scanning electron microscopy; Gr, graphene; IRAS, infrared reflection absorption
spectroscopy; LEED, low energy electron diffraction; LEEM, low energy electron microscopy; MD, molecular dynamics; ML, monolayer; ND, neutron
diffraction; NMR, nuclear magnetic resonance spectroscopy; NP, nanoparticle; PMMA, poly(methyl methacrylate); SBU, secondary building unit; SPM,
scanning probe microscopy; STM, scanning tunneling microscopy; STEM, scanning transmission electron microscopy; STS, scanning tunneling
spectroscopy; TEM, transmission electron microscopy; TBPB, 1,3,5-tris(4-bromophenyl) benzene; UHV, ultra-high vacuum; UV-vis, ultraviolet-visible
spectroscopy; XPEEM, X-ray photoemission electron microscopy; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction.

* Corresponding author.

E-mail address: heyde@fhi-berlin.mpg.de (M. Heyde).

https://doi.org/10.1016/j.progsurf.2017.09.001
0079-6816/© 2017 Published by Elsevier Ltd.

Please cite this article in press as: C. Biichner, M. Heyde, Two-dimensional silica opens new perspectives, Prog. Surf. Sci (2017), https://doi.
org/10.1016/j.progsurf.2017.09.001



https://doi.org/10.1016/j.progsurf.2017.09.001
mailto:heyde@fhi-berlin.mpg.de
https://doi.org/10.1016/j.progsurf.2017.09.001
http://www.sciencedirect.com/science/journal/00796816
http://www.elsevier.com/locate/progsurf
https://doi.org/10.1016/j.progsurf.2017.09.001
https://doi.org/10.1016/j.progsurf.2017.09.001

2 C. Biichner, M. Heyde/ Progress in Surface Science xxx (2017) XxX—Xxx

Contents
B oL e L (ot o) s PR 00
2. Preparation of silica DIlAYers . . . . . ... o e 00
3. Characterization of pristine silica Dilayers . . . ... ... oottt e e e e e 00
3.1. Impact of real-space data on amorphous NEtWOork StIUCLUIES . . .. ..ottt ittt ittt it e e e e ieeie s 00
3.2. Obtaining locally resolved information on defect Structures .. .............. ittt 00
3.3.  Understanding the nature of the glassy State . ... ... .. ittt i ettt et et et ettt 00
3.4. Explaining material properties through local phenomena . ... ...ttt tnn ittt ittt i enananns 00
3.5.  Benchmarks for high resolution MiCrOSCOPY . . . . v v v ittt ettt e e e ettt e e e e et ettt 00
4. Chemical modifications and reactivity StUAIeS. . . . .. ..ottt e e e ettt et e e e e 00
4.1. Metal doping in silica DIlayers . . . . ...ttt e e e 00
4.2. Post growth hydroxylation of silica bilayers. . ... ... i e e e e 00
4.3. Impact of well-defined silica networks for catalysis studies .. ............. ittt 00
5. Silica bilayers as 2D Materials. . . .. ..ottt e e e e e e e e 00
[ € )3 e 1€ o ) o A PP 00
ACKNOWIEAZEMENL . . . . ottt e ettt e e e e e e e e e e e e e e 00
RETETENCES . . o .ttt et e e e e e e e e e e 00

1. Introduction

Silicon dioxide in its crystalline and glassy forms is of immense technological importance, with applications ranging from
cladding skyscraper facades to manufacturing microchips. Knowledge and control of the structure are key for designing the
right materials for each purpose. At the same time, silicates are abundant in nature, and understanding their structures is
equally crucial for geology and plant science. Recently, a new class of ultrathin silica films was created, which allows unique
insights and control over the atomic structure.

These films are typically grown ‘bottom up’, with building blocks deposited from the vapor phase, allowing finely tuned
film thickness. Supported by metal substrates, their properties can be explored with various tools from surface science. This
material class has garnered a great deal of attention over the last years, with publications reporting on structural, chemical
and electronic properties employing a large number of techniques.

This review aims to summarize the current state of research on silica bilayer systems, and to point out gaps in the knowl-
edge as well as future potential of this material class. A number of well-defined silica thin film structures have been pre-
sented at this point, all of them formed by tetrahedral [SiO4] building blocks, as shown in Fig. 1a. Monolayers (ML) of
these building blocks form highly ordered honeycomb lattices with the film stoichiometry SiO, 5 [1], where three oxygen
bridges are formed to neighboring tetrahedra, while the fourth oxygen bridge is connected to the substrate [2]. A side view
schematic is shown in Fig. 1b. Since these films exhibit one covalent bond to the substrate per structural unit, their atomic
structure is strongly directed by the substrate and it is not expected that monolayer silica films can exist without a support.

By adapting the preparation of silica thin films, it is possible to grow layers with two tetrahedral building units stacked on
top of each other, connected by an oxygen bridge [3]. Since the remaining three oxygen bonds per structural unit are con-
nected in-plane, this system exhibits no covalent bonds to the substrate, and also no dangling bonds, as shown in Fig. 1c. This
film is frequently denoted as bilayer silica film or two-dimensional (2D) silica. In analogy to other 2D materials like graphene
(Gr) and phosphorene, the 2D silica film has also been labelled as silicatene, although it does not possess any unsaturated

Si o0
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Fig. 1. Structure elements of silica layers. a) [SiO4] tetrahedral building block. b) Side view of a monolayer film on a metal substrate. Tetrahedral building
blocks are covalently bound to the substrate. c¢) Side view of bilayer film on a metal substrate. Tetrahedral building blocks of the top and the bottom layer
are connected by perpendicular oxygen bridges in a mirror plane. The self-saturated oxide film interacts weakly with the substrate.
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Fig. 2. Structure of W-silica, consisting of edge-connected [SiO,4] tetrahedra. Green spheres represent Si, red spheres represent O. Adapted from [6]. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

bonds (double bonds), which warrant the suffix —ene from the viewpoint of chemical nomenclature. When we use the term
2D SiO, or 2D silica throughout this text, we refer to the silica bilayer shown in Fig. 1c, which represents the thinnest pos-
sible sheet structure of the stoichiometry SiO,.

As a consequence of the atomic structure, the epitaxial influence of the respective substrate is weaker than for the mono-
layer film, and 2D-amorphous silica bilayers have been observed [4]. We use the term amorphous to describe bilayer films
that exhibit a variety of ring sizes, arranged in a 2D sheet without periodicity or long-range order. In the context of inorganic
network glasses such as silica glass, this structural property is often called vitreous, while the term amorphous is applied to a
wider range of materials, including amorphous polymers and metals [5].

When the [SiO4] tetrahedra are connected via edges instead of corners, a chain-like arrangement of edge-sharing tetra-
hedra forms, which is coordinatively saturated, as shown in Fig. 2. Hence, this so-called W-silica can be seen as a one-
dimensional analogy to silica bilayers. Such fibrous silica chains have been prepared by oxidizing SiO, but the resulting fibers
were found to be unstable against moisture, which leads to the formation of silicic acid [6].

2D silica on the other hand is sufficiently mechanically and chemically stable to be isolated from the growth substrate. In
this review, we focus on self-saturated bilayer sheets built from [SiO4] tetrahedra and summarize the insights gained from
these complex networks. For a comparative treatment of monolayer films, bilayer films and other ultra-thin silica structures,
the reader is pointed to another recent review paper [7]. Alternative 2D silica structures that have been only computationally
predicted at this point will not be a focus of this article [8-10].

Section 2 will describe the preparation procedures that have been reported for 2D silica films in the literature. Known
factors influencing the growth will be highlighted and our current understanding of the film formation will be summarized.

Section 3 begins with an overview of the different characterization techniques that have been applied to the silica bilayer
system, both experimentally and theoretically. As silica materials are ubiquitous in everyday life, the ability to obtain struc-
tural and chemical information on a silica system in unprecedented spatial resolution has implications for a number of
research fields. We will consider the insights gained from silica bilayers on defect structures, on amorphous networks, on
local structure-property relationships and on advanced microscopy techniques. In Section 4, we will discuss the studies that
have been presented on chemical modification of silica bilayers through metal doping or through post-growth hydroxyla-
tion. We will also review the new possibilities that this thin film system provides for studying model catalysis.

Section 5 reviews the potential role of silica bilayers in material science and the state of knowledge regarding material
properties of 2D silica.

2. Preparation of silica bilayers

In this section, we describe the reported preparations of silica bilayers, providing context by including the typical prepa-
ration of silica monolayers. Here, we only deal with pristine SiO, films, whereas Section 4 will deal with chemical function-
alization and introduction of dopants into the network. As of writing this review, silica bilayers have been prepared on
several metal single crystal substrates - Ru(0001) [3,4], Pt(111)[11], Pd(100) [12], and Pd(11 1) [13], as well as on a
Pd(111) thin film [13], a NiPd(11 1) alloy thin film [14], Ru- and Co-nanoparticles [15] (NP), and graphene-covered
Cu-foils [16].

The preparation procedures for the metal single crystals and the metal thin films follow the common approach of physical
vapor deposition with subsequent annealing. The preparation on Ru-NP, Co-NP and Gr/Cu can be described as solid state
growth processes.

Molybdenum substrates were employed early on to grow ultrathin silica films, establishing many of the preparation prin-
ciples still used today to obtain 2D SiO-, layers [17-19]. The first reported preparation of a well-ordered ultrathin silica layer
is the SiO, s monolayer on Mo(1 1 2)[2,20]. The cleaned substrate was exposed to an oxygen atmosphere prior to deposition
of a well-defined amount of silicon from an e-beam evaporator at room temperature in the oxygen environment. Both
sequential [2] and one-step deposition [20] of the required Si amount have been described with similar results. A high-
temperature (values reported between 800 and 1200 K) annealing step in O, or in ultra-high vacuum (UHV) facilitated
the formation of a flat, highly ordered film [2,20]. Depositing larger amounts of Si on Mo substrates resulted in the formation
of poorly-defined films, which, upon annealing, either showed decomposition or material loss leading to a monolayer [7].
This behavior indicates a self-limiting growth mechanism for monolayer films on Mo(1 1 2).

A structurally equivalent SiO, s monolayer can be obtained with Ru(0 0 0 1) as substrate. However, the film growth on
ruthenium exhibits no self-limitation at 1 ML. Changing the substrate from Mo(1 1 2) to Ru(0 0 0 1) allows the growth of sil-
ica bilayers with hexagonal or amorphous network morphologies with only minor adaptations to this preparation procedure.
Cleaned Ru(0 0 0 1) surfaces were heated in O, to achieve a precoverage of either (2 x 1)O [3] or (2 x 2)30 [4]. The latter

Please cite this article in press as: C. Biichner, M. Heyde, Two-dimensional silica opens new perspectives, Prog. Surf. Sci (2017), https://doi.
org/10.1016/j.progsurf.2017.09.001



https://doi.org/10.1016/j.progsurf.2017.09.001
https://doi.org/10.1016/j.progsurf.2017.09.001

4 C. Biichner, M. Heyde/ Progress in Surface Science xxx (2017) XxX—Xxx

coverage is achieved by only reducing the oxygen partial pressure after cooling the sample below 470 K. The Si deposition
step can be carried out sequentially [21] or in a single step [3,4], achieving comparable outcomes. Si is dosed from an e-beam
evaporator in an oxygen atmosphere, and sample temperatures for deposition from 100K [21] to 630K [3] have been
reported. One study investigated silica nucleation density and island size as a function of sample temperature during depo-
sition [22], showing that above 1000 K, silica building units have a lower sticking probability on the surface.

Annealing the sample in oxygen around 1200 K yields flat, fully oxidized films with the bilayer structure indicated in
Fig. 1c. A low energy electron microscopy (LEEM) and X-ray photoelectron emission microscopy (XPEEM) study established
an optimum temperature range for annealing silica bilayers between 1020 K and 1180 K [22], below which suboxide species
are observed, and above which dewetting is observed. These high annealing temperatures are explained with a large activa-
tion energy which was found for the island formation [22]. Depositing Si exceeding the amount required for bilayer forma-
tion resulted in thicker, unordered films [21].

The preparation of SiO, on Pt(1 1 1) followed the same procedure as for Ru(0 0 0 1) substrates, performing the deposition
step at a sample temperature of 100 K [11].

SiO, bilayers on Pd(1 0 0) and Pd(1 1 1) have been prepared without a O precover, depositing Si from a heated Si wafer at
a sample temperature of 500-600 K [12,13]. The annealing step was carried out in oxygen between 1000 K and 1100 K. An
alternative preparation deposited SiO, in excess of 2 ML, resulting in unordered films initially. During prolonged heating,
however, the excess materials either evaporated or migrated into the bulk, so that a highly-ordered bilayer emerged
[13,23]. This behavior shows similarities to the self-limiting growth of SiO, s monolayer films.

Although the preparations on metal single crystals described above follow a similar pattern, different outcomes in terms
of film morphology have been observed. Several studies have therefore identified the choice of substrate as a crucial param-
eter that governs the growth of the 2D silica film. The observed differences in film formation on Mo(1 1 2), Ru(00 0 1) and Pt
(11 1) substrates led to conclusions about chemical affinities directing film growth [11]. While on Mo(1 1 2), self-limiting
growth of ordered monolayer silica has been observed, Ru(0 0 0 1) allows monolayer and bilayer structures, depending on
the deposited amount. In the case of ruthenium, coexistence of hexagonally ordered and amorphous bilayers has also been
observed [24]. Furthermore, Pt(1 1 1) as a substrate yields only bilayer films with exclusively amorphous topologies. The
additional observation that the metal oxygen affinity is highest for molybdenum and lowest for platinum, indicates that
the strength of Me-0-Si (Me = substrate metal) bonds that are presumably formed during the film growth, directly influences
the layered structures and the network topology [11].

