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ABSTRACT: An atomically smooth silica bilayer is transferred from the growth substrate to a new support via
mechanical exfoliation at millimeter scale. The atomic
structure and morphology are maintained perfectly
throughout the process. A simple heating treatment results
in complete removal of the transfer medium. Low-energy
electron diﬀraction, Auger electron spectroscopy, scanning
tunneling microscopy, and environmental scanning electron microscopy show the success of the transfer steps. Excellent
chemical and thermal stability result from the absence of dangling bonds in the ﬁlm structure. By adding this wide band gap
oxide to the toolbox of 2D materials, possibilities for van der Waals heterostructures will be broadened signiﬁcantly.
KEYWORDS: 2D materials, 2D silicon dioxide, dielectric, exfoliation, transfer, PMMA assisted

W

connect the bilayer with the underlying support. Only weak
substrate interaction is expected, mostly based on van der
Waals forces, which were estimated to be roughly equal to the
interlayer forces in graphite.1 This relatively weak adhesion
indicates the possibility to remove the silica ﬁlm from the
growth substrate. The tetrahedral units can form rings of
diﬀerent sizes. Shown in the silica top view in Figure 1c is an
amorphous silica sheet, where diﬀerent ring sizes tile the plane
without long-range order. It is important to note that the
amorphous silica sheet remains atomically smooth in the zdirection, as shown in the side view, Figure 1f. Depending on
growth conditions and substrate inﬂuence, silica bilayers can
exhibit crystalline, amorphous, or coexisting structures.15,16
Due to its large band gap, bulk silica is universally applied for
electrically insulating components. The dielectric properties of
the 2D silica ﬁlm complement conductive materials such as
graphene in heterostructures.17−19 The commonly observed
reduction of carrier mobility in graphene supported on standard
SiO2 substrates in the form of oxidized wafer surfaces is often
assigned to charged impurities and graphene corrugation
induced by adhesion to the rough substrate.20−25 The SiO2
bilayer used in this transfer study is atomically smooth and
charge neutral, making it a potential candidate for the dielectric
spacer in ever-smaller transistors.26,27 First scanning tunneling
spectroscopy (STS) measurements of the band edge on the
ruthenium-supported bilayer indicate a gap of 6.5 eV.6
Freestanding silica bilayer structures were recently predicted
(with DFT calculations using an HSE06 functional) to have
band gaps of approximately 6.7−7.3 eV.28 Thus, silica bilayers

hile graphene remains the child prodigy of materials
research, a whole class of two-dimensional structures is being explored, due to the fascinating
changes in electronic and optical properties that are observed
when going from bulk-thickness to surface-only compounds. It
is only by combining conductors with semiconductors and
insulators at the nanoscale that electronic device building can
keep up with Moore’s law of shrinking transistor size. Recently,
a 2D silicon dioxide (also called silica) ﬁlm was presented.1,2 It
is atomically ﬂat and consists of amorphous and crystalline
domains, structurally resolved with atomic resolution.3,4 The
metal-supported silica ﬁlm has been thoroughly investigated
theoretically and experimentally, revealing structure,5 electronic
properties,6 and chemical behavior.7−9 It is a promising
candidate for an ultrathin dielectric in nanoelectronic devices,
but has so far only been studied on its respective growth
substrates. The ability to transfer a silica ﬁlm from one substrate
to another is a requirement for utilizing this building block in
nanoarchitectures.
Figure 1 shows a schematic top view and side view for
graphene and a boron nitride monolayer (ML) in comparison
to the 2D silica layer (shown without substrate). The silicon
dioxide ﬁlm consists of a sandwich structure similar to
transition metal dichalcogenides and can be described as a
double-row of SiO4 tetrahedra. This silica bilayer is the thinnest
attainable layer with the stoichiometry SiO2, as monolayers
were found to have the stoichiometry SiO2.5.10 The bilayer
system has so far been grown and investigated at the atomic
scale on ruthenium,2 platinum,11 palladium,12 cobalt,13 and
graphene on copper foils.14 Each building block is a SiO4
tetrahedron with three in-plane oxygen bridges and a fourth
oxygen bridge linking to the second layer. Hence, all building
units are coordinatively saturated, and no covalent bonds
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Figure 1. Comparison of graphene, boron nitride monolayer, and silica bilayer. Top view of (a) graphene, (b) boron nitride monolayer, and
(c) silica bilayer. Scale bar shown for typical lateral bond lengths. Side view of (d) graphene, (e) boron nitride monolayer, and (f) silica
bilayer.

