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ABSTRACT: The adhesion between nanoscale components has been shown to ' ' ‘

increase with applied load, contradicting well-established mechanics models. Here, § % . 1 c
we use in situ transmission electron microscopy and atomistic simulations to reveal § L i '%
the underlying mechanism for this increase as a change in the mode of separation. 2 S
Analyzing 135 nanoscale adhesion tests on technologically relevant materials of 5 | + 1§
anatase TiO,, silicon, and diamond, we demonstrate a transition from fracture- % | % L ;
controlled to strength-controlled separation. When fracture models are incorrectly = | o} ! 12
applied, they yield a 7-fold increase in apparent work of adhesion; however, we g —%—qq—c T e ©
show that the true work of adhesion is unchanged with loading. Instead, the § [ g ® 24 e
nanoscale adhesion is governed by the product of adhesive strength and contact <L gt # G e e w -
area; the pressure dependence of adhesion arises because contact area increases e , ,

with applied load. By revealing the mechanism of separation for loaded nanoscale
contacts, these findings provide guidance for tailoring adhesion in applications
from nanoprobe-based manufacturing to nanoparticle catalysts.

KEYWORDS: Work of adhesion, Nanoscale contacts, Fracture-controlled separation, Strength-controlled decohesion, In situ TEM,
Molecular dynamics simulation

Applied Pressure

N anoscale adhesion governs the performance of small- time.”””*~** In a prior investigation of loaded nanocontacts by
scale technologies, including nanomanufacturing,1 scan- the present authors, the work of adhesion computed using eq 1
ning-probe microscopy and metrology,” and nanodevices.” It is was shown to increase 7-fold with applied pressure,'” reaching
also relevant for large-scale components as the properties of a maximum value over 7 J/m’ however, the fundamental
macroscopic surfaces are governed by their nanoscale features origin of this increasing adhesion has not yet been identified.
due to surface roughness.” For decades, the adhesion of The purpose of the present investigation is to determine the
nanoscale components has been characterized primarily using origin of load-dependent nanoscale adhesion, through the
continuum-mechanics models for elastic’~* and elastic—plastic comprehensive analysis of nanoscale adhesion tests performed
contacts.”'® In fact, this process, measuring adhesion using an with in situ transmission electron microscopy (TEM) coupled
atomic force microscope and analyzing the data using with molecular dynamics (MD) simulations. The goal is to
continuum mechanics models, remains the state-of-the-art disentangle effects of interfacial chemistry from those of
method for measuring adhesion energy.''~'” These contact- morphological changes in the contacting bodies.

mechanics models describe the separation of the contacting In the present investigation, nanoscale adhesion tests were
interface using fracture mechanics,'* assuming a sphere of performed (see Experimental Methods) on a self-mated
radius R on a flat substrate with a certain work of adhesion contact of anatase TiO, inside of a TEM, as shown in Figure
W, g, between the two materials. In these models,® the force of la. This experimental apparatus provides simultaneous
adhesion F,g4, is described by measurement of nanonewton-scale forces and angstrom-scale

morphology and structure. The material was chosen as TiO,
for two reasons: first, technologically, it is an important
material for photocatalysts and photovoltaics,”> where nano-
scale adhesion is a critical parameter for performance;*® and
second, scientifically, it provides a self-mated crystalline oxide

Egn = anRW,q, 1)
where the value of the constant @ ranges from 1.5 to 2, as
determined by the Maugis parameter®"” of the contact.
However, recent work has demonstrated that the adhesion
force can be dependent on applied load."®'" One possible
explanation for this is an increase in interfacial work of
adhesion with loading, as a result of the formation of chemical
bonds across the interface. These load-induced changes in
interfacial bonding are well-supported by investigations
measuring adhesion and friction,”°"** and simulations
examining the number of bonds as a function of load and
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Experimental and simulation nanoscale probes of anatase TiO,

