RESEARCH ARTICLE

Particle

Particle Systems Characterization

www.particle-journal.com

Modification of the Mechanical Properties of Core-Shell
Liquid Gallium Nanoparticles by Thermal Oxidation at Low

Temperature

Sergio Cataldn-Gdmez,* Andrés Redondo-Cubero, Miguel Morales, Maria de la Mata,
Sergio I. Molina, Francisco J. Palomares, Alberto Carnicero, Jose L. Pau,

and Luis Vdzquez*

Gallium nanoparticles (Ga NPs) are attracting increasing attention because
of their appealing physical-chemical properties. In particular, their mechan-
ical properties play a key role in the implementation of these core-shell
structures on certain applications, such as soft and stretchable electronics.
Thus, efforts are being addressed to modulate them mainly by chemical
means. In contrast, this study investigates how the mechanical properties
of the outer gallium thin oxide shell change when its thickness is increased
through a thermal oxidation strategy. Specifically, as-deposited Ga NPs, as
well as those subjected to thermal oxidation at 300 °C for three different
times, are studied by performing single-particle indentations by atomic
force microscopy over a wide range of NP radius. This analysis helps to
confirm that the Reissner’s thin-shell model for small deformations within
the elastic regime is obeyed. From these data, the dependence of the shell
stiffness and the Young’s modulus of the gallium oxide on the thermal
treatment is obtained. It is found that the shell stiffness increases with the
annealing time, even by a factor of 50 under prolonged thermal oxidation,
while the gallium oxide Young’s modulus, close to 30 GPa, does not change
significantly.

1. Introduction

Nanoparticles  (NPs) are attracting
increasing attention from the scientific
community due to their multiple appli-
cations.”?l In particular, those that pre-
sent a liquid core surrounded by a solid
shell, named liquid metal nanoparticles
(LMNPs), are characterized by having low
melting points, which makes their liquid
state accessible to practical applications in
various fields of chemical and physical sci-
ences.! LMNPs exhibit unique properties
such as fluidic flexibility in shape simul-
taneously with standard metallic proper-
ties, including high thermal and electrical
conductivities, high density, as well as the
ability to respond to electric and magnetic
fields.! Furthermore, LMNPs present low
toxicity, biocompatible behavior, photo-
thermal conversion ability, are prone to
be chemically functionalized, and have
cancer suppressor capabilities.®l These

S. Catalan-Gémez, A. Redondo-Cubero, J. L. Pau M. Morales

Grupo de Electrénica y Semiconductores

Departamento de Fisica Aplicada

Universidad Auténoma de Madrid

Madrid E-28049, Spain

E-mail: sergio.catalan.gomez@upm.es

S. Cataldn-Gémez

Institute for Optoelectronics Systems and Microtechnology
ISOM

Universidad Politécnica de Madrid

Madrid E-28040, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/ppsc.202100141.

© 2021 The Authors. Particle & Particle Systems Characterization
published by Wiley-VCH GmbH. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited.

DOI: 10.1002/ppsc.202100141

Part. Part. Syst. Charact. 2021, 2100141 2100141 (1 of 8)

Instituto Galego de Fisica de Altas Enerxias (IGFAE)
Universidade de Santiago de Compostela
Galicia E-15782, Spain

M. de la Mata, S. |. Molina

Departamento de Ciencia de los Materiales
Ingenierfa Metalurgica y Quimica Inorganica
Universidad de Cadiz

Puerto Real E-11510, Spain

F. ). Palomares, L. Vizquez

Instituto de Ciencia de Materiales de Madrid
CsIC

Madrid E-28049, Spain

E-mail: vb@icmm.csic.es

A. Carnicero

Institute for Research in Technology
Universidad Pontificia Comillas

Madrid E-28015, Spain

© 2021 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Particle

www.advancedsciencenews.com

properties turn them into appealing candidates for bio-related
field applications, including cancer therapy, medical imaging,
biosensing, and pathogen treatment.’"® In addition, liquid
metals possess the ability to be patterned into non-spherical
shapes using different methods to form highly conductive and
durable interconnects with direct application in microfluidics
and soft, flexible, and stretchable electronics.**I For the latter
application, it becomes essential to control the mechanical
properties of these core-shell NPs.