present an alternative to h-BN monolayers, which until now are
the most widely used 2D insulators, with a band gap of roughly
5.5 eV.29−31
Several other properties of this ﬁlm have been investigated
that render it a promising 2D material. Other oxide nanosheets
are exfoliated from (polycrystalline) layered oxides, which
yields sheets of variable thickness and lateral sizes of
micrometers.18 Silica bilayers grow epitaxially on centimeterscale substrates, yielding an atomically deﬁned, self-saturated
ﬁlm. Since the 2D silica ﬁlm is charge neutral, no stabilization is
needed from counterions or polar molecules. The bilayer ﬁlm
has been shown to be chemically inert and to hydroxylate only
upon activation such as electron irradiation. 8,9,32 The
amorphous network structure provides nanopores that are
larger than those of graphene or boron nitride, which allows
size-selective diﬀusion of small species through the ﬁlm.7,9,33,34
The lack of long-range order in the amorphous ﬁlm also implies
that the performance of silica bilayers in van der Waals stacks
would not be limited by anisotropies in the lateral direction.
We present comprehensive experimental evidence for a
successful transfer of an atomically smooth silica bilayer grown
on Ru(0001) to a Pt(111) substrate. Preservation of the
structure is shown with Auger electron spectroscopy (AES),
low-energy electron diﬀraction (LEED), environmental scanning electron microscopy (ESEM), and scanning tunneling
microscopy (STM) both on a large scale and with high
resolution.

Figure 2. Typical features of the silica bilayer ﬁlms used in this
study. (a) Atomic resolution STM image of an amorphous silica
bilayer on Ru(0001). Oxygen and silicon atomic positions are
marked on the lower half of the image with red and green circles,
respectively (5 nm × 5 nm, VS = 1 V, IT = 50 pA). (b) Ring size
histogram of the amorphous network shown in panel a. (c)
Schematic showing partial coverage of the silica bilayer. (d) Largescale STM image showing partial coverage of the silica bilayer
(overall coverage 1.8 ML) (40 nm × 40 nm, VS = 3 V, IT = 10 pA).

substrate. A coverage of 1.8 ML is assigned through quantitative
analysis of the holes. Preparations ranging from 1.5 to 1.8 ML
were used for transfers. Besides the holes visible in STM, on the
ﬂat ﬁlm, nanoscale structures are also visible. The coverage and
amorphous network structure presented here are representative
of the samples used in this study. In the discussion we will
comment on how these characteristics facilitate the success of
the exfoliation in particular.
The transfer procedure is shown as a schematic in Figure 3
and consists of two main parts: the exfoliation of the ﬁlm from
the growth substrate (panels a−d) and the subsequent transfer
to a new substrate of choice (panels e, f). A detailed description
of each transfer step can be found in the Methods section. It
should be noted that while the silica bilayer preparation was
carried out in ultrahigh vacuum, the entire transfer can be
carried out in ambient environment. The samples then were
again transferred to ultrahigh vacuum (UHV) in order to use

RESULTS
The 2D silicon dioxide ﬁlms used in this study share
characteristic features, which are highlighted in Figure 2. The
ring features that are indicated in the schematic in Figure 1c are
shown in an STM image with atomic resolution in Figure 2a.
The experimental contrast shows the Si atoms from which the
positions of O atoms were subsequently inferred.2 An
amorphous network pattern is visible, which is the dominant
structure observed for this coverage regime. The occurrence of
the diﬀerent ring sizes is shown in the histogram plot (Figure
2b). This log-normal ring size distribution is typical for 2D
amorphous networks.35 A sub-bilayer coverage is deposited on
the ruthenium substrates, which yields bilayer ﬁlms with large
holes (up to 30 nm in diameter, resolved with STM). This is
shown schematically in Figure 2c and in a 40 × 40 nm2 STM
image in Figure 2d. Round holes in the ﬂat ﬁlm expose the
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Figure 3. Schematic of the transfer procedure. (a) Silica bilayer on ruthenium substrate. (b) Spin coating of system with PMMA layer. (c)
Mechanical exfoliation of PMMA; silica adheres to PMMA layer. (d) Silica supported on PMMA layer. (e) Placing the PMMA-supported silica
layer on clean Pt(111) substrate, subsequent heat treatment. (f) After PMMA removal, silica is supported on Pt(111) substrate.

