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ABSTRACT

Free-standing ultra-thin (~2 nm) films of several oxides (Al,O3, TiO,, and others) have been
developed, which are mechanically robust and transparent to electrons with Ey;, > 200 eV, and to
photons. We demonstrate their applicability in environmental X-ray photoelectron and infrared
spectroscopy for molecular level studies of solid-gas (>1 bar) and solid-liquid interfaces. These
films act both as membranes closing a reaction cell, and as substrates and electrodes for
electrochemical reactions. The remarkable properties of such ultra-thin oxides membranes enable
atomic/molecular level studies of interfacial phenomena, such as corrosion, catalysis,
electrochemical reactions, energy storage, geochemistry, and biology, in a broad range of

environmental conditions.

KEYWORDS: oxide membranes, electrochemistry, operando spectroscopy, XPS,

nano-FTIR.

TEXT

Metal and semiconductor oxides are some of the most abundant materials on Earth and their
interactions with aqueous solutions and atmospheric gases are at the base of corrosion,
geochemical, catalytic, and electrochemical processes' . In industry, metal oxides play a crucial
role in applications ranging from heterogeneous catalysis, photocatalysis, energy storage, fuel
cells, and chemical sensors*”. Therefore, the ability to characterize the metal oxide interface with
gases and liquids at the atomic/molecular scale is essential for understanding these processes.
Over the past decades, various surface sensitive techniques have been developed toward this goal.

These include electron and X-ray based spectroscopies, such as X-ray photoelectron



spectroscopy (XPS), electron-yield X-ray absorption spectroscopy (EY-XAS), Auger electron
spectroscopy (AES), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM), which provide structural and elemental identification of species at
surfaces/interfaces®. However, the current pressure range where these techniques operate is still
lower than that needed in many practical reaction conditions, and their operation in liquid
environments remains particularly difficult. To extend the pressure range and to enable
measurements in the liquid phase, thin film membranes acting as windows in environmental cells
have been developed recently. Micro fabricated thin silicon nitride films (5-200 nm) supported
on Si chips are the most popular ones and can be used as window materials for the separation of
high vacuum and gases or liquid at ambient pressures” '°. Si, SiO,, thin carbon films, and

graphene have also been used as thin film window materials for this purpose''™*

. In particular,
graphene has extraordinary mechanical strength and can sustain large pressure differences while
being impermeable to gases and liquids' '°. The atomic-scale thickness of graphene makes it
sufficiently transparent to electrons and for this reason it has been used in a variety of
environmental cells for electron-based microscopies and spectroscopies, such as TEM, SEM,
AES and XPS'" '"7?!. Recently, graphene membranes were also applied in infrared (IR)

nanospectroscopy (nano-FTIR) studies of the molecular structure of liquids near graphenezz.

Here we present a new generation of ultra-thin (few nm) membranes based on oxide
materials. These ultra-thin oxides have remarkable mechanical strength and can withstand large
pressure differences, which makes them useful as cell membrane windows. Like graphene, as we
will show, they are transparent to photons, and to electrons with a wide range of kinetic energies.
The membranes can be used as supports of metal particles for catalysis studies, as electrodes in

electrocatalysis, in batteries, and in many other applications.



Fabrication and chemical composition of the metal oxide films

Figure 1(a) shows a schematic representation of the fabrication process. We start with
commercial silicon nitride membranes, abbreviated as SiN, perforated with holes of 500-2000
nm diameter. We coat these membranes with gold (or other metals), Figure 1(a) step i, and
subsequently cover them with a graphene layer on the flat side (Figure 1(a) step ii). The purpose
of gold is to improve adhesion and to ensure good electrical connectivity between graphene

