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Understanding Atomic-Scale Mechanisms of Adhesion and Deformation at Contacting
Surfaces: Quantitative Investigations Using In situ TEM

Sai Bharadwaj Vishnubhotla, PhD

University of Pittsburgh, 2020

Nanoscale contacts are relevant in advanced technologies like nanomanufacturing,
scanning probe microscopy, micro- and nanoelectromechanical systems, nanodevices, and
nanostructured catalysts. In all cases, functional properties such as adhesion, friction, electrical,
and thermal transport depend on the size and nature of the contact. Continuum-based contact
mechanics models are routinely applied to describe the behavior of these contacts in real-world
applications, despite evidence of breakdown of their underlying assumptions at the nanoscale. In
order to understand the applicability of contact mechanics at the nanoscale, and also the nature of
any observed deviations, the present dissertation research uses in situ transmission electron
microscopy (TEM) experiments and matched molecular dynamics (MD) simulations to perform
loading and adhesion tests on nanoscale contacts. Specifically, the true contact area at varying
loads is measured in experiment and atomistic simulation and compared against the predictions of
continuum models for three different classes of materials: noble metals, covalently bonded
materials, and metal oxides.

First, for noble-metal contacts, it is observed that direct measurements of contact radius
exceed the predictions of contact mechanics due to dislocation activity in the near-surface material,
which is fully reversed upon unloading. Second, for same contacts, electron transport models
under-predict the contact size by more than an order of magnitude. It is due to a robust monolayer
of surface species on the contact interface, and the contact size is predicted better with tunneling

theory. Third, for silicon-diamond contacts, the work of adhesion increases with applied stress



which is contrary to the underlying continuum assumption that adhesion energy is a constant for a
given material system. Such behavior is also observed for self-mated contacts of titania. This
suggests that, for covalently bonded systems, the loading modifies the atomic-scale interactions at
the interface and increases the adhesion strength. The primary implications of the present
dissertation are two-fold: first, these findings demonstrated that commonly-used contact
mechanics models are insufficient in predicting the contact properties in real-world nanostructures,
and suggest modifications to account for atomic-scale phenomena; and second, these findings
reveal the different physical mechanisms that govern the contact behavior of metals and covalent

solids.



Table of Contents

P A .o e —— e e e e e e r e ——————ae e e e ——— xiii

1.0 Motivation for the Study of Mechanical and Electrical Properties of Nanoscale

(0] 0] r= T TP PP PRI 1
2.0 Adhesion, Deformation, and Conductance of Nanoscale Contacts—A Review................. 2
2.1 Review of Contact Mechanics MOdEIS ...........ccociiiiiiiiiiieiec e 2

2.2 Prior Applications of Contact Mechanics Models to Nanoscale contacts ................. 8

2.3 Experimental Measurements of Mechanical Properties for Nanoscale Metal

(0] 0] r= T KOO TP PP UPRPTRPTP 10
2.4 Review of Electron Transport Models for Metallic Contacts ..............ccccceevevveenenee. 12
2.5 Experimental Measurements of Electron transport for Metallic Contacts ............ 14

2.6 Concluding Remarks Regarding the Understanding and Prediction of Contact

Properties for Nanoscale CONtaCtS............ccccveviiiiieeii i 16
3.0 Measurement of Contact Properties for Nanoscale Contacts Using In situ TEM........... 18
3.1 Measurement of the Applied and Adhesive Forces from In situ TEM Tests.......... 18

3.2 Measurement of the Conductance for Noble Metal Contacts Using In situ TEM Tests

.............................................................................................................................................. 21
3.3 Measurement of the Contact Size from In situ TEM TesStS ........cccceveiiiiniiiinnnn 23
3.4 Matched Molecular Dynamics SIMUlations:.........cccovveiieiiiciie e 25
4.0 The Effect of Dislocation Behavior on Contact Properties for Nanoscale Noble-
IMIEEAL CONTACES ...t bbb 28

Vi



4.1 The Load-Dependence of Contact Size and Comparison against Contact Mechanics

4.2 The Role of Dislocation Activity in Increasing Contact Size..........c.ccceceevevveieennnnn, 33
4.3 Conclusions Regarding the Accuracy of Contact Mechanics Models for Noble-Metal
CONTACTS ...t 38

5.0 The Relationship Between the Contact Size and Conductance for Nanoscale
NODIE-METAl CONTACES ...t 39

5.1 Comparing the Measurements of Contact Radius with Electron Transport

PrEOICTIONS. ...ttt b bbb e b 39
5.2 Investigating the Physical Origin of the Low Contact Conductance....................... 41
5.3 Investigating the Robustness of the Low Contact Conductance............c.cccccveeuene.. 46
5.4 Implications of Robust Insulating Layer to SPM and Nanodevices........................ 48

5.5 Conclusions Regarding the Relationship between the Contact size and Conductance
for Nanoscale Noble-Metal CONTACES ... 50

6.0 The Effect of the Applied Pressure on the Adhesion Strength of Covalently
Bonded Material CONTACES .........cccoiiiiiiiiiiee e 52
6.1 In situ TEM and Matched Simulation of Silicon Diamond Nanocontact: Insights
from Single Contact TESE......ccciiiiiice e e 52
6.1.1 Molecular Dynamic Simulation of Matched Silicon Diamond Nanocontact52
6.1.2 Matching Adhesive Interactions between Simulations and Experiments.....54
6.1.3 Measurement of Work of Adhesion for Silicon Diamond Nanocontact ....... 56

6.1.4 Measurement of Contact Area as a Function of FOrce........cccooeveeveeeeeeeeeeennn. 58

vii



6.1.5 Quantifying the Hysteresis in Contact Area: Increasing Work of Adhesion as

a Function of MaxXimum STFESS .........cccooeiiiiieieine e 61

B.1.6 CONCIUSIONS .....cviiiiieeei et 64

6.2 Quantifying the Increase of Work of Adhesion with Applied Stress for Silicon
Diamond NANOCONTACTS ........c.ciuiireiiiirieieiisie et 65

6.2.1 Experimental and Simulation Contact Tests on Silicon Diamond Nanocontact

6.2.2 Work of Adhesion Increases with Mean Applied Stress for Silicon Diamond
NANOCONTACT ......c.veiiiiiiiiieii s 66
6.2.3 Work of Adhesion Increases with Mean Applied Stress for Varying Hydrogen
(0101 V=T =T [T PP PRSPPI 72

6.2.4 The Increase in Work of Adhesion is due to Modification of Atomic-Scale

Interactions With LOAding.........c.ccoveiiiiiiiciecc e 73
B.2.5 CONCIUSIONS ...ttt et e e e e e e e e e e e e aeeeaaas 78
7.0 IN-Process anNd FULUIE WOTK ... et 79

7.1 Understanding the Atomic-Scale Mechanisms Governing the Increase in Adhesion
Strength With APPlied SEFESS......ccviiiiiiiicecc s 79
7.1.1 In situ TEM and Matched Molecular Dynamics for Self-Mated TiO:
NANOCONTACTS ..ot 79

7.1.2 Increase in Work of Adhesion with Applied Stress for TiO2 Nanocontacts.80
7.1.3 Possible Origins of the Increase in Work of Adhesion with Stress for
NANOSCAIE CONTACES. ........oiviieiiiiiiiiiee e 83

8.0 CONCIUSIONS ... 84

viii



Bibliography



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

List of Figures

The adhesion tests were performed using in situ TEM experiments. .................... 20
In situ electromechanical contact testing was performed inside of a transmission
L] LTo1 o o] I g1 Tod o XYoo o PSS 22
The contact size was determined from the frames of the TEM video (a)............... 24
Matched molecular dynamics simulations were performed for in situ TEM contact
LSS, ittt 27
The contact radius is measured directly for two different nanoprobes (Probe 1 (a)
and Probe 2 (b)) using in situ TEM tests (black symbols) as well as matched
atomistic simulations (blue Symbols). ........ccccoeiiiiiiiec e 29
The extracted shapes of the probes (red) from the TEM images (a, d) fit using
power law function with power index n = 3 fit best in comparison to spherical shape
(n =2) for the probe 1 (b, ¢) and probe 2 (6, f). .ooveveieiiee e 30
The true contact size can be accurately fit with mechanics models only if the
effective modulus is used as a free parameter. .........ccccccooevieeie i 32
In comparing the profiles of the probe in TEM before and after contact (as shown
in (a)), no shape change was observed within the accuracy of the edge detection in
LY = RSP 34
The simulations revealed significant dislocation activity, which began at the lowest

applied loads and was fully reversed upon unloading. ..........cccceeevevieiiiciieccieennnn. 35

Figure 10. The directly measured contact radius varies significantly from the value computed

from electrical MEASUIEMENTS. ....oooeieeeeee e 40



Figure 11. To evaluate the effect of electron scattering from defects, a scattering factor (a)
was computed and compared to the length of dislocations in the tip material. ... 42
Figure 12. The conductance across the platinum nanocontact (a) is proportional to the
experimentally observed contact area, within experimental uncertainty, but is not
consistent with ballistic and intermediate theories. ...........cccoeeiieiiiiincinee, 46
Figure 13. A platinum probe was slid laterally with periodic current-voltage sweeps. ...... 47
Figure 14. A high-resolution TEM image (a) of the AFM tip is shown with crystallographic
and loading directions [abeled. ...........ccccoo oo 53
Figure 15. The force as a function of time from experiment (a), shown as both raw (red
symbols) and downsampled (black line) data, and from simulation (b). .............. 55
Figure 16. TEM images of the probe (a) before and (b) after contact with best fit parabolas
SNOWN TN TR, .ottt 57
Figure 17. Contact area (a) as a function of applied normal force, from experiment (squares)
and simulation (TriaNGIES). .......coveuiiieie e s 60
Figure 18. The data for contact area versus force (a) has been fit using the Maugis-Dugdale
model with varying work of adhesion. ...........ccccccoeviiiiicic e 62
Figure 19. The adhesion tests was performed on silicon diamond nanocontact using atomistic
SHMUIBTIONS. ..tttk bttt e 66
Figure 20. High-resolution TEM images were taken before and after the test for multiple
probes (Probe 1: a-c, Probe 2: d-f, Probe 3: g-i) to determine probe radius, shape,

aNd CryStal STFUCTUNE. .....coeiiiiiie e aeas 68

Xi



Figure 21. The measured work of adhesion from experiments and simulations increases
approximately seven-fold with applied pressure, where the most significant
INCrease 0CCUNS @DOVE 5 GPa. .....ccuviiiiiiie e 71
Figure 22. The work of adhesion from the simulation varied with increasing hydrogen
coverage but data from all coverages exhibited increasing trends with applied
(O SES U ] = PSP ROPR PR 73
Figure 23. Multiple adhesion tests on the silicon probe show that the order of testing does
not affect the adhesive TOFCe. ..o 75
Figure 24. The increase in work of adhesion with applied stress cannot be attributed to time-
dependent phenomena such as creep or viscoelastiCity. ........c.cccovvvieieeiiiieieenne. 77
Figure 25. In situ TEM contact tests were conducted for self-mated contacts of TiOo. ...... 80

Figure 26. The work of adhesion increases with applied stress from TiO2 nanocontacts.... 82

Xii



Preface

I wish to thank my advisor Prof. Tevis Jacobs for his inspiration, guidance, and for
providing numerous opportunities for professional development during my PhD.