the surface science methods for sample analysis. All samples
transferred from ambient to UHV were treated with a short
heating step.
For the exfoliation, a silica bilayer ﬁlm supported on a
Ru(0001) substrate is spin-coated with poly(methyl methacrylate) (PMMA) dissolved in acetone, and the PMMAsupported silica ﬁlm is removed from the ruthenium crystal by
mechanical exfoliation. The Ru(0001) crystal is transferred
back into the UHV chamber and subjected to a short heating
step in order to allow surface analysis.
Figure 4 presents experimental results of the exfoliation of
the silica bilayer from the Ru(0001) crystal (schematic in
Figure 4a and b). The LEED pattern in Figure 4c exhibits both
hexagonal reﬂexes that are characteristic for Ru(0001) and a
ring feature that is typical for an amorphous silica bilayer. The
amorphous network possesses short-range order due to its very
regular SiO4-tetrahedron building blocks. The building blocks
exhibit characteristic pair nearest-neighbor (NN) distances but
do not maintain any directional preference in their arrangement.4 Therefore, a ring feature is observed in the diﬀraction
pattern, which can be assigned to O−O NN distances. On the
basis of the typical growth behavior of ultrathin silica ﬁlms, the
ring feature in LEED can be used for discerning between single
layers and bilayers. Monolayer ﬁlms on Ru(0001) and on
Mo(112) are known to grow as crystalline ﬁlms due to strong
substrate inﬂuence.16,36,37 The absence of a (2×2) refraction
pattern characteristic for hexagonally ordered silica ﬁlms
therefore indicates a predominantly amorphous structure,
which cannot be a monolayer ﬁlm.5,16 On the basis of the
calibration of the deposited amount and the ﬂatness evident
from STM images, we conclude a bilayer structure.
In Figure 4d, only the hexagonal substrate reﬂexes are visible
in LEED, taken after the exfoliation of the bilayer. Figure 4e
and f show the change in morphology through STM. As seen in
Figure 4e, the silica bilayer grows atomically ﬂat on the
substrate. Due to deposition of less than two full monolayers,
round holes in the silica ﬁlm of 4 to 9 nm in diameter reveal the
underlying substrate. The preparation shown in Figure 4 has a
coverage of 1.6 ± 0.1 ML. After exfoliation of the bilayer
(Figure 4f), only bare terraces of the Ru(0001) with relatively
straight step edges are visible in STM. Figure 4g presents AES
data of the sample before and after the exfoliation procedure.
The silica ﬁlm produces silicon Auger peaks at 63 and 79 eV

Figure 4. Exfoliation of silica bilayer from Ru(0001) substrate. (a)
Schematic of silica bilayer supported on Ru(0001) and (b)
Ru(0001) substrate after exfoliation. (c) LEED of silica bilayer
supported on Ru(0001), showing hexagonal reﬂexes characteristic
of Ru(0001) and a ring feature characteristic of the amorphous 2D
silica ﬁlm. (d) LEED of plain Ru(0001) substrate after exfoliation.
(e) STM image of silica bilayer with 1.6 ± 0.1 ML coverage (50 nm
× 50 nm, VS = 1 V, IT = 50 pA). (f) STM image of bare Ru(0001)
surface after exfoliation (50 nm × 50 nm, VS = 2 V, IT = 50 pA). (g)
AES spectra: silica bilayer supported on Ru(0001) (black curve)
and plain Ru(0001) substrate after exfoliation (gray curve).