23-27
O

domains. The oxide film is grown by plasma enhanced atomic layer deposition (PE-ALD) n

either side of the graphene:23'25

, as 1llustrated in Figure 1(a) step iii-a and iii-b. The graphene can
be removed, if desired, by oxygen plasma to leave only the suspended metal oxide (step iv in
Figure 1(a)). Typically, however, we keep the graphene on the external side of the window as it
adds mechanical strength and because it provides good electrical conductivity for biasing the
metal oxide when acting as an electrode. Figure 1(b) shows an atomic-force microscopy (AFM)
topographic image of a region of the SiN with holes capped with graphene, while 1(c) is an
image of the same area with a 2 nm TiO, film grown on the flat side, showing its excellent
conformal distribution. Figure 1(d) shows a region of an Al,Os-covered array of holes which
were initially covered by a Formvar polymer (polyvinyl formal). The polymer acts as support for
the PE-ALD growth and was subsequently dissolved in chloroform so that the metal oxide
membrane is freely suspended. The details about PE-ALD growth and transfer process can be
found in the Supporting Information. The local thickness of metal-oxides was estimated by

electron energy-loss spectroscopy (EELS) using the log-ratio method (Figure $2)*. Other

measurements using AFM and Ellipsometry are described in the SI.
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Figure 1 (a) Fabrication process of the free-standing ultra-thin metal oxide membranes. The flat side is exposed to
the environment outside the cell, while the corrugated side faces the interior of the cell. (b) AFM topographic image
showing a region with a graphene-capped array of holes (¢ = 1 pum), corresponding to step ii. (¢) After deposition of
a TiO, film (red line) on the flat side of the graphene showing the uniformity of film (step iii-a) (d) AFM
topographic image showing a region with a 2 nm thick Al,Os film covering the holes (¢ = 500 nm, step iv). In this

case, Formvar (polyvinyl formal) polymer was used as a support for the PE-ALD process on the corrugated side and
dissolved afterwards, leaving the Al,O; film suspended.

The chemical composition and uniformity of the films were examined by scanning Auger
spectroscopy (with spatial resolution of few nm), and by TEM/EELS. As shown in Figure 2(a),
when TiO; is deposited on the side facing the cell interior (corresponding to the SEM image in
Figure 2(b)), the Ti LMM Auger peaks only appear when the electron beam is focused on the
free-standing graphene/T10, (magenta) but not on the region between holes (blue). Because of
the short inelastic mean free path of the 380-eV Auger electrons (around 1 nm), the spectra

shows only Ti peaks on the suspended graphene region of the membrane. Figure 2(c) shows a



TEM image of a region of a SiN with a hole partly covered by a free-standing graphene/Ti0O,
membrane (the missing part of the membrane is the brightest part). Figure 2d shows a map of the
Ti-L, 3 loss peak intensity (EELS) from the region marked by a square that includes the ruptured
edge. The smoothness of the contrast over the film, and its abrupt change across the edge
demonstrates the chemical uniformity of the metal oxide layer over the free-standing graphene.
An electron-diffraction pattern from the graphene/TiO, area is shown in Figure 2(e). Only the
hexagonal diffraction pattern from graphene can be seen since the amorphous metal oxide does
not produce diffracted beams. This is expected from the low-temperature (40-120°C) metal oxide

23-26, 29

deposition conditions . Similar results were obtained for Al,Os/graphene membranes

(Figure S3).

At the temperature used in the PE-ALD growth process a high content of carbon (around
15%) was observed by XPS as a residue of the organic precursor. Surface OH™ groups could also
bring out an excess of oxygen>'. In a separate test, a 20 nm thick Al,O3 layer was grown on a
SiN wafer to study in more detail its chemical composition and the possibility of cleaning the
surface OH™ groups without altering the structural quality of the ultra-thin membranes. Figure S4
shows an XPS depth profile measurement and how the initial element concentrations of the
uppermost layer converges to the stoichiometric 3/2::0/Al ratio in the bulk. The profile also
shows that the carbon content drops to less than a 2% in the Al,Os; bulk. The carbon and OH
groups can be eliminated by a gentle sputtering with Ar;s™ clusters at low energy (8000 eV)

without discernible damage on the ultra-thin film deposits (Table S ™.
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Figure 2 (a) High spatial resolution (few nm) Auger spectroscopy on the graphene/Au/SiN region (blue), and on the
free-standing graphene/Ti0O, window (magenta). (b) SEM image showing marks at the location where the Auger
spectra were taken. (c) TEM bright field image from a partially ruptured graphene/TiO, window (¢ = 1000 nm). (d)
EELS (Ti-L edge) map from the region marked by a square in (c) containing the edge of the ruptured. (e) Electron
diffraction pattern from a TiO,/graphene region showing the hexagonal pattern from graphene, with the amorphous
TiO, contributing only to the background.