Substrate influence also has been addressed in terms of symmetry and epitaxial strain caused by a lattice mismatch
between substrate and film, and Table 1 shows reported lattice constants for several systems. Density functional theory
(DFT) calculations predict free-standing silica bilayers to have a lattice constant of 5.3 A [12,25,26]. This unit cell is stretched
to 5.42 A for crystalline silica bilayers on Ru(0 0 0 1) and 5.50 A on Pd(1 0 0). The resulting strain lowers the energetic cost for
the introduction of ring sizes other than the six-membered rings that comprise the crystalline phase [26]. Amorphous
domains, or periodic domain boundaries, which will be discussed in detail in Section 3, can be viewed as such strain-
relieving structural elements. In the case of a square substrate lattice like Pd(1 0 0), antiphase-domain boundaries are the
result of relaxation of the 2D silica film in the incommensurate substrate direction [12].

When Pd(1 1 1) is used as a substrate, the lattice mismatch is too large to be compensated by a stretching of the silica
film. Instead, incommensurate growth of a crystalline film is observed, resulting in a moiré pattern [13].

A recent study showed the preparation on an alloy thin film, which allows controlling the unit cell by varying the con-
centration of each component [14]. A 50 nm thick film with 48% Ni and 52% Pd was prepared on an oxide support, exposing
a (11 1) facet. The resulting surface unit cell with a = 2.63 A has a very small mismatch with the freestanding hexagonal SiO,
bilayer (a =5.3 A [26]), which results in the growth of a well ordered, low defect honeycomb layer [14].

In addition to the substrate, the amount of SiO, on the surface also influences the atomic structure of the bilayer films.
While SiO, monolayers form hexagonally ordered lattices on Ru(0 0 0 1), coverages of 1.4 ML and more yield the formation of
bilayer structures while exposing parts of the substrate. From 1.4 ML to about 1.8 ML, the bilayer films exhibit predomi-
nantly amorphous bilayer structures, while at higher coverages predominantly crystalline bilayers are observed [27]. This
effect has been linked to the reduced density of amorphous silica layers, allowing them to spread over a larger share of
the substrate and thus minimizing the system’s surface energy [26].

Two other preparation procedures of silica bilayers have been reported, which do not provide Si or SiO; as a component
via the gas phase. Instead, the film growth substrate is situated on a thicker SiO, support, which allows small quantities of
SiO, to migrate to the growth substrate, forming a bilayer. Hence, both preparation methods fall under the category of solid
state growth.

Table 1

Reported lattice constants for 2D SiO, films on different substrates.
Support Lattice constant (ordered films) Technique, Reference
Freestanding 530A DFT [12]
SiO,/Ru(000 1) 5.42 A LEED, STM, AFM |[3]
SiO,/Pd(1 00) 5.50 A LEED [12]
Si0,/Graphene 5.30 A TEM nanodiffraction [16]
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A thin copper foil on a quartz substrate has been exposed to hexane vapor at 1223 K with the intention of growing gra-
phene on copper [16]. Accidental air leakage into the chamber is assumed to have oxidized the Cu surface and caused the
formation of a silica bilayer between graphene and copper by partial Si or SiO, migration from the support to the Gr/Cu inter-
face. By subsequent etching of the Cu foil, a graphene/2D silica stack was obtained [16].

A study comparing the solid state growth of silica bilayers on Ru, Co and Fe provides some insight into the growth mech-
anism for this preparation route [15,28]. On 10 nm thick SiO, layers, 5 nm layers of the respective metal were sputter-
deposited and annealed at 973 K, leading to the formation of metal nanoplatelets. Upon cooling samples to 723 K, the for-
mation of thin silica layers was observed. For Ru and Co, these structures were assigned to silica bilayers, while for Fe, the
formation of monolayers was concluded [15]. Following the film growth in-situ, preferential nucleation at the metal grain
boundaries was observed, indicating that Si (and possibly O) from the support migrates through the metal nanoplatelets,
forming thin silica films on the surface [28]. In these experiments, no additional oxygen was provided during the prepara-
tion. The oxygen incorporated in the silica films was concluded to stem either from the SiO, substrate or from an inherent
oxide layer on the metal [15].

A common trait of the presented growth methods is the requirement of a highly clean substrate. Studies with metal single
crystal substrates were conducted in UHV after cycles of sputtering and annealing the surface until the amount of impurities
dropped below the detection level of either Auger electron spectroscopy (AES) or X-ray photoelectron spectroscopy (XPS).
The solid-state growth studies highlight the need to clean the metal surface with an intense “beam shower” of electrons,
only after which well-ordered films nucleated [15]. In accordance with these observations, one might assume that the copper
foil used as substrate in [16] was covered by graphene, blocking adsorbates from above and facilitating the growth of a silica
film from below.

Summarizing the reported preparation procedures, a number of experimental parameters emerge that influence the
structure of the final silica bilayer. These parameters are

e Substrate choice

e Thermal treatment
e Coverage

e Dopant species

and are shown schematically in Fig. 3. Varying these factors allows structural and chemical tuning of the silica films.

The various reports on 2D silica preparations have commented on a number of other preparation parameters, implying
further opportunities to influence the final structure of silica bilayers. However, a full understanding of these influencing fac-
tors will require more systematic investigations.
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Fig. 3. Among the preparation parameters influencing silica film structures are substrate choice, thermal treatment, coverage, and dopants.
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The transition of silica films between the liquid and solid state still holds some mysteries. Several reports point out that
fast cooling is crucial to bypass the crystallization process and obtain an amorphous structure and hence the cooling rate is a
crucial parameter [1,4]. While cooling rates of 1 K/s yielded films with coexisting crystalline and amorphous domains
[22,29], a further systematic study of cooling rates might prove insightful. It has also been observed that a well-defined
bilayer can be formed by depositing and annealing a monolayer each in two consecutive steps [7], but a fully formed bilayer
cannot be grown into thicker films. Furthermore, holes in a fully oxidized bilayer could not be filled by depositing more Si
and performing an additional oxidation step [22].

Some insights have been presented on the role of O partial pressure during the film formation. According to a phase dia-
gram based on DFT calculations, a silica bilayer is the most stable structure for high Si coverages, over a wide range of oxygen
partial pressures [21]. Different O activities during the film preparation can yield different O adsorbate coverages at the
interface between metal and oxide film. Switching reversibly between an O-rich and an O-poor configuration without com-
promising the silica film has been demonstrated [30]. Another study points out that there should exist an ideal O pressure
range, below which the SiO, film decomposes, and above which the substrate forms a bulk oxide [26].

Studies on vapor deposited molecular glasses and on metallic glasses indicate that deposition at lower rates and just
below the glass transition temperature T, provides the glass forming moieties with sufficient mobility to diffuse across
the surface and form lower energy structures than those accessible by quenching a corresponding liquid [31,32]. It has also
been observed that while the long-term changes in glass are negligible at ambient temperature [33], annealing temperatures
several hundred degrees below the glass transition temperature for weeks or months can induce structural changes and
crystallization of the material [34]. In view of the general relationship between enhanced surface mobility and lower energy
glass structures, a systematic investigation of deposition rates vs. deposition temperatures or annealing times vs. annealing
temperatures seems prudent, as using lower annealing temperatures in particular would allow a wider range of possible
substrate materials.

Finally, potential alternative preparation approaches for silica bilayers need to be addressed. The main drawback in the
current procedures used for film preparation is the lack of scalability, a detriment shared by all vacuum-based techniques.
For industrial applications, the cost of materials, the size of films which can be grown and practical methods to manipulate
films have to be considered. As has recently been shown, silica bilayers can be supported by metal thin films, which is more
economical than metal single crystals [14]. By adapting deposition and heating setups to perform uniformly beyond the cur-
rent cm-scale, larger films may successfully be grown. Chemical vapor deposition using appropriate precursor molecules
may be an alternative route to prepare 2D silica films, analogous to the recent successes in preparing large-scale graphene
sheets [35]. Exfoliating vapor-grown films can produce well-defined 2D silica sheets [36], but suffers from low throughput
and is therefore only feasible in fundamental research. Especially for the group of aluminosilicates, other nanofabrication
methods have been developed, which can inspire the production of 2D silica layers going forward.

Tectosilicate or zeolite layers with a mixture of [SiO4] and [AlO4] tetrahedra can be prepared bottom-up from a solution of
molecular precursors. The layers can be either spin coated or self-assembled in solution with structure directing agents, and
films as thin as 2 nm have been obtained [37,38]. Solution-based self-assembly is still an active field of research, and recently
a novel template-free approach was presented to obtain silica nanosheets of 5-7 nm thickness through anisotropic interac-
tion of nanoparticles [39].

Another common approach for the preparation of thin films is the top-down exfoliation of a layered solid. 1.3 nm thick
zeolite nanosheets were exfoliated from layered MCM-22 [41]. Hexacelsians are a subgroup of the sheet-like silicates (phyl-
losilicates), which have been prepared from other silicate polymorphs via high temperature and high pressure routes, but
remain stable at normal conditions [40,42,43]. As shown in Fig. 4, they consist of non-branched double layers of tetrahedra,

Fig. 4. Left: side view and right: top view of BaSi4OgN>, a layered hexacelsian-type structure. Grey triangles represent SiOsN tetrahedra, with N sitting at the
bridging vertex (small black spheres), and larger grey spheres represent Ba?* ions. Reproduced with permission from [40].
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structurally equivalent to silica bilayer films. However, chemically pure SiO, hexacelsian structures have not been observed
so far. Tetrahedral positions in known hexacelsian minerals are statistically filled with Al or Si atoms, vertices can be formed
by O or N, and alkaline or earth alkaline metal ions between the bilayers or inside the hexagonal channels offset the charge
imbalance of the aluminosilicate network. It is unclear whether a pure silicate hexacelsian structure can be prepared, from
which silica bilayers could be exfoliated on a large scale. If existing hexacelsians allow exfoliation of single layers, they might
offer a simple route towards doped 2D silica films.

3. Characterization of pristine silica bilayers

Structural and chemical characterization of silica bilayers has been carried out with a vast array of techniques. We will
briefly summarize the reported results, starting from averaging techniques and high resolution microscopy, discussing con-
tributions from vibrational spectroscopy and theoretic modeling, which finally result in a structural model. After discussing
the characterization of silica bilayers, we will take a closer look at four research fields that either have received novel
impulses from the availability of atomically resolved silica structures, or are likely to benefit in this way from work currently
underway.

Low energy electron diffraction (LEED) patterns of silica bilayers represent the variation in the local structure, indicating a
(2x2) superstructure for predominantly crystalline films and a ring feature for largely amorphous films. SiO, bilayers with
roughly equal amounts of crystalline and amorphous domains exhibit LEED patterns with coexisting (2 x 2) reflexes and ring
features [21]. In case of Pd(1 1 1) supports, incommensurate growth of a silica bilayer yields a moiré pattern, and respective
satellite spots are visible in LEED [13].

Auger electron spectra (AES) of 2D silica on Ru(0 00 1), on Pd(1 0 0) and on Pd(1 1 1) have been reported, showing a main
Si peak around 80 eV, and a smaller Si peak at 63 eV [12,13,27,36]. AES signals corresponding to O have been reported
between 500 eV and 520 eV [12,27].

XPS has been used to characterize the chemical state and stoichiometry of silica bilayer films on Ru(000 1) and Pt(11 1)
substrates with similar results [3,11]. XPS spectra of silica bilayers show one peak for the Si 2p level around 102 eV, which is
assigned to Si** species [3]. No Si>* or Si?* suboxide species have been reported for silica bilayer films, indicating fully oxi-
dized building blocks. The O 1s spectra exhibit a main peak around 531 eV, which is characteristic for Si-O-Si bonds, and a
shoulder at roughly 2 eV lower binding energy. The relative intensity of this shoulder signal can vary depending on the film
preparation. This energy is in agreement with XPS signals for oxygen adsorbed on ruthenium, and is therefore assigned to the
interfacial oxygen coverage, which can be varied without changing the structure of the 2D SiO,, film [30]. For silica films on Pt
(11 1), the relative intensity of the interfacial oxygen signal was lower than for Ru(0 0 0 1), which is in agreement with the
lower oxygen affinity of platinum compared to ruthenium [11].

He" ion scattering spectroscopy was used to compare the surface stoichiometry of predominantly ordered films with that
of amorphous films. The spectra showed almost identical intensities for O, Si and Ru, indicating that crystalline and amor-
phous silica films are chemically equivalent [21].

TPD studies show a clear difference in the CO adsorption of crystalline versus amorphous silica films [21]. Crystalline
films show only one desorption feature with low intensity, corresponding to coverages of 1% (meaning 1% of the surface
Ru atoms have a CO molecule adsorbed on it). This feature is assigned to defect mediated CO-adsorption, and can also be
observed for amorphous bilayers. If the amorphous silica bilayer is prepared in an O-poor configuration, however, additional
adsorption sites are made available, resulting in two additional CO desorption features in TPD. These desorption peaks occur
at higher temperatures and represent around 5% of the film surface. It is assumed that larger rings in the amorphous network
represent such adsorption sites [21].

Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) images reveal films with corrugations of
~20 pm [4], referred to as atomically flat films. The SiO, layers closely follow the substrate morphology, and exhibit steps
that are consistent in height and orientation with monoatomic terrace steps in the underlying substrate [3,12].