(black curve), which are not present anymore after the
exfoliation procedure (gray curve). Substrate peaks are
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observed before and after the exfoliation. LEED, AES, and STM
measurements were taken on various positions on the surface.
On the initial preparation, an even coverage of the substrate
was thus established. After exfoliation, the complete sample
surface was free of silica, indicating that the bilayer is lifted oﬀ
entirely as one sheet.
The second step of the transfer consists in placing the
PMMA-supported silica bilayer on a new substrate. In order to
demonstrate the success of the bilayer transfer and to compare
against the characteristics of the ﬁlm pretransfer, we use LEED,
AES, and STM. These techniques rely on electrons as probes
and require ﬂat, conducting substrates, ideally metal single
crystals. Pt(111) lends itself as a natural choice for this proofof-concept, since successful growth of a silica bilayer on
Pt(111) has been shown before.11 The PMMA-supported silica
bilayer is placed on the platinum crystal, and a heat treatment in
ambient is used to evaporate the PMMA, leaving the silica
supported on platinum. Platinum has been observed to catalyze
the decomposition of PMMA;38 however, we expect the
catalytic activity of a single-crystal surface to be negligible.
Figure 5 presents data on a bare Pt(111) crystal (schematic 5a)
and the transferred silica bilayer (schematic 5b). Figure 5c
shows the LEED pattern of clean Pt(111), exhibiting hexagonal
reﬂexes. After the transfer (Figure 5d), a ring in the LEED
indicates the presence of a material that exhibits short-range
order but no directionality. This is a very characteristic feature
of the silica bilayer. A signiﬁcant change in morphology can be
seen in the STM, going from clean Pt(111) (Figure 5e) to silica
on Pt(111) (Figure 5f). The ﬁlm is atomically smooth and ﬂat
after the transfer procedure. Moreover, the characteristic openhole appearance of the bilayer is completely preserved
throughout the procedure, as the resemblance of the initial
morphology (Figure 4e) and the transferred ﬁlm (Figure 5f) is
striking. From several STM images, the area of all round holes
was analyzed, and an overall coverage of 1.6 ± 0.1 ML for the
silica bilayer on Pt(111) determined, which agrees with the
initial ﬁlm coverage. The AES data in Figure 5g show typical Pt
features before the transfer (blue curve). The spectrum taken
after the transfer (red curve) exhibits an additional feature at 78
eV, indicating the presence of silicon. The low-energy peak for
Si that was observed on Ru(0001) is concealed in this case by a
Pt substrate peak at ∼64 eV. An inset shows the oxygen feature
at 508 eV, which is detected after the bilayer transfer. No
residual carbon is observed in the spectrum, indicating
successful PMMA removal through the heating treatment.
Figure 6 shows the transferred bilayer on Pt(111) at diﬀerent
length scales. Figure 6a is a photo of the entire sample,
consisting of a round slab platinum single crystal, with a
diameter of 9.2 mm. Figure 6b and c were obtained with ESEM,
showing a uniform sample morphology at large ranges. The
only parts of the sample exhibiting signiﬁcantly diﬀering
textures were macroscopic defects, e.g., scratches on the crystal.
A higher resolution ESEM image in Figure 6c reveals holes of
20−30 nm in diameter. These features are also found in highresolution STM images, like Figure 6d. Additional holes,
smaller than 10 nm in diameter, are resolved in STM. Taken
together, these images provide evidence for the structural
preservation of the silica bilayer attained from the millimeterscale exfoliation.

Figure 5. Transfer of silica bilayer to a Pt(111) substrate. (a)
Schematic of bare Pt(111) substrate before transfer and (b) silica
bilayer supported on Pt(111). (c) LEED of Pt(111) showing only
reﬂexes of the hexagonal substrate before transfer. (d) LEED of
silica bilayer supported on Pt(111). (e) STM image of bare Pt(111)
surface (50 nm × 50 nm, VS = 0.5 V, IT = 50 pA). (f) STM image of
silica bilayer on Pt(111) substrate with 1.6 ± 0.1 ML coverage (50
nm × 50 nm, VS = 1 V, IT = 100 pA). (g) AES spectra: Pt(111)
substrate before transfer (blue curve, labeled “before transfer”);
only the peaks characteristic for platinum are observed. Spectrum
of silica bilayer supported on Pt(111) (red curve, labeled “after
transfer”) indicates the presence of silicon and oxygen.