Mechanical properties of metal oxide films

The mechanical behavior of the free-standing metal oxide membranes was investigated
by nano-indentation using an AFM tip. To check for indentation-induced damage to the tip,
AFM topographic images were acquired before and after each indentation. Figure 3 shows
representative force-distance curves on a 1-pm-diameter hole covered with a suspended graphene
membrane without (blue) and with (black) a 2-nm-thick TiO; film deposited on the membrane
facing the cell interior. Details of the AFM nano-indentation can be found in the Methods
section. Only a small difference is visible between the loading and unloading curves in both
cases, suggesting an elastic deformation process and no sliding between the graphene and TiO,
layers during indentation, indicative of strong adhesion between graphene and TiO,. The

effective Young’s modulus (E) of the suspended membrane was calculated using equation (1)"



225 which describes the force vs indentation depth of a suspended clamped circular sheet of a

isotropic elastic material under a centrally applied load,

F=3
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where t = thickness of the suspended membrane, v = effective Poisson’s ratio, a = radius of the
suspended membrane, T = pre-tension in the suspended membrane, q is a dimensionless
parameter equal to 1/(1.05 — 0.15v — 0.16v?), F = applied force, and & = indentation depth. By
using Equation (1) and fitting the force-indentation curves, shown as green and red curves
corresponding to graphene and graphene/Ti0,, respectively, in Figure 3, we obtain the Young’s
modulus of graphene, Egraphene, to be around 404 + 14 GPa and that of the 2-nm-thick TiO, film
on graphene, Egraphene/tio2, to be 200 £ 100 GPa. These values are close to the values reported in
the literature.*** The Egraphene Value, however, is lower than that reported for graphene prepared
by mechanical exfoliation of graphite (~1 TPa),"> which could be due to defects in the graphene
used in this study stemming from the chemical vapor deposition process and/or from the transfer
processes. Assuming a tip radius between 10 and 50 nm, we estimate that our free-standing metal
oxide membrane can withstand local pressures higher than 10° Pa, i.e, more than 10 bar, which
explains its good performance as an environmental cell window to contain high pressure gas or

liquids.
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Figure 3 AFM nanoindentation curves of a suspended graphene (blue) and graphene/TiO, (black). The green and
red curves correspond to the fitting results of graphene and graphene/TiO,, respectively, using Equation (1). The
inset shows a schematic of the AFM nanoindentation experiment.

Metal oxide membranes for electron spectroscopy studies of solid-gas interfaces

The sub-micrometer thickness of SiN membranes (and other materials) makes them
transparent to high-energy radiation, in particular 2100 keV electrons and X-rays, and for that
reason they are frequently used for TEM” ** and X-rays absorption spectroscopies in fluorescent-
yield detection mode (FY-XAS)** *. Other surface sensitive spectroscopies such as XPS and
EY-XAS which use emitted electrons traversing the membrane are not possible with standard
SiN membranes because of the short mean free path of a few nm of low-energy electrons in solid
materials. However, the ultra-thin metal oxide films presented above make possible XPS
measurements of species present near the membrane, similar to the case of graphene®'. Figure

4(a) and 4(b) shows the N1s and Ols photoelectron spectra from air at 1 bar enclosed by a 2-nm-



thin Al,O; free-standing membrane. The cell is located inside a vacuum chamber with 10°-107
Torr base pressure containing an XPS spectrometer. In Figure 4(a), The N1s spectrum shows a
sharp peak at a binding energy of ~405 eV from the N, gas phase, together with a small
contribution at ~400 eV from N in the SiN support®'. Similarly, in Figure 4(b), the Ols spectrum
shows a doublet peak (due to paramagnetic splitting) at ~537-540 eV corresponding to the O,
gas phase36’ 37 and another peak at 532.5 eV from the O in the Al,O; membrane. The integrated

intensity ratio of the N to O, peaks is close to 4, as expected from the air composition.