I wish to thank Prof. Jorg Wiezorek, Prof. Scott Mao, and Prof. G6tz Veser for serving on
my PhD committee and providing scientific support along the way.

| am grateful for the continued support and discussions with our collaborators Rimei Chen,
Dr. Xiaoli Hu, and Prof. Ashlie Martini at the University of California, Merced.

| wish to thank Dr. Jing Li and Prof. Eric A Stach for their help in using the resources of
the Center for Functional Nanomaterials at Brookhaven National Laboratory where a part of the
study discussed in Chapter 5 was conducted.

| wish to thank Nic Argibay (Sandia National Lab), Evgheni Strelcov (NIST), and Maarten
de Boer (CMU) for their helpful scientific discussions on Chapter 5.

I wish to thank Ryan Major (Bruker), Sanjit Bhowmick (Bruker), and Daan Hein Alsem
(Hummingbird Scientific) for their technical support on in situ TEM holders.

| wish to thank Dr. Subarna Khanal for support on TEM work. | wish to thank Dr. Yahui
Yang and Sanjana Karpe for their support with nanoparticle synthesis. |1 wish to thank Andrew
Baker for his help in the data analysis for Chapter 7.

| wish to thank the current and former members of Jacobs research group for their support,
guidance, assistance, and fun.

Finally, 1 wish to thank my family and friends for their unconditional support and love.

Use of facilities of the Nanoscale Fabrication and Characterization Facility (NFCF) in the
Petersen Institute of NanoScience and Engineering at the University of Pittsburgh is

Xiii



acknowledged. Also, funding from the National Science Foundation (Grants CMMI-1536800) is

gratefully acknowledged.

Xiv



1.0 Motivation for the Study of Mechanical and Electrical Properties of Nanoscale Contacts

As devices and manufacturing technologies shrink to the nanoscale, there is a growing need
to understand, predict, and control the behavior of small-scale contacting interfaces. Examples of
this need stem from nanomanufacturing, materials characterization, and nanodevices. Specifically,
in tip-based nanomanufacturing [1, 2], probe-based lithography [3], and in micro-transfer printing
of quantum dots [4], the behavior of the nanocontact determines reliability and precision. In the
vast array of techniques of scanning probe microscopy (SPM) — such as conductive atomic force
microscopy (c-AFM) [5, 6], scanning spreading resistance microscopy [7, 8], scanning capacitance
microscopy [9], and scanning nano-thermometry [10] — the contact’s size and properties determine
both the resolution of the technique and the accuracy of models applied for quantitative analysis.
In both c-AFM [5] and nanodevices [11], the current flow through these nanocontacts depends not
only on the material properties of the contacting bodies, such as resistivity and carrier density, but
also on the true area of the contact. Finally, in these nanodevices such as switches and actuators
[11, 12], the mechanical and transport properties of the contact determine functionality and lifetime
of the device. Hence, these advanced applications require a comprehensive and predictive
understanding of behavior as the nanocontact forms, evolves, and separates, which is the topic of

the present dissertation.



2.0 Adhesion, Deformation, and Conductance of Nanoscale Contacts—A Review

2.1 Review of Contact Mechanics Models

A model to describe the mechanical properties of contacting bodies was first derived by
Heinrich Hertz [13] that relates deformation and contact area to the applied load for two contacting
elastic spheres without adhesion. The Hertz model relates contact radius ay,,, and deformation

Onertz 10 applied force Fapp as follows:

1
3RFapp\ /3
AHertz = (T*pp) (2'1)
9Fpp '/ 3
Onertz = (16RE*2) (2'2)

where R is the asperity radius against a flat surface, and E* is the effective modulus. The effective

N . [aD) , v . :
modulus is defined for a contactas E* = [E— + E—] , Where E is the Young’s modulus and
1 2

v is the Poisson ratio and the subscripts 1,2 designate the two different materials in contact. The
assumptions of this model are: (i) the two bodies in contact are homogenous and isotropic, (ii) the
surfaces are smooth and frictionless, and (iii) the contact radii ay,.,+, and elastic deformation
Spertz are much smaller than the size of the contact bodies.

Adhesion is always present between contacting surfaces and the two factors governing
adhesion are the fundamental physical interactions between the materials and the geometry (global
and local) of the surfaces in contact. The first factor which is physical interactions includes the
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atomic-scale interactions such as van der Waals attraction, electrostatic interactions, and atomic
bonding and is described by the work of adhesion Wagh, which is the energy required per unit area
to separate flat surfaces of the two materials from equilibrium separation to infinity [14]. In terms
of surface energy of the two materials y1 and y2, and interfacial energy y1» the work of adhesion is

defined as [14]:

Waan = V1 + V2 — V12 (2-3)

For a self-mated contact the Wadh = 2. The second factor governing adhesion is the effect
of the geometry of the contacting surfaces. First, Bradley [15] demonstrated the effect of geometry
on adhesion when he showed that the adhesive force Fagn between a rigid sphere of radius R and a
rigid flat surface of the same material is described as F,4, = 2nRW,,4;,. Later Derjaguin [16]
approximated the adhesive force which is the same as that of Bradley and along with co-workers
established the Derjaguin—Miiller—Toporov (DMT) model [16]. The DMT model is an extension
to the Hertz model to account for the adhesion between the bodies. The contact radius as a function
of force for the DMT model is obtained by replacing the Fapp in the Hertz model (Eq. 2-1 and 2-2)

by Ftotai= Fappt Fadn as follows [16]:

1
3RFiotal /3
Apmr = (4—;*”) (2-4)
1
FE iq /3
Sonr = (Fosst) (2:5)



The DMT model assumes weaker and longer-range adhesive interactions and is applicable for
stiffer materials. The characteristics of the DMT model is that the contact size goes to zero at the
adhesive force Fagnh and the stresses in the contact are maximum at the center and go to zero at the
edge of the contact.

Several years later to the Bradley model, Johnson, Kendall, and Roberts (JKR) [17]
introduced an elastic adhesive model that assumes stronger and shorter-range adhesion causing
contact area to increase more than that is predicted by the DMT model. The adhesive force for the
JKR model is given by F,;, = 1.57RW,,;,. The contact radius and deformation of the contact

bodies are given by [17]:

/3
3R
a]KR = [E <Fapp + 2Fadh + J4FappFadh + 4F£§dh>] (2-6)

a? 2mW g /3
Sxr =7 — ( - ;?a]KR) (2-7)

The characteristics of the JKR model are: (i) it is applicable for compliant materials, (ii) the contact
size is non-zero at the adhesive force, and (iii) the stresses closer to the edge of the contact are
tensile and reaches singularity on the edge of the contact.

These models are useful to predict the contact properties such as contact area, deformation,
and work of adhesion. However, for the two materials in contact, different values can be obtained
depending on the applied model. This dispute was first clarified by Tabor [18] who proposed that

the DMT and JKR models are the two different limits of the adhesive contact behavior and the



cases between them can be quantified using a dimensionless transition parameter known as Tabor

parameter u, given by [18]:

u =@%ﬁf@ (2-8)
T

*2.,3
E*cz,

where zo is the equilibrium separation between the materials. The transition parameter is the ratio
of elastic deformation to the length-scale of surface forces. Later Maugis [19] proved that DMT
and JKR are the limits of the spectrum and also provided the equations to predict the contact
properties for the intermediate cases between the limits. All the cases are described by the Maugis-
Dugdale model [19] in which the interaction potential between the contact bodies was
approximated by a ‘Dugdale’ (square-well) potential, where an adhesive stress g, acts over a range
of adhesion h. The adhesive stress g, is determined by equating it to the minimum adhesive stress
of the Lennard-Jones potential, which gives g, = W,4;,/0.97z, [20]. These intermediate cases are

defined by a dimensionless parameter known as transition parameter A which is calculated as [19]:

9R )1/3
16TE*2W g4,

A =20, ( (2-9)

This transition parameter A is equivalent to u, related by A = 1.157u,. The transition
parameter is used to describe the intermediate cases between the DMT and JKR limits and the
contact area and deformation as a function of force is provided by the Maugis-Dugdale model [19].

These equations are difficult to implement directly and were simplified by Carpick et al. [20] to



present a numerical analysis for determining the contact area as a function of force for the
intermediate cases. Similar numerical analysis was extended for determining deformation for the
intermediate cases [21]. Using the complete picture of the contact behavior provided by the

Maugis-Dugdale model [19], the work of adhesion Wadn is calculated as follows [20]:

Wegn = 22k (2-10)

where y is a constant that is equal to 1.5 for the JKR model [17], 2 for the DMT model [16], and
an intermediate value for the Maugis-Dugdale model [19].

In order to determine which contact model should be applied to a given contact, the method
described in Ref. [22] is used to calculate the range of Tabor parameter ur. The equilibrium
separation z, is not directly measurable and a range of values is assumed for the given pair of
materials [22]. The upper bound of the u; is calculated using Eq. 2-8 with the lower bound value
of z, and W, determined by JKR. The lower bound of the u is calculated using Eq. 2-8 with
the upper bound value of z, and W, determined by DMT. If the determined range of u; is less
than 0.1, then a DMT limit should be applied and for p; greater than 5, JKR limit should be
applied. For all the values between 0.1 and 5, intermediate cases described by Maugis-Dugdale
model should be applied. By following the procedure above, the contact area, deformation, and
work of adhesion can be calculated for the contact.

The geometry of the single asperity on the end of the AFM probe has been shown to change
from approximately spherical to either completely flat, and a large range of such shapes has been
shown to be well-described using an analytical function: an axisymmetric power-law [23]. Thus,

the spherical contact mechanics models described previously (Hertz, DMT, JKR, Maugis models)

6



have been extended for such non-spherical geometries [24, 25] where the 3D shape can be
described by an analytical power-law function, z(r) = r™/nQ, where r is the radial distance, n is
power index, and Q describes the curvature of the probe profile. The Maugis-Dugdale type of
model analysis (referred to as M-D-n model [24]) was used to describe the contact properties for
the geometries described by the power-law function. For the JKR-limit of the M-D-n model

(referred to as JKR-n), the relationship between the contact radius and force is described by [24]:

= 1 n 1\ — 2 p
Fapp = ;B (E + 1,5) anrtl — - V2mas (2-11&)

where B is the Euler beta function, F,,, is dimensionless force and @ is dimensionless contact

radius. And the DMT-limit of the power-law model (DMT-n) is described by [24]:

E, =-B (% +1,5) @M — n2/mAe-D/n (2-11b)

app ~

where A is the dimensionless transition parameter. The dimensionless force and contact radius can

be expressed in terms of applied force F,,,,, and contact radius a as follows [24]:

E

app = Fapp /H(Q3W£d711E*n_2)1/(2n_1) (2'110)

a = a/(Q*WegpE*~1)*/En~1) (2-11d)



For n = 2, the power-law function describes a parabolic shape and by substituting n = 2 in the
Eq. 2-11(a-d), it gives the equations as described by the Maugis-Dugdale model [19]. Though
similar analysis of spherical contact models can be used for n > 2, the adhesive force Fagnh not only
depends on the work of adhesion Wagn but also on the range of adhesion h. Thus, it becomes
difficult to extract the Wadn as the range of adhesion is usually unknown [23, 24].