morphologies that are indicative for the presence of a silica
bilayer (exhibiting round holes) or a plain metal surface
(exhibiting straight step edges). Furthermore, changes in the
apparent step heights correspond with the system changes, as
shown in Figure 7. The STM images of silica on the growth and
the target substrate as well as the bare substrates are shown on
the left-hand side. A green line indicates the location of the
respective line proﬁle, given in the panels on the right-hand
side. These values should be used with caution when true step
heights are discussed, as the tunneling current is inﬂuenced by
proximity of tip and sample, but also by local densities of states.
Therefore, these parameters need to be carefully deconvoluted
to gain true height information.39,40 In the case of this study, we
can use the line proﬁles to compare relative heights of the oxide
ﬁlm on the growth substrate versus the target substrate, which
are both metallic and were scanned with the same metallic tip.
On both substrates the silica bilayer exhibits holes with an
apparent depth of 3 Å. This value signiﬁcantly diﬀers from the 2
Å step heights that are seen on Pt(111) and 4 Å double steps
that are seen on Ru(0001).

DISCUSSION
Apparent Step Heights from STM Images. The
comparison of STM images in Figures 4 and 5 reveals
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Figure 6. Silica bilayer on Pt(111) at diﬀerent length scales. (a)
Photo of Pt(111) single crystal mounted on sapphire holder;
diameter of crystal slab is 9.2 mm. (b) ESEM image of silica bilayer,
500 μm × 500 μm, contrast inverted, showing even coverage
(acceleration voltage HA = 7.5 kV, pO2 = 20 Pa). (c) ESEM image of
silica bilayer, 500 nm × 500 nm, contrast inverted, revealing large
round holes with diameters of 20−40 nm (HA = 12.5 kV, pO2 = 20
Pa). (d) STM image of silica bilayer (50 nm × 50 nm, VS = 0.5 V, IT
= 100 pA), revealing open holes with diameters of 30 nm and
smaller.

Quality of Film Transfer. A set of complementary
techniques has been utilized to verify the successful transfer
of the 2D silica ﬁlm. The chemical signature from AES indicates
that silica has been transferred to platinum. The characteristic
ring feature in LEED shows that the transferred ﬁlm possesses
short-range order but no directional preference. The morphology found in STM is comparable for the silica bilayer before
and after the transfer. STM also reveals holes that result from
sub-bilayer coverage. The quantitative analysis of these holes
yields a coverage value of 1.6 ± 0.1 ML for the ﬁlm before and
after the transfer. This agreement between initial and ﬁnal
coverage is evidence for a transfer method that preserves
material integrity. Transferring ultrathin ﬁlms often leads to
mechanical damage, such as wrinkles or tears. As shown in
Figure 6b, even on a 500 μm × 500 μm scan, such damage has
not been observed. The investigation with ESEM reveals a
smooth ﬁlm covering the entire sample, without wrinkles, tears,
or other obvious transfer-related damage. This indicates a
remarkable stability of the ultrathin silica ﬁlm. Furthermore,
both the ruthenium and the platinum substrate are roughly 1
cm in diameter, and the transferred silica ﬁlms correspond in
size. We expect that this micromechanical cleavage approach
can be performed in an analogous way on signiﬁcantly larger
sample surfaces, as well.
Film cleanliness is a further requirement of transferable 2D
layers. We use mild heating for evaporating the transfer
medium, followed by a short annealing step in the UHV
chamber to clean the sample further. Longer annealing steps
can also be implemented without aﬀecting the silica bilayer.

Figure 7. Apparent step heights measured with STM. (a, b) Silica
bilayer on Ru(0001), hole depth 3 Å. (c, d) Plain Ru(0001) after
exfoliation, characteristic double steps of 2 × 2.1 Å step height. (e,
f) Bare Pt(111) surface, step height 2.2 Å. (g, h) Silica bilayer on
Pt(111), hole depth 3 Å. All images in the left panel are 50 nm × 50
nm; STM scan parameters given in captions for Figures 4 and 5.