(a) (b)

v AlLO, window —

Lz

air {1bar) ;

Intensity (a.u.)
Intensity (a.u.)

SiN

{

T

410 405 400 545 540 535 530 525

Binding Energy (eV) Binding Energy (eV)

Figure 4 XPS measurements through a 2-nm-thick Al,O; membrane closing a cell filled with 1 bar of air. The cell
is located inside an XPS vacuum chamber with a 10 to 10”7 Torr background pressure. (a) N1s spectra, containing a
sharp peak from N, gas in air and a smaller peak from the SiN support. (b) Ols peak showing the doublet peak from
0O, gas in air and a strong, broad peak from the Al,O; oxide. The photon energy is 1135 eV.

Infrared spectroscopy studies at the interface between metal oxide and liquid.

Vibration spectroscopies based on photons, such as Fourier-transform infrared spectroscopy
(FTIR), Raman spectroscopy, and sum-frequency generation spectroscopy (SFG) are powerful

38-41

and noninvasive tools for studies of surfaces and interfaces™ . Most materials, specially

insulating metal oxides, are highly transparent to visible and infrared light and thus they allow

10



for easy access to the buried solid-liquid interface. The lack of spatial resolution, particularly in
the IR case, can be overcome by taking advantage of the plasmonic enhancement in confined

. L 4244
geometries and near the corners of sharp objects

. We recently demonstrated this using an
AFM tip to achieve nanoscale resolution FTIR spectra through a graphene membrane electrode
to determine the nature of the species in their vicinity (i.e., in the electrical double layer) and
their variation with applied bias*>. Here we demonstrate that this is also possible with our ultra-
thin graphene/metal oxide membranes. Figure 5(a) shows the schematic of the nano-FTIR
measurement through the graphene/TiO, window of a liquid in the cell. Figure 5(b) is the AFM
topographic image of a region containing a graphene/Ti0O; (3 nm thick) window in contact with a
0.1M sodium sulfate aqueous solution. The corresponding amplitude of the scattered IR at the
second harmonic of the tip oscillation is shown in Figure 5(c). The amplitude over the
graphene/TiO, window (dark color) is much smaller than that over the graphene—gold region
(gold color), as expected from the negligible absorption of graphene—gold compared to the
poorly reflective graphene/TiO, window. The nano-FTIR spectrum of a 0.1 M sodium sulfate
solution in contact with the TiO, of the graphene/TiO, membrane at open circuit condition
(averaged from spectra acquired over many points in the membrane), is shown at the bottom of
Figure 5(d). For comparison, the attenuated total reflection FTIR (ATR-FTIR) from a 0.1M
droplet of aqueous sodium sulfate solution is shown at the top in Figure 5(d). As can be seen, the
expected peaks from the antisymmetric S=O stretching mode in SO4> (around 1100 cm™) and
from the bending mode of water (~ 1650 cm'l) are visible in both cases. However, the sulfate-to-
water-peak ratio in nano-FTIR is much larger than that of the ATR-FTIR measurements, the
former reflecting the near surface region (nm), while the later reflects the bulk (um) composition

of the solution”. Several additional peaks between 1200 cm™ and 1600 cm™ are also present in