In summary, the field of contact mechanics (a sub-field of solid mechanics) has developed
a wide array of models to analytically or numerically describe the behavior of bodies in contact.
The key variables in these models include material parameters (E*, v, Wadn) and the shape of the
bodies in contact (spherical, flat-punch-like, or described by a power-law function). Using these
key variables, the contact mechanics models can be used to predict the contact properties such as

contact size, deformation, stresses, and adhesion.

2.2 Prior Applications of Contact Mechanics Models to Nanoscale contacts

For technologically relevant nanoscale contacts (of the type described in Sect. 1), it is
common to predict the nanoscale contact area using these continuum mechanics models (Sect. 2.1)
due to their ease of use and closed-form predictions for contact radius [26]. These continuum
models and their various extensions rely on underlying assumptions (such as perfectly smooth
surfaces, small deformation compared to the size of the body, and isotropic materials) that may be
violated at nanometer length scales. Numerous experimental investigations using SPM have been
used to test the applicability of contact mechanics models. In SPM, the contact area cannot be
directly visualized. Thus, the contact area is calculated indirectly by measuring electrical current

[27] or friction force [28]. In these approaches, the ballistic regime [29] is assumed which predicts



that the contact area is proportional to electrical current. Similarly, the measurement of friction

force Frricion 9ives a direct measure of contact area Aconeqcr Under the assumption that Frrjcrion =

TA ontact, Where T is the interfacial shear strength. Using these approaches, it was shown that the
spherical contact models are applicable even down to the nanoscale [27, 30, 31]. Similar support
of applicability is also shown for power-law contact models where in some cases TEM imaging of
the SPM probe was used to confirm the power-law geometry [23, 25, 32]. However other SPM-
based investigations suggest the breakdown of the applicability for these models [33-35],
specifically due to surface roughness, plastic deformation, and in some cases due to pressure
dependence of interfacial shear strength [33, 34].

An alternative to continuum models is atomistic simulations, which are able to track the
position of each atom and have been employed to study nanocontacts mimicking experimental
conditions [36—40]. Some such simulations have suggested that contact mechanics may be applied
when atomic-scale surface roughness is considered in the model [41] or for modifications of the
theories, such as thin-coating contact mechanics [37, 42]. However, other studies showed that
continuum contact mechanics may break down due to atomic-scale roughness [43-47]. Further,
due to the discreteness of atoms at the contact interface, the definition of contact is ambiguous at
the atomic scale, which complicates comparison between atomistic models and continuum
mechanics predictions [41, 48, 49]. Moreover, while simulation investigations [41, 43, 44, 48]
suggest that the discreteness at atomic-scale and nanoscale roughness will cause significant
deviations in the spatial distribution of surface pressure and the measured friction force, they do
not predict meaningful deviations in contact radius and are shown to agree with continuum

predictions within a few percent [43, 44].



In summary, despite extensive investigation of the topic, the field was still lacking in direct
evidence to support or refute the applicability of the contact mechanics models at the nanoscale.
The field also lacks guidelines under which these models would be applicable for a particular
material, load or geometry. Further, additional information is required regarding the shape and
structure of the contact interface. Hence, it remains unclear whether the contact mechanics models

can be applied at the nanoscale to accurately predict the contact properties.

2.3 Experimental Measurements of Mechanical Properties for Nanoscale Metal Contacts

Understanding of single-asperity metal contacts requires an understanding of both the
elastic and inelastic deformation of the metals and the contact behavior of metallic interfaces.
Extensive work has been conducted using micro-compression and tensile testing to study the size-
dependence of the yield strength on pillar-like structures of single crystals of FCC metals (Cu[50],
Al [51], Au [52], Ni [53]) and BCC metals (Mo [54]). These studies have shown that the strength
of the material increases with the decrease in the sample dimensions (detailed review is provided
in Ref. [55]). Other SPM-based nanoindentation experiments on Au [56] and Cu [57] have studied
the load-deformation behavior to correlate the onset of plasticity in these metals with the creation
and movement of dislocations. The aforementioned studies provide the understanding of the
inelastic behavior of the metals over the sample dimensions of micron to nanometer range.
However, there is a lack in understanding of the inelastic behavior at size scales below 100 nm
[58].

Notable exceptions where the inelastic deformation of sub-100 nm size structures have

been well studied are noble metal nanojunctions of Au [59, 60] and Ag [61, 62]. Gold is known to
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exhibit “cold-welding” which is spontaneous formation of a neck between the two bodies, and
liquid-like shape change, including necking down to a thin junction of atoms before breaking [63].
This cold welding takes place when two nanometer-size gold bodies come into contact, which has
been directly observed using in situ TEM [64-67] and MD simulations [68]. In situ TEM
investigation by S. X. Mao and coworkers [60] have shown that the elongation or thinning down
of gold nanojunction takes place with discrete plasticity events in which partial dislocations are
emitted by the free surfaces. By contrast, in situ TEM study of the deformation of silver nanometer-
size junctions show no dislocation activity; rather, it has been described [61] as a surface-diffusion-
mediated rearrangement process. In both of these cases, the two contacts fuse together and the
original interface is lost. Therefore, their behavior is governed by material rearrangement under
tensile stress and therefore is not governed by continuum mechanics. In separate experiments,
Cross et al [69] conducted nanoindentation of gold at cryogenic temperatures (which suppressed
the liquid-like behavior that is seen by others [59]) in ultra-high vacuum (UHV) to show that
dislocation plasticity can play a significant role in metallic contacts, and that it can act reversibly.
This plasticity-mediated reversible deformation is expected to cause deviations from the
predictions of continuum elasticity; however, these nanoindentation experiments were carried out
at higher applied loads (>100 nN) and lower temperatures (-123 °C) than are typically experienced
by nanocontacts in technological applications. Therefore, it remains unclear how dislocation
activity may affect the contact behavior of applications-relevant metallic nanocontacts under
adhesive-only loads.

The prediction of the contact properties such as contact size and adhesion using elastic
contact mechanics models for metals at the nanoscale is not clear. These models assume

homogeneity, isotropic, linear elasticity, and size of contact bodies much greater than contact
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radius which could breakdown at the nanoscale. The SPM-based investigation by Lantz et al [27]
for a conductive contact using platinum-coated SPM tip suggests that the contact behavior can be
far from ideal elastic contact due to wear of the metal asperity, contamination films on the surface,
and plastic deformation due to high stresses in the contact interface. Bennewitz and coworkers
[70-74] have extensively studied friction in metal nanocontacts of gold, copper, and platinum. For
the single crystal surfaces of gold [71] and copper [73], they have observed ultra-low friction under
very low loads. The physical mechanism for the ultra-low friction was suggested to be due to the
formation of the neck between the SPM tip and surface by diffusion, and the neck remains intact
even during the sliding [70-73]. The contact size, current, and adhesion of such a nanocontact are
entirely determined by the neck, not by contact mechanics models.

In summary, excellent prior investigations using experiments and simulations provide
insights into the inelastic deformation behavior of sub-100 nm metallic structures. However, most
of the studies have been conducted on homogenous metallic junctions rather than on a well-defined
interface. Hence, it remains unclear how dislocation activity, plastic deformation, and cold welding

may affect the contact behavior of metallic nanocontacts under low and adhesive loads.

2.4 Review of Electron Transport Models for Metallic Contacts

Electron transport models provide an indirect measure of the contact size by measuring the
current through the conductive contact interfaces [75]. Holm showed that contact resistance for a
metallic junction is due to the flow of current through a constriction of small area often known as
the “a-Spot” model [75]. In late 1930, Bowden and Tabor [76] used this method to show that true

area of contact between two rough metal surfaces is less than the apparent contact. Electron
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transport through a homogenous metallic contact with no oxide or contamination is modeled as a
function of the circular constriction radius a and the mean free path of an electron I in the material.
Specifically, the behavior is described using diffusive (Maxwell), ballistic (Sharvin), and
intermediate (Wexler) theories of electron transport [75]. When the contact radius is much larger

than the mean free path of the electron, the electrical conductance is given by [75]:

Gp =22 (2-12a)

where p is the resistivity of the metal. When the contact radius is smaller than the mean free path

length, the electrical conductance is described by the ballistic theory formulated by Sharvin as

[29]:

_ 3ma?
B — 4plf

(2-12b)

When the contact radius is approximately equal to the mean free path length, the electrical

conductance is given by the intermediate theory as [77]:

G, = r@o (i) +(= )]_1 (2-12¢)

Gs
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where K = |t /a is the Knudsen number, and I'(K) is a slowly varying function from 1 to 0.694
[77]. A simplified version of I" was provided by Nikolic and Allen [78], such that the intermediate

conductance can be rewritten as [78]:

-1
_ 1+0.83(lf/a) i i ]
Gr= [(1+1.33(zf/a)) (GD) + (GB)] (2-13)

2.5 Experimental Measurements of Electron transport for Metallic Contacts?

Metallic nanocontacts are ubiquitous in existing and emerging technologies such as c-AFM
[3, 79] and electromechanical switches [11]. For these applications, the contact area is indirectly
measured by measuring the current flow and applying electron transport theories [27, 80]. In these
advanced applications, the contact size is small, and the radius of contact is typically smaller than
or comparable to the mean free path (4 to 50 nm for most metals [75]). Hence, it is very common

to predict the electrical current through contact using ballistic or intermediate theory.

1 Much of this section appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Li, J., Stach, E.A., Martini, A., Jacobs, T.D.B.: Quantitative measurement of contact area and electron transport
across platinum nanocontacts for scanning probe microscopy and electrical nanodevices. Nanotechnology. 30, 45705

(2019). Copyright © 2018 10P Publishing Ltd.
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Numerous investigations over the last two decades have applied the electron transport
theories to metal nanocontacts. For example, several studies have used these theories to measure
the size of the tip/sample contact in c-AFM [27, 28, 30]. More recently, a combined c-AFM and
simulation investigation used the ballistic model to describe electron transport through a
conductive doped ultrananocrystalline diamond tip and a graphene sheet [81]. Further, various
analytical models have been proposed to describe electron transport through technologically
relevant devices such as microelectromechanical systems (MEMS) switches [82-91]. These
models describe microcontacts, which have inherent roughness, as an array of smaller point-
contacts, each of which is described by the intermediate transport theory. These transport theories
are also used in first-principles calculations for modelling electrical resistance for copper
interconnects [92]. Finally, recent electrical characterization of metal nanostructures have
suggested the applicability of the ballistic theory to describe electron transport in silver nanowires
[93]. These examples represent a small sampling of the broad application of transport theories to
metal nanocontacts in a wide range of advanced technologies.