The deformation limits of conductors formed by liquid metal
are basically determined by the mechanical properties of the
encasing shell material, which has a critical role. It is typically
constituted by a native oxide that preserves the NP liquid shape
integrity while acting as a “skin”, which under rupture makes
the system conductive.! In this sense, it is necessary to
assess the mechanical properties of the shell. This can be made
experimentally either by analyzing an ensemble of NPs[!®l or
by studying single NPs.”'8l In the single-particle case, atomic
force microscopy (AFM) is being increasingly employed since
it offers a high spatial resolution together with the capability to
use small forces, in the range from pN to uN.'®! In this case,
some compression studies have been performed with simulta-
neous optical control, which allows to correlating the geomet-
rical deformation of the particle with increasing applied forces.

Among the wide range of LMNPs and their alloys, gallium
(Ga) based LMNPs have stood out over other materials,!%2’]
mainly because of their metallic properties since their local-
ized surface plasmon resonances (collective oscillations of elec-
trons) can be tuned from the ultraviolet to the infrared range
of the electromagnetic spectrum.?!! Ga NPs can be grown by a
simple, fast, and cost-effective manner by thermal evaporation
at low substrate temperature, which makes them compatible
with many conductive and insulating substrates.?>?4 During
deposition on flat surfaces, liquid Ga forms truncated, quasi
hemispherical NPs due to the surface tension induced relaxa-
tion. Ga NPs merge during the growth due to coalescence or
coarsening processes, typically ascribed to the Ostwald ripening
mechanism,?] resulting in wide size distributions with large
NPs surrounded by smaller ones.**) When exposed to air, after
the growth, a very thin native oxide (Ga,0,) is formed around
the liquid core preserving it from the environment. This shell
thickness is assumed to be self-limited (=3 nm) by the attenu-
ation of the oxygen diffusion.’l As the NP size decreases to
the nanoscale, its mechanical properties become dominated
by those of the oxide shell, which has important implications
for several applications.?®! For this reason, recent efforts aim at
controlling the core-shell properties mainly through tuning the
shell thickness. This has been attempted mainly by chemical
modification of the oxide layer,?® either by thiolation®”! or with
phosphonic acids."!

In this work, we report on the results obtained on Ga NPs
by using a new strategy, specifically by thermal oxidation.l3"
This procedure, in contrast to those mentioned above, does not
imply any chemical modification on the shell. Moreover, it pre-
serves the shell composition except for a more homogeneous
stoichiometry upon prolonged annealing.?®! This strategy does
not appreciably change the NP radius but, importantly, it allows
to tune the shell thickness up to values close to thrice those
attained by the chemical routes. This larger thickness range
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improves the assessment of the dependence of the mechanical
properties on this parameter. Thus, here we study the mechan-
ical properties of Ga NPs by AFM indentations of a wide range
size of NPs with a high statistical significance (more than
800 NPs were analyzed). More specifically, we have studied
these properties not only for the as-deposited Ga NPs, but
also for NPs thermally oxidized at 300 °C for different times,
namely, 15, 400, and 1200 min, which leads to increasing shell
thickness. This study addresses the influence of thermal oxi-
dation on the mechanical properties of the NPs, in particular,
the gallium oxide Young’'s modulus and the shell stiffness.
As explained below, we have limited this study to gentle force
loads to ensure that only the mechanical properties of the
outer shell are sampled. This study is possible thanks to the
low force values that can be applied with the AFM. In future
work, we will address the processes involved when high forces,
even leading to the shell rupture, are applied. Finally, it should
be noted that the scarce works that have already addressed the
study of the mechanical properties of metallic liquid core/solid
shell systems are restricted to eutectic Ga-In alloys.[28:3%33]

2. Theory of NP Deformation

In this report, we address the mechanical characterization of
the Ga,Oy shell of the as-deposited as well as of the annealed
Ga NPs. This study implies that neither buckling nor rupture
of the shell take place. Under these conditions, the theory of
elasticity predicts a linear elastic response for a spherical shell
indented by a point load, as it is the present case, when the ratio
between the shell thickness, h, and the NP radius, R, is close to
0.1,”1 and the indentation displacement, &, is on the order of
h.3431 In this initial regime, Reissner’s model states that:

2
F = Ksheu5 = ﬂ (1)
R\f3(1-v%)

where F is the applied load, and v and E are the Poisson ratio
and the Young’s modulus of the Ga,O,, respectively. From this
relationship, the shell stiffness, Ky, is:

4EW’

) Ry3(1-v%)

In this case, m includes all the parameters of the right side
of Equation (2) that multiply 1/R. In m are included v, h, and
E. Thus, whereas h may change, both v and E, are, in principle
(see below), constant as they are material properties. Therefore,
whereas E is constant Kg,e; depends on morphological param-
eters such as R and h. Certain corrections on this linear rela-
tionship have been reported for the indentation of a spherical
particle placed on a rigid substrate.?) However, they do not
apply to this case due to the hemispherical shape of the NPs
that leads to a large contact area between the NPs and the sur-
face of the silicon (Si) substrate. Finally, it should be noted that
the reported range of application of this model extends to h/R
ratios up to 0.1728 This is the criterion followed in this study.