AES shows no carbon contamination of the samples, but may
not provide suﬃcient signal intensities below one tenth of a
monolayer. STM images indicate that the surface is free from
adsorbates. Due to the high thermal and chemical stability of
the 2D silica ﬁlm, harsher cleaning treatments including
solvent-based protocols should be applicable if needed.
The method presented here provides large-scale sheets of
silica bilayers that possess 10−25% holes. These may be used as
basic building blocks for assembling insulating layers with
precise thickness control. Stacking two or more silica bilayers
would result in a dielectric layer of tunable thickness without
compromising ﬂatness. Holes in one layer would thereby likely
be covered by the next layer. Two stacked layers may be
suﬃciently thick to suppress electronic states of an underlying
material extending into the vacuum, thereby providing an
eﬀective tunneling barrier.26
Exfoliation Method. The mechanical exfoliation method
utilized in this study relies on a balance of adhesive forces. The
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adhesion of the silica ﬁlm on the metal substrate needs to be
overcome by the adhesion between the polymer ﬁlm and the
silica ﬁlm. Hence, it may be viewed as a variation on adhesive
tape assisted exfoliation procedures ubiquitous in thin ﬁlm
technology, also known as micromechanical cleavage.41 Note,
however, that mechanical exfoliation using standard adhesive
tape was not successful for this sample system. The silica ﬁlm
on Ru(0001) remained unaﬀected by adhesive tape treatment,
as evident from unchanged LEED and AES measurements. This
was surprising, as the adhesion energy of silica bilayers on
ruthenium has been predicted to be very close to the interlayer
adhesion of graphite layers,1 which can be cleaved using
adhesive tape.41 The adhesion provided by a PMMA ﬁlm
applied via spin coating was suﬃcient to exfoliate the silica
bilayer. Simply speaking, we assume that the success of
mechanical cleavage depends on overcoming the threshold
value of substrate adhesion.
Furthermore, the stiﬀness of the silica bilayer may also
inﬂuence the success of exfoliation. A recent DFT study
compares mechanical properties of silica bilayers with those of
graphene, yielding diﬀerent relative values for tensile and
ﬂexural bending stiﬀness.28 Additional experimental studies are
needed to shed light on the inﬂuence of these mechanical
properties.
Perspective. The silica bilayer preparations used in this
study possess certain structural features promoting transferability. The partial coverage resulting in round hole features
is assumed to improve adhesion of the PMMA layer at these
additional edge sites. Films of up to 1.8 ML coverage have been
exfoliated successfully. Since mainly bilayers are formed, this
corresponds to 10% of the surface area exposing the substrate
and 90% of the surface covered with a bilayer.
Further studies are needed to understand whether the reason
lies in stronger substrate adhesion of closed ﬁlms or in
improved friction of the PMMA on the partial coverage. On the
basis of the successful proof-of-concept, we propose ways to
shift the balance of adhesive forces in order to transfer ﬁlms
with higher coverage.
The atomic structure at coverages below 1.8 ML is
predominantly amorphous, minimizing registry and attractive
interaction with the substrate. A fully closed bilayer possesses
larger crystalline domains in registry with the hexagonal
ruthenium lattice, which may lead to a more eﬃcient van der
Waals interaction. Such bilayer ﬁlms cannot be mechanically
exfoliated by mere adhesion to a PMMA sheet.
It has been shown that the choice of the growth substrate is a
way to tune the atomic structure of the silica layer. On
Ru(0001) substrates, closed bilayer ﬁlms typically exhibit
predominantly crystalline structures,42 which are assumed to
adhere more strongly to the metal due to substrate registry.
When Pt(111) is used as the growth substrate, only amorphous
bilayer ﬁlms have been observed.11 Such a predominantly
amorphous bilayer presumably interacts less eﬀectively with the
substrate, so that the adhesion may be overcome by the
exfoliation method used in this study.
Another parameter is the choice of polymer used in the
procedure. The additional edges exposed in the bilayer with
partial coverage may improve the friction coeﬃcient for the
polymer-based exfoliation. Many polymers and adhesive tapes
have been suggested for exfoliating thin ﬁlms.17 In this
parameter space, another compound may be found that
adheres to the silica bilayer system more strongly and can
exfoliate a closed ﬁlm from its growth substrate. Furthermore,

an alternative method from the library of 2D exfoliation
techniques, such as a substrate etching or bubbling route, may
be developed to transfer the bilayer.43,44