However, some investigations suggest the failure of electron transport theories to describe
transport through nanocontacts, even for noble metals. In situ TEM investigation on gold
nanocontacts [94] showed lower conductance than expected from an intermediate theory. Other
nanoindentation measurements combined with MD simulations of a tungsten/gold contact also
showed lower conductance than expected using ballistic theory [95]. These studies suggested that
the observed behavior is caused mainly due to significant scattering by the defects at the interface
[94, 95]. Furthermore, experimental investigation [96] of single-asperity platinum contacts using
atomic force microscopy has suggested the formation of an insulating tribopolymer layer after

billions of loading/unloading cycles. Additionally, atomistic simulations have suggested a
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significant decrease in conductance with just a 0.36-nm thick layer of adsorbates [97]. Density
functional theory (DFT) simulations [98] have indicated that platinum contacts can form
carbonaceous surface layers under the action of mechanical stress and voltage.

In summary, significant work has been conducted to understand the electron transport
across single-asperity contacts; however, there is still a lack of quantitative understanding of the

relationship between contact radius and current flow for nanoscale bodies in contact.

2.6 Concluding Remarks Regarding the Understanding and Prediction of Contact

Properties for Nanoscale Contacts

All the above studies suggest a need for quantitative understanding of the contact properties
such as contact size, adhesion and current flow for nanoscale contacts. Scanning probe microscopy
investigations on understanding the applicability of contact mechanics models have significantly
advanced our understanding, but the contact properties can only be determined indirectly using
contact models. Therefore, they do not provide a direct method to verify the applicability of those
models. TEM-based investigations provide a quantitative measure of the geometry and structure
of the bodies. Excellent prior investigations have examined homogenous metallic junctions with
no interface; however, these do not provide insights into contacts that maintain a defined interface,
as most nanoscale contacts do. Also, it is not clear how dislocations affect the contact properties
for such metal contacts. Atomistic simulations provide direct visualization of the contact interface
with load measurement, but it is impractical to rely on simulations in every contact situation
because they are typically time-and resource-intensive. As such, there is benefit to having

analytical expressions from contact mechanics models, even if they are approximate. Also in
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simulations, there are several methods to define the contact which leads to different measurement
of the contact size depending on the methods used [48, 99] which makes it difficult to validate the
contact mechanics predictions. Overall, it is not known whether the contact mechanics models are
applicable at the nanoscale. If the models fail, what are the physical mechanisms that cause these
deviations for nanoscale contacts? Significant work has been done on understanding the electron
transport for metal nanocontacts, but there is a lack in quantitative relationship between contact
size and current and how it is affected by the oxide or contamination films.

Answering these critical questions will have a significant impact on nano-manufacturing,
probe-based lithography, MEMS, and nanodevices as many of these techniques still rely on contact
mechanics and electron transport models. The performance, accuracy, and reliability of these
applications rely on the accurate measurement of the contact size and adhesion. It will also have
an impact on probe-based materials characterization techniques where the precise determination

of functional properties depends on the accurate measurement of the contact size.
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3.0 Measurement of Contact Properties for Nanoscale Contacts Using In situ TEM

3.1 Measurement of the Applied and Adhesive Forces from In situ TEM Tests?

In this investigation, loading and adhesion tests were performed on a nanoscale contact
inside of a transmission electron microscope. This was done using an in situ TEM nanoindentation
holder (Hysitron P1 95, Bruker, Billerica, MA) in a TEM (2100F, JEOL, Tokyo, Japan) that was
operating at an accelerating voltage of 200 kV (Fig. 1a). Unlike traditional nanoindentation, an
AFM probe with a nanoscale apex was mounted in place of the sample and was contacted by a
flat-punch diamond indenter. The AFM chip body was cleaved and glued to the sample mount of
the nanoindenter. Commercial silicon AFM probes were used (PPP-NCLR, NCHR, FMR
Nanosensors, Neuchatel, Switzerland), which had initial apex radii of approximately 5 nm and
contained an oxide from the manufacturing process that extended to a height of approximately 10-
15 nm at the apex. This oxide was mechanically removed by bringing the indenter into contact
with the probe and sliding it in vacuum prior to testing. After removing the oxide, the silicon
crystal lattice was observed to extend to the apex of the probe (Fig. 1a). Before testing, the diamond
indenter was cleaned with light mechanical abrasion using a cotton swab and acetone. Next, the
indenter was sequentially ultrasonicated in isopropanol, acetone, and methanol. This cleaning

procedure was recommended by the manufacturer for nanoindenters, and has been used in prior

2 Much of this section appears in print: Adapted with permission from Chen, R.”, Vishnubhotla, S.B.", Khanal,
S.R., Jacobs, T.D.B., Martini, A.: Quantifying the pressure-dependence of work of adhesion in silicon-diamond

contacts. Appl. Phys. Lett. 116, 051602 (2020). Copyright © 2020, AIP Publishing. “Indicates equal contribution.
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studies [100, 101]. Further, direct inspection using the TEM verified that there was no significant
debris or contamination on the surface. This direct inspection was also used to rule out the
possibility of carbonaceous contamination during imaging. While the build-up of carbonaceous
contamination has been observed in electron microscopy [102], this is most problematic for very
high electron doses and/or poor vacuum in the chamber. It was not observed in the present study,
even after significant additional beam exposure after completion of the test.

High-resolution TEM imaging was used to determine the geometry and crystal orientation
of the tip apex of the probes. The real-time video enabled the characterization of instantaneous
contact radius a, after correcting for the vibration of the instrument. The instantaneous applied
force was determined with nanonewton resolution using either or both of two ways: for forces
larger than 200 nN, the on-board 3-plate-capacitor load cell was used for direct measurement
(Fig. 1b); for forces smaller than 200 nN, the deflection of the cantilever (measured from the TEM
video) was multiplied by the pre-calibrated [103] spring constant k to determine the load (Fig. 1c).
This is the general established procedure to conduct in situ TEM contact tests on different material

systems.
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Figure 1. The adhesion tests were performed using in situ TEM experiments. In situ TEM adhesion tests (a)
were performed between a flat nanoindenter (1, inset) and an AFM probe (2,3, inset). Forces were measured using
either the nanoindenter’s load sensor (b) or the deflection of the calibrated cantilever (c). Figure reproduced with

permission from Ref. [104].
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3.2 Measurement of the Conductance for Noble Metal Contacts Using In situ TEM Tests®

Experimental electromechanical contact tests were conducted on self-mated platinum
nanocontacts using the procedure as described in the Sect. 3.1. Platinum-coated AFM probes
(ElectriMulti75-G PFM, BudgetSensors, Sofia, Bulgaria) were bonded to the sample mount of the
indenter. The indenter is comprised of a platinum wire (99.9% pure, Sigma-Aldrich, St. Louis,
Missouri, USA) which was mechanically sharpened and placed in the indenter mount. Prior to
testing, the AFM probes were rubbed against the substrate in a remote location to remove any
adsorbed contamination. Then the probes were brought into contact with the substrate, loaded to
maximum force, and unloaded to the point of pull-off with a speed of 1.5 nm/s (as shown in
Fig. 2a). During the loading and unloading cycles, current-voltage (I-V) sweeps were collected at
various applied forces. In all cases comprising of platinum contacts, the current varied linearly
with voltage indicating Ohmic behavior, and the conductance was calculated from the slope of the

I-V curve, G =dl/dV (Fig. 2b).

3 Much of this section appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Li, J., Stach, E.A., Martini, A., Jacobs, T.D.B.: Quantitative measurement of contact area and electron transport
across platinum nanocontacts for scanning probe microscopy and electrical nanodevices. Nanotechnology. 30, 45705

(2019). Copyright © 2018 10P Publishing Ltd.
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Figure 2. In situ electromechanical contact testing was performed inside of a transmission electron
microscope. A flat platinum indenter is brought into contact with a platinum-coated AFM chip, such that it can be
brought into contact with the nanoscale apex of the probe (a). The measured force as a function of time for the
nanocontact test is shown in the inset of (a). Current-voltage sweeps (b) are performed during the loading and
unloading of a platinum nanocontact. The slope of the linear 1-V sweep is used to measure conductance G. Figure

reproduced with permission from Ref. [105].
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3.3 Measurement of the Contact Size from In situ TEM Tests*

The contact size in the experiments was measured using the in situ TEM videos. The
contact diameter 2a was measured directly from the experiments, as shown in Fig. 3a. Because of
vibration in the contact and Fresnel fringes [102] around the larger-diamond indenter, the
resolution of the in-contact videos are lower than the out-of-contact images. Thus, it was necessary
to correct the measured contact diameter. The vibration of the indenter while in contact caused a
slight broadening of the visualized contact area above the true value that would be measured if the
contact were perfectly stationary. To account for this, the out-of-contact (non-vibrating) AFM
probe was traced (Fig. 3b) and its shape compared to the in-contact (vibrating) shape of the same
probe (Fig. 3c). The difference in the measured width of the out-of-contact and in-contact profiles
was attributed to vibration-induced blurring, as shown in Fig. 3d. The mean value of the difference
in the measured width was subtracted from the apparent contact diameter to determine the true

contact size. The raw and corrected contact radii are shown in Fig. 3e.

4 Much of this section appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Martini, A., Jacobs, T.D.B.: Understanding contact between platinum nanocontacts at low loads: The effect of

reversible plasticity. Nanotechnology. 30, 035704 (2019). Copyright © 2018 IOP Publishing Ltd.
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Figure 3. The contact size was determined from the frames of the TEM video (a). To account for vibration of
the mechanical tester, the out-of-contact profile of the probe (b) was compared to the in-contact profile (c). The
average difference between the profiles (d) was used as a measure of the vibration-induced broadening of the
apparent contact size, and was subtracted from the raw value to obtain the true value (e). Figure reproduced with

permission from Ref. [106].
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3.4 Matched Molecular Dynamics Simulations®®

Molecular dynamics simulations were used to model nanoscale contacts of the same
materials system as the experiments. The atomistic model of the platinum nanocontact is shown in
the Fig. 4. The high-resolution TEM image (Fig. 4a) was used to trace [107] 2D shape profile and
also to measure the crystallographic orientation of the platinum. The method of disks [108] was
used to create 3D surfaces for the probe shape, under the assumption that the 2D profile is
representative of the probe shape in all orientations. This assumption is supported by previous
work on sliding wear of silicon. For example, Ref. [109] compared side-view TEM images to the
results of numerical 3D probe reconstruction from AFM scans; the results showed similar radii in
all orientations. Further, using calculations for bodies of dissimilar parabolic radii in different
directions [110], it can be shown that even a difference of 5% in probe radii between in-plane and
out-of-plane orientations causes an error of less than 1% in computed results.

Three-dimensional model of the probes was created with matching crystallographic
orientation (Fig. 4b). The height of the model probe was 9 nm. The probe size was big enough to
minimize the effect of the finite system size on the contact stress distribution based on the criteria
described in Ref. [111]. The model probe (Fig. 4b) was moved downward into contact with the

substrate, held at the maximum load, and then pulled away from the substrate to simulate the

5 Molecular dynamics simulations were conducted by Rimei Chen (PhD Candidate) in the research group of
Prof. Ashlie Martini, Department of Mechanical Engineering, University of California Merced, CA, USA.