Even when depositing sufficient amounts of Si to cover the substrate surface, mesoscopic holes between 10 and 100 nm in
diameter can often be observed in 2D SiO, films. These holes expose the underlying, O-covered metal or monolayer patches
of silica and are assumed to form during the annealing step. Precise temperature control is required to provide sufficiently
high temperatures for complete oxidation, but minimizing dewetting of the silica bilayer films [22].

Based on these holes, different apparent heights from STM measurements have been presented for silica bilayer films. The
reported values range from to 3 A to 5 A for SiO, on Ru(0 00 1) [21,36], and 2 A for SiO, on Pt(1 1 1) [11]. When discussing
STM-based height values however, a cautious approach should be taken, as the measured apparent height depends on the
voltage that is applied and on the respective local densities of state. The different electronic properties of the oxide film, the
plain metal substrate/the oxygen covered metal, and the tip material strongly impact the measurement. Only through care-
ful studies and reference measurements can these factors be deconvoluted [44,45]. Another stumbling block is correlating
measured values with heights from DFT models. The DFT model for the silica bilayer gives a distance of 4.3 A between
the nuclei of the top- and bottommost O atoms in the film [3]. However, the scanning probe will always detect the local elec-
tron density at some distance from the atomic center. Furthermore, when a step height between film and substrate is deter-
mined, the van der Waals gap needs to be taken into account. Depending on the adsorbate concentration on the metal, this
distance can range from 2.75 A to 3.85 A [30]. It is therefore necessary to report apparent heights with a complete set of mea-
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Fig. 5. Atomic resolution STM images of silica bilayers, all scan frames 3.5 nm x 3.5 nm. a) Crystalline bilayer with visible Si atomic positions, Vs=3V,
Ir=100 pA. b) Crystalline bilayer with visible O atomic positions, Vs=0.1V, Ir=100 pA. c) Amorphous bilayer with visible Si atomic positions, Vs=2V,
I+ =50 pA. d) Amorphous bilayer with visible O atomic positions, Vs = 0.1V, I = 100 pA. Adapted with permission from [46].

surement parameters, including the material of the tip. When comparing relative values of apparent height, these experi-
mental conditions should be specifically addressed.

High resolution STM and AFM images reveal the atomic positions of either O or Si atoms, depending on the tip configu-
ration [46]. Sets of four Si atoms are arranged in windmill-like shapes with Si-Si distances of 3.01 A to 3.15 A as shown in
Fig. 5a. A different contrast reveals O atomic positions, which are arranged in sets of three, see Fig. 5b. Based on STM images,
0-0 distances from 2.59 A to 2.72 A with standard deviations of 0.2 A have been reported, which agrees with the value of
2.65 A, established by ND and XRD experiments. The uncertainty reflects the relatively small number of positions that are
considered (in comparison to bulk silica measurements), as well as some uncertainty in the process of coordinate extraction
[46]. Both Fig. 5a and b exhibit a periodic arrangement of the small building unit in a honeycomb lattice. This arrangement is
referred to as crystalline 2D SiO,.

The Si-contrast and the O-contrast have also been observed for amorphous silica bilayers (also referred to as vitreous sil-
ica), as shown in Fig. 5c and d [46]. Combining both contrasts by placing a Si atom in the center of each O triangle, yields a
complete set of atomic coordinates for the top layer of the film. The observed triangular [SiOs]-building block is one face of
the [SiO4] tetrahedra that form this film system [4].

The in-plane bonds between tetrahedra can assume different angles. Si-Si-Si angles of 120.2 + 6.3° yield a hexagonal hon-
eycomb lattice with the exact periodicity depending on the substrate. Reported values for lattice constants on different sub-
strates are presented in Table 1. Si-Si-Si angles of 120.2 + 14.7° have been measured for amorphous networks, forming
different rings. Ring sizes range from four- to nine-membered, as indicated with different colors in Fig. 5¢ and d. Ordered
and amorphous domains are often found on the same sample, which also allows the investigation of the phase boundary
between amorphous and crystalline regions [24].

These structures have also been observed for a silica film supported on graphene using scanning transmission electron
microscopy (STEM) [16]. Annular-dark field STEM images clearly show bright spots that are assigned to Si positions and
slightly increased signal intensity between those positions, which is assigned to the O atoms. Electron energy loss spec-
troscopy (EELS) fine structure measurements indicate the presence of [SiO4] building blocks [15,16]. The coexistence of crys-
talline and amorphous structures has been corroborated as well by STEM data.

Another important contribution for the structure model of silica bilayers is provided by infrared reflection absorption
spectroscopy (IRAS). A typical spectrum showing two clear absorption bands and schematics of the molecular vibrations
involved is presented in Fig. 6. DFT calculations using a bilayer model can quantitatively reproduce the vibrational features.
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Fig. 6. IR spectrum of silica bilayer on Ru(0 0 0 1), showing the two characteristic signals and the corresponding molecular vibrations as schematic. Adapted
from [1]

The main IRAS feature is an absorption band around 1300 cm ™' that corresponds to the vibration of Si-O-Si bridges [3]. Due
to metal surface selection rules dominating the signal intensity, the vibration at 1300 cm™! is assigned to Si-O-Si groups
vibrating perpendicular to the surface. Therefore, the vibrational signature clearly indicates a bilayer structure, where two
sheets of building blocks are arranged on the metal substrate, resulting in a Si-O-Si group being oriented perpendicular
to the surface. A second characteristic signal in IR spectra is observed around 692 cm™!, indicating an out-of-plane vibration
of the Si-O-Si bonds positioned parallel to the surface. Recently, a study of 2D silica signatures in Raman spectroscopy was
presented [47], providing a means of fast characterization of silica bilayers, as is needed for large-scale production. The mea-
sured spectrum containing five identifiable Raman features is shown in Fig. 7a, and the DFT-based density of states including
the two major IR-active modes is presented in Fig. 7b.
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Fig. 7. a) measured Raman spectrum of a 2D silica film. b) calculated phonon density of states including IR active vibrational modes. (Reproduced with
permission from [47]) c) Relative energies of different ring sizes, based on DFT models for isolated, hydroxylated double rings, as shown for the case of a six-
membered ring. Reproduced with permission from [4].
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Theoretical structure models have been developed in tandem with experiments. DFT calculations confirm the energetic
feasibility of a hexagonal silica bilayer structure [3], indicating that the interaction with a substrate substantially stabilizes
the film [16]. In the best model, each tetrahedron is connected via three O vertices in plane, while the fourth oxygen bridge
connects to a tetrahedron in the other layer of the bilayer structure. The bridging oxygen positions form a mirror plane, cut-
ting through the bilayer. These structural features are reflected in scanning probe microscopy (SPM) data and IRAS spectra,
and can be reconciled with all other experimental evidence.

Note that due to this mirror plane cutting through the oxygen bridges, silica bilayers are considered highly ordered in the
z-direction (parallel to the oxygen bridges), regardless of whether the xy-plane (image plane in SPM) exhibits crystalline or
amorphous morphology.

The combination of XPS, IRAS and DFT is also crucial to understanding the role of interfacial oxygen, which can form an
ordered adlayer between the metal and the silica film. Before depositing Si in the film preparation, the Ru(0 0 0 1) is covered
with oxygen. Depending on the preparation details, a (2 x 1)O-Ru(0001) or a (2 x 2)30-Ru(000 1) surface has been
reported, the latter called an O-rich film [3,4]. DFT models show that SiO, bilayers on Ru(0 0 0 1) are stable with zero (called
O-poor films), two, four, six or eight O-atoms at the interface per (2 x 2) unit cell. The interfacial oxygen can be reversibly
removed and replaced by heating the system in UHV or in oxygen partial pressure, respectively [30]. This process does not
significantly affect the film structure. The presence of adsorbed oxygen can be detected as a shoulder in the O1s signal in XPS.
The energy of this shoulder is in good agreement with O adsorbed on plain Ru(0 0 0 1), while the intensity correlates with the
oxygen coverage |3]. This shoulder signal is significantly weaker for silica films grown on Pt(1 1 1), which has a lower oxygen
affinity [11].

For 2D silica grown on Pd(1 0 0), the presence of a well-ordered interfacial oxygen layer has been ruled out, considering
the incommensurability of the Pd-lattice, the hexagonal silica lattice and a possible (2 x 2) oxygen lattice [12]. The silica
films grown in solid state growth methods were not annealed in an oxygen partial pressure [15,16]. Extrapolating from
the UHV-annealed films on ruthenium, which tend to form the O-poor system, we can assume that the solid-state grown
films have no interfacial oxygen.

The network structures of silica bilayers seem largely unaffected by the presence or absence of an underlying oxygen
layer. However, the interfacial oxygen plays an important role for the adsorption properties of the system, which will be fur-
ther addressed in Section 4. Furthermore, adsorbed oxygen influences the overall work function, which is discussed below
with other electronic properties.

The electronic properties of silica bilayers have been investigated to a lesser extent that their atomic structure, and some
aspects of the electronic structure have not been addressed to far. Employing scanning probe assisted methods, the work
function and band gap of silica bilayers have been studied early on.

By sweeping the bias between STM tip and sample, field emission resonance spectra can be obtained. Extracting the ener-
getic onset of the resonances gives insight into the material’s work function. Using this method, it was found that the prepa-
ration of a silica monolayer on Ru(000 1) lowers the system’s work function from initially 5.5 eV to 4.65 eV. The bilayer
preparation on the other hand, gives a work function value of 5.5 eV. Therefore, the work function difference between the
monolayer and the bilayer system is 0.85 eV [48].

This value can be compared against the local contact potential, which was determined with a Kelvin probe measurement
using the AFM sensor [49]. This measurement does not give the absolute work function, but by measuring a monolayer film
and a bilayer on the same substrate with the same setup, the work function change can be obtained. Based on this approach,
the work function of a silica bilayer on Ru is 0.07 eV higher than that of a monolayer [48]. However, more experiments are
needed to understand the electronic properties relevant to catalytic and nanoelectronic applications. Mapping the work
function differences on crystalline and amorphous films, as well as on defect sites and different building blocks with high
local resolution would allow understanding the contact potential variations within the tetrahedral network, which determi-
nes reactivity and transport properties.

Other components of the thin film system are also known to influence the work function. In an XPS study, the removal of
the oxygen adsorbate layer was found to lower the overall work function by 0.8 eV [50]. This was corroborated in a study
investigating different O-coverages underneath a silica bilayer, which reported a slightly larger work function decrease of
0.95 eV for the complete removal of interfacial oxygen [51]. XPS was also used to investigate the adsorption of Pd and Au
atoms, which are preferentially located at the film-substrate interface. It was observed that adsorbed Pd or Au atoms
decrease the system’s work function by up to 1.2 eV, correlating with the coverage amount [50]. Corresponding DFT calcu-
lations show that electrons are transferred from the adatoms to the substrate, which explains the macroscopic work function
reduction. Similar effects are predicted for the adsorption of Na or Mg. The respective work function decreases are predicted
to be at least 1 eV, and substantially more if the positive adatoms are located on top of the film surface [52]. Hence, metal
atom adsorption introduces reactive sites into the otherwise inert silica film. The influence of those dopants that are cova-
lently bound in the film structure has not been determined so far. It is however expected that replacing a number of Si net-
work nodes with Al atoms would alter the electronic properties.

The local density of states can also be probed with an STM tip, which allows extracting a value for the band gap of the film.
For a SiO; bilayer on Ru(0 0 0 1), a value of 6.5 eV was determined, which is slightly lower than the value of 6.7 eV obtained
for the monolayer [48]. Several DFT studies report densities of state, from which a band gap might be derived. Calculations
from different groups using a generalized gradient approximation find values between 4.5 eV and 5.73 eV [16,25,50]. A com-
parison of a fully hexagonal bilayer and a so-called haeckelite bilayer (comprised of only five- and seven-membered rings)
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shows a slight change in the respective work function [25]. The same study also used a hybrid HSE06 functional, which is
more suitable for estimating band gaps. This treatment yields a band gap of up to 7.2 eV for the silica bilayer [25].

Complete band structure measurements of silica bilayers, including the role of the oxygen adsorbate layer, are of interest
to characterize this material further. The atomic-level structural characterization, coupled with band structure studies, may
yield new insights into band structures of disordered solids.

In order to model amorphous systems, DFT models of extended defect structures can be created. Starting from a hexag-
onal bilayer, a model defect can be created by rotating a Si-O-Si bond by 90°. This operation yields a Stone-Wales type
defect, consisting of two five-membered rings and two seven-membered rings. By repeating this step, DFT models of amor-
phous silica bilayers can be obtained. The energy difference between ordered and disordered silica bilayers was found to be
lower than the typical energy difference between crystalline and vitreous bulk silica [4]. Hence, amorphous 2D SiO, films are
concluded to be metastable. The relative energy for differently sized rings was determined for isolated double rings saturated
with OH-groups, shown in Fig. 7c [4]. These relative energies roughly correlate with the observed distribution of ring sizes,
indicating that the six-membered ring is the most stable species, and that five- and seven-membered rings, eight-membered
rings and four-and nine-membered rings are successively higher in energy [4].