Precisely matched experiments and simulations

Figure 1. The load-dependence of nanoscale adhesion was
investigated for anatase TiO,, using in situ TEM (a) and molecular
dynamics simulations (b). Simulations were conducted on hemi-
spheres (b), as well as shapes that were precisely matched to
experimental probes. Real-time in-contact images are shown for the
matched probes in panels ¢ and d.

system, which is simpler to understand than prior inves-
tigations of dissimilar interfaces, such as the previous work"?
on silicon (potentially containing an amorphous native oxide)
and carbon (which can take various hybridization states). MD
simulations were also carried out (Figure 1b), to gain atomic-
level insights into the contact behavior of the same material
(see Simulation Methods). Various contact geometries were
modeled including spheres, flat punches, and a geometry that
was precisely matched to one of the in situ experimental
samples (Figure 1c,d).

The experimental and simulation data for TiO, was first
analyzed using the conventional contact-mechanics models
discussed above (eq 1). Specifically, we used an implementa-
tion'® of the Maugis-Dugdale model,® as described in detail in
ref 19. This fracture-based analysis of the data (Figure 2a)
concludes that the apparent work of adhesion increases with
applied pressure from 1 J/m? at light loads to approximately
7 J/m? at high loads. Remarkably, this behavior is nearly
identical to the previously reported'® behavior of silicon in
contact with diamond (replotted here in Figure 2b).

The application of these conventional models is undermined
by an analysis of the mechanism of separation, that is,
accounting for the transition from fracture-controlled (crack-
like) segaration to strength-controlled (uniform) separa-
tion.”’ 7 This type of analysis has been extensively
investigated in soft materials’ and is often discussed in
terms of “flaw sensitivity”*” “load sharing”** or “uniform and
non-uniform bond breaking”.%35 Conventional adhesion
models, such as those of JKR® or Maugis,” apply only to the
fracture-controlled limit and describe a Griffith-like balance
between the energy of the interface (e.g, the chemical energy
of the interfacial atomic bonds) and the stored energy in the
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material (i.e., the elastic mechanical energy of the deformed
body). When the gradient of energy versus crack length is
negative, then the crack becomes unstable and the contact
separates. These conventional models do not apply in the
strength-controlled limit, where separation is uniform (rather
than cracklike). For flat punches, the transition between these
limits depends on the size of the punch.””*® There is a critical
radius defined by r., = 8E*W,y /702y, where 6,4, is the
adhesive strength and E* is the effective modulus (given by E*
=[(1 — v})/E, + (1 — 03)/E,]™", where 1 and 2 designate the
two materials in contact). Above this critical radius, fracture
mechanics applies; below this radius, fracture mechanics does
not apply. In the latter regime, the separation occurs uniformly,
and the adhesive force is described by
Ean = Acont%n

a

2)
where A, is the area of contact (or the area of interaction if
adhesive forces extend beyond the boundaries of the contact).

Describing the separation process of spheres is slightly more
complicated because the contact size is not constant but rather
varies with load. This behavior has been described previously
for both elastic spheres®® and plastic spheres.”” The latter
model is especially useful for larger loads or high-adhesion
contacts, where plasticity is expected to play a role. In that
model, the loading behavior is assumed to be plastic, while the
unloading behavior may be elastic or plastic depending on the
physical interactions. The behavior during separation is
governed by two dimensionless parameters. First, a material-
dependent parameter S determines whether the separation
behavior is primarily elastic or plastic

S = Oydh

H (3)

by comparing the adhesive strength to the hardness H of the
softer material. Second, a material- and geometry-dependent
parameter y describes the ratio of adhesion energy to stored
elastic energy in the plastically deformed contact

_ = W, E™
X 4 Ha

cont

(4)

where a_,,, is the contact radius. Lower values of y indicate
weaker adhesion and/or larger amounts of stored elastic
energy and will tend to separate via a fracturelike process.
Higher values of y (strong adhesion and/or less stored elastic
energy) will tend to separate by uniform separation. The
critical value where this transition in adhesive behavior occurs,
designated y, is dependent on the value of S, as described in
ref 29.