11



the nano-FTIR whose nature is still under investigati0n45’ . Interestingly, while in the case of a
pure graphene membrane in contact with 0.1M ammonium sulfate solution, the sulfate peak is
about 4 times more intense than that of Water,22 the ratio near the TiO, film is about 2 or less.
These results indicate that the structure of the electrolyte in the electrical double layer is highly
influenced by the nature of the electrode and by the additional hydrogen-bonding of water with
O in the metal oxide surface, which provides an anchoring and orienting mechanism for water,

very different from that in the hydrophobic graphene.
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Figure 5 (a) Schematic of the plasmonically enhanced nano-FTIR experiment with the AFM tip situated over the
metal oxide window closing the cell filled with liquid. Broadband synchrotron IR radiation is focused on the apex
of the AFM tip, which enhances the electromagnetic field in the proximity of the apex in a range roughly equal to
the tip radius (few nm) and scatters it to the far field. (b) Topography and (c) second harmonic optical amplitude
images from the IR light scattered by the tip over the graphene/TiO, window covering a sodium sulfate aqueous
solution (0.1 M) inside the cell. (d) Top: ATR-FTIR from a droplet of 0.1M sodium sulfate aqueous solution.
Bottom: nano-FTIR of the 0.1M sodium sulfate solution acquired with the tip over the graphene/TiO, window (3nm
thick)). The nano-FTIR spectrum is obtained from the phase of the scattered signal at the second harmonic of the
cantilever oscillation frequency, which corresponds to the absorption coefficient of the material™ ***". Notice the
different amplitude of the bulk (ATR-FTIR) and nano-FTIR peaks of the SO, stretching, and water bending modes,
and the presence of additional peaks between these two, visible only in the near surface region detected by nano-
FTIR, showing the influence of the electrode composition in the structure of the electrical double layer.
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In summary, we have shown that mechanically robust, free-standing, ultra-thin metal oxide
membranes can be fabricated by PE-ALD on graphene and on polymer support materials. The
oxide membranes are amorphous, uniform in thickness, and have compositions similar to those
of the corresponding bulk oxides. Our proof-of-concept experiments show that they can be used
as windows in environmental cells for XPS and nano-FTIR spectroscopic studies of gases (>1
bar) and of liquids near the interface. Their small thickness and good mechanical strength make
them applicable to other electron/X-ray microscopy/spectroscopy or scanning probe techniques.
By using different precursors and growing temperatures, a wide range of oxides of metals and
semiconductors, including SiO,, CoOy, HfO,, etc., could be fabricated and used as suspended
ultra-thin films with different stoichiometry and crystallinity26’ 2988 Therefore, we anticipate that
the platform developed and presented here will open up new avenues for the study of catalytic,
electrochemical, geochemical and other reactions at interfaces in practical conditions, as
demonstrated by the results reported here. In addition, the ALD technique can also be used to
grow membranes of other practical materials, such as nitrides, sulfides, noble metals, and 2D

. 26, 29, 48, 4
materials®® 2% 48 4,

Besides the applications for chemical studies just mentioned, the physical
properties of the ultra-thin metal oxides can vary substantially from those of their bulk
counterparts, including their magnetic properties, electron conductivity, and others that will be
explored in the future. In the device area, the subsequent deposition of periodic array structures
with different dielectric constants could be an ideal platform for photonic crystals and may be

. . . . . 50
useful for vibrational spectroscopies and bio-chemical sensors™ .

Methods

Characterization of metal oxide thin films

13



The characterization of the metal oxides films was performed by XPS, TEM, scanning Auger
spectroscopy and AFM measurements. The XPS measurements were performed using K-Alpha
Plus XPS/UPS analyzer from Thermo Fisher Scientific equipped with a monochromatic Al K,
X-ray source (1486.6 eV) and an ion gun (Ar" or Arss’) in an ultra-high vacuum chamber. A
flood gun was used during the measurements. TEM and EELS measurements were performed
with a JEOL 2100-F 200 kV Field-Emission Analytical Transmission Electron Microscope at an
electron energy of 200 kV. Scanning Auger spectroscopy measurements were performed with an
Oxford/Omicron Nano-Auger system under ultra-high vacuum of 10" Torr. The size of the
electron-beam spot was ~10 nm. AFM topography measurements were done using Cypher ES

(Asylum Research) and Bruker Icon systems.
AFM Nanoindentation

The AFM nanoindentation was performed using Cypher ES (Asylum Research). The normal
spring constant of the cantilever was calibrated using the Sader Method’'. The indentation rate
was around 0.2 um s”. A topographic scan was acquired before the indentation and the tip was

positioned at the center of the suspended membrane for indentation measurements.
In situ XPS and nano-FTIR measurements

In situ XPS measurements were performed using the APPES-II end station in beamline 11.0.2 of
the Advanced Light Source, at the Lawrence Berkeley National Laboratory. A differentially
pumped analyzer (Phoibos 150, SPECS GmbH) equipped with three differentially pumped

electrostatic lenses was used’>. The design of the gas cell can be found elsewhere?!.