Kshe]l = m/R (2)
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Figure 1a shows a representative distance-force curve taken
by AFM on a Ga NP. The solid line corresponds to the reference
one obtained on the hard sapphire surface used for calibration
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Figure 1. a) Representative force curve obtained on a Ga NP annealed
for 15 min, together with the corresponding calibration curve taken on
sapphire reference substrate. For each applied force, F, the corresponding
displacement, &, value is obtained as indicated. Typical F versus & curves
obtained for the as-deposited (RT) at b) 15 min and c) 400 and 1200 min
annealed Ga NPs. The corresponding linear regimes are indicated by the
solid lines. Note that d range increases with the annealing time in agree-
ment with the corresponding h value increment.
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purposes. From these curves, the indentation displacement, 9,
can be obtained for each applied force. From Equation (1), the
shell stiffness, Kg,qp1, can be obtained.

From these data, the corresponding F versus J plots can be
obtained for each NP of each system (Figure 1b, c). Despite the
fluctuations or oscillations in the curves, a clear initial linear
regime can be observed for all cases. The longer the oxida-
tion time the larger the ¢ range of this regime, in concordance
with the increment in h with the annealing time as explained
below. Similar oscillations have also been reported in related
systems.*’]

3. Ga NPs Size Distribution

As can be seen in Equation (2), the Reissner’s model predicts
a dependence of Ky, on the inverse of the NP radius. Thus,
in order to assess the validity of this relationship over a wide
range of NP sizes, we produced two different sets of Ga NPs
depositions on Si (see experimental). Figure 2 shows typical
SEM images of both sets, denoted as samples A (Figure 2a)
and B (Figure 2b), including their size distribution histograms
(Figure 2c). Notice that the particle size spans almost one order
of magnitude.

4, Results and Discussion

In order to proceed with the indentation experiments, once
a stable AFM imaging in the dynamic mode is achieved, the
NPs are selected, and on their apex, the corresponding force
spectroscopy experiments are performed (see Experimental
section). Afterwards, the analyzed NPs are checked by AFM
imaging to be sure that the data are obtained within the elastic
regime (without NP rupture). Following the procedure depicted
in Figure 1, the corresponding (R, Kg,.y) data were obtained.
Figure 3 displays the obtained data for the four different sam-
ples (as-deposited sample (RT) and 15, 400, and 1200 min
annealed samples).

Despite the relative data scattering (note the large number
of analyzed NPs), it is evident that for all systems Ko o< 1/R,
in accordance with Reissner’s model, indicated by the dashed
lines. One remarkable conclusion from these results is the
shell stiffness increment up to 50 times upon thermal oxidation
at 300 °C for 1200 min. Furthermore, it increases as the oxida-
tion time does.

We tested the reliability of the measurements by proving var-
ious cantilevers with different spring constant values (kyp). In
fact, the cantilever had to be carefully chosen to avoid artifacts
as shown in Figure S1, Supporting Information. Ky, versus R
data pair values obtained with cantilevers with different stiff-
ness (kyp) for the sample annealed at 300 °C for 15 min are
shown (Figure Sla, Supporting Information). The data obtained
with different cantilevers overlap for the range of R studied. In
contrast, for the case of the sample oxidized during 1200 min
(Figure S1b, Supporting Information) the use of a soft canti-
lever not only leads to smaller K, values but also to the loss
of the Reissner’s dependence Ky, on 1/R, which indicates that
a stiffer tip should be used. These facts were already reported
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Figure 2. a,b) Top view SEM images of both sets of Ga NPs deposited on Si substrates. Scale bar represents 1 um. c) Corresponding size distribution

histograms.

for hollow thin-shell polymer microspheres,*’! and confirmed
here. Consequently, we have only considered for each system
those data obtained with cantilevers for which a clear Reissner’s
dependence was observed.