8 Much of this section appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Martini, A., Jacobs, T.D.B.: Understanding contact between platinum nanocontacts at low loads: The effect of

reversible plasticity. Nanotechnology. 30, 035704 (2019). Copyright © 2018 IOP Publishing Ltd.
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loading and adhesion experiments. The net vertical force on the tip atoms was calculated
throughout the simulation (Fig. 4c). The number of contacting atoms was determined at intervals
during the loading and unloading process and the average contact radius (Fig. 4d) was then
computed from the distance between the outermost contact atoms as viewed from six different
orientations (Fig. 4e).

Simulations were carried out using the molecular dynamics simulation package LAMMPS
[112]. The embedded-atom method (EAM) potential was applied to model the interaction of atoms
within the probe and the substrate [113]. A Lennard-Jones (L-J) potential was used to model
interactions between the probe and substrate in order to reproduce the interfacial interaction
strength in experiments, which could be affected by factors that are not explicitly captured in the
model (e.g., surface adsorbates). Except for the time scale, the experiments and simulations are
matched in terms of applied and adhesive forces, geometry, crystal orientation, and loading

direction.
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Figure 4. Matched molecular dynamics simulations were performed for in situ TEM contact tests. Using
before-contact TEM images (a), the outer contour of the nanoscale probe was traced (red dashed line). The
crystallographic orientation of the near-contact region was determined using a Fourier transform (inset) of the
observed lattice planes. The geometry and crystallographic orientation were used to create an atomistic model of the
probe (b) for contact simulations. The maximum and adhesive forces (c) in the experiment were reproduced in the
simulations (d) and the contact diameter was measured using a top-down view of the contact (e) to facilitate direct
comparison against the experimental tests. The probe (blue) and substrate (burgundy) atoms are both platinum, but

are colored differently in (b) and (d) for clarity. Figure reproduced with permission from from Ref. [106].
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4.0 The Effect of Dislocation Behavior on Contact Properties for Nanoscale Noble-Metal

Contacts’

4.1 The Load-Dependence of Contact Size and Comparison against Contact Mechanics

Models

The contact size as a function of applied force was measured for platinum nanocontacts
using in situ TEM and matched molecular dynamics simulations. Five tests were performed on
two separate platinum coated-AFM probes (Probe 1 and Probe 2) against a platinum substrate, in
which the contacts were loaded to maximum forces ranging from 57 nN down to 0 nN (i.e., under
the action of adhesion only), and then unloaded to the point of separation. Matched molecular
dynamics simulations were conducted for both the AFM probes using the methods described in
Sect. 3.4. The interaction strength (¢) of the Lennard-Jones potential was tuned for each probe so
that the simulation and experiment had the same pull-off force (Probe 1: £1=0.0265 eV, Probe 2:
€2=0.0495 eV). The zero potential energy distance (c) was taken from Ref.[114] where
6=0.241 nm for both models. The maximum force in the experiment was used to determine the
maximum force for the simulation.

The load-dependent contact radii, measured with experiments and simulations, are shown

in Fig. 5. The two differently-shaped probes had distinct contact areas, yet repeated tests on the

" Much of this chapter appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Martini, A., Jacobs, T.D.B.: Understanding contact between platinum nanocontacts at low loads: The effect of

reversible plasticity. Nanotechnology. 30, 035704 (2019). Copyright © 2018 IOP Publishing Ltd.
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same probe showed consistent results within the uncertainty of the measurements. Further, the

contact radii measured from simulations agreed with the experimental data within the uncertainty

for both probes.
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Figure 5. The contact radius is measured directly for two different nanoprobes (Probe 1 (a) and Probe 2 (b))
using in situ TEM tests (black symbols) as well as matched atomistic simulations (blue symbols). Multiple
experimental tests and simulations of each probe agree within experimental uncertainty. These are compared with
continuum predictions based on both spherical shapes (solid lines) and power-law geometries (dashed lines). With
experimentally determined probe shapes and literature values for the effective modulus of platinum (100 GPa), the
measured values significantly exceed the continuum predictions, by an average of 24% for the closest model and an

average of 164% for the worst. Figure reproduced with permission from Ref. [106].

First, the Tabor parameter pit is calculated to determine which contact model can be applied
to platinum nanocontacts. The Tabor parameters for the two AFM probes were calculated using

best-fit sphere radii of 20.5 nm and 25.4 nm (Fig. 6b,e), respectively, and measured pull-off forces
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of 103 nN and 224 nN, respectively. The effective modulus E* = 100 GPa was computed using
the elastic modulus E = 169 GPa and the Poisson ratio v = 0.39 of platinum [115], and zo was
assumed to be in the range 0.2 — 0.3 nm [22]. The resulting values were pur = 0.4 — 1.0, which

indicate that the contacts are nearer to the DMT limit of behavior.
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Figure 6. The extracted shapes of the probes (red) from the TEM images (a, d) fit using power law function
with power index n = 3 fit best in comparison to spherical shape (n =2) for the probe 1 (b, ¢) and probe 2 (e,
f). For n = 2, the best-fit radii were R = 20.5 nm and 25.4 nm for probe 1 and 2, respectively. For n = 3, the best-fit
curvature of the profile was Q = 137 nm? and Q = 300 nm? for probe 1 and 2, respectively. Figure reproduced with

permission from Ref. [106].
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Second, the load-dependent radii measurements were compared against the predictions of
common spherical adhesive contact models: JKR and DMT. These predictions are calculated using
the Eq. 2-4 and Eq. 2-6 for DMT and JKR respectively and are shown in Fig. 5. The contact size
measured in experiment and simulation was larger than the predicted values from the contact
mechanics models by an average of 164% for DMT and 40% for JKR. For contacts in the
intermediate regime (as described by the Maugis-Dugdale model), the predictions will lie in
between these limits. Third, the data was compared to predictions from the non-spherical power-
law models. The power-law function (z(r) = r™/nQ) was fit to the probe shape obtained from
the TEM images of the two platinum probes (Figs. 6c¢,f). The fit was performed using the linear
least squares method for values of n from 2 to 10. The best-fit power index was determined to be
n =3 with Q = 137 nm?and Q = 300 nm? for Probes 1 and 2 respectively, indicating that the power-
law model was expected to describe the data more accurately than one assuming a spherical (or
parabolic) shape (Fig. 6). The power-law contact model predictions calculated using the Egs. 2-
11(a-d) with n = 3 for DMT and JKR limits is shown in Fig. 5. The JKR-n model is the closest of
the four models, but the predictions still deviate by an average of 24% from the measured data.
For the spherical and power-law models, the JKR-limit of behavior was significantly closer to the
measured results than the DMT behavior, despite the fact that the Tabor parameter indicates that
the behavior should be closer to that of the DMT model.

The load-dependent contact size can be accurately fit using the power-law continuum
model only if the effective modulus is treated as a free parameter. In this way, the behavior of both
probes is accurately fit using the JKR-limit of behavior for a power-law shaped probe (JKR-n) as
shown in Fig. 7. Specifically, best-fits to Probes 1 and 2 yield values for the effective modulus of

E* = 41 GPa and E* = 44 GPa respectively — more than a 50% reduction below the value for
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platinum. This fitting is not meant to imply that the local elastic modulus of the material is actually
reduced below the true value for platinum. Instead, the apparent reduction in modulus is an
empirically-derived correction to contact mechanics, which quantifies the apparent softening of

the platinum nanocontacts. The physical origin of this softening is discussed in the next section.
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Figure 7. The true contact size can be accurately fit with mechanics models only if the effective modulus is

used as a free parameter. The measured contact radius vs. force data is shown for Probe 1 (bottom data, darker
color) and for Probe 2 (top data, lighter color). The experimental (black) and simulation (blue data) are best fit using
a power-law-shaped continuum model in the JKR-limit (red lines) with an effective modulus of 41 and 44 GPa for

Probes 1 and 2, respectively. This empirically measured effective modulus is less than half of the true value for

platinum. Figure reproduced with permission from Ref. [106].
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4.2 The Role of Dislocation Activity in Increasing Contact Size

One possible explanation for the larger-than-expected contact size is plasticity-induced
permanent shape change in the bodies, as is common in traditional high-load nanoindentation
[116]. Therefore, the post-test probes were examined for evidence of shape change and/or crystal
defects. For both the experimental and simulated probes, the shapes were measured by digitally
tracing [107] the outermost contour of the probes using side-view images (as shown in Fig. 4a). In
all cases, when the pre-test and post-test shapes were compared, the geometries remained virtually
identical (Fig. 8a,b). The experimental probes did not show detectable variation (Fig. 8a) within
the accuracy of the edge-detection technique; the simulated probes exhibited minimal shape
change as well (Fig. 8b). High-resolution examination of the experimental probes after contact
(Fig. 8c,d) showed no evidence of significant crystal defects, with near-perfect lattice up to the
surface of the probe apex. The post-test simulation probes were analyzed using a local lattice
analysis, and showed no evidence of dislocations or other lattice defects. Furthermore, the contact
size was non-hysteretic upon loading and unloading, and behaved consistently when repeated
multiple times in experiment and in simulation. Therefore, the origin of deviations in contact area

from continuum models could not be explained by plasticity-induced permanent shape change.
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Figure 8. In comparing the profiles of the probe in TEM before and after contact (as shown in (a)), no shape
change was observed within the accuracy of the edge detection in any tests. Similarly, the probe shape in
simulations was nearly identical before and after contact (b). The inset to (b) shows the central region of the probe
with a highly scaled-up z-axis (16 nm in width, 0.5 nm in height). The surface steps that are present before contact
are smoothed out at the maximum force of 14 nN, but then are restored upon unloading. High resolution imaging of
Probe 1 before (c) and after (d) the test showed no evidence of dislocations within the atomic lattice up to the

surface of the probe. Figure reproduced with permission from Ref. [106].

Next, reversible dislocation activity was assessed. The simulated probes were examined
during loading and unloading by visualizing non-equilibrium atoms, as shown in Fig. 9. The
platinum probe started out dislocation-free and remained that way on initial adhesive approach.
Then, upon further loading, Shockley partial dislocations (b = 1/6<112>) nucleated at surface step
edges (which are apparent in the inset to Fig. 8b) and propagated into the crystal. The number and
length of dislocations increased up to the maximum applied load, at which point there were 26

dislocations, for a total line length of 42.8 nm (Fig. 9b). Upon unloading, the dislocations were
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driven back toward the surface. The number and length of dislocations decreased monotonically

upon unloading, with the probe left in a defect-free state by the end of the test.
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Figure 9. The simulations revealed significant dislocation activity, which began at the lowest applied loads
and was fully reversed upon unloading. The platinum probe is shown in (2) at various loads (corresponding to the
numbered points identified in panel (b)). Non-defected FCC atoms in the probe have been removed for visibility.
The green and yellow lines represent Shockley and Hirth partial dislocations, respectively, and locally HCP atoms
are shown in red. The substrate is shown in black, and remained dislocation-free throughout testing. The probe was
dislocation-free before testing. Upon loading, partial dislocations nucleated at surface steps and migrated a load-
dependent distance into the material. Upon unloading, the dislocations moved back to the surface, restoring the step

edges, and leaving the probe dislocation-free after testing. Figure reproduced with permission from Ref. [106].