In the present analysis of nanoscale adhesion in TiO, and
silicon-diamond contacts, Johnson’s model was applied in a
self-consistent way using the minimum possible number of
assumptions (described below, with more details in Supporting
Information Analysis of Separation Mechanism). Specifically,
the application of Johnson’s model to each material system
required knowledge of four material parameters: hardness H,
work of adhesion W4, adhesive strength o,4, and effective
modulus E*. Three of the four parameters were extracted
directly from the experimental measurements; only the
modulus of the materials was taken from prior literature,
which is justified because the elastic modulus of materials is
dependent on fundamental atomic bonding interactions and is
not generally considered to be strongly size-dependent.*® Once

https://doi.org/10.1021/acs.nanolett.2c02016
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Figure 2. Apparent trends of increasing work of adhesion are compelling but ultimately misleading. When the data is analyzed using conventional
(fracture-based) models (eq 1), the apparent work of adhesion seems to be strongly pressure-dependent for these nanoscale contacts of TiO,—
TiO, (a) and silicon-diamond (b). Note that two types of simulations are included: hemispherical probes with radius R designated in the legend
(red diamonds) and a model probe (green squares) with shape and size matched to that in an experiment (see Figure 1). When the data is
reanalyzed (c and d) to account for the separation mechanism (fracture-controlled versus strength-controlled, see main text), it is shown that most
of the data should instead be analyzed in the context of strength-controlled separation (eq 2).

these values are determined, then a specific value of y can be
computed for each contact using eq 4 and a measurement of
oo from the in situ TEM video.

When the data in Figure 2a,b are analyzed in the context of
the mechanism of separation, the results reveal that most of the
nanoscale adhesion tests lie in the strength-controlled limit
(Figure 2¢,d). Therefore, the commonly used fracture-based
models do not apply. Specifically, for TiO,—TiO, contacts y
= 1.87 + 0.25 with § = 0.96 + 0.0S and for silicon—diamond
Hest = 1.90 + 0.34 with S = 0.97 + 0.07. The very lowest-load
tests on anatase TiO, fall in the fracture-controlled limit and
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give a consistent value for work of adhesion of 0.87 + 0.1
J/m? However, as the pressure increases, the value of the flaw-
sensitivity parameter y increases, eventually exceeding y ;.
Likewise, almost all of the adhesion measurements of silicon
on diamond lie in the regime where y > y.;, implying that
fracture-based models (used in Figure 2b) should not be used.

Considering this result, these nanoscale adhesion values
must be reinterpreted, accounting for their strength-limited
behavior. Therefore, we have determined the instantaneous
contact area during each test, for both experimental and
simulated contacts (Figure 3a) and plotted the adhesive force

https://doi.org/10.1021/acs.nanolett.2c02016
Nano Lett. 2022, 22, 5954—5960
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Figure 3. The previously observed increase in apparent work of adhesion is found to correspond to strength-controlled separation, with the load-
dependent increase in pull-off force arising from changes in the contact size. To account for strength-limited separation, all contact tests where y >
Xeie are plotted with pull-off force as a function of measured contact area from experiments and simulations (a). The results for TiO,—TiO, (b) and
silicon—diamond (c) show that the measured increase in pull-off forces is primarily attributable to an increase in contact area with increasing load,
rather than due to changes in chemistry at the interface. Some of the data in (c) was collected with a higher-vibration tester, so data points with
uncertainty >75% of the measured value have been omitted for clear visualization; the full data are included in Figure S3. The dashed lines in (b,c)
show F, 4, = A.oniCagry Where the value of 6,4, is the average value of F,g,/A ot