3.1. Impact of real-space data on amorphous network structures

The surface structure of silica has been studied for decades, in crystalline and amorphous forms. Due to its surface rough-
ness and insulating nature, amorphous SiO, is an especially challenging material for many surface science methods, as they
often rely on charge transport. 2D silica films are atomically flat and allow the unhampered investigation of this electrical
insulator with surface science. High resolution microscopy has revealed the atomic structure of these films, which is partic-
ularly insightful in case of defect-rich and amorphous silica films. The availability of these data has implications for several
distinct research topics, which we will discuss briefly. We will leave all matters relating catalysis for Section 4, where we
deal with chemical modifications to silica films, which in turn affect the reactivity.

3.2. Obtaining locally resolved information on defect structures

Defect structures such as coordination defects, packing defects and grain boundaries represent a deviation from the per-
fect crystal structure. Historically, experimental techniques for studying atomic structures have relied on integrating a signal
over many atomic positions in a crystal. Through this approach, X-ray diffraction (XRD), neutron diffraction (ND) and nuclear
magnetic resonance spectroscopy (NMR) contributed to the discovery of many structures. Rare and isolated defect sites,
however, give only weak signal contributions in these techniques, and materials without long-range order produce broad
signals that defy unambiguous assignments.

Microscopy can provide information in real space, and hence address local defects with high resolution. Rough surfaces
have previously impeded the interpretation of microscopy data from glass samples [53,54]. This challenge is overcome with
the creation of a thin film system that reproduces the flatness of its single crystal substrate. Hence, a defect-rich silica system
is accessible for real-space techniques. Understanding what drives the formation of defects and how they affect material
properties is the basis for developing custom-tailored thin films.

In this section, we will consider structural defects of crystalline silica bilayers, where elements deviating from the ordered
honeycomb lattice are observed. This is to be distinguished from coordinative defects, like under- or over-coordinated atoms,
which are not observed in continuous silica bilayers.

Crystalline SiO, bilayer films can exhibit different point defects and line defects, which were imaged with atomic reso-
lution. Several structure motifs that are observed in silica layers can also be found in other honeycomb networks. Fig. 8a-
d shows models of different point defects (top row), which have been observed in silica layers (data from STEM shown in
middle row) and in graphene sheets (bottom row). Note the different length scales for the two networks; one edge in the
model represents the Si-O-Si moiety for the SiO, bilayer, but a C-C bond with roughly half the length in case of the graphene
monolayer. All the point defects shown in this figure exclusively consist of five-, six- and seven-membered rings. The defect
shown in Fig. 8a, formed by two seven-membered and two five-membered rings, is known as the Stone Wales defect and
occurs frequently in hexagonal systems [55-57]. Starting from a honeycomb lattice, the Stone Wales defect can be created
conceptually, via rotating one Si-O-Si group per layer by 90 degrees. Bond excitation through an electron beam in STEM
experiments has been employed to create and to annihilate Stone-Wales defects in silica bilayers [58,59], but some details
of the defect formation mechanism remain to be resolved further. The defect shown in Fig. 8b possesses the shape of a
flower, and consists of a microcrystallite domain in the center that is rotated by 30° with respect to the orientation of the
main lattice, separated by a boundary of five- and seven-membered rings.

Both the Stone-Wales and the flower defect have the same atom density as the ordered lattice, and can be formed by sim-
ple bond rearrangements. These kinds of defects are topological defects [58]. The divacancy defect shown in Fig. 8c, however,
has a lower density compared to the surrounding lattice, while the cross-shaped defect in Fig. 8d shows a higher density than
the surrounding sheet. The formation of these defects includes addition or removal of atoms.

Several kinds of line defects have been reported for silica bilayers, typically labelled as grain boundary or domain bound-
ary. Grain boundaries can best be classified by the ring sizes that are incorporated in it and their orientation with respect to
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Fig. 8. Point defects in hexagonal networks. Models (top row) and TEM images of different point defects in hexagonal networks, observed in silica bilayers
supported on graphene (middle row) and graphene (bottom row), respectively. a) Stone-Wales defect, b) flower defect, c) double vacancy d) cross-shaped
defect with additional atoms. Reproduced with permission from [58].

the metal substrate. Fig. 9a shows an STM image of a crystalline silica bilayer on Ru(0 0 0 1) with three grain boundaries
intersecting in the lower half of the image [60]. Two of those grain boundaries consist of alternating five- and seven-
membered rings and are found with many different orientations on the substrate. For short, we will call these structure ele-
ments 57-boundaries, and label other line defects accordingly. 57-boundaries typically separate two hexagonal domains
which are rotated by 30° [60]. The point defects shown in Fig. 8 can be considered closed-loop versions of the 57-
boundary as well. Except for the Stone-Wales defect, all these point defects contain one or several hexagons, which are
rotated by 30° with respect to the surrounding crystalline domain. A TEM study of 2D SiO, on graphene reported a similar
network of meandering grain boundaries consisting of five- and seven-membered rings [16,58].

On the lower left-hand corner of Fig. 9a, a straight domain boundary is shown, consisting of two five-membered rings and
one eight-membered ring as the repeating element. For SiO, bilayers on Ru(0 0 0 1), this is the most frequently observed type
of domain boundary [60]. It is found to separate grains of crystalline SiO,, which exhibit the same orientation but are offset
by one Ru(0 0 0 1) lattice constant. 558-boundaries are observed only in the [1 0 0 0] direction of the Ru substrate, or rotated
by 60° or 120°, respectively.

In rare cases, domain boundaries formed by alternating four- and eight-membered rings or more complex ring arrange-
ments between grains are observed in crystalline silica bilayers on Ru(000 1) [60].

For 2D SiO, on Pd(100), an array of antiphase domain boundaries has been observed, that preferentially run across
the crystal direction of the silica network, with an elongated unit cell in the Pd [011] direction [12]. Fig. 9b shows a
high resolution STM of the SiO, film, indicating the domain boundaries with white arrows. The structure model for this
type of boundary is presented in Fig.9c, consisting of elongated eight-membered rings, separating two hexagonal
domains with the same orientation and offset by one substrate lattice constant. A side view of the domain boundary
in Fig. 9d shows that the Si position situated in the middle of the boundary is bridged via two oxygen atoms to the
Si atom below. As a consequence the silica film contains highly strained two-membered rings, but it is stoichiometrically
still SiO,.

Atomically resolved data on ordered and amorphous SiO, bilayers allows studying the similarities that defects in the
ordered phase exhibit in comparison to amorphous networks [60]. One common concept of amorphous structures
assumes that they are merely the spatially extended version of local defects, which have been studied for many decades
[61]. It was found however, while the topological transition from a honeycomb lattice to a disordered network gradually
introduces ring size variations [24]|, domain boundaries in crystalline SiO, abruptly exhibit very strained ring sizes
directly interfacing the crystalline phase [60]. Hence, domain boundaries are unlikely precursors for the amorphous
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Fig. 9. Grain boundaries in crystalline 2D SiO, films. a) Crystalline 2D SiO,/Ru(0 0 0 1), exhibiting two 57-domain boundaries and a 558-domain boundary.
On the lower half of the image, Si positions are marked with black circles, and color-coded disks mark the structure model. Scan area 7.4 nm x 7.4 nm,
Vs=0.5V, Ir =100 pA, adapted with permission from [60]. b) Crystalline 2D SiO,/Pd(1 0 0), exhibiting antiphase domain boundaries. White arrows indicate
the boundaries. The grey scale for this STM was cycled through twice to show the contrast on the upper and lower terrace, Vs = 0.5 V. ¢) Structural model of
crystalline 2D SiO,/Pd(1 0 0), exhibiting a domain boundary consisting of 8-membered rings in the imaging plane. d) Side view of the structure element of
the domain boundary, exhibiting two-membered rings connecting the top and bottom layer. Panels b)- d) reproduced with permission from [12].

phase. All observed line defects were also highly periodic in their ring arrangement, while amorphous regions do not
show any periodicity.

In graphene and 2D semiconductor materials, defects crucially influence mechanical and electronic properties, and have
considerable impact on the ability to use the respective 2D material in technological applications [62]. Depending on the
intended use, controlling the occurrence and morphology of defects can be an objective, also known as defect engineering,
but avoiding defects altogether is the common goal of many studies. A DFT study suggested that tuning defects in SiO,
through preparation conditions may be possible by choosing substrates that provide the right amount of epitaxial strain.
Due to the strain, ring motifs other than hexagons are lowered energetically, and therefore various domain boundary struc-
tures may be created with suitable substrates [26]. Conversely, choosing a low-mismatch substrate should help minimize
line defects. This approach was successfully demonstrated by custom-tailoring the lattice constant of a metal thin film sub-
strate. By preparing 2D silica on a 48% Ni and 52% Pd alloy thin film, epitaxial strain was minimized, and the resulting films
exhibit a sharp (2 x 2) LEED pattern. In STM, no line defects and no amorphous regions have been observed, indicating a
‘zero-strain’ system [14].

Only few experimental studies have investigated the material properties resulting from the presence of point and line
defects in silica bilayer films. Structural defects have been considered as potential reactive sites for hydroxylation, but coor-
dinative defects such as atomic positions at step edges are assumed to be more reactive [63].

As line defects in 2D SiO, consist of ring sizes other than the hexagons that form the crystalline lattice, they provide larger
pore sizes for atomic or molecular species to penetrate the oxide film. This property has been used for adsorption experi-
ments with single Au atoms on defect-rich 2D SiO, on Ru(00 0 1). Gold atoms are too large to migrate through the six-
membered rings of crystalline silica bilayers, but they have been observed to penetrate the 558-domain boundary, most
likely diffusing through the eight-membered rings [50].
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Fig. 10. Models of SiO, glass networks. a) Zachariasen model of a continuous random network. Reproduced with permission from [67]. b) Triangle raft by
Shackelford, modeling glass networks. Reproduced with permission from [68]. c) Network structure of a SiO, bilayer on Ru(0 0 0 1), based on STM data.

3.3. Understanding the nature of the glassy state

In contrast to crystalline materials, which can be described structurally in simple ways, amorphous or glassy materials
still hold a few mysteries. No experimental technique is able to provide real space atomic structure data of a bulk glass
at this point. For the last century, the main source of insights on glasses were diffraction experiments, which provide infor-
mation in reciprocal space, averaged over many atomic positions. Due to the lack of periodicity in glasses, diffractograms
typically consist of broad signals and are not straightforward to interpret. Instead, model glass structures were developed
and their diffraction signature compared to experiments. For a historic overview of modeling approaches for understanding
glasses, we recommend a review by A. C. Wright and M. Thorpe [64].

The discovery of atomically flat SiO, films allows collecting atomic resolution data of amorphous structures and is there-
fore an important step in evolving our concept of glassy materials. A prominent feature of the topology images are the ring
units formed by several tetrahedral building blocks. The existence of such rings had already been deduced from measure-
ments of the characteristic vibrational modes of bulk silica [65]. Furthermore, distributions of ring sizes had been inferred
from measuring silica’s permeability for gas species of different sizes [66].

Real space data on the amorphous ring network not only provide direct evidence for the existence of such rings, but can
further address their spatial arrangement, providing two-dimensional information which simply cannot be captured in one-
dimensional data like pair correlation functions typically extracted from diffraction results.

The structures observed on amorphous silica bilayers have been compared against amorphous structure concepts from
literature. The resemblance of the 2D network of rings to Zachariasen’s random continuous network is striking, although
the original Zachariasen postulate was describing a three-dimensional (3D) network and merely using a two-dimensional
illustration shown in Fig. 10a for clarity [4,16,67]. Zachariasen hypothesized that the tetrahedral building unit for crystalline
and amorphous analogs of the same compound would be identical. High-resolution STM images of crystalline and amor-
phous silica bilayers on Ru(0 0 0 1) verified this assumption [46]. It is the connection of two or more [SiO4] tetrahedra that
introduces variation in the connection angles, which allows the formation of different ring sizes.

SiO, bilayers on Ru(000 1), on Pt(11 1) and on Pd(1 00) contain rings ranging mostly from four- to nine-membered
[4,11,23]. Electron microscopy images of 2D SiO, on graphene showed rings from three- to ten-membered [16]. Ring
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Fig. 11. a) Ring statistic of an amorphous 2D SiO,/Ru(0 0 0 1) network (317 rings), compared to b) ring statistic from an artificially generated triangle raft
structure (237 rings). Both systems exhibit a log-normal ring size distribution, as shown in c). a)-c) reproduced with permission from [69].
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statistics for the Ru(0 0 0 1)- and Pd(1 0 0)-supported networks exhibit a lognormal distribution, such as the example shown
in Fig. 11a[23,69]. The fact that the ring sizes show a distribution that is asymmetric with respect to the maximum was pre-
dicted by Shackelford on the basis of artificially created triangle rafts, shown in Fig. 10b [68,70]. These structures were devel-
oped to recreate Zachariasen’s two-dimensional illustration by randomly connecting triangular building blocks into a
network of rings. The resulting distribution of ring sizes is shown in Fig. 11b. Even though the maximum ring size was lim-
ited at eight for the triangle raft, the distributions for both the silica bilayer and the triangle raft follow a similar log-normal
distribution, compared in a log-normal probability plot in Fig. 11c [69]. A deviation from this log-normal distribution is pre-
dicted for silica networks under large pressures. Molecular dynamics (MD) simulations of these systems observe a widening
of the ring size distribution, transitioning into a normal distribution [70].

The reported ring statistics for 2D SiO, on graphene deviate somewhat from the distributions for metal-supported silica
layers, which can be assigned to a different criterion that was used for selecting amorphous areas [16]. Here, microcrystalline
regions of 3 x 3 hexagons were excluded from the statistics of the amorphous regions, while such a distinction has not been
mentioned for metal-supported SiO, layers. The different approaches of the respective author teams highlight that the com-
mon definition of a crystalline solid exhibits a gap when very short length scales are considered.