Using the DMT model as an approximate guide, the compressive pressure decays rapidly
with depth, decreasing by 50% between the surface and a depth equal to the contact radius. This
limits the depth to which dislocations can propagate. Upon unloading, the local stress is reduced,
and eventually the contact becomes purely adhesive. Because of this adhesion and also the well-
known image force [117] that dislocations feel from nearby surfaces and interfaces, the

dislocations are driven back towards the surface during unloading. They eventually exit the
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material, restoring the surface steps and the original shape of the probe (as shown in the inset of
the Fig. 8b). This dislocation activity results in significantly enhanced contact area compared to
purely elastic predictions, but without the bulk shape change that would be predicted by plasticity
models (such as Refs. [118, 119]).

This investigation differs from prior experimental investigations because it explores the
behavior of nanoscale contacts under ultra-low loads, in the regime where continuum contact
mechanics models are often applied and expected to have validity. The significant effect of fully-
reversed dislocation activity that is seen here is not typically observed in uniaxial tension or
compression of nanowhiskers or nanopillars [120]. In those cases, the stress is approximately
uniform throughout the material, and the applied loads are typically larger than the adhesive loads.
Thus, dislocations can propagate through the material, exiting the other side and leaving behind
irreversible plastic strain. Fully-reversed dislocation activity has been observed [69] in cryogenic
nanoindentation to higher loads on gold, but these effects had not yet been measured in other
materials, nor in applications-relevant conditions: namely room temperature and low (adhesion-
dominated) loads. Further, the effect of reversible plasticity on contact size had not been explored
previously.

This investigation also differs from prior simulation and numerical investigations that
examine the applicability of continuum contact mechanics because most of those focus on the
effect of atomic corrugation on contact properties. One such avenue of investigation [43, 44]
discussed explicitly how a body with nanoscale curvature cannot have a truly continuum-like
shape, but rather must be composed of discrete surface steps. In that fully-elastic simulation, it was
shown that these surface steps led to stress concentrations at the edges (similar to those of a

Boussinesq punch [121]). They also led to discrete jumps in the number of contact atoms as a
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function of load, as each new layer was pressed into contact. The present investigation extends this
understanding further; the surface steps serve two critical roles that were not discussed in that prior
work: (1) dislocation nucleation at surface steps; and (2) and the flattening of contact caused by
those dislocations, each discussed in the next paragraph.

First, the surface steps act as easy nucleation sites for dislocations, as evidenced in the
present simulations by the fact that dislocations initiate at points where surface steps come into
contact with the substrate (Fig. 9a). In nanoindentation to larger loads, surface steps on flat surfaces
have been shown to act as dislocation nucleation sites [122-124]. The effect is magnified in
nanocontacts where one or both of the bodies has nanoscale curvature; the surfaces are prevalent
and surface defects (which are necessary to accommodate the curvature) provide ample locations
for dislocation initiation. The second aspect that was not considered in the prior work on nanoscale
contact area [43, 44] is the flattening of the surface. The crystal slip that is associated with these
surface-step-nucleated dislocations allows these most-prominent surface features to recede by one
burgers vector, thus locally flattening the original topography of the probe (inset to Fig. 8b). This
reversible crystal slip serves to increase the contact area above the fully elastic predictions for a
stepped surface. Finally, because surface steps like these are common for crystalline bodies with
nanoscale curvature, the observed effects of reversible dislocation plasticity and larger-than-
expected contact sizes are predicted to be a very common feature in contacts between metallic

nanostructures.
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4.3 Conclusions Regarding the Accuracy of Contact Mechanics Models for Noble-Metal

Contacts

In summary, loading and adhesion tests were performed on platinum nanoprobes under
controlled load inside of a transmission electron microscope. The contact radius was directly
measured using in situ observation. Atomistic simulations were performed on similar platinum
nanoprobes with matched geometry, crystallographic orientation, loading direction, and applied
and adhesive loads. The experimental and simulation measurements of load-dependent contact
size agreed within experimental uncertainty, but exceeded the predictions of spherical continuum
contact mechanics by 40-164%. The agreement with continuum predictions was improved by
using a non-spherical power-law-shaped model, but the best fit still deviated by 24% when using
literature values for material properties. As an empirical correction to contact mechanics, the load-
dependent contact size could be accurately fit using a dislocation-mediated apparent effective
modulus of 43+2 GPa instead of the true value for platinum of 100 GPa. The physical mechanism
for this increase in contact area was shown to be dislocations nucleating at surface steps and
propagating a short distance into the material. The dislocation activity was fully reversed upon
unloading, leaving the experimental and simulation probes free of dislocations, even after repeated
testing. These findings have implications for probe-based microscopy and lithography, and for
nanostructures in device applications, where continuum mechanics is often used to predict

behavior.
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5.0 The Relationship Between the Contact Size and Conductance for Nanoscale Noble-

Metal Contacts®

5.1 Comparing the Measurements of Contact Radius with Electron Transport Predictions

The direct measurements of the contact radius is compared against the values computed
using electrical transport measurements. Five adhesion and loading tests were performed with real-
time evaluation of contact radius and current flow for platinum nanocontacts. Figure 10 shows a
comparison of the directly-measured contact radius obtained from TEM and atomistic simulations
against the computed contact radius obtained from applying electron transport theories to the
measured current flow. The five individual tests showed consistent results within the uncertainty
of the measurements (Fig. 10a,b) and the simulation-determined contact radius matched well with
the contact radius obtained from the experiments. Here, the contact size was computed from
experimentally-measured conductance using both limits (ballistic and diffusive), with well-
established properties of platinum: bulk conductivity opuk = 94.3 x 10~ (UQ cm) ™ [75, 125-127];
and mean free path length I+ = 7 nm, calculated using the free-electron model [126]. The results
show that the contact radius calculated from the current flow using ballistic and diffusive electron

transport theories is, on average, 95% smaller than the direct measurements. This suggests that

8 Much of this chapter appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Li, J., Stach, E.A., Martini, A., Jacobs, T.D.B.: Quantitative measurement of contact area and electron transport
across platinum nanocontacts for scanning probe microscopy and electrical nanodevices. Nanotechnology. 30, 45705

(2019). Copyright © 2018 10P Publishing Ltd.
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these transport theories do not accurately describe the present contact. The physical origin of this

discrepancy is discussed in the next section.
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Figure 10. The directly measured contact radius varies significantly from the value computed from electrical
measurements. The contact radius from in situ experiments (black symbols) and atomistic simulations (blue
symbols) is shown as a function of applied force. Multiple repeated measurements showed consistent results for two
different platinum nanoprobes (shown separately in panels (a) and (b)). The contact radii computed from the
electrical measurements, using the limiting cases of diffusive (crosses) and ballistic (plus symbols) transport, were

lower than the direct measurements by 95%. Figure reproduced with permission from Ref. [105].
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5.2 Investigating the Physical Origin of the Low Contact Conductance

To explore the physical origin of the lower-than-expected conductance, we considered
three possible hypotheses. (1) The current flow is reduced because of significant inelastic
scattering of electrons at defects in the near-surface region. (2) The true atomic contact area is
much smaller than the apparent contact area due to, for example, atomic-scale corrugation and
surface roughness, thus significantly reducing current flow. (3) The presence of thin insulating
surface species, such as oxygen or adventitious carbon, significantly reduces the metal-metal
contact or eliminates it altogether, requiring electron tunneling. These are considered individually
in the following paragraphs.

The basis for the defect-scattering hypothesis (Hypothesis 1) is prior work, including that
of Mayadas and Shatzkes [128], which demonstrates significant scattering from defects in confined
systems. While defect scattering is negligible in bulk contacts, it is a significant factor in
nanograined metals which have a large density of crystal defects [129]. In the Sect. 4.2, it was
shown that for the same platinum contacts, the defect density in the near-surface region is very
large, even at ultra-low (adhesion-only) loads. The defect-scattering hypothesis leads to the
specific prediction that the degree of electron scattering will be inversely proportional to the defect
spacing in the material [128]. To test this prediction, the scattering factor was computed in the
present work and compared to the defect density in the material (which is inversely proportional
to the defect spacing). Instead of the ratio of p/py..ix Used by Mayadas and Shtazkes for large 2D
films, we computed the scattering factor as the ratio of conductance predicted using the
intermediate theory (G, computed using Eq. 2-13 with the TEM-determined contact size) divided
by the measured conductance G from the experiment. As shown in Fig. 11a, while there is

significant increase in dislocations with increasing force, the measured scattering factor exhibits
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no consistent trend with force. Thus, the predictions of the Mayadas and Shtazkes model are not
supported by the data, which suggests that scattering from defects is not the primary cause of low

conductance in these contacts.
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Figure 11. To evaluate the effect of electron scattering from defects, a scattering factor (a) was computed (see
main text) and compared to the length of dislocations in the tip material. No correlation between these was
observed, with scattering factor approximately constant with force for most tests and dislocation length increasing
monotonically. Thus, the defect-scattering hypothesis is not supported. The analysis of dislocations in these contacts
is described in Sect. 4.2. To evaluate the possibility of roughness-induced incomplete contact, the number of atoms
in contact (b) was determined from the atomistic simulations and compared to the ratio G/Go, which would reflect
the number of contact atoms in the case of ballistic transport across a number of very small contacts. These two
curve exhibits very different magnitudes and trends with force, implying that this is not the cause of the low contact

conductance. Figure reproduced with permission from Ref. [105].