Nano-FTIR measurements were performed at beamline 2.4 of the Advanced Light Source, at the

Lawrence Berkeley National Laboratory. The infrared light was focused onto the apex of a Pt
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coated AFM tip in a neaSNOM (Neaspec, Germany) system. Tapping-mode operation was
performed at the fundamental resonance frequency of the cantilever (250-350 kHz) with a free
oscillation amplitude ranging from 70 to 90 nm and an amplitude setpoint of ~80%. The
scattered near-field signal is retrieved by a lock-in amplifier tuned to the second and higher
harmonics of the cantilever oscillation to eliminate the far field non-local scattered background.
The complex-valued near-field spectrum is derived from a Fourier transform of the
interferogram. The Fourier components are presented as real spectral amplitude “A” and phase

“@”, normalized to reference spectra obtained with the tip outside the hole: A;(v) =
Afample(v) JATeerence () and @; (v) = gsample (v) — @reference (1)) where v is the wavenumber.

l

Reference spectra were taken on samples with flat spectral responses, either Au-coated Si or
graphene on the Au-coated SiN membrane. The phase @ contains the absorption coefficient of

materials and has been shown to be in good agreement with traditional FTIR absorption

42,43, 4
measurements*> *>*,
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PE-ALD Growth of Metal Oxides

The Al,O3; and TiO, metal oxides were grown on graphene and on polymers, e.g. Formvar and
PMMA (polymethyl methacrylate) by plasma-enhanced atomic layer deposition (PE-ALD,
Oxford Instruments FlexAl and Cambridge Fiji F200 systems). In addition to O,
trimethylaluminium (AlL(CHs)s, TMA) and tetrakis(dimethylamino)titanium (Ti[N(CH3)2]4,
TDMAT) were used as precursors for Al,O3 and TiO,, respectively. In the Oxford FlexAl system,
a turbomolecular pump was used to maintain a base pressure of 10° Torr inside the reactor
before deposition. The gas-delivery line was kept at 100°C, and the substrate was heated to 40-
120°C during deposition. In the Cambridge Fiji F200 system, N, was used as the carrier gas, the
gas delivery line was heated to 150 °C, and the chamber kept at 100 °C during the deposition
process. A sample holder was specially designed to prevent PE-ALD coating of both sides of the
graphene or polymers (Figure S1). The holder consists of a flat stainless-steel clamp with a

circular hole fixed on top of the graphene/polymer capped SiN membrane sitting on a Si chip.

The perforated region is located on a circular hole for the PE-ALD growth.

Figure S1 Design of the sample holder for PE-ALD. A flat stainless-steel clamp with a circular
hole is fixed on top of the graphene or polymer capped perforated SiN membrane sitting on a Si
chip. The perforated SiN region is located on a circular hole for PE-ALD growth. Such design
avoids deposition of the metal oxide on the back side of SIN membrane (lying over the Si chip).
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The thickness or growth rate of metal oxides was measured by ellipsometry directly deposited on
silicon substrates. AFM step measurements were also performed to confirm the accuracy. In
order to understand if there is deviation in growth rate using suspended graphene as a support,