The observed data scattering is likely due to multiple rea-
sons. Thus, the force measurements may not take place exactly
on the very apex of the hemisphere, leading to deviations or
even instabilities.* Moreover, differences could also arise from
changes in the tip status while measuring. However, the main
source of data scattering might be related to the local changes
in the shell thickness (h). As it can be seen in Equation (1)
Kg,en depends on the square of the thickness, that is, Kgep o<
W2, having a strong influence on the final result. These local
changes in the thickness of the oxide shell (Ga,O,) are evalu-
ated by scanning transmission electron microscopy (STEM)
analyses. Figure 4 displays Z-contrast images of NPs of the as-
deposited sample on Si substrate (Figure 4a) and after thermal
oxidation at 300 °C for 1200 min (Figure 4b). The chemical
contrast provided by the technique (brighter regions belong to
heavier materials, that is, Ga,Oy appears darker than Ga) allows
the identification and measurement of the shell, whose com-
position has been further confirmed by electron energy-loss
spectroscopy (EELS) (insets in Figure 4). Both samples (as-
deposited and annealed during 1200 min) show the presence of
NPs with Ga cores (brighter) surrounded by a thin Ga,O, shell
layer (darker), evidencing thickness fluctuations within indi-
vidual shells.
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The issue of the shell thickness values becomes crucial to
obtain the corresponding Young's modulus, E, of the Ga,O,
shell from the relationship given in Equation (2). The m value
is obtained by fitting m/R to the experimental data (see dashed
lines in Figure 3a,b). Therefore,

E= Lm_v) =0.4117m/h’ (3)

- 41

Where we have assumed a Poisson s ratio, v = 0.31, for the
Ga,Oy shell.?®) In this relationship, the key role played by the
h value on the E determination becomes evident. Our main
approach to evaluate the h range for each NP system is based
on X-ray photoelectron spectroscopy (XPS) measurements of
the four samples that should provide a range for the h values.
Due to the hemispherical geometry of the NPs, the values
obtained by XPS are likely an overestimation of the actual ones
because, depending on the escaping paths of the emitted elec-
trons, they can emerge from the NPs along directions different
from the local normal to the shell. We have employed both the
Ga 2p and 3d levels due to their associated sampling depths, d,
of 4 and =8 nm, respectively.’”38] It should be explained that
d =34, being A the inelastic mean free path that depends on the
electron kinetic energy of each level. However, the main part,
two-thirds, of the electrons emerges from depths close to A
(i-e., 1.4 and 2.8 nm, respectively for 2p and 3d levels).?l These
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Figure 3. Plots of Ky, versus NP radius for: a) As-deposited sample
and those annealed at 300 °C for 15 and 400 min; b) samples annealed at
300 °C for 400 and 1200 min. Note the change in the scale of the y-axis.
The dashed lines indicate the best fit with 1/R dependence. The values
of the ky, employed in each case are given in the Experimental Section.

peaks are coming from metallic Ga below the shell, thus their
attenuation will be due to the Ga,O, layer thickness.

Figure 4c shows the evolution of 2p and 3d photoelectron
emission from the metallic Ga core of the NPs for increasing
annealing times in the presence of oxygen. Clearly, both peak
intensities decrease as the annealing time increases, that is,
as the Ga-oxide shell thickness increases. For the as-deposited
sample, there is a clear but slight 2p peak and a marked 3d
peak. These features indicate that the Ga,O, thickness should
lie mainly at values larger than 1.4 nm and much lower than
8 nm, being 2-3 nm a reasonable range for h, in agreement
with the literature.l””.2! It must be noted that this result is also
in agreement with the TEM measurements performed on the
sample (see Figure 4a, where Ga NPs show a Ga,O shell of
2-3 nm).

After 15 min of oxidation, a strong emission of the 3d peak
is observed although its intensity has reduced by half, approxi-
mately. This indicates that h should be clearly smaller than
8 nm. In addition, a clear 2p emission is still present, which
limits the shell thickness to a value close to, or higher than,
4 nm. Therefore, we can assume that the thickness lies in the
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Figure 4. Z-contrast STEM images of the a) as-deposited and the
annealed sample at b) 300 °C for 1200 min where the liquid Ga core
and the Ga,O, shell (arrows) can be identified. Insets display the oxygen
(red-colored) EELS. c) XPS spectra of Ga 2p (left) and Ga 3d (right) levels
for the samples oxidized at 300 °C during different times, including the
as-deposited sample. Note, that the Ga 2p peak is superimposed on the
tail of the larger Ga-O peak.