The hypothesis of patchy atomic contact (Hypothesis 2) is based on prior experimental
investigation of the electrical and thermal transport across the nanoscale interfaces [80, 130] as

well as atomistic simulations of nanoscale probes [41, 48, 80, 130-132], which have suggested
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that the true atomic contact that contributes to transport may be much smaller than the overall
contact area. This is commonly attributed to surface roughness, even down to atomic-scale
corrugation of the surface. Roughness or corrugation can cause the contact to behave as a collection
of atomic-scale point contacts, rather than a single nanoscale junction, resulting in significantly
reduced transport. In the present testing, the idea of patchy contact can be tested by directly
computing the number of contact atoms from the molecular dynamics simulations and comparing
to the number of contact atoms calculated from the conductance. The latter quantity is computed
by dividing the total measured conductance by the conductance quantum Go (12.9 kQ) [133—
138]. If the nanocontact is behaving as a small number of atomic junctions, then G/Go should be
approximately equal to the number of atoms in contact. As shown in Fig. 11b, the number of
contact atoms from the simulation is far greater (between 8 and 19 times greater) than the computed
number of contact atoms determined from the electrical conductance. Further, it can be observed
from Fig. 11b that at the maximum force of 57 nN, the number of atoms in contact calculated from
ballistic contact is 25 in comparison to 500 in the simulations. This implies that roughness and
patchy contact result in a 95% reduction in contact area. This seems extremely unlikely as it would
require the remaining 5% of the contact atoms to carry twenty times more load per atom than for
full contact. The contact stress was already large (9 GPa at maximum force, as calculated using
contact mechanics models and assuming full contact), and a 20-fold increase above this would
almost certainly lead to flattening of any local protrusions. Such flattening would reduce
patchiness and result in near-complete contact. It should also be noted that any such roughness
would be explicitly rubbed off in the sliding tests that are described below in Sect. 5.3; yet these
tests showed no significant increase in conductance. These findings suggest that the failure of

ballistic transport equations cannot be explained by surface roughness and atomic corrugation.
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Finally, in the surface-species hypothesis (Hypothesis 3), the low conductance arises
because of insulating species that are present on the surface, likely either oxygen or adventitious
carbon from exposure to air before testing. In this case, tunneling theory [139] is expected to
predict the electron transport better than ballistic or intermediate models. For an insulating layer
between two similar metals, at very low voltages, Simmons et. al. [139] provided an expression

for the current density J (in units of A/m?) as a function of applied voltage V (in V) as:

| =316 x 10/ (=) exp[-1.02542,/§)] (5-1)

where ¢ is mean barrier height (in eV), Az is barrier width (in A) which can be assumed to be
thickness of the insulating layer [139]. For fixed values of ¢ and Az, the current density is linearly
proportional to applied voltage, similar to the behavior of Ohmic contact [139]. Hence, Eq. 5-1
can be written in terms of conductance, contact area Agjectricar, @nd tunnel resistivity o (= V/J])

as follows:

G — Aelectrical (5_2)

or

where the units are as follows: G in Q2 Agjectricar IN cmM?, and o7 in Q cm?,

The tunneling model described by Eq. 5-2 is fit to the experimental data (Fig. 12a) with
tunnel resistivity as the free parameter. The extracted best fit for o is 6.7 x 1071° Q cm?. The
order of magnitude of the best-fit tunnel resistivity is reasonable for an insulating material having
thickness less than 2 nm at very low voltages [139]. The tunnel resistivity o7 is a function of mean
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barrier width and potential barrier of the insulating material. Specifically, using the best-fit tunnel
resistivity and the measured thickness of the layer, the potential barrier ¢ can be determined. High-
resolution images of the probes before and after contact were used to attempt to determine the
thickness Az of the hypothesized insulating layer. As shown in Fig. 12b, the platinum appears to
persist all the way to the surface, with no clear surface layer observed. Therefore, we used the
resolution of the TEM (0.23 nm) as an upper-bound estimate of the thickness of the surface layer,
which is consistent with earlier work using aberration-corrected environmental TEM to oxidize
and reduce a platinum surface [140]. Using the best-fit tunnel resistivity (6.7 x 1071° Q cm?) with
a layer thickness of 0.23 nm, the barrier height computed using Eq. 5-1 is 0.8 eV (Fig. 12c). The
electrical contact area predicted using Eg.5-2 is consistent with direct measurements of

experiments and simulations (Fig. 12d).
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Figure 12. The conductance across the platinum nanocontact (a) is proportional to the experimentally
observed contact area, within experimental uncertainty, but is not consistent with ballistic and intermediate
theories. Under the assumption of electron tunneling, the proportionality constant yields a measure of the tunnel
resistivity. Since surface species cannot be observed in high-resolution TEM (b), the imaging resolution (0.23 nm) is
taken as an upper-bound of the insulating film thickness. These data can be combined with tunneling theory (c) to
measure a potential barrier for the surface layer of ¢ = 0.8 eV. Using tunneling-mediated transport with the best-fit
parameters, the electrical measurements can be used to extract a contact size (shown in d) that is consistent with

experiments and simulations. Figure reproduced with permission from Ref. [105].

5.3 Investigating the Robustness of the Low Contact Conductance

To investigate the consistency and robustness of the low contact conductance, 14 more
tests were conducted on a new platinum coated AFM probe. In these tests, the current density was
repeatedly measured with periodic intervals of lateral sliding. The sliding was performed under
applied forces of 0—30 nN with periodic current-voltage sweeps to monitor conductance, all under

high vacuum (p = 10°° Pa). The probe was slid for a total sliding distance of 1200 nm, which led
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to the removal of approximately 3.4 nm of probe height due to sliding wear, as shown in Fig. 13a-
c. The current density throughout the 14 tests was computed as the measured electrical current (at
the bias of 0.01 mV) divided by experimentally measured contact size, and is shown in Fig. 13d.
While there is random fluctuation in the data, the current density remained approximately constant
at 15 kA/cm? throughout all tests. The current density never approaches the value expected for a

pure-platinum ballistic contact, which is approximately 600-1000 kA/cm?.
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Figure 13. A platinum probe was slid laterally with periodic current-voltage sweeps. The images of the tip
before (a) and after (b) sliding show clear evidence of tip wear, with significant shape change and more than 3 nm of
loss of tip height (c). However, the current density remained at an average of 15 kA/cm? throughout the testing (d).
This indicates that the low contact conductance is robust, even with changes in probe shape. Figure reproduced with

permission from Ref. [105].
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The purpose of these sliding tests was not only to mimic the sliding of an AFM probe, but
also to cause sliding wear of the probe apex. This sliding wear served two purposes: disruption of
surface layers; and modification of probe shape. First, the low conductivity persisted despite the
disruption or removal of the surface material. This finding indicates that even as surface species
are removed, they are rapidly redeposited, either from surface species on the substrate or from
residual species in high-vacuum TEM chamber. Second, the current density was consistent despite
significant changes in probe shape. This finding indicates that the low conductance is not an
attribute of the particular shape of these chosen probes, but rather is generalizable to a wide variety
of probe shapes. Because of the time-intensive nature of in situ TEM electromechanical tests, it is
impractical to test a large number of distinct AFM probes. Instead, by modifying the shape of the
probe through sliding wear, this set of tests enabled the investigation of current density for 14
different shapes of the probe tip. The testing described in Sect. 5.2 established that the low current
density was robust to loading; the testing in this section demonstrated the consistency despite
sliding and changes in probe shape. Overall, the lower-than-expected contact conductance is
shown to be a persistent feature of platinum nanoprobes, and is therefore also likely to be present

in technologically relevant platinum nanocontacts.

5.4 Implications of Robust Insulating Layer to SPM and Nanodevices

While it is well known that small amounts of oxide or contamination can affect contact
conductance, this investigation demonstrates the significant and persistent role that surface layers
play in nanoscale contacts composed of platinum. Even when tested in vacuum, and with the

contact subjected to sliding wear, the conductance remains significantly lower than what is
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predicted by electrical transport theory. The persistence of this surface layer may arise due to
tribochemical processes that occur on platinum contacts [98]. It has been shown using DFT that
the polymerization reactions could take place with a threshold stress of 24 GPa on a flat platinum
surface and this threshold stress can be even lower due to shear stresses as well as surface steps
and vacancies [98]. In the present investigation, the maximum contact stress reached during
loading is more than 9 GPa (This is the value computed using contact mechanics models applied
to the overall tip shape [19], but local asperities will lead to stress concentrations above this value).
Also, the simulations provide evidence for surface steps which can be observed on the model AFM
probe (Fig. 4b,d). Hence, these tribochemical processes could explain the presence and robustness
of the insulating monolayer.

The present findings of low contact conductance shed some light on the widely observed
[28, 80, 96, 141] phenomena of higher-than-expected contact resistance in conductive AFM. For
instance, Celano and co-workers [80] introduced a precise calibration procedure to determine the
electrical contact area of an AFM probe. Current-voltage sweeps were performed on a silicon oxide
substrate of precisely 1.5 nm thickness; then, using tunneling theory to describe the conductance
through the oxide, the size of the current collector (i.e., the contact) could be determined. From
measured current flow through a Pt-Ir probe, a contact radius of just 0.69 nm was computed at a
load of 78 nN and 0.97 nm at 157 nN. The authors commented on this being far smaller than the
expected size from contact mechanics with an assumed probe radius of 30 nm. The authors do not
suggest an explanation for this ultra-small electrical contact size, except potentially
microroughness (yet TEM images [96] of similar probes from the same manufacturer do not
demonstrate such extreme roughness). The present results rule out this type of roughness as the

origin of the low current, as well as defects in the near-surface material, and instead suggest an
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explanation for the ultra-small measured contact size. The nanoscale metallic probe itself is
suggested to have lower-than-expected conductance, due to surface species which are not
accounted for in Celano’s investigation. If we apply an empirical correction (Eg. 5-2) to this
calculation, where the contact conductance is 95% smaller than predicted by ballistic transport
theory, then the computed contact area rises from 1.5 nm? to a value of 30 nm?, which is consistent

with the authors’ prediction of 28 nm? for a 78 nN load.

5.5 Conclusions Regarding the Relationship between the Contact size and Conductance for

Nanoscale Noble-Metal Contacts

In summary, the contact radius was directly measured using in situ observation, and the
contact conductance was measured using real-time current-voltage sweeps. The application of
electrical transport theories to the measured conductance yielded measurements of contact size
that were 95% smaller than the experimental and simulation values. Two possible explanations for
the lower-than-expected contact conductance were ruled out: electron scattering from crystal
defects; and a roughness-induced reduction in contact area. Instead, the physical mechanism for
this deviation from electron transport theories was found to be the presence of insulating surface
species. The observed reduction in contact conductance was consistent despite loading and sliding
of the probe, and was maintained even as the probe shape was modified due to sliding wear.
Tunneling theory was empirically fit to the data, based on approximately monolayer coverage
(roughly 0.23 nm) of insulating species with a measured potential barrier of 0.8 eV. It is suggested
that this description, tunneling theory with these best-fit parameters, provides a more robust

method than ballistic electron transport for the calculation of contact area for single-asperity
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platinum contacts from the current-voltage data in AFM, and for the prediction of current in

platinum nanodevices.
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6.0 The Effect of the Applied Pressure on the Adhesion Strength of Covalently Bonded

Material Contacts

6.1 In situ TEM and Matched Simulation of Silicon Diamond Nanocontact: Insights from

Single Contact Test®

6.1.1 Molecular Dynamic Simulation of Matched Silicon Diamond Nanocontact

Experimental contact test was performed between a silicon AFM probe and a flat diamond
substrate (see Sect. 3.1 and Fig. 1). The atomistic model of the silicon probe (Fig. 14b,c) is created
using the outer profile shape and crystal orientation from the high-resolution TEM image (Fig. 14a
and see Sect 3.4). The height of the probe model was 10 nm. The substrate consisted of carbon
atoms in a diamond lattice and had dimensions of 20 x 20 x 1 nm in the x, y, and z directions
respectively. The substrate atoms were held rigid for computational efficiency. According to the
Hertz model, this assumption is expected to introduce differences in contact area and deformation
of approximately 7% from the experiment. However, this was accepted since an accurate
description of elasticity on both bodies would have required a significant increase in the simulation
size. The substrate was modeled as a flat surface because the radius of curvature of the overall

shape of the diamond indenter was measured to be 1 um. Nanoscale roughness on the substrate

® Much of this section appears in print: Adapted with permission from Vishnubhotla, S.B., Chen, R., Khanal,
S.R., Hu, X., Martini, A., Jacobs, T.D.B.: Matching Atomistic Simulations and In Situ Experiments to Investigate the

Mechanics of Nanoscale Contact. Tribol. Lett. 67, 97 (2019). Copyright © 2019, Springer Nature.
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was neglected because its accurate inclusion would require knowledge of the precise location of
the tip contact — including in the out-of-plane direction — which cannot be identified with sufficient
precision due to the finite resolution in the TEM. Fixed boundary conditions were applied in all

directions.

