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Resolving amorphous solid-liquid interfaces by atomic force microscopy
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Recent advancements in liquid atomic force microscopy make it an ideal technique for probing the
structure of solid-liquid interfaces. Here, we present a structural study of a two-dimensional amor-
phous silica bilayer immersed in an aqueous solution utilizing liquid atomic force microscopy with
sub-nanometer resolution. Structures show good agreement with atomically resolved ultra-high
vacuum scanning tunneling microscopy images obtained on the same sample system, owing to the
structural stability of the silica bilayer and the imaging clarity from the two-dimensional sample
system. Pair distance histograms of ring center positions are utilized to develop quantitative metrics
for structural comparison, and the physical origin of pair distance histogram peaks is addressed by
direct assessment of real space structures. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4949556]

Solid-liquid interfaces play an important role in many
natural and industrial processes, including electrochemistry,
heterogeneous catalysis, energy storage technologies, and bi-
ological processes. Stern layers and solvation mechanisms
are still debated even though both are textbook classics.'
Surface structure investigations provide the key to under-
standing—and tailoring—the processes which occur at com-
plex solid-liquid interfaces. With the growth in research on
nanotechnology and energy storage technologies, the neces-
sity for clear, real-space nanostructure mapping under
application-oriented conditions is central.

Surface science has been traditionally focused on studies
in ultra-high vacuum (UHV). However, with such powerful
and versatile tools as atomic force microscopy (AFM), the
determination of real-space surface structures is not limited
to ideal vacuum environments. As early as 1993, Ohnesorge
and Binnig imaged the (1014) surface of calcite in water
with true atomic resolution.” Two years later, in 1995, true
atomic resolution on the 7 X 7 reconstruction of the Si(111)
surface in UHV was reported.’ Despite the early success of
Ohnesorge and Binnig in attaining atomic resolution in
liquids, the attention of the high-resolution AFM research
community over the past 20 years has largely been focused
on instrumental developments, image contrast, and material
systems under well-defined UHV environments.*> Although
under-utilized for high-resolution structural studies to date,
liquid-AFM presents a promising route for structural assess-
ment of materials in environments more akin to those envi-
ronments necessary for realistic application conditions.

High-resolution imaging in liquids has required simulta-
neously developing the instrumentation and imaging tech-
nique alongside sample development. Significant progress has
been made in the area of instrumentation development.
Photo-thermal excitation of the cantilever has improved the
stability;® imaging in salt solutions can minimize long range
electrostatic contributions and lead to stable tip hydration
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structures;’° high-frequency cantilevers compensate for the
drop in resonance frequency introduced by the liquid environ-
ment; liquid cells counter liquid evaporation;'®!! and optimal
cantilever preparation approaches have been explored.'”
Nonetheless, the number of different sample systems which
have been imaged with atomic resolution in liquids remains
limited."*™"? High-resolution scanning probe microscopy can
be optimally attained on atomically flat materials. Most of the
atomic contrast results from the interaction of the front-most
tip atom with the underlying sample surface (Figure 1(a)). For
materials with highly corrugated surface structures, multiple
tip atoms are contributing and produce convoluted images™
as shown schematically in Figure 1(b). As such, much of the
high-resolution liquid-AFM data has been attained on single
crystals and cleavable materials (e.g., calcite, graphite, and
mica). Often, the identification of defect structures allows one
to distinguish lattice resolution from true atomic resolution
for crystalline materials.>' In this context, an atomically flat
2D amorphous material is an ideal playground to test the
capabilities of high-resolution liquid-AFM. The atomically
flat surface circumvents tip convolution challenges, and the
amorphous structures address the challenge of distinguishing
between lattice resolution and true atomic resolution.