The ring size distribution (Fig. 11) observed in SiO, bilayers qualitatively reflects the relative formation energies for dif-
ferent ring sizes, as determined by DFT calculations (see Fig. 7c). Atomically resolved images of extended networks, however,
provide the opportunity to study larger sheets and identify conditions for the spatial arrangement of different rings. This was
done for a network of 317 rings in a silica bilayer on Ru(0 0 0 1) [69], and in a comparative study for several datasets of silica
bilayers from experiment and theory [71]. For ring triplets sharing a central Si atom, it was observed that the possible ring
combinations are governed by geometrical strain that limits the variation in the tetrahedral angle [69]. As a consequence, the
arrangement of rings is not random, but large rings are preferably found next to small rings and vice versa. In particular, the
Aboav-Weaire law captures this tendency, which is also found in other cellular networks like biological tissue or condensed
droplets [57]. The Aboav-Weaire law predicts the mean size of the distribution of rings that are found adjacent to a particular
ring size. In a study comparing silica ring networks from several experimental studies and theoretical amorphous sheets, it
was established that the Aboav-Weaire law reflects a seemingly universal topological requirement for 2D amorphous net-
works [71], providing a good fit for all networks that were studied. However, the (empirically chosen) fitting parameters
appear to be unique to each studied network [69,72].

Another morphological descriptor developed from the investigation of cellular networks is Lewis’ law, establishing a lin-
ear relationship between the vertices in a polygon and its area [72,73]. It was found, however, that Lewis’ law is not the best
descriptor for the size-area relationship for polygons in the silica network. In the regime of covalent bond networks with
little variability in bond lengths, network structures relax into the least distorted ring shapes possible, maximizing ring areas
[71].

Developing a better conceptual description for glasses is the motivation for studying successively larger building units of
amorphous networks, beyond rings that are directly adjacent. A recent study explored the ring correlations of an extended
theoretical network of ~50,000 rings [74], determining over which lateral distances ring sizes show any size correlation. It
was found that analyzing the ring network under the criterion of topological distances led to artifacts of long-range corre-
lations, while analyses based on the simple geometric distance showed that correlations cease across roughly three ring
diameters [74].

Such insights on how to best analyze and describe amorphous networks can potentially be transferred to other disordered
and defect-rich systems. A study compared the respective pair distance histograms and ring size distributions of several two-
dimensional structures, shown in Figs. 12 and 13 [55,75]. The selection for this cross-system comparison includes ordered
and disordered systems, as well as covalently bound and macroscopic systems, all of which have a threefold connectivity for
each building block, and for which high resolution images or 2D structure data was available at the time. The panels in Fig. 12
show a) the model of a 7 x 7 reconstruction of a Si(1 1 1) surface [76], b) an STM image of a crystalline SiO, bilayer on Ru
(0001)[46], c)an STM image of an amorphous SiO, bilayer on Ru(0 00 1) [55], d) a DFT model of amorphous graphene [77],
while Fig. 13 shows e) an STM of a metastable, defect-rich Cu,0O (1 1 1) surface [78], f) an STM of polymerized 1,3,5-tris(4-
bromophenyl) benzene (TBPB) on Au(1 1 1) [79], g) a computational triangle raft [70], and h) a macroscopic bubble raft [55],
and the respective ring size histogram.

It was found that the pair distance histograms for all tetrahedral networks show good agreement. Regarding ring sizes,
some differences are observed. A convenient way to compare the distributions of different ring sizes is to plot their respec-
tive probability against a logarithmic scale, shown in Fig. 14. Based on the studies on triangle rafts, Shackelford proposed that
all 2D amorphous networks should adhere to a log-normal distribution, which gives a linear behavior in this plot [70]. It was
found that the amorphous systems with covalent bonds indeed adhere to a log-normal distribution. This observation is
assigned to the rigidity of the bond lengths and angles, which constrain the tiling of the 2D plane with certain ring sizes.
This limitation does not exist for the network of soap bubbles. Hence, the ring size distribution has a greater degree of flex-
ibility and cannot be described suitably by a log-normal distribution. Furthermore, the Si (7 x 7) reconstruction exhibits a
distribution of different ring sizes, but is highly ordered. Its ring sizes do not follow a log-normal distribution, as seen in
Fig. 14. Understanding the structure formation of silica bilayers may be applicable to other bilayer systems and materials
with double ring motifs, such as zeolite secondary building units (SBUs) [80], water bilayers [81], or double cages in
carbohydrates.
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Fig. 12. Comparing real-space structures of 2D tetrahedral networks. Connection points are marked with small green spheres and different ring sizes are
marked with color-coded disks. a) Model of a Si(1 1 1) surface in the 7 x 7 reconstruction. The corresponding ring size histogram shows five-, six-, and
eight-membered rings. b) STM of crystalline SiO, bilayer. Only six-membered rings occur. ¢) STM of amorphous SiO, bilayer. Ring sizes from four to nine are
observed. d) DFT model of amorphous graphene, exhibiting ring sizes from five to nine. Reproduced with permission from [75]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

In discussing order and disorder, crystals and amorphous materials, cross-referencing the properties of quasicrystals can
be enlightening. The discovery of quasicrystalline systems has reshaped our understanding of crystallinity [82,83]. Although
most quasicrystalline structures have been reported for metal alloys, also other material classes form quasicrystals. Recently,
thin film quasicrystalline systems have become available for an oxide and a self-assembled molecule network [84,85]. Thus,
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Fig. 13. Comparing real-space structures of 2D tetrahedral networks (continued). Connection points are marked with small green spheres and different ring
sizes are marked with color-coded disks. e) STM of defect-rich Cu,O(1 1 1). The ring size histogram shows ring sizes from five- to seven-membered. f) STM
of polymerized TBPB on Au(1 1 1), forming four- to eight-membered rings. g) Triangle raft. The ring size histogram shows four- to eight-membered rings. h)
Macroscopic bubble raft. Four- to eight-membered rings are observed. Reproduced with permission from [75]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

a comparison of structures can be drawn immediately, considering only the surface plane and discussing the building blocks
on the basis of STM images. The quasicrystal networks contain a discrete number of secondary building units, with fixed
geometries. Both a quasicrystalline BaTiO3 thin film grown on Pt(1 1 1) and a 2D metal organic framework on Au(11 1)

org/10.1016/j.progsurf.2017.09.001
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Fig. 14. Log-normal probability plot for ring size distributions of 2D networks referenced in Figs. 12 and 13. The crystalline silica network exhibits only one
ring size and is not represented in this diagram. The black line is a guide to the eye, marking a possible linear progression. The Si (7 x 7) reconstruction
deviates clearly from a linear behavior. Reproduced with permission from [75].

Fig. 15. Schematic of two-dimensional crystal, amorphous network, and quasi-crystal. a) Ordered honeycomb lattice, exhibiting long-range order and
periodicity with a constant coordination number. b) Amorphous network without long-range order or periodicity, but a constant coordination number. c)
Quasicrystalline network, exhibiting long-range order, but no periodicity and varying coordination numbers.

consist of quadratic and triangular tiles filling 2D space [84,85]. The squares and triangles are highly symmetric and have
fixed internal angles.

Conversely, 2D silica exhibits more flexibility in its bond angles, connecting tetrahedral building units to various ring
sizes, including distorted rings. When the structural building units are connected with regular angles, an ordered lattice with
long range order and periodicity is the result, shown schematically in Fig. 15a. In amorphous silica, the 2D space can be fully
covered with the secondary building units, with rings stretching or compressing to fit together, shown in Fig. 15b. In both
crystalline and amorphous 2D SiO,, the coordination number is constant. In quasicrystals on the other hand, the space filling
problem is solved by varying the coordination number of the rigid tiles, visible in Fig. 15c. Both amorphous networks and
quasicrystals lack long range periodicity, but the latter exhibit long-range order. For both the amorphous and the quasicrys-
tal thin film models, it is surprising that it is possible to grow an ultrathin, aperiodic system on single crystal substrates,
which should provide a strong drive towards highly ordered structures.

The ability to manipulate the structure of silica bilayers, coupled with the availability of atomically resolved data, also
sheds light on the process of glass transition, which at this point is still not fully understood. Due to the coexistence of crys-
talline and amorphous domains in many silica film preparations, the structural relationship between the crystal and the
glass was thoroughly described based on STM data [24]. A 2D SiO, layer was imaged with atomic resolution, revealing a
crystalline-amorphous interface. In the transition region, the chemical coordination of all positions is constant, without
over- or undercoordination. Adjacent to the crystalline phase, only five-, six- and seven-membered rings were observed,
while other ring sizes were not observed directly at the interface, but only occurred deeper into the amorphous region
[24]. By defining and tracking a crystallinity value across different regions of the image, the transition from a fully crystalline
to a prototypical amorphous region is captured quantitatively, including defining a transition width. For the silica bilayer, the
transition region was found to be 1.6 nm wide. These observations are reproduced qualitatively by a crystalline-amorphous
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Fig. 16. a-d) STEM images showing a dynamic ring rearrangement from a 5775-cluster to a 6666-cluster, excited by the imaging electron beam. Reproduced
with permission from [59]. e-j) Series of STM images on amorphous 2D SiO,/Pd(1 0 0). While the sample bias is varied, certain atomic positions in the image
change contrast. One ‘fading wall’ is presented in the zoom in the lower left corner of each scan. Scale bar 1 nm. Reproduced with permission from [23].

transition of a bubble raft [86], which again indicates that insights gained from 2D silica films can be generalized to describe
other 2D amorphous systems.

To what extent the insights gained on 2D amorphous silica can be transferred to 3D amorphous solids, needs to be deter-
mined through further studies. EELS [16] and XPS [3] suggest that 2D silica is chemically equivalent to bulk silica, also pair
correlation functions derived from STM data of 2D glass show good agreement to XRD and ND measurements of 3D glass,
indicating structural similarities [4]. Further investigations are needed to determine the limitations of 2D SiO, as a model
for glassy materials.

3.4. Explaining material properties through local phenomena

Thus far, we have discussed amorphous structures and local defects as an isolated topic. But investigating silica structures
with high spatial resolution should ultimately lead to an improved understanding of the interrelationship of local structure
and overall material properties.

SiO, bilayers allow studying and manipulating structures at the atomic scale with a high degree of control. By exciting the
network through a focused electron beam, information on bond flipping processes was gained in a STEM study [59]. The
relaxation from a cluster of two five-membered and two seven-membered rings into four hexagons is clearly visible in
Fig. 16a-d. This approach reveals possible formation pathways for amorphous networks.

Observing such dynamic rearrangements on a larger scale could provide exciting new insights into the glass transition
during the cooling of a melt. This thermodynamic process will be investigated in the ERC project “Crystalline and vitreous
silica films and their interconversion” (2016-2020).

Working with scanning tunneling microscopy, electronic properties of 2D silica films can be addressed as well. Scanning
the surface of silica bilayers on Pd(1 0 0) substrates at different sample voltages, it was found that certain atomic positions
reversibly change their contrast, as shown in Fig. 16e-j [23]. These “fading walls” represent a possibility to address local vari-
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ations in the density of states. In particular, oxygen positions involved in two seven-membered rings, or in the border of one
seven-membered and one six-membered ring show this bias dependent contrast, indicating that the structural distortion
influences the electronic properties. Several possible effects can be assigned for this phenomenon. The distortion might lead
to re-hybridization of the involved orbitals, or the tilt in the tetrahedra may bring some atoms closer to the metal substrate
than others, resulting in stronger coupling [23].

Point spectroscopy techniques that are often combined with scanning probe microscopy, might be a way to address these
open questions. While scanning tunneling spectroscopy (STS) on 2D silica can be challenging due to tip instabilities, it has
been used to determine the material band gap, yielding a value of 6.5 eV [48]. Comparing STS or Kelvin probe measurements
from defect sites or different ring arrangements against measurements from ordered terrace sites could unlock the local elec-
tronic structure, as has been demonstrated for MgO line defects in past studies [87].

When silica bilayers are studied theoretically, an even higher degree of structural control can be exerted. Building a model
in silico allows, in Feynman’s words, to “arrange the atoms the way we want; the very atoms, all the way down!”[88] By
introducing a well-defined amount of defects into a hexagonal sheet of silica, the influence of disorder on material properties
is investigated, as well as the question: how much disorder do we need for a suitable model? A recent DFT study compared
models of a hexagonal silica bilayer against a so-called haeckelite phase - a crystalline bilayer sheet formed by only five-
membered and seven-membered rings [25]. Using both models, the effect of mechanical strain on the electronic properties
was investigated. An MD study simplified the amorphous network by only considering ring sizes from five to eight [74].

A different approach is the stepwise introduction of 57-defects into an ordered silica sheet, while monitoring the change
in properties as a function of the disorder [89]. By controlling the degree of disorder, phonon propagation in this material can
be addressed, which in turn directs mechanical properties and heat conduction, both crucial parameters for technological
applications. Heat transport in crystals is interpreted as phonons propagating through the bulk, which highlights that local
defects and disorder must play a role in attenuating traveling waves. For the boundary case of a completely disordered glass,
thermally excited hops are assumed as transport mechanism [90]. The effects of disorder are believed to play a larger role in
two-dimensional materials [91]. Confinement to low dimensional specimen makes phonon propagation easier to investigate,
but may also yield novel transport phenomena. In addition to heat transport, MD simulations also deliver important insights
on the Young’'s modulus and the Poisson’s ratio and how they are affected by mechanical deformation [9,92].