Figure 14. A high-resolution TEM image (a) of the AFM tip is shown with crystallographic and loading

directions labeled. The inset image shows the 2-D Fourier transform of the corresponding TEM image. The
atomistic model is shown in perspective (b) and cross-sectional (c) views. Sphere color represents atom type, where:
blue is crystalline silicon; silver is amorphous silicon; red is the rigid part of the tip; and black is carbon. Figure

reproduced with permission from Ref. [101].

The modified Tersoff potential [142], which is known to be able to accurately capture the
mechanical properties of silicon, was employed to simulate the interactions within the silicon tip.
The interactions between tip and substrate were modeled by the Lennard-Jones potential with the

addition of a Buckingham potential to capture the large short-range adhesive interactions that were
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observed in the experiment. Contact area in the simulation is calculated as described in Sect. 3.4
and Fig. 4.

The probe was moved towards the substrate until it reached the maximum force observed
from experiment. After the probe reached the maximum force, it was relaxed for 0.7 ns to ensure
stability in energy and force. After relaxation, the probe was retracted from the substrate at 5 m/s
to simulate an unloading process. Due to realistic limitations of computation time, the loading and
unloading speeds were significantly faster than experiment. However, contact mechanics models
do not predict an effect of pull-off speed for hard, non-viscoelastic materials. Further, long-
timescale processes such as creep are not expected to play a significant role in the present contact.
To verify this, we repeated the simulations at speeds ranging from 0.2 to 10 m/s and observed no

statistically significant effect on pull-off force.

6.1.2 Matching Adhesive Interactions between Simulations and Experiments

To ensure that the simulations and experiments were describing the same nanocontact, it
was necessary to match the adhesion strength at the interface, as quantified by the pull-off force.
The force-vs-time data from experiment is shown in Fig. 15a where the maximum displacement
of the AFM probe corresponds to the maximum force of 408 + 31 nN achieved in the test. The
pull-off force is the amount of force required to break the contact; in this case it was found to be

434 + 31 nN.
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Figure 15. The force as a function of time from experiment (a), shown as both raw (red symbols) and
downsampled (black line) data, and from simulation (b). As shown, the maximum and pull off forces are
matched between experiment and simulation, while the timescales differ significantly. Figure reproduced with

permission from Ref. [101].

In the simulations, the adhesive interactions between the atoms in the two surfaces were
described using the sum of the Lennard-Jones and Buckingham forces. The Lennard-Jones
potential approximated the van der Waals attraction and Pauli repulsion between the materials,
and the parameters were set as € = 0.0024 ¢V, ¢ = 0.28 nm [100]. The relatively large adhesion
observed in the experiment was likely due to the formation and breaking of covalent bonds during
the test. Covalent bonding could be modeled explicitly in the simulation using a reactive potential,
but this approach would severely limit the size of the system. Therefore, an approximation was
introduced that captured the adhesion in an effective way for a sufficiently large model system.
Specifically, the Buckingham potential was used to add an additional attractive force between the
tip and the substrate [143, 144]. The Buckingham potential has the form E = —ae™"/¢, where a

is the maximum attractive energy between two atoms, and ¢ is the characteristic short-range decay
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length. The value of ¢ was set to be 0.3 times the value of o of the Lennard-Jones potential [143,
144]. The pull-off force increased approximately linearly with the magnitude of the parameter «,
and the experimental pull-off force was reproduced in the simulation using a value of o = 3.5 eV.
This extracted Buckingham parameter o is comparable to the energy of a silicon-carbon bond,
which is 3.3 eV [145]. The simulation force-vs-time data is shown in Fig. 15b. The maximum

force and the pull-off force in the simulation were 367 + 2 nN and 457 + 8 nN, respectively.

6.1.3 Measurement of Work of Adhesion for Silicon Diamond Nanocontact

To determine the work of adhesion from the experiment, the method of Ref. [22] was used.
Specifically, three steps were performed: (1) evaluate the geometry of the body to confirm a
parabolic shape and measure tip radius; (2) compare the shapes of the bodies before and after
contact to confirm that there was no change in overall shape due to testing; and (3) determine
which of the continuum contact models is predicted to apply by computing the Tabor parameter
for the contact.

To evaluate the geometry of the bodies, the outer contour of the probe was traced using
image analysis. To verify near-parabolic shape (Step 1), the traced contour was fit to a parabola of
the form z = x2 /2R, where z is the vertical height, x is the lateral dimension, and R is the radius.
To assess changes with testing (Step 2), the traced contours were compared before and after testing.
Before testing, the probe radius was 20.0 + 1.8 nm (Fig. 16a) and the root-mean-square (RMS)
deviation from the paraboloidal shape was 0.17 nm. After testing, the probe radius was
20.7 + 1.4 nm (Fig. 16b) with an RMS deviation of 0.16 nm. While there were Angstrom-scale

modifications to the probe, the probe remained paraboloidal and the radii were indistinguishable
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within experimental uncertainty. The geometric assessment supports the application of classical

contact mechanics models.
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Figure 16. TEM images of the probe (a) before and (b) after contact with best fit parabolas shown in red.
Probe profiles are compared in the experiment (c) before and after contact and in the simulation (d) before and after
contact. These results confirm a lack of permanent shape change due to plasticity or fracture. Figure reproduced with

permission from Ref. [101].

To determine which of the contact models is predicted to apply (Step 3), the Tabor
parameter was computed using Eq. 2-8. This required first obtaining the work of adhesion, which
was calculated from Eq. 2-10 using the measured adhesive force, and probe radius. The work of
adhesion computed for the diamond and silicon pair was found to be in the range of
3.3+ 0.2J/m? (DMT) and 4.4 + 0.3 J/m? JKR). The effective modulus for silicon diamond
nanocontact was 126.9 GPa, which was computed using the elastic properties of [1 0 0] diamond

(E =1050.0 GPa, v = 0.1) [146] and silicon, oriented along the loading direction. The properties
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of the silicon were E =132.8 GPa and v = 0.28, which were obtained from elastic constants
C11=165.6 GPa, C12=63.9 GPa, C = 79.5 GPa [147] and a loading direction of [2 2 19]. Using
the procedure described in Sect. 2.1, with a range of adhesion of 0.2 - 0.3 nm [22, 30, 100, 148,
149], the Tabor parameter was found to be u; = 0.8 — 1.5 and the work of adhesion was found to
be 4.2 + 0.4 J/m?. This indicates that the contact lies in the transition region between the JKR and
DMT limits, and should be described using the Maugis-Dugdale model.

The measured work of adhesion was larger than previous measurements. While prior ex
situ testing of diamond/diamond, silicon/silicon, and diamond/silicon contacts have yielded
Wagh = 0.1 - 0.7 J/m?[23, 100, 109, 150-152], prior in situ TEM testing [153] of a silicon/diamond
contact demonstrated significantly higher work of adhesion values, due to bonding across the
interface and changing interfacial roughness, both of which are modified by loading of the contact.
The work of adhesion for an ideally bonded contact can be computed [14] as the product of the
areal density of bonds and the bond energy. Using minimum and maximum surface bond densities
of approximately 6.8 x 108 atoms/m? and 9.6 x 108 atoms/m? (calculated from the surface atom
density of silicon in the orientations [1 0 0] and [1 1 0] respectively) and a bond energy of
318.0 kJ/mol [145], the covalent work of adhesion is 3.6 — 5.1 J/m? between silicon and diamond.
Therefore, the measured work of adhesion is commensurate with covalent bonding across the

interface.

6.1.4 Measurement of Contact Area as a Function of Force

The contact area and deformation as functions of applied force are shown in Fig. 17.
Experimental and simulated measurements for the area of contact agree within the uncertainty of

the measurement. The uncertainty of the experimentally measured values arose due to vibration of
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the in situ indenter. For deformation, the experiments and simulations agree for the adhesive region
only, and differ by more than experimental uncertainty for the compressive region. This difference
at high loads may arise due to the finite size of the simulated tip, where the presence of the rigid
layer artificially stiffens the contact.

Both the experiments and simulations demonstrate hysteresis in behavior between the
loading and unloading portions of the tests. The contact area at zero applied force is larger upon
unloading by 88% (in experiments) and 110% (in simulations) as compared to the same value
measured during loading. This hysteresis behavior is not predicted by continuum elastic models.
While this can be a hallmark of permanent changes within the material, there is no gross shape

change observed before/after testing, as discussed in the Sect. 6.1.3.
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Figure 17. Contact area (a) as a function of applied normal force, from experiment (squares) and simulation

(triangles). Figure reproduced with permission from Ref. [101].
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6.1.5 Quantifying the Hysteresis in Contact Area: Increasing Work of Adhesion as a

Function of Maximum Stress

None of the contact mechanics models (JKR, DMT, Maugis-Dugdale) could capture the
hysteresis between loading and unloading behavior; therefore these two segments were
investigated independently. The simulated unloading curve could be accurately fit using the
intermediate case of Maugis-Dugdale with an effective modulus of 96.8 GPa (free parameter) for
a transition parameter A = 1.6 and work of adhesion of 4.4 J/Jm? (1 and Wagn are simultaneously
solved from the measured pull-off force and the best-fit E” using the numerical analysis provided
by COS method [20]. The experimental unloading curve was accurately fit also using the Maugis-
Dugdale theory, with E* = 126.0 GPa (free parameter) for A = 1.3 and Wagnh = 4.3 J/m?. The above
analysis assumed an equilibrium separation z, = 2.5 A. Repeating this analysis using values in the
range of 2.0 A - 3.0 A resulted in small changes of the best-fit effective modulus (+ 5.2% for
experiment, and + 5.7% for simulation). The extracted best-fit value for effective modulus from
the experiment matches well with that of crystalline silicon, which is 126.9 GPa as computed in
the Sect. 6.1.3.

By contrast, the Maugis-Dugdale model with the same parameters overestimated the
contact area upon loading by 51%. Indeed, the loading portion of the curve could not be accurately
fit for any value of E*. Therefore, the fit was retried allowing for a variable work of adhesion.
Specifically, Wadsh was allowed to vary with force, while the radius was held constant at the
measured value (20.7 nm) and the effective modulus was held constant at the best-fit value
determined in the previous paragraph (111.4 GPa, the average of the experimental and simulated
best-fit values). Figure 18a shows the measured data, alongside curves representing the Maugis-

Dugdale model with varying works of adhesion. Figure 18b shows the extracted best-fit work