Both for measurements and applications, the amorphous
silica bilayer is a unique sample system. This 2D material is a
wide band-gap insulator and contributes to the growing class
of 2D materials.>~>* It is a promising candidate for inclusion
in heterostructures of 2D materials for tailored nanoelec-
tronics. Amorphous bilayer silica has a completely saturated
bonding structure, without dangling bonds. In contrast to
many oxides,”>® this film system has been found to be excep-
tionally stable against hydroxylation,”” providing a chemical
stability optimized for liquid and ambient scanning probe mi-
croscopy measurements. Here, we present a study of the amor-
phous silica bilayer structure in water. Using this ideal sample
system, we find qualitative and quantitative agreement
between high-resolution liquid-AFM measurements and
atomically resolved low-temperature UHV scanning tunneling
microscopy (LT-UHV-STM) measurements of the silica
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FIG. 1. Schematic diagrams for tip
interactions with (a) a 2D film and (b)
a 3D material.

bilayer interface structure. Characteristic metrics of medium-
range order are identified, and their physical origin is
interpreted.

Bilayer silica films were grown in UHV on Ru(0001) sin-
gle crystals. First, the Ru(0001) crystals are cleaned with
cycles of Ar+ion sputtering, UHV annealing to 1523 K, and
annealing to 1173K under an oxygen pressure of 2 x 107°
mbar. Low energy electron diffraction (LEED), Auger elec-
tron spectroscopy (AES), and STM were used to control for
cleanliness prior to film growth. Well-defined bilayer SiO,
structures were grown by evaporating silicon onto pre-
oxidized 30-(2 x 2)/Ru(0001) at sample temperatures <300 K
and subsequently annealing to ~1200K in the presence of
2 x 107 mbar O,. Finally, the samples were cooled down in
the oxygen environment. Sample preparation yields either vit-
reous or crystalline configurations; the coverage and the rate
of cooling may impact the final structure.®?° Coverage is
expressed in terms of monolayers (MLs), where 2 MLs are
equivalent to a fully closed bilayer. We observe greater crys-
tallinity with higher coverages (1.9-2.0 MLs), while coverages
between 1.5-1.8 MLs yield amorphous domains. Film quality
of the sample preparation was checked with LEED, AES, and
STM. For the STM measurements, a custom-built, low tem-
perature UHV-STM setup with a tuning fork sensor device
was used.*®?' Images were acquired at T=35K. Following
this initial characterization in UHV, the sample was rapidly
transferred from UHV through air to the liquid environment.
An aqueous solution of 400mM NaCl, prepared with 99.9%
purity NaCl and biological grade purity H,O, was used for the
liquid environment. It has been found empirically that using a
salt solution promotes the imaging resolution.* The liquid-
AFM measurements were performed using a Cypher
Environmental Cell with photo-thermal excitation in the am-
plitude modulation mode. Arrow ultra high frequency cantile-
vers (f=700-2000kHz, k=25N/m) were plasma cleaned
prior to use (30 W, 5 min). The cantilever and the sample sur-
face were immersed into approximately 80—100 pl of solution.

In order to veritfy successful transfer from UHV to
liquids, and to assess potential structural changes to the silica
bilayer film, LT-UHV-STM and liquid-AFM images from 30
to 200 nm scan ranges are compared. No apparent distortion
or degradation of the overall sample structure was observed
based on topographic images. Fractional film coverages of
less than two full MLs give rise to holes in the silica film
structure which expose regions of ML silica coverage and of

the Ru(0001) substrate.’” In the LT-UHV-STM measure-
ments, a density of 4.0 x 10 holes/nm® was observed on a
1.7 ML silica sample in comparison to 4.2 x 10~ holes/nm>
derived from the liquid-AFM data for the same sample.
Several individual sample spots have been characterized.
Overall this provides a quantitative agreement in the hole den-
sity as well as their sizes. These measurements indicate a suc-
cessful sample transfer from UHV to liquids and confirm the
stability of the sample structure at nanometer length scale.

On the atomic scale, silica bilayers are composed of a net-
work of connected SiO, tetrahedra with ring structures in the
top plane of the bilayer mirrored in the lower plane. The two
planes are connected by Si-O-Si bonds. The structural configu-
ration of the silica bilayer is well-understood under UHV con-
ditions from studies employing STM, AFM, transmission
electron microscopy, and spectroscopy methods, 223337

We now turn to a comparison of high-resolution LT-
UHV-STM and liquid-AFM images of the silica bilayer
structure, displayed in Figures 2(a) and 2(b), respectively. A
visual comparison of Figs. 2(a) and 2(b) reveals qualitatively
similar structures. LT-UHV-STM images generally exhibit
protrusions at atomic distances, resolving either individual
silicon atoms or individual oxygen atoms, depending on the
local tip configuration.®® In Figure 2(a), the protrusions can
be assigned to silicon atoms. They form a network of rings
in the two-dimensional plane. Similar ring structures are
observed in liquid-AFM, shown in Figure 2(b), where indi-
vidual ring structures are clearly visible.