Theoretical studies can guide prospective experiments that corroborate electronic and mechanical properties of 2D SiO,
films, augmenting our view of local structures directing macroscopic properties.

3.5. Benchmarks for high resolution microscopy

An atomically flat amorphous sample system is an ideal benchmarking system for advancing scanning probe microscopy
(SPM). In fact, it was postulated already in 1987 that SPM is ideally suited for studying the surface of disordered structures
[93]. Attempts to image surfaces of bulk oxide glasses showed that their surfaces are so corrugated that only the higher-lying
fraction of the surface area could be resolved while lower areas were “hidden” [53,54,94,95]. By virtue of their atomic flat-
ness, 2D SiO; films allow imaging with atomic resolution, as shown in Fig. 17 [96]. This thin film approach may also enable
the study of metallic glasses in scanning probe microscopy, which suffers from the same challenges [94,97,98]. Silica bilayers
are sufficiently thin for electrons to tunnel through them, which is key for employing surface science methods that rely on

Fig. 17. Silica bilayer in atomic resolution. a) STM image of amorphous 2D silica sheet, recorded in constant height mode, showing the O positions.
2.7 nm x 3.9 nm, Vs = 100 mV, grey scale from 50 A (dark) to 500 pA (bright). b) AFM image recorded in parallel with a), showing the Si positions. Oscillation
amplitude = 0.27 nm, grey scale from —1.0 Hz (dark) to +0.6 Hz (bright). ¢) Zachariasen’s structure model of amorphous networks. Figure adapted with
permission from [46].
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the transport of electrons. STM or XPS measurements of thicker insulators regularly suffer from charging effects, but SiO,
bilayers on conductive substrates do not show any such problems.

Related to the flatness of 2D silica films is the fact that their top and bottom layer of tetrahedra exhibit the same topology.
This has been shown mainly by IRAS measurements which indicate the existence of Si—-O-Si moieties perpendicular to the
substrate, namely the bridging bonds of the bilayer [3]. The assumption that top and bottom layer consist of the same local
ring arrangements is also reflected in the DFT models [3,4]. The structural identity of top and bottom plane is crucial for
obtaining clear images in STEM [16], as this technique detects signals from both layers, projected on the detection plane.

The particular coordination geometry of the silica network is well suited for interpreting the observed contrast. Shown in
Fig. 17a and b are two images recorded simultaneously from the same sample position in the constant height mode. The two
images exhibit different atomic contrasts; a phenomenon which has been discussed for consecutive scans in STM, where it
mainly correlates with changes of the microscope tip (see Fig. 5 and related discussion). However, in this case of the data
shown in Fig. 17, the two imaging contrasts are observed simultaneously, recording both the tunneling and the force inter-
action. The contrast formation in the STM and AFM channel differ significantly, as one provides information on the local den-
sity of states the other senses the total density of state [99]. Through these conditions, as well as the unique tip termination
at the time of the measurement, this complementary image contrast could be achieved.

For both images, a molecular building unit is marked with red and green spheres, respectively, in the upper part of the
image. The building unit for the first image consists of three atomic positions arranged in a triangle shape, while the second
image shows a windmill-shaped unit consisting of four atomic positions. The same two building blocks can be identified
when considering the model for amorphous tetrahedral networks postulated by Zachariasen [67], which is shown in Fig. 17c.
Comparing the model with the two STM images, structural agreement of the contrast in a) with the O positions and of the
contrast in b) with the Si positions is established. Furthermore, the atomic pair distances found in both images coincide with
0-0 distances and Si-Si distances from XRD and ND measurements of bulk silica [46].

Fig. 17 nicely demonstrates the capabilities of a combined STM/AFM sensor, which was used to simultaneously record
two images from the same sample position [100]. The tuning fork sensor carries force interaction signals and tunneling cur-
rent signals without crosstalk [100], and the tip termination that was present during recording the data shown in Fig. 17
facilitated collecting complimentary information on the same surface area. The STM image in Fig. 17a shows the positions
of O atoms, while Fig. 17b reveals the positions of Si atoms. The two image contrasts are observed at the same imaging
parameters, as well as at other sample voltages and currents [46]. The observed contrast therefore does not directly correlate
with the bias as it does in other systems, but rather is a consequence of the local tip termination. Systematic studies with
chemically modified tips are needed to shed light on this variable tip contrast.

This combination of SPM techniques was also used in analyzing the contrast formation in the AFM channel in particular.
Fig. 18a shows a two-dimensional mapping of the force interaction above the surface of a silica bilayer, obtained by
recording constant height line scans at increasing distances from the surface [101]. The combination of all line scans forms
the two-dimensional force-distance plot shown in Fig. 18a. Two positions are marked with vertical dashed lines in the plot,
corresponding to positions above a pore (ring opening) and above an O atom position. At these two points, the force-distance
spectra shown in Fig. 18b were extracted. Simultaneously recorded were the current-distance curves shown in Fig. 18c.
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Fig. 18. a) 2D mapping of atomic force microscopy line scans recorded in constant height mode on amorphous 2D SiO»/Ru(0 00 1). b) Force-distance
spectra extracted from a) above an atom site and a pore site, respectively. ¢) Simultaneously recorded current-distance spectra. Reproduced with
permission from [101].
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While the tunneling current in ¢) increases monotonically with decreasing tip-surface separation, the force curves in b) show
the nonmonotonic behavior that is typical for force interaction profiles. Upon approaching the surface, the force interaction
first exhibits an attractive branch (positive slope), before going through a minimum and changing into the repulsive branch
(negative slope). This observation simply reflects the attractive van der Waals forces acting at roughly 1 nm above the sur-
face, and the Pauli repulsion forces increasing at very small tip-sample distances. Fig. 18b reveals that the curve on the pore
is slightly shifted with respect to the position above the atom. However, the shift is measurable only in the repulsive
branches. As a consequence, recording AFM images in the repulsive branch of the force interaction allows identifying atomic
positions, while imaging in the attractive branch does not [101].

Studying an amorphous but atomically flat film system can be used for benchmarking high resolution microscopy tech-
niques. Periodic features observed on a surface can be the product of tip artifacts, while well-defined amorphous structures
would not. Hence, 2D SiO, has recently been utilized as a sample system for liquid AFM, a technique that has garnered atten-
tion for producing high resolution images of technologically relevant solid-liquid interfaces [102].

4. Chemical modifications and reactivity studies

The previous sections have considered the preparation and characterization of pure SiO, layers. Those systems are only
the starting point, however, for a multitude of other structures that incorporate additional chemical elements and thereby
increase the complexity. Several methods have been developed for chemical modification of silica bilayers during and after
the initial preparation.

Doping of 2D silica layers with other cationic species can be achieved with sequential deposition or codeposition. Silicon
atoms and dopant atoms are deposited on the substrate, followed by the high temperature oxidation step described in Sec-
tion 2. Film preparations containing aluminum [103], iron [104] and titanium [105] have been presented, with a particular
focus on structures that model the internal surfaces of zeolites. Such highly ordered, doped aluminosilicates are widely used
in heterogeneous catalysis and a better understanding of their reactivity is highly desirable.

Besides incorporating elements into the bilayer film, there are also possibilities for functionalization after the film prepa-
ration. Deposition of single metal atoms on pristine silica bilayers at low temperatures has not resulted in incorporation of
those atoms into the film. Rather, deposited atoms take adsorption sites either above the film or at the interface between film
and substrate if penetration through the pores is feasible [50]. This observation of pristine silica bilayers being essentially
unreactive against metal atoms resembles the behavior of silica monolayers [106], and is in agreement with bulk silica sup-
ports, which have to be modified prior to anchoring catalytically active groups [107,108].

A common strategy to anchor catalytically active particles to the surface of silica supports is the creation of hydroxyl
groups. Furthermore, hydroxyl groups in zeolites govern their chemical behavior and are therefore a crucial ingredient to
their 2D model. In order to represent these extremely important materials adequately, hydroxylation of 2D silica is a topic
that is also studied intensely.

In this section, we will summarize the insights from silica doping studies and the different structures that have been
obtained by introducing Al, Fe and Ti into silica bilayers. The second part of the section will deal with hydroxylation studies
on silica bilayers and the chemical reactivity arising from those preparations.

These novel model systems enable new kinds of model catalysis studies, which are discussed in the last part of this
section.

Si o0 OA,.. @Fe T, .. ©Mg,Na, ..

Fig. 19. Different options for incorporating cations in silica films. a) Isomorphic substitution, cations replace Si in tetrahedral building blocks. This behavior
was observed for doping silica bilayers with network former aluminum. b) Formation of non-tetrahedral metal oxide building units, arranged in ordered
structures underneath a silica monolayer. This behavior was observed for doping of silica thin films with the transition metals iron and titanium. c)
Formation of open loop structures and coordinative disorder. This behavior is expected for doping silica thin films with network modifiers, such as
magnesium.
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Fig. 20. STM images of a Alg 1,Sip 30> film. a) Large scale STM showing the segregation into two domains with distinct heights. b) Atomic resolution STM
showing subtle contrast changes between domains A and B. Reproduced with permission from [103].

4.1. Metal doping in silica bilayers

There are several ways for incorporating cations into the silica bilayer, leading to distinctly different structures. Doping
with AI*" is an example for isomorphic substitution, where Al takes the place of Si in the tetrahedral building units, while the
tetrahedral double sheet motif is preserved. Such a case is sketched in Fig. 19a. The resulting charge imbalance can be com-
pensated by the metal substrate acting as electron reservoir or by the formation of hydroxyl groups in the vicinity of AI>*
sites.

Transition metals like Fe and Ti, on the other hand, cause new film structures to emerge, in which Si remains tetrahedrally
coordinated, but the respective transition metal has a higher coordination number. In those structures, the transition metal
polyhedra are always arranged in the bottom layer, and the silica tetrahedra in the top layer, such as shown in Fig. 19b.

A third possible case for cation incorporation is shown in Fig. 19c. This structure is expected for doping silica films with
alkali or alkaline earth ions, inspired by the corresponding bulk structure models from X-ray diffraction [109]. Here, open
structures with incomplete coordination polyhedra are shown. Alkali or alkaline earth metal ions are expected to take posi-
tions inside the silica pores, variably coordinated by six or more oxygen atoms.

Combining silica bilayers with other cations can contribute important insights to our understanding of solid state struc-
tures. The reduced complexity of the ultrathin film allows investigating the atomic arrangement and enables DFT calcula-
tions that would be very costly for bulk silicates. A systematic study of structural changes induced by metal dopants is
therefore feasible on the 2D system. Hence, the compositional dependence of bulk glass properties, which has been studied
since the invention of this material [110], can be addressed from the viewpoint of surface science.

Growth studies on incorporating small amounts of Al into the bilayer films reported the formation of segregated domains
that exhibit a brighter imaging contrast in STM, as shown in Fig. 20a [103]. Both the domains containing Al (domain A) and
the pure SiO, domains (domain B) exhibit predominantly hexagonal lattice structures, with disordered morphologies at the
A-B interface (Fig. 20b). Correlating the area of domain A with the deposited fraction of aluminum implies that AI>* ions pref-
erentially substitute the tetrahedral positions in only one layer of the bilayer film. As the film preparation is carried out
under ultra-high vacuum and therefore negligible amounts of water, charge compensation near Al substitution sites through
hydroxyl formation is not expected. Instead, isomorphic substitution occurs preferentially in the bottom layer of the SiO,
film, where the metal substrate can compensate charge imbalances. This preference can be corroborated with DFT calcula-
tions and is observed until the Al content of silicate films reaches 25% of the cation positions.

At higher Al contents, the terrace structures show a uniform hexagonal structure, interspersed with many local defect
domains, as was shown for Alg36Sig 40> films. For Al concentrations approaching 50%, no flat, well defined films could be
prepared. This observation follows Léwenstein’s rule, stating that for tetrahedral coordination, no more than half of the
cation sites can be filled with aluminum [111].

STM images show only the top view of the surface morphology, while IRAS characterizes the building block through their
vibrational properties. The very sharp absorption band around 1300 cm™! observed for SiO, bilayers is typically assigned to
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Fig. 21. Fe doped silica films. a) STM image of a Fe-containing silica domain interfacing with a pure SiO, domain. Vs = 1.5V, Ir = 160 pA. b) Top view and side
view of Fe-containing silica film, based on DFT calculations. Adapted with permission from [112].

the Si-0-Si groups vibrating perpendicular to the surface. Upon Al incorporation, infrared spectra show a slight red-shift of
the absorption band, while the intensity and width are preserved. The observed shift suggests that some of the oscillators are
modified by the isomorphic Al-substitution, but that the tetrahedral building blocks are preserved [103]. This model is sup-
ported by XPS data, showing that the overall intensity of the O1s signal is comparable across bilayer films with different Al
fractions, while the intensity of a shoulder peak correlates with the amount of Al doping [103].