against this contact area for all tests where y > y.; (Figure
3b,c). The results show proportional behavior in all cases,
demonstrating the applicability of a strength-controlled
description. For the high-y contacts of TiO,, the adhesive
strength is found to be 5.32 &+ 0.30 GPa with no statistically
significant difference between the experimental and simulated
results (95% confidence). Additionally, we have reanalyzed our
prior tests of silicon on diamond accounting for the
mechanism of separation. The adhesive strength measured
from silicon—diamond was 3.24 + 0.24 GPa. We note that
those prior experimental tests were performed on a higher-
vibration tester (see Supporting Information Detailed Exper-
imental Methods); for clarity, the measurements with highest
uncertainty are omitted from Figure 3c and are shown in
Figure S3. Additionally, the experiments and simulations in this
prior testing cover different ranges of contact sizes,
complicating the direct comparison of results. However, the
overall trend of increasing force of adhesion with increasing
contact area supports the present interpretation.

To further understand the atomic-scale significance of these
results, atomistic simulations were performed on flat-punch
contacts of the TiO, material (Simulation Methods). In these
simulations, flat blocks of this material were brought into
contact and loaded up to various maximum loads before
separation (Figure 4a), such that the mean applied pressure
ranged from O to 10 GPa (approximately equal to the hardness
of the material). To understand the nature of bonding at the
interface, the work of adhesion can be computed directly using
its definition. To do this, we calculated the energy difference
(per unit area) between the surfaces in contact at zero applied
load (just before separation) and the surfaces after separation
(Eapart = Econt)/Acone The simulations demonstrate that the
work of adhesion does not increase with applied load for a flat-
punch contact (Figure 4b). The resulting work of adhesion for
the flat-punch TiO, contact is 0.95 + 0.02 J/m® This
calculated value is consistent (95% confidence) with the work
of adhesion determined above (0.87 + 0.15 J/m?), computed
by analyzing only the very lowest-load sphere-flat tests using eq
1, (ie, applied to low-y tests that separated in a fracture-
controlled manner). Additionally, the adhesive strength
(Figure 4c) can be calculated from the adhesive force of the
flat-punch contacts using eq 2, yielding a value of 5.54 + 0.1
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Figure 4. Flat-punch simulations reveal that the true work of adhesion
does not vary with increasing applied pressure. Loading-and-adhesion
simulations were performed on anatase TiO, (unterminated and
hydrogen-terminated), loaded to various levels of maximum force
while tracking the instantaneous force and energy in the simulation
(a). The work of adhesion is measured using its definition and is
shown to be approximately constant at 0.95 J/m? for all values of
applied pressure (b). Finally, the adhesive strength, as measured for
strength-limited separation, is shown in panel (c) and also does not
change with increasing pressures.

GPa, which is not significantly different (95% confidence) from
the value computed from the sphere-flat tests in Figure 3b
(5.32 & 0.30 GPa). The value of adhesive strength does not
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Nano Lett. 2022, 22, 5954—5960


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

change with increasing applied pressure for either H-
terminated or unterminated surfaces, showing that there are
no significant load-dependent changes in the strength of
interaction at the interface.

These findings provide conclusive evidence for the origin of
load-dependent adhesion in these loaded nanocontacts. Our
prior work'” had shown an increase in “apparent” work of
adhesion between silicon and diamond up to approximately 7
J/m?. Various explanations were considered including extreme
increases in interfacial bonding, or possibly energy dissipation
due to near-surface plasticity during separation. However, the
present results demonstrate that the high apparent work of
adhesion arises not from physical changes to the interface but
rather from a misapplication of a fracture-based model in a case
of strength-limited separation. The self-mated anatase TiO,
showed a similar 7-fold increase in apparent work of adhesion,
yet the true value of work of adhesion is far lower (0.95 J/m?*)
and is insensitive to load over the tested range. Instead, it is the
contact area between the two bodies that increases with load
which, when coupled with a constant adhesive strength, yields
a proportional increase in adhesive force.