In order to characterize the structural configuration for
these amorphous materials, we applied pair distance histo-
gram (PDH) plots as a quantitative metric for comparison.
Specifically, the characteristic distances associated with the
medium-range order of the silica bilayer films are consid-
ered,® by analyzing the distances between pairs of ring cen-
ter positions. Ring center positions were determined directly
from the images by marking each center manually with
vector-based image software. Based on multiple independent
ring marking trials, ring center positions determined by this
method have an associated precision of approximately
15 pm. To ensure consistency and accuracy, multiple images
with high-resolution were analyzed; rings in regions where
limited resolution prevented clear ring assignment were not
included in the statistics. Approximately 1000 ring center
positions were identified and analyzed based on eight images
ranging in size from 5 x 5nm” to 8 x 8 nm? from the liquid-
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FIG. 2. (a) LT-UHV-STM image of an amorphous silica bilayer film with atomic resolution of silicon atoms. (5 x 5 nm?, I+=50pA, Vi=2V, T=5K). The
total height range is 60 pm. The silicon atoms are marked in green for several rings. (b) Liquid-AFM image of an amorphous silica bilayer film shows ring re-
solution (5 x 5nm?, f=337kHz, Aimaging = 0.2nm, Agee =0.7 nm, k =26.4 N/m, 400 mM aqueous NaCl solution). The total height range is 55 pm. Red, or-
ange, and yellow measurement bars show examples of ring center-center distances for the first three families of ring neighbors identified in the amorphous

silica bilayer. Several individual rings are marked in each image.

AFM data set. From the LT-UHV-STM data set, 287 ring
centers were identified. A LT-UHV-STM image of a crystal-
line silica film with 71 ring center counts was also analyzed
for comparison. The radial distances between all pairs of
ring centers were calculated for each image analyzed; radial
distances from all images analyzed for a given silica sample
and microscopy method were subsequently aggregated for
PDH plots.

Figure 3 shows the normalized ring-center PDHs for the
amorphous silica structures in liquid (Fig. 3(a)) and UHV
(Fig. 3(b)) alongside the PDH for the crystalline silica struc-
ture (Fig. 3(c)). A bin size of 0.02 nm is chosen based on em-
pirical optimization. Distance counts are normalized by
4nrdr, where r is the radial distance and dr is the histogram
bin size.

The PDHs for the amorphous silica in liquid (Fig. 3(a))
and UHV (Fig. 3(b)) show several peaks associated with the
characteristic medium-range order of the amorphous silica
bilayer. A polynomial fit of Gaussian curves is utilized to
evaluate peak positions and width; peak positions for the first
five (first four for the liquid data) are reported in Table I and
marked with bold vertical bars on the PDHs in Figure 3. Peak
positions are comparable in LT-UHV and liquid measure-
ments. For example, the first peaks for the liquid and UHV
data are at 0.53 = 0.04nm and 0.50 * 0.01 nm, respectively,
and second peaks at 0.91 = 0.08nm and 0.86 * 0.02nm.
Beyond 1.5 nm peaks are increasingly difficult to discern; this
is associated with the transition from medium-range order to
long-range disorder. As such, we have limited our discussion
of PDH peaks to radial distances of less than 2nm, which
both captures the most relevant region for medium-range
order and accounts for the finite size limitations introduced by
the 5 x 5nm?> images that were used for the analysis. In all
cases considered within the 2nm range, peak positions of
UHYV and liquid data for the amorphous bilayer silica structure
agree within the experimental error, though it should be noted
that the width of the peaks increases with increasing radial
distance. Overall, the LT-UHV-STM PDH peaks are narrower
than the liquid-AFM PDH peaks. While the peak widths dif-
fer, the quantitative agreement in peak position supports the

observed qualitative similarities in the film structures and pro-
vides evidence for the robust nature of the silica film when
transferred from UHYV to liquid environments. Another oxide,
LisTisO5(111) has also shown similar surface structures
between UHV and liquid environments.*® In contrast, for the
rutile TiO,(110) surface, structural differences between UHV
and liquid measurements are observed due to ordering of
interfacial water molecules along rows in the presence of bulk
liquid.*' Often UHV surface structures are not stable under
ambient conditions due to unsaturated bonds, leading to sur-
face structural changes from hydroxylation reactions.?>°