CONCLUSION
In summary, a 2D silicon dioxide ﬁlm has been transferred from
the growth substrate to a new support. ESEM reveals that the
majority of the new Pt support (diameter 9.2 mm) is covered
with the silica bilayer. LEED and STM indicate preservation of
the morphology and well-deﬁned amorphous bilayer structure.
Also, AES detects no carbon residue on the sample, indicating
that the heat treatment is a very eﬀective method for removing
the organic polymer layer. A near-perfect transfer of the ﬁlm
highlights the robustness of this silica sheet, which is promising
for future applications in nanotechnology.
METHODS
Techniques. The characterization of the freshly prepared ﬁlms as
well as the transferred ﬁlms was performed in the same UHV setup.
The chamber is equipped with LEED and AES optics (both performed
with a 4-grid optics ErLEED by SPECS) and a low-temperature STM.
LEED provides information on symmetry/order on the investigated
surface, while AES is element-sensitive. Both techniques probe the
sample surface in the micrometer range.
STM shows the sample morphology in real space and can achieve
subnanometer lateral resolution. Technical details of the microscope
sensor are provided in ref 45. For image smoothing and analysis,
WSxM software was used.46 Combined, all three techniques provide
comprehensive information on the sample.
After transferring the silica bilayer to Pt(111) and subsequent
characterization using LEED, AES, and low-temperature STM, the
sample was also investigated with a FEI Quanta 200 environmental
scanning electron microscopy. This microscope is equipped with a
home-built heating stage and a gas-feeding system for imaging under
controlled atmosphere at pressures of up to 2000 Pa. The sample was
heated to around 300 °C, while an oxygen atmosphere of 20 Pa was
provided to sustain a subsurface oxygen layer. This environment also
prevents the formation of electron beam induced surface contaminations, which are a well-known problem in scanning electron
microscopy (SEM).47 They are caused by the interaction of the
electron beam with residual gas molecules and the deposition of
charged species at the place where the beam hits the sample. The
contamination layer that is forming during imaging leads to
attenuation of the secondary electron signal and a loss of structural
sensitivity. Preventing the formation of this contamination layer is a
big advantage of ESEM.
In the ESEM, the sample can be ﬂexibly observed over a large range
of magniﬁcations, revealing structural information from the milli- to
the micrometer scale and thus a better overview of sample coverage.
Preparation. Figure 1 shows a schematic of the transfer steps. In
ultrahigh vacuum, a bilayer silica ﬁlm was prepared on a Ru(0001)
single crystal via physical vapor deposition and subsequent annealing
(Figure 1a).2 A ﬁlm with 1.6 ML coverage was prepared, resulting in
an atomically ﬂat sheet of two layers thickness, exhibiting holes that
reveal the metal substrate. We denote this coverage by 1.6 ML with
respect to the bilayer structure of the ﬁlm. In this convention, 1 ML
refers to a monolayer ﬁlm that is connected with Si−O−Ru bridges to
the substrate, while 2 ML would denote a fully closed bilayer. By
calibrating evaporator ﬂux and deposition time, the coverage can be
tuned precisely. A PMMA solution (20.7 wt %) was prepared by
dissolving PMMA pellets (product name Polymethylmethacrylat
Formmasse 7N, supplier Röhm GmbH, Darmstadt, Germany, now
Evonik Industries AG) in acetone. The PMMA has an approximate
molecular weight of 120 kDa.48 The use of ultrasound to expedite the
solvation is not recommended, since ultrasound leads to scission of
polymer chains.49 Under ambient conditions, the silica/Ru(0001) was
spin-coated (Figure 1b) at approximately 1650 rpm with the PMMA
solution (0.5 mL) and the PMMA ﬁlm was mechanically cleaved after
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a short drying time of roughly 3 min (Figure 1c). The resulting
PMMA ﬁlm supporting the silica bilayer (Figure 1d) is approximately
0.3 mm thick. In UHV, a Pt(111) single crystal was cleaned and a layer
of oxygen was adsorbed on the crystal. Under ambient conditions, the
PMMA ﬁlm supporting the silica bilayer was placed on the Pt(111)
single crystal, silica-side down (Figure 1e). By placing the sample on a
heating plate at 300 °C for 3 h, the PMMA was evaporated completely.
The result was a silica ﬁlm supported on Pt(111) (Figure 1f). For
analysis with LEED, AES, and STM, the plain Ru(0001) crystal after
exfoliation and the transferred silica ﬁlm/Pt(111) were placed in UHV
again. Surface adsorbates were removed by a short heating step (860
°C for 5 min) in oxygen to facilitate analysis.
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