These results shed new light on the physics of separation in
nanoscale contacts. They challenge the common under-
standing of nanoscale adhesion as governed by a fracture-
based process that obeys a Griffith energy balance, and which
can be described using the very simple eq 1. Instead of these
models, the contact and separation behavior will depend on
the materials and geometry in contact. For elastic contact at
the lightest loads between low-adhesion materials, fracture-
based models will likely apply as typically used (eq 1).
However, in highly adhesive materials (where S > 1), Johnson’s
model predicts that such models will never apply, regardless of
how small the applied load. In materials that are stiffer or have
lower adhesion (S < 1), the material parameter y must be
computed, preferably from direct or indirect measurements of
contact area (rather than based on predictions of contact
models). In cases where ¥ >y, the behavior is described by
uniform strength-limited separation, and the force of adhesion
is described by eq 2. Even in cases where y < y.; and the
conventional fracture based models® are expected to apply, one
cannot expect to get the correct value of work of adhesion
using a measurement of tip radius before the test was
performed. The explanation for this is that the tip shape may
change significantly during loading, such that the separation
behavior is governed by a new tip radius that is determined by
the amount of elastic recovery in the material after plastic
deformation (what Johnson calls the “elastically recovered
crown”).”’

It is useful to use the Johnson model to estimate how the
results would change for other materials with very different
material properties. For instance, in a low-hardness material
(which can be approximated by reducing H by a factor of 10
and keeping other material parameters constant), the
computed values would be § = 9.57 and y.; = 2. In this
case, a contact radius larger than 288 nm would be expected to
separate by fracture (eq 1) and a smaller contact radius by
uniform pop-off (eq 2). On the other hand, in a weakly
adhering material (which can be approximated by reducing
W.a and 0,4, by a factor of 10 while keeping other material
parameters constant), the computed values would be S = 0.10
and y_; = 0.11. Here, a contact radius smaller than 5.5 nm
would be expected to separate by uniform pop-off. However,
we note that the predictions in this paragraph depend on the
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accuracy of the Johnson model; the rest of the findings in this
paper are consistent with the Johnson model but do not
depend on its correctness.

The importance of plasticity and the increase in contact area
in loaded nanocontacts was not previously recognized because
the shapes of the bodies did not typically change appreciably. It
was previously shown,'” through pre- and post-test TEM
imaging, that there was no significant shape change in the
parabolic tip due to testing, which was also confirmed in the
present work (Supporting Information Section $S3). While the
lack of shape change was previously assumed to indicate a lack
of plastic deformation, it can instead be explained by the
“elastically recovered crown” (mentioned in the prior para-
graph),”” which may result in a certain tip radius even after
significant plastic deformation. The lack of evidence of
dislocations or other plasticity mechanisms in the tip after
contact (Supporting Information Figure S3) can be explained
by previous results showing how defects can exit a nanoscale
component upon unloading.’”

There are numerous examples in the literature where
contact-mechanics models can be accurately fit to measured
results of adhesion, friction, or electrical current (see ref 38 for
a review). In some cases, the adhesion may be low enough or
the tip large enough that y <y, and so fracture-based models
would be appropriate. In other cases, including the prior
investigation into silicon on diamond,'” the fit may be almost
incidental, arising due to the qualitatively similar behavior of
different separation models. For example, in ref 17 achieving a
fit between the data and the model required empirical variation
of W4, as a fitting parameter; this is equivalent to the analysis
that is performed in Figure 2b, which is based on applying an
inapplicable model.

On a practical level, this new understanding of nanoscale
separation has important implications for materials character-
ization and for controlling adhesion in nanoscale devices.
These findings challenge the most common method for
measuring and reporting the strength of adhesion of an
interface, which is to measure the pull-off force using an atomic
force microscope and then apply simple contact-mechanics
models (eq 1) to compute the work of adhesion. In many
cases, this approach incorrectly describes the separation and
yields incorrect results. In such cases, adhesion is governed by
a process of uniform separation, and the interface should be
characterized by its adhesion strength using eq 2. Furthermore,
any attempt to tailor adhesion must correctly account for the
mechanism of separation. A fracture-based understanding
implies that adhesion is controlled only by the interfacial
bonding. However, for strength-controlled separation, the
adhesion of a nanoparticle or nanoprobe also depends on its
area of contact, and therefore on the prior history of the
amount of load previously applied.