Crystalline bilayer silica films are also examined. The
crystalline and amorphous silica bilayer structures differ in the
silicon-oxygen-silicon angle, while the stoichiometry remains
the same. Peak positions for typical ring-ring center distances
from the PDH, plotted in Figure 3(c), are displayed in Table I.
These distances are comparable to those in the amorphous
phase for the first peaks, but slightly larger at increasing radial
distance, especially in the fourth and fifth peak positions. The
opposite relationship has been reported for bilayer silica
grown on Pd(100), where the first peak in the height-height
correlation from images of crystalline silica occurs at a smaller
radial distance than that of amorphous silica.*?

We now turn to a discussion of the physical features of
the film structure that give rise to the observed peaks in the
ring-center PDHs. In the case of the crystalline lattice,
expected peak positions can be derived from an idealized crys-
talline lattice with a lattice constant of 0.542 nm (based on den-
sity functional theory (DFT) calculations) as shown in Figure
3(d).* The structure shown in the inset of Figure 3(d) is color-
coded to highlight the respective families of neighboring rings,
according to the following scheme: A single reference ring is
indicated in black and is surrounded by edge sharing nearest-
neighbor rings (color-coded in red). Next-nearest-neighbors
(orange) are separated from the reference ring by an Si-O-Si
bridge, where one silicon atom belongs to the reference ring
and the second silicon atom to the next-nearest-neighbor rings.
Third-nearest-neighbors (yellow) are separated from the refer-
ence ring by the nearest-neighbor (red) rings. In this case, the
center of a nearest-neighbor ring lies at the mid-point between
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FIG. 3. Normalized pair distance histograms for the ring center-center dis-
tances for (a) amorphous silica bilayer measured with liquid-AFM, (b) amor-
phous silica bilayer measured with LT-UHV-STM, and (c) crystalline silica
bilayer measured with LT-UHV-STM. Representative experimental scan-
ning probe microscopy images for each image collection method are shown
as insets in each plot. (d) Pair distance histogram for an ideal crystalline
model lattice (based on DFT). Inset shows the ideal model lattice with
nearest-neighbors, next-nearest-neighbors, etc., color coded around a central
reference ring (black). (e) Empirical model for the ranges of values for
expected peak positions in pair distance histograms based on different fami-
lies of ring distances surrounding a reference ring. Inset shows an empirical
model developed by direct consideration of a representative UHV micros-
copy structure for amorphous silica. A black reference ring and is surround
by color coded assignment of different ring families.
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the centers of the reference ring and third nearest-neighbor
ring. Additional fourth, fifth, sixth, and seventh nearest-
neighboring rings are colored in a rainbow scheme based on
their distance from the central reference ring. The ring-center
PDH for the reference ring is shown, without normalization, in
Figure 3(d). Histogram bar colors show where distances are
associated with nearest-neighbors, next-nearest-neighbors, etc.
Comparing the predicted distances shown in Figure 3(d) with
the experimental pair correlation function peak fitting shown
in Figure 3(c) allows for straightforward interpretation of the
physical origin of each of the observed experimental peaks.
The maximum deviation between the theoretical and experi-
mental peak value is less than 30 pm (from the fourth peak);
all other peaks show agreement between the experimental and
theoretical value within the experimental error.