4-6 nm range. For the 400 min oxidized sample, the 3d peak
has almost vanished, indicative of a thicker shell, which sug-
gests an upper-value limit for h that should be close to 8 nm.
Accordingly, we can assume a thickness in the 6-8 nm range.
Finally, for the 1200 min oxidized sample, both peaks have
disappeared, indicating that h is larger than 8 nm. The TEM
measurements performed (including Z-contrast imaging and
EELS) allow the estimation of the range of h values for this
sample (Figure 4b), resulting in a shell thickness, h within the
9.5-13 nm range.

Figure 5a shows the E ranges for each sample (filled bars)
estimated accounting for the corresponding estimated h ranges,
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Figure 5. a) Range of Young’s modulus (filled bars) for the four samples estimated by using h values extracted from TEM and XPS measurements
for each sample. The dashed bars correspond to the 10% error associated with the cantilever spring constant value determination. b) Collapse of the
Kqhen/h? versus R data for all the samples (h values indicated in the plot legend).

along with the error associated with the cantilever spring con-
stant (dashed pattern). It can be seen that the Young’s modulus
of the oxide does not change significantly with the oxidation
time. Under this assumption, the plot of Kg./h* versus R
should collapse for all the samples (Figure 5b, where the spe-
cific h values used for such collapse are indicated). This collapse
leads to E = 30 GPa, which is one order of magnitude lower
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than that of an amorphous gallium oxide film.*! As noted
before, 28! this can be related to the fact that the shell, at this
loading condition and due to its small thickness, behaves rather
as a membrane than as a stiff shell. In this case, membrane-
like behavior would be linked to the extreme shell thinness
and a small capability to support bending moments that lead
to an enhanced displacement upon loading.*!! Thus, the low E
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measured values and the marked shell thinness in our system
suggest a membrane-like behavior. Similar behavior was found
for thin (thickness smaller than 5 nm) gallium oxide shells.?8!
However, for the sample annealed for 1200 min, the shell thick-
ness is considerably larger and the membrane-like contribution
should be lower, which would agree with its statistically larger
measured E values.

The E value obtained here, even for the case of as-deposited
conditions, is also one order of magnitude higher than that
obtained on eutectic Ga-In NPs prepared by sonication from
RT liquid metal. However, in that case not only the prepara-
tion method was different but also the characterization tech-
nique differed. In that case, a flat punch, up to 50 um wide,
was employed, thus sampling many NPs at the same time in
contrast to our single-particle measurements. These differ-
ences may explain the different E values obtained. We should
stress that we have employed different cantilevers with spring
constants spanning from 3 Nm™ up to 90 Nm™, and that only
those data series where K did change with the NP radius
accordingly with the Reissner’s model were considered.

Finally, it cannot be ruled out from Figure 5a that the longest
oxidation time might induce a slight increase of the Young's
modulus of the oxide layer. This would be consistent with our
earlier findings through exhaustive XPS analysis.l?®l Figure S2,
Supporting Information, shows the XPS spectra of the 3d level
of Ga for the as-deposited sample and the one annealed for
1200 min. The measured spectra have been fitted with the con-
tributions of the so-called suboxides 1 and 2 (Ga,0 and GaO,
respectively) and the oxide (Ga,03) as previously performed.l2%l
Oxygen 2s broad peak fitting is also included. From the fit-
tings, it is clear that the contribution of suboxides diminishes
upon annealing resulting in a more homogeneous stoichiom-
etry. Therefore, the formation of a more chemically stable oxide
shell could possibly lead to a slight increase in E. In this sense,
prolonged thermal oxidation could also cause a change of the
oxide Poisson’s ratio. However, given the dependence of E on v
(Equation (3)), it is not expected a marked change of E with v.