In summary, we have combined in situ TEM adhesion
testing and MD simulation of nanoscale contacts of
technologically relevant materials. The results demonstrate
that most of the contacts do not separate according to fracture
mechanics, as previously believed, but instead separate in a
uniform fashion. Although there was a 7-fold increase in
“apparent” work of adhesion with increasing applied load, the
true work of adhesion was shown to be constant and load-
independent. Instead, the load-dependent adhesion is attrib-
utable to an increase in the contact area. This insight initiates a
new paradigm for the characterization of interfacial adhesion
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and suggests novel strategies for controlling the adhesion of
nanoparticles and other small-scale devices.

B EXPERIMENTAL METHODS

Adhesion testing was performed using an in situ TEM
nanomanipulator (Biasing Manipulator Model 1800, Hum-
mingbird Scientific, Lacey, WA) inside of a transmission
electron microscope (Titan Themis G2 200, ThermoFisher
Scientific, Waltham, MA). Contact was made between
commercial silicon atomic force microscopy probes (PPP-
NCLR, NCHR, FMR Nanosensors, Neuchatel, Switzerland)
which had initial apex radii of approximately S nm and a
plasma-cleaned silicon TEM wedge substrate (<200 nm
Plateau, Bruker, Billerica, MA), with a plateau thickness of
approximately 10 nm. Before testing, an approximately 30 nm
layer of TiO, was deposited on the AFM probe and silicon
TEM wedge (Angstrom Engineering NexDep Sputter Depo-
sition Tool) and annealed at 550 °C for 2 h to form crystalline
anatase. Additional tests were performed on TiO, nano-
particles (<25 nm, Sigma-Aldrich) that were drop-cast onto
the silicon TEM wedge. The applied and adhesive force were
determined by measuring the deflection of the calibrated
cantilever, as described in ref 19. (Detailed Experimental
Methods are provided in Supporting Information Section S1).

B SIMULATION METHODS

Molecular dynamics simulations were performed on two
different systems: (1) TiO, probe on TiO, block and (2)
TiO, block on TiO, block. The model systems had periodic
boundaries in the directions parallel to the surfaces of the
blocks and fixed boundaries in the surface-normal directions.
For the TiO, block on TiO, block, the dimensions were 3 nm
X 3 nm X 3 nm for each block. For the TiO, probe on TiO,
block, the block had dimensions of 15 nm X 15 nm X 4 nm.
The probe was either a hemisphere with 6-nm radius, or an
irregular shape designed to match the geometry of an
experimental tip. The irregular shape was created by tracing
the 2D profile from a TEM image and then creating a 3D solid
using an approach we reported previously.'” The bottommost
0.5 nm of atoms of the lower blocks were fixed in both models
and the topmost 0.5 nm of atoms of the top probe or block
were treated as a rigid body. Two variations of both TiO,
models were created, either terminated with 100% hydrogen or
unterminated. To simulate indentation, the upper body of each
model was moved downward at S m/s until it reached
approximately the desired maximum force. The upper body
was held at this position until the potential energy reached
steady state. Then, the upper body was moved upward at
S m/s until the two bodies completely separated. During the
simulation, the force was calculated as the sum of the forces on
the atoms of the upper body. The simulations were run in the
NVT ensemble (constant number of atoms, volume, and
temperature) at 300 K. All simulations were performed using
the large-scale atomic/molecular massively parallel simulator
(LAMMPS).

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02016.

Section S1, Detailed Experimental Methods, contains a
description of the in situ adhesion testing, a description
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of the video of adhesion testing, and a description of
analysis for contact size, adhesive force, and adhesive
strength; Section S2, Analysis of Separation Mechanism,
describes analysis of the separation mechanism (PDF)
Video of in situ TEM adhesion testing (MOV)
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