Whereas the crystalline structure enables straightfor-
ward assignment of nearest-neighbors and next-nearest-
neighbors due to the high symmetry and periodicity in the
system, the amorphous system, which lacks lateral periodic-
ity and long range order, does not. For the amorphous struc-
ture, an empirical schematic was established based on a
representative image of the amorphous bilayer silica struc-
ture as measured with LT-UHV-STM (shown in Figure
3(e)). It was analyzed by referencing the crystalline case,
rings sharing an edge with the reference ring (indicated in
black) are coded in red, rings which are connected by an Si-
O-Si bridge to the reference ring are coded in orange, and
rings reached from the reference ring by traversing through
an edge-sharing ring are indicated in yellow. It should be
noted that because rings sizes typically consist of between
four and nine silicon atoms, and even rings with the same
number of silicon atoms may take on different shapes, ring
centers of the bond-sharing rings (nearest-neighbors) around
the reference ring do not always lie at the midpoint between
the ring centers of the reference ring and yellow-coded rings.
A fourth family of rings, coded in dark green, is reached by
crossing one Si-O-Si bridge and one ring center starting from
the reference ring. A fifth family, coded in light green, is
reached by crossing two ring centers from the reference ring.
Due to the non-periodic lattice structure, families of rings
show a broad range of ring-center-pair distances with respect
to the reference ring rather than a single distance. Figure 3(e)
shows a plot of the range of distances observed for each set
of rings estimated from direct identification of ring families
in real-space from experimental LT-UHV-STM images.
Edge-sharing neighbors have pair center distances between

TABLE 1. Peak positions from Gaussian peak fitting of pair distance histograms. Values from a theoretical model for the crystalline silica hexagonal lattice
(based on DFT*?*) and an empirical model of the amorphous silica lattice (developed from experimental LT-UHV-STM structure data) are included for compar-
ison. Peak positions are plotted in Figures 3(a)-3(c), while the theoretical and empirical models are shown in Figures 3(d) and 3(e), respectively.

Peak position (nm)

Ist 2nd 3rd 4th Sth
Amorphous silica liquid-AFM PDH 0.53 £0.04 0.91 £0.08 1.09 £0.22 1.41 £0.52
Amorphous silica LT-UHV-STM PDH 0.50 = 0.01 0.86 = 0.02 1.05 £0.03 1.31 £0.02 1.48 £0.06
Crystalline silica LT-UHV-STM PDH 0.53 =0.01 0.95 £0.01 1.07 = 0.01 1.46 = 0.02 1.62 = 0.01
Crystalline silica lattice model (DFT) 0.542 0.939 1.084 1.434 1.626
Amorphous silica lattice model (empirical) 0.34-0.70 0.81-1.14 0.91-1.21
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0.34 and 0.70nm. Si-O-Si connected orange rings and
yellow-coded rings have ranges between 0.81 and 1.14nm
and 0.91 and 1.21nm, respectively. These ranges overlap
with each other, and the features associated with these fami-
lies of rings in the ring-center PDH will therefore occupy the
same region. Ring neighborhood families become increas-
ingly difficult to assign and distinguish with increased dis-
tance from the reference ring and peak broadening increases
by trend with increasing radial distance.

Comparing the ranges from the schematic analysis with
the observed peaks in the pair correlation functions from
Figures 3(a) and 3(b) indicates the physical origin of the
experimentally determined peaks. The first peak corresponds
to edge-sharing neighbors, while the broad second feature is
a convolution of the orange and yellow coded neighbor fami-
lies. In both the liquid data (Fig. 3(a)) and the UHV data
(Fig. 3(b)), this feature may be fit with two overlapping
Gaussian peaks. The fit Gaussian peaks from Figures 3(a)
and 3(b) are consistent with the median values from the
empirically derived ring center-center distance ranges for the
given neighborhood ring families; curve widths are in good
agreement with the estimated peak broadening for the amor-
phous structure. Clear physical interpretation of the peaks
has therefore been established by direct comparison with
high resolution structure measurements.

In conclusion, we report high-resolution measurements
of amorphous bilayer silica in liquids. A comparison of the
interface structure determined from measurements of the
amorphous silica bilayer films in UHV and liquid environ-
ments shows qualitative and quantitative agreement. This
indicates that, contrary to many UHV surface structures,
bilayer silica is stable when transferred to ambient condi-
tions. The observed structural preservation of silica under
liquid conditions makes it ideally suitable for use in new
nanotechnologies. The results of this study demonstrate the
promise of liquid-AFM as a methodology for material struc-
ture determination at solid-liquid interfaces. This study com-
bined well-defined sample preparation in controlled UHV
conditions with imaging under application conditions; this
approach may be useful in further materials studies.
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