In contrast to Al atoms which are substituted for Si in the tetrahedral building blocks of the bilayer, adding Fe or Ti during
the preparation leads to a significant change in film structure [104,105]. When Fe/Ti is deposited after the Si deposition step
on a Ru(0 0 0 1) substrate, flat, well-defined films are observed in STM after the final oxidation treatment. For low Fe/Ti cov-
erages, segregation into Fe/Ti containing (appearing higher in STM) and pure silica domains (appearing lower) is found. A
region where the doped domain and the pure silicate form an interface, is shown in a high-resolution STM image in Fig. 21a.
Both domains are rotated by 30° with respect to pristine SiO, preparations. The doped domains exhibit a clear Moiré struc-
ture, visible in STM and LEED. IR spectra of Fe-doped films show a new band at 1005 cm~! (1022 cm™~! for Ti) in addition to
the two features that characterize the pure silicate structure. The additional signal peak gains intensity as the content of the
dopant is increased, while the features of silica bilayers attenuate. Based on the sharpness of the new IR signal in correlation
with Fe/Ti doping, the formation of a pure FeO, (TiO4 respectively) layer can be excluded, since these pure oxides do not
exhibit strong IR signals in this energy region. The new IRAS signal is assigned to the vibration of a Si-O-Fe/Ti moiety.

An assignment of the results to a particular film structure was made based on DFT calculations. The theoretical structure
model best reproducing the change in the IR spectra is shown in Fig. 21b. Fe atoms are located on the metal in [FeOs] square
pyramids, resembling a FeO(1 1 1) phase. Above the FeO phase, a layer of [SiO4] tetrahedra is observed. The hexagonal pores
of the two layers are slightly offset. At high Fe coverages, the whole film exhibits this structure that resembles the layered
structure of clay minerals [104]. A closely related structure was proposed for Ti-silicates, formed by a silica monolayer on top
and a sheet of [TiOg] octahedra between silica layer and metal substrate [105].

Preparing silicate bilayers doped with both Al and Fe showed that the transition metal atom is a strong structural driver
for this system. At low Fe concentrations, the typical segregation in Al,Si;_xO, bilayer domains and Fe-silicate domains was
observed. The latter structure, formed by an FeO(1 1 1)-like monolayer on the bottom and an aluminosilica monolayer on
top, was the most stable structure at high Fe amounts (Fe/(Si+Al) ~ 1) [113].

A systematic understanding of the influence of dopant atoms on the atomic structure and ring network motifs is still at
the beginning. Al doped films maintain their tetrahedral bilayer structure, while incorporation of Fe/Ti leads to the formation
of a pure transition metal oxide at the bottom of the film, inducing the growth of a highly ordered silica monolayer on top
[112]. Growth studies with other metal dopants such as earth alkali atoms will further advance our understanding of silicate
network formation. Localizing dopant atoms and identifying the surrounding structural elements requires state-of-the-art
combination of microscopy and spectroscopic techniques.

4.2. Post growth hydroxylation of silica bilayers

The study of hydroxylated silica surfaces is a crucial step in bridging the materials gap for ultrathin film models. Bulk sil-
icates typically contain dangling bonds or strained siloxane units, which readily hydroxylate when H,O is available. For 2D
silica layers prepared in ultrahigh vacuum, negligible amounts of water are typically present, and inherent hydroxyl groups
are not detected. Furthermore, 2D SiO, films are low in defects and require significant activation in addition to excess water
in order to show detectable amounts of hydroxyls. This is a chance to study the process of hydroxylation, as well as the prop-
erties of hydroxyl sites, which can be probed with high spatial resolution and discussed in context with their specific sur-
rounding network structures.
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Fig. 22. IRAS curves of silica bilayers in different levels of hydroxylation with D,0. a) “As grown” film; b) after deposition of ice layer and subsequent
heating to 300 K; c) after deposition of ice layer, electron bombardment (150 eV) and subsequent heating. Reproduced with permission from [116] -
Published by the PCCP Owner Societies.

Adsorption of water (D50 is often used to discriminate against effects from residual water) on silica bilayers at room tem-
perature does not produce hydroxyl groups that are detectable in IRAS [63]. This observation is consistent with studies on
silica monolayers, which behave essentially hydrophobic [114,115]. Depositing a larger amount of water on a SiO,/Ru
(0001) system at 100 K, and subsequently removing the ice layer by heating to 300 K did yield a new IRAS signal at
3750 cm™! (2762 cm™! for D,0), indicating the formation of hydroxyl groups [63]. Fig. 22 shows an IR spectrum of the pris-
tine silica film (black spectrum a) and after ice deposition and subsequent annealing and thermal desorption (thermal route,
blue spectrum b). Detected TPD intensities of recombined water desorbing from the sample indicate a maximum hydroxyl
coverage of 1.2% with respect to the Si atoms in the top layer (1 OH per 40 hexagons). Based on this low coverage, only struc-
tural defects such as step edges are believed to readily react with D,0, while the pristine silica film is thought to be
hydrophobic [63].

A higher degree of surface hydroxylation can be achieved with electron bombardment or very gentle Ar* bombardment of
the ice layer [116]. Films prepared in this way exhibit a strong absorption band as shown in Fig. 22 (electron assisted route,
red spectrum c). The IRAS intensity indicates that roughly 15% of the surface Si positions are hydroxylated, although addi-
tional groups with IR-silent vibrations might also exist [116].

This process has been investigated more closely, by hydroxylating a Si'0, film using D}°0. After the electron bombard-
ment, desorption of DO containing either 30 or °0 is observed in TPD, which indicates that dynamic bond-breaking and
recombination occurs during the electron irradiation [117]. It has been observed that the hydroxylation yield strongly
depends on the coverage of ice on the sample during irradiation, while the electron energy did not correlate as strongly with
the final OD-concentration. From these findings, it is proposed that highly reactive products from water radiolysis are formed
by impinging electrons, and these intermediates subsequently hydroxylate the silica bilayer [117].

Hydroxylation of Al-doped silica bilayers via the thermal route results in two new IR signals. The low-intensity vo_y at
3750cm~! (2763 cm™! for D,0) is the dominant vibration at low Al concentrations, analogous to hydroxylated inherent
defects on pristine SiO,. However, when more than 25% of the cationic positions are filled with Al, bridging Si-OHy,-Al groups
can be detected at 3597 cm™! (2655 cm™! for D,0) [103].

Fe silicate films showed no enhanced propensity towards hydroxylation, but in mixed Fe/Al silica bilayers, increased reac-
tivity was observed [113]. Al-species are assumed to cause the enhanced reactivity, as their disappearance correlates with
diminishing reactivity, observed for high annealing temperatures [113].

The characteristics of hydroxyl sites strongly depend on the specific silica network. Hydroxyl groups on pure SiO, films
show only weak bonding to basic probes (CO and NH3) [63]. Hydroxyl sites on 2D aluminosilicates on the other hand, exhibit
an unusually high acidity for zeolite structures [103].

4.3. Impact of well-defined silica networks for catalysis studies

An important motivation for preparing thin silica films is the development of a suitable model system for silica-supported
catalyst systems. One widely used silica-supported heterogeneous catalyst is the Phillips catalyst, polymerizing ethylene
with active chromium particles [118]. This catalyst produces over one third of the annual 100 million tons of polyethylene
[119]. A systematic investigation of the intermediate reaction steps and the role of the support material is therefore not
merely a question of fundamental research, but resulting improvements in process efficacy would have direct environmental
and economic benefits.

Monolayer SiO, 5 films are coupled to the substrate via covalent bonds. Through this strong coupling, the metal substrate
influences not only the crystal structure, but also plays a strong role in the chemical and electronic properties of the system.
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Fig. 23. Penetration barriers for Pd and Au atoms adsorbing at silica-Ru(0 0 0 1) interface. a) Energy barriers for penetration of Pd atoms through silica
bilayers. b) Energy barriers for penetration of Au atoms through silica bilayers. Bottom row: models for individual silica rings used in DFT calculations.
Reproduced with permission from [50].

In contrast, the bilayer film with only weak substrate-interaction is expected to be a more suitable model for silica catalyst
supports. In order to build up model catalytic systems, several components need to be added to the bilayer films. A complete
model would allow studying the interplay of the support material, the catalytically active species and the reactants, aiming
to identify the role that each ingredient plays in the chemical reaction.

To this end, the interaction of small metal particles is investigated with the ultimate goal of anchoring catalytically active
particles to the silica support. The network of silica tetrahedra in principle offers different interaction sites for metal parti-
cles, such as near an O or Si atom, or in the middle of a ring opening. The possibility to adsorb on top of, within or underneath
the bilayer is an additional variable. Deposition experiments with single Au and Pd atoms showed that the preferred adsorp-
tion site is the interface between silica film and metal substrate, slightly off-center with respect to the silica rings. The dif-
ferent ring sizes of the silica bilayer form a size selective barrier for penetration [50]. It was found that Pd atoms adsorb on
any film morphology, while Au atoms cannot penetrate the six-membered rings that form the crystalline phase. Penetration
of Au atoms was observed on one type of domain boundaries (providing eight-membered rings) and on amorphous domains
with ring sizes from four to eight [50]. DFT calculations (Fig. 23) investigated the energy barrier that is experienced when Au
or Pd single atoms penetrate through single silica rings of different sizes (models shown in the bottom row of Fig. 23). The
results show that Pd can indeed penetrate through six-membered rings, while Au needs at least the opening of an eight-
membered ring to reach the interface.

DFT calculations furthermore identify that charge transfer from adsorbed atoms to the metal substrate contributes sub-
stantially to the stabilization of the adsorbates at the interface. This is found when comparing the interaction of Na or Mg
atoms with a free-standing vs. a supported silica bilayer [52]. The global energy minimum position is adsorption at the inter-
face, although energy barriers for penetrating the film can be significant.

At this point, no case has been found for adsorbing small species inside the bilayer, where they would be coordinated on
all sides by a silica-cage. This would be an interesting model for studying the metal species interacting predominantly with
the oxide support. However, it is generally assumed that when the ring size allows penetration, the global minimum position
at the interface is also accessible. Another promising option would be to study metals on top of the film, which are too large
for penetrating the pores. This might be done with single atoms or with small clusters on top of the silica bilayer. In the case
of silica monolayers, Pd atoms adsorbed at the interface have been used as anchoring points for metal clusters [120].

While the pristine silica bilayer is inert, the introduction of dopants like Al into the network induces electronic states,
leading to stronger interactions with small species [52]. A DFT study found that Al-doped silica films interact strongly with
Na atoms, which adsorb on the surface of the bilayer, not inside the silica cage. Generally, cation doping can enhance the
chemical activity of silicates, so the same is not surprising for silica bilayers [121].

In order to understand the chemical reactivity of this model system, the interaction of small molecules with the struc-
turally complex network of silica bilayer films must be characterized as well.

During the growth of this system, the interaction of O, molecules with the SiO,/Ru(0 0 0 1) can be studied. Underneath
the 2D SiO, film, the Ru(0 0 0 1) substrate can exist with different oxygen coverages. These can be changed reversibly by
heating the sample in UHV, H, or in O,, respectively, without affecting the film structure itself [30,122]. Hence, O, molecules
are clearly able to penetrate the film structure, and dissociate at the metal. It is interesting to note that the presence of the
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silica film limits the amount of adsorbed oxygen at the interface, so that the formation of a RuO, passivation layer is pre-
vented [123]. It was also observed that the respective uptake of CO and D, on the Ru(0 00 1) is lowered by 35% by the pres-
ence of a SiO, bilayer. This effect is enhanced in the case of aluminosilicate films, which are more strongly coupled to the
substrate and only allow oxygen coverages below 0.5 [122].

The passivating effect of the silica film is reflected not only in decreased gas uptake, but also in the temperature depen-
dence that is observed for gas penetration. Temperature dependent absorption experiments showed that below 200 K, CO
absorption is severely hindered [124]. This effect is assigned to CO adsorbates blocking the large ring openings, which are
the only feasible adsorption sites. At temperatures above 200 K, the adsorbed CO molecules become more mobile, and thus
are able to vacate the adsorption pathways. A similar site blocking effect was observed for pre-adsorption of CO, which sub-
sequently lowered the D, uptake [124].

In the gas adsorption experiments described thus far, no chemical interaction of the gas molecules and the pristine SiO,
film was detected. Conversely, hydroxyls on 2D SiO, films represent inherently active sites on an inert, structurally well-
defined substrate. They are suitable for anchoring reactant molecules on the surface, which can then be probed with high
spatial and chemical precision through state-of-the-art surface science tools. Especially changes in the vibrational properties
of OH(OD)-groups can be measured to infer their reactivity.

The hydroxyl groups obtained on 2D SiO, via thermal hydroxylation films show a high degree of stability, and even for
high CO exposures no alteration in the IRAS signals was observed [63]. Adsorption of NH3; molecules caused attenuation of
the hydroxyl vibration in infrared spectra, indicating the abstraction of the proton by the strong base. Upon desorption, the
hydroxyl groups are recovered on the silica film. Through isotopic labeling and combined IRAS and TPS studies, hydrogen-
scrambling between OD-groups and NH3 was revealed [63].

In comparison to SiO; films, the hydroxylated Al-doped SiO, films on Ru(0 0 0 1) showed more reactive hydroxyl groups,
as evidenced by altered IRAS absorption features. In particular, changes in the absorption feature linked to bridging Si-OHj,,-
Al, which are unique to films with more than 25% Al content, imply strong interaction with the studied probe molecules.
Upon CO-adsorption, OH(OD)-groups on Al,Si;_xO- bilayer films show a red-shift of 379 cm~! (243 cm™! for OD), which is
much larger than values observed for the acidic sites in 3D zeolites [103]. Correspondingly, a strong red-shift of 487 cm™!
(394 cm™! for OD) was observed in case of adsorbing the weak base C,H, on hydroxylated films [125]. The ethene-silica
adduct formed via the hydroxyl group deserves particular attention, as it represents a likely intermediate in the polymeriza-
tion reaction of ethene.