5. Conclusions

The mechanical properties of the Ga,Oy shell of Ga NPs depos-
ited on Si substrates by thermal evaporation, and subjected
to thermal oxidation for different times, have been studied by
means of AFM. Single-particle force curves have been obtained
over a statistically relevant number of NPs and over a wide
range of NP radius values. As low tip forces were applied, the
elastic behavior of the oxide shell was addressed. This analysis
allows us to verify that the Reissner’s thin-shell model for
small deformations is obeyed provided that adequate cantile-
vers are employed. Thus, the shell stiffness (K,p), extracted
from the experimental data, was found to increase with the oxi-
dation time, even by a factor of 50. From these data, as well as
from those obtained by TEM and XPS, the corresponding shell
thickness range value for each system was estimated, which
allowed to conclude that, in contrast to the shell stiffness, the
Ga,O, Young's modulus (E), close to 30 GPa, does not change
significantly with the thermal treatment.
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6. Experimental Section

Nanoparticle Deposition and Thermal Annealing: The Ga NPs
deposition procedure has been described elsewhere.’l Briefly, they
were deposited by Joule-effect thermal evaporation under a working
pressure of 1.5 X 107> mbar on Si (100) substrates. Since the size of the
NPs depends on the total amount of Ga (99.9999% purity) placed in
the evaporation crucible, two samples were obtained with two different
masses of Ga (340 and 410 mg) in order to study NPs with a wide range
of sizes.

The thermal oxidation took place at atmospheric pressure in a
horizontal quartz tube under a constant flow of 80 standard cubic
centimeters of 99.999% pure O, to achieve the NPs oxidation. The
temperature was fixed at 300 °C but different annealing times were
employed (15, 400, and 1200 min). In Figure S3, Supporting Information,
the NP size distribution obtained by SEM imaging of the as-prepared
sample and after annealing at 300 °C for 1200 min are displayed. Within
the resolution of the technique, there was not any appreciable change in
the NP radius induced by the annealing process.

Scanning Electron Microscopy (SEM): The NPs were characterized with
FEI XL30-SFEG equipment operating at 10 keV with a nominal lateral
resolution of 4 nm and being the secondary electrons collected and
analyzed with an Everhart-Thornley detector. NP size distributions were
obtained from SEM images.

Transmission Electron Microscopy (TEM): The measurements were
performed in scanning mode (STEM) under Z-contrast imaging
conditions by using Jeol2010 and 60-300 kV Titan Cube FEI transmission
electron microscope, provided with field-emission and X-FEG Schottky
electron guns, respectively and both operated at 200 kV, achieving sub-
nanometer spatial resolution. The system was equipped with a probe
corrector and a Gatan DualEELS Spectrometer to carry out elemental
atomic maps. Ga,O, shell thickness range was estimated from this
technique.

X-Ray Photoelectron Spectroscopy (XPS): XPS has also been used to
estimate the thickness of the Ga,O, shell, a key parameter to obtain the
Young's modulus. The spectra were acquired in a UHV system with a
base pressure of 107" mbar equipped with a hemispherical electron
energy analyzer (SPECS Phoibos 150 spectrometer) and a 2D delay-line
detector, using a monochromatic Al-Kex (1486.74 eV) X-ray source. (see
more details in ref. [26]).

Atomic Force Microscopy (AFM): The measurements were done
with Agilent 5500 Picoplus equipment operating with a closed-loop
piezoelectric. First, AFM imaging in the dynamic mode was obtained.
Once the consecutive images did not show any appreciable drift, force
curves through indentation experiments were obtained on previously
selected NPs. These curves were obtained at a speed close to 1 um s
and were composed of at least 10 000 data points. The maximum force
applied was controlled. The curves were analyzed by using homemade
software specifically developed for force curve analysis. AFM imaging
of the same area was performed after the force curve measurements
to confirm that the NPs were neither indented nor broken, that is, that
the force curves were obtained within the shell elastic regime. Different
tips were employed (from Bruker) with a nominal radius of curvature of
8 nm. They differed in their spring constant from the 1-5 Nm~' range up
to close to 130 Nm™' (see the discussion on their range of application
in the explanation of Figure 3 and S1). Specifically, the RT sample was
characterized with tips whose spring constants (k) were 1.55, 1.8, and
3.1 Nm™. The 15 min oxidized sample with ky, of 3.73, 4.2, and 31 Nm™",
The 400 min annealed sample with tips of 73.8 and 83.4 Nm™' and last,
the 1200 min sample with tips whose ktip were 74.1, 82, and 135 Nm™.
All cantilevers were calibrated after the force curve measurements on
sapphire surfaces in order to not damage them. For the softer tips, their
spring constant values were obtained by the thermal tuning method./*
For the stiffer cantilevers, with their dimensions, measured by SEM, and
their resonance frequency and Q factor values, the corresponding spring
constant values, with an error of 10%, were obtained using the Sader
method.*’l
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