EELS measurement was performed on an Al,Os/graphene membrane, as shown in Figure S2.
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Figure S2 EELS spectrum on an intact Al,Os/graphene window. Based on the ellipsometry data
measured on a Si substrate, the growth rate of Al,O3 at 40 °C (FlexAl, Oxford Instruments) is 7
cycles/nm. The window showing here (TEM image shown in the bottom inset) was grown with
20 cycles. To estimate the thickness, one can use log-ratio method, comparing the area under Iy
(zero loss, inelastic peak; shown as red shaded region) with I; (total area under the whole
spectrum; shown as green shaded region in the right top inset)'. The thickness is given by t/A =
In (I/Ip). Here, the measurement was performed under 200 keV, corresponding to the inelastic
mean free path of ~ 140 nm>. From the above equation, the estimated thickness of the window is
~ 2.95 nm (including ~ 0.3 nm graphene), which is close to the expected value (3.15 nm).
Therefore, the ellipsometry data obtained on Si substrates can also be applied to the case of using
suspended graphene as a support.

Graphene and polymer transfer on perforated SiN membranes

22



Commercial single-layer graphene grown on Cu foil (Graphene Supermarket or Sigma-Aldrich)
by chemical vapor deposition (CVD) was used as base material. The graphene on one side of the
foil was removed by O, plasma. An adhesive Al foil frame window was stuck to the untreated
side and then floated on a Cu etchant solution (~0.2 M sodium persulfate)’. After etching away
the Cu, graphene along with the Al window frame, was transferred to a deionized water reservoir
(~500 ml) to remove the salt residue. The transfer process to the water reservoir was repeated
twice to ensure complete salt removal. A Cr (2 nm)/Au (10-30 nm) coated SiN membrane (50 or
200 nm thickness) perforated with an array of 1000 nm or 500 nm circular holes (Norcada) was
placed in the reservoir underneath the graphene and carefully lifted up from the air/water

interface to conclude the graphene transfer.

Polymers were also be used as a support of the PE-ALD grown metal oxides. These included
poly(methyl methacrylate) (PMMA, Microchem) or polyvinyl formal (Formvar, Electron
Microscopy Sciences). These polymers can be transferred onto the Cr/Au coated perforated SiN
membranes by spin-coating and removed later with acetone. Formvar can also be transferred by
soaking a glass microscope slide into the Formvar solution (1,2-dichloroethane) and
subsequently immersing the glass slide in water slowly. Then, floating Formvar layers are lifted

by the Au coated SiN TEM grids. The Formvar polymer can later be dissolved in chloroform.
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(a) TEM bright field

Figure S3 (a) TEM bright field image on a ruptured Al,Os/graphene window. (b) Corresponding
EELS (Al-L, 3 edge) map from a region containing the edge of the ruptured hole in (a) (orange
rectangle). (c) A selected electron diffraction pattern from an intact region showing the
hexagonal symmetry pattern from graphene, with the amorphous oxide contributing only the
background.
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Figure S4 Depth profile XPS measurements of a 20 nm Al,O3 thin film grown by PE-ALD on a
SiN substrate. XPS measurements were performed by K-Alpha Plus XPS/UPS analyzer (Thermo
Fisher Scientific) equipped with a monochromatic Al Ka X-ray source (1486.6 eV) and an ion
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gun in an ultrahigh vacuum chamber (base pressure ~10 '° mbar). Depth profile composition of
the Al,Os3 film from XPS peak intensities. Each point corresponds to an additional 30 seconds of
sputtering. Sputtering by monoatomic Ar* ions of 2000 eV. Top right inset shows the O/Al ratio
of the total Ols and Al 2p intensities. The depth profile study confirms the O/Al stoichiometric
ratio of ~ 1.5 in the bulk.

Arss’ clusters | Atm. Con. | Atm. Con. | Atm. Con. | O/Al
Sputtering time (s) | C (%) Al (%) O (%)
0 15.7 (1) 32.4 (x1.6) | 51.9 (x2.5) 1.6
30 1.1 (z0.5) 41.2 (£2.1) | 57.7 (x2.8) 14

Table S1 A gentle sputtering with Ar;s™ clusters at 8000 eV eliminates carbon excess. Besides,
the O/Al ratio decreases to a value next to stoichiometric 1.5. Unlike monoatomic Ar", Ar
clusters sputtering do not result in Ar implantation into the metal oxide matrix.
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