In contrast to weak bases, the adsorption of strong bases like pyridine or ammonia leads to an abstraction of the proton,
detected as the disappearance of the hydroxyl vibration band in IRAS [125]. It is assumed that such simple molecules on the
hydroxylated silica film can be studied individually to learn about the interplay of each functional group with the surface,
which allows inferring the interaction of more complex organic molecules with inorganic surfaces [126].

As the 2D silica system is uniquely accessible to many surface science techniques, further insights can surely be gained by
studying the chemical properties of silica bilayers with high spatial resolution. Specifically, state of the art-microscopy could
identify preferred hydroxylation sites and provide a correlation between reactivity of hydroxyl groups and their surrounding
network structure.

Besides modeling industrial heterogeneous catalysts, metal supported silica bilayers represent an opportunity to study
reactions in confined space. This research field considers how small and well defined environments can be used to tailor
the reactive properties of a chemical system [127]. Those nanocavities can be created in many ways, such as porous oxides,
supramolecular cages or by addressing the interface space between 2D materials and their support. Species that are trapped
at the interface can exhibit modified reactivities due to confinement effects and a stronger influence of local defects [128].

Fig. 24. a) Atomic resolution STM image of silica bilayer in UHV. Some of the Si positions are marked with green spheres. The respective rings are marked
with white dashed ellipses. b) Ring resolution AFM image of a silica bilayer in liquid. Some rings are marked with white dashed ellipses. Reproduced with
permission from [102]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The silica bilayer system offers different ways to influence “reactions under cover”. It has been shown that intercalating vary-
ing amounts of oxygen to the substrate-film interface will change the work function [50]. An in-depth investigation of the
changes to the electronic structure at the interface is promising for controlling reactivity [51]. Adsorbates such as O, or CO
change the interface spacing, essentially “pushing” the film away from the substrate at high adsorbate coverages
[30,124,129], providing a way to tune the confined space.

5. Silica bilayers as 2D materials

Up to this point, we have considered 2D silica films as useful model systems, allowing us to study structures, defects, glass
properties and catalysis under well-defined conditions with reduced complexity. It is worthwhile, however, to explore silica
bilayers as independent 2D materials. In particular, 2D SiO, may be useful as an ultrathin electrical insulator on the one
hand, and as a highly permselective membrane on the other hand.

Silica bilayers show a degree of chemical stability that is not necessarily expected for ultrathin films, which is promising
for handling and incorporating them into devices. The double sheet structure with fully saturated valences withstands dete-
rioration even under month-long exposure to air and ambient humidity [16]. Liquid-AFM images show that the structure is
retained at the nanoscale, during prolonged imaging in water and NaCl solutions [102]. Fig. 24a presents the atomically
resolved STM of an amorphous silica bilayer, recorded in UHV at low temperature. The imaging contrast reveals the Si atoms
arranged in the typical fashion of an amorphous silica bilayer. An equivalent sample was removed from the vacuum chamber
and imaged at room temperature, while submerged in a 400 mM aqueous NaCl solution. In the liquid-AFM image shown in
Fig. 24b, the network of different ring sizes can be identified, and their spatial arrangement concurs with the typical net-
works observed in UHV-based STM images [102]. It is important to note that decomposition of 2D silica has been observed
in acidic and alkaline conditions, providing a quantitative link from the model system to analogous bulk systems [117,121].

The self-saturated bilayer structure exhibits no covalent bonds between the film and its substrate. Only weak interaction
binds the 2D SiO, film to the metal surface, but this adhesion can be further decreased by intercalating O, or CO molecules
[30,124]. Due to this weak interaction, it is possible to exfoliate the silica film and transfer it to another support material.

This was demonstrated recently using a polymer-assisted transfer protocol [36]. The silica bilayer is initially grown on a
Ru(0 00 1) substrate. LEED indicates a predominantly amorphous silica bilayer, and the STM images (see Fig. 25a) reveal a
coverage of 1.6 ML. This sample can be removed from the UHV chamber, and covered with a thin film of poly(methyl
methacrylate) (PMMA) by spin coating. By mechanically exfoliating the polymer film, the silica film is lifted off the substrate
and supported on the polymer.

After this step, the plain Ru(0 0 0 1) growth substrate can be transferred back into a vacuum chamber to verify the suc-
cessful exfoliation. Fig. 25b shows the STM image of the plain metal surface, and LEED and AES data verify the complete
removal of the SiO, layer by the mechanical exfoliation step [36].

A plain Pt(1 1 1) crystal was used as new substrate. Fig. 25c shows the typical flat terraces of the metal substrate before
the film transfer. The PMMA film supporting the silica bilayer is placed on the new substrate, and the polymer is removed by
applying a gentle heating step. Subsequently, the sample is investigated with STM (shown in Fig. 25d), LEED and AES, con-
firming the successful transfer of the 2D SiO, layer. The STM data give a coverage value of 1.6 ML, indicating that the transfer
did not lead to material losses. This assumption was verified using environmental scanning electron microscopy (ESEM),
showing that the whole crystal surface (~1 cm?) was covered by the transferred film [36].

This proof of principle makes 2D silica accessible for device building and allows to fully explore its performance potential
in various applications. However, the presented method was successful for transferring only a certain type of silica bilayer. In
Fig. 3, a complex parameter space of substrate choice, surface coverage and other preparation parameters was indicated. The

[a] 2Dsiica [b] 2D silica

Fig. 25. a-d) STM images of different stages of a 2D silica transfer, all scans 50 x 50 nm. a) As-grown silica film on Ru(000 1), Vs =1V, Ir= 50 pA. b) Plain Ru
(000 1) after exfoliation of a silica film, Vs=2 V, It =50 pA. c) Plain Pt(1 1 1) substrate before transfer of a silica film, Vs= 0.5V, Ir= 50 pA. d) Transferred
silica film on Pt(1 1 1), Vs=1V, Ir=100 pA.
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resulting silica bilayer films exhibit varying amounts of crystalline vs. amorphous regions, of mesoscopic holes, and differ-
ences in film-substrate interaction. The transfer study reported in [36] investigated 2D SiO, films grown with different pro-
cedures, but always supported on Ru(0 0 0 1). Films with a surface coverage from 1.5 ML to 1.8 ML, which are predominantly
amorphous, were exfoliated successfully. Bilayers with a higher surface coverage were unaffected by the PMMA-assisted
exfoliation step. There are different possible explanations for this observation. In the films with lower coverage, the relief
of mesoscopic holes might provide more points of static friction for the PMMA layer. Alternatively, as high-coverage films
typically show more crystalline silica domains in registry with the substrate, providing more contact points for efficient
van der Waals interaction might be the underlying reason for the stronger film-substrate adhesion. In general, silica bilayers
are expected to interact with the substrate only via van der Waals forces. Hence, most silica bilayer films will likely be trans-
ferrable with slight modifications in the exfoliation procedure. Completely amorphous films [11], films without substrate
registry [13], or systems where adsorbed molecules decrease the substrate interaction [129] are especially promising can-
didates for further transfer experiments.

Furthermore, in analogy to the 2D material graphene, scalability is a challenge that must be solved before real world
applications can be realistically implemented [35]. Efforts of scaling up should focus both on large scale growth, and auto-
mated exfoliation techniques to produce high quality SiO, bilayers efficiently.

The sieve-like property of 2D SiO, which was demonstrated by size selective penetration of metals and molecules may be
exploited in filtration. Areas like gas separation or water purification could benefit from the bilayer membrane that exhibits
well-defined pore diameters (providing selectivity) and is ultrathin (optimizing permeation). To this end, a freestanding sil-
ica membrane needs to be provided, which is accessible for a filtrate to pass through from one side to the other. Transferring
the 2D sheet onto a grid or holey support could yield such a freestanding silica bilayer. Conversely, the blockage of molecules
by the silica film can be employed as anticorrosion coating. A prerequisite is the development of a procedure for coating the
sensitive surface with a hole-free silica film.

Several properties of 2D silica films recommend them as promising materials for building 2D heterostructures. One of
them is the atomic flatness of silica layers. Thermally grown sub-nm silica layers on Si wafers have been studied intensely,
to produce silica supports for 2D materials. However, progress in this field has been hampered by an ill-defined Si/SiOx inter-
face and resulting silica structures that can be unordered and rough [130-132]. This roughness is problematic for supported
graphene layers, as the induced deformation severely decreases the conductivity [133]. Currently, van der Waals
heterostructures frequently employ hexagonal boron nitride layers as insulating component, but 2D silica may present a use-
ful alternative.

A transfer-free approach for producing van der Waals heterostacks might be the direct preparation of 2D SiO, under or on
top of other 2D materials. Such a stack of a silica bilayer grown under graphene has been observed, possibly proceeding via
solid state growth [16]. In a different study, physical vapor deposition of Si was used to intercalate Si at a Gr/Ir(1 1 1) inter-
face. The Si layer was subsequently oxidized to a ~1.6 nm thick SiO, film [134]. Therefore, a direct growth by intercalation is
feasible. The opposite approach, intercalating another material to the SiO,/support interface, might also be possible. In com-
parison to graphene, the ring openings or pores in a silica film are on average twice as large. Adsorption experiments with
single Au and Pd atoms, and with small molecules have revealed a size-selective penetration of the silica film [50,124], which
can be exploited to grow silica layers in a van der Waals stack.

A key aspect of employing 2D silica films in nanoelectronic devices is their insulating nature. Their bulk counterparts are
known for their exceptionally large band gaps. The band structure of silica bilayers has been investigated by various groups
using DFT calculations [16,25,50], reporting values of up to 7.3 eV, depending on the atomic structure. Biaxial strain of
around 15% can reduce the band gap to about 2 eV as shown in Fig. 26, while uniaxial strain beyond 30% could achieve band
gaps smaller than 1 eV [25]. This extremely wide range of strain-induced band gaps indicates a potential use of silica bilayers
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Fig. 26. Plot of a hexagonal silica bilayer band gap vs. strain and a haeckelite bilayer (crystalline arrangement of five- and seven-membered rings) band gap
vs. strain. Reproduced with permission from [25].
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Table 2

Experimentally measured direct band gaps for different 2D materials.
2D Material Band gap Measured by Reference
Graphene 0eVvV electronic transport [135]
MoSe, 1.55eV optical spectroscopy [136]
MoS, 19eV optical spectroscopy [137]
Black phosphorous 2eV STS [138]
h-BN 5.56 eV UV-vis absorption [139]
2D SiO, 6.5eV STS [48]

in sensor applications. Scanning tunneling spectroscopy measurements corroborate a band gap of 6.5 eV [48], which is larger
than that of any other 2D material at this point. See Table 2 for an overview of experimentally measured band gaps for com-
monly studied 2D materials. Hence, 2D SiO, represents a viable option for insulating layers in nanoelectronic devices. An
early study demonstrated the possibility to grow well-defined silica bilayers under graphene in a flat stack [16], but did
not comment on the electronic properties of the supported graphene.

EELS measurements detecting the Si conduction band-induced gap states extending through a SiO, gate layer concluded
that an effective tunneling barrier needs to be 0.7-1.2 nm thick to suppress the electronic spillover [130]. This requirement
would be met by stacking two silica bilayers, which are extremely flat and low in defects, thereby providing a low-loss envi-
ronment for semiconductors and conductors. Further studies are needed regarding stacking several silica bilayers, either
during growth or by transferring several bilayer films to the same support.

6. Conclusion

2D silica is promising as material for technological applications, but also as a model system for studying fundamental
physical phenomena. [SiO4] tetrahedral building blocks arrange in a coordinatively saturated bilayer, forming a nanosheet
with a surface flatness corresponding to the single crystal substrate. Through choosing appropriate preparation parameters,
films can be driven towards crystalline or amorphous topologies, while also exhibiting mesoscopic holes.

The reliable preparation of self-saturated bilayer films with high structural control is the starting point for several distinct
lines of research. Several growth studies for 2D silica films have been reported in the last years, and structural, electronic,
vibrational and chemical properties of silica films are now in the focus. Studying defect features at the atomic level in this
technologically important material allows drawing conclusions about their impact on structural properties. Analyzing
extended disordered regions advances our understanding about amorphous materials, which have so far not been directly
accessible with real space atomic resolution. Precise control over the local structure has the potential to shed light on many
structure-property relationships, such as heat transport. The non-periodic systems with extremely low surface corrugation
can also serve as benchmarking system for microscopy techniques.

Applying silica bilayer structures in model catalysis enables precise monitoring of all chemical changes throughout func-
tionalization and subsequent reaction. 2D silica-supported model catalysts are expected to advance our understanding of
metal-nanoparticles interacting with supports and with reactants, as the structural simplification provided by 2D silica in
comparison with 3D silica is key for developing highly accurate theoretical models, which in turn allow unequivocal assign-
ments of experimental data. Furthermore, the confined space between pristine 2D silica films and their substrate provides
the option to study reactions in nano-volumes.

Through recent exfoliation and transfer studies, 2D silica films have been made accessible for nanoelectronic device
assembling and other 2D material applications. Their durability and large band gap renders them a useful addition to the
library of 2D materials. Application in heterostacks and other nanodevices will require further insights in transferring, han-
dling and manipulating 2D silica films, ideally with scaleable methods. Stacking several bilayers would allow precise control
over insulator thickness.

Based on the pure SiO; bilayer preparation, a vast array of related structures has either been prepared or hypothesized. In
this review, we have briefly touched upon doped bilayers, surface functionalization and their resulting chemical reactivity,
but it is assumed that the field of chemically modified silica bilayers will warrant its own review paper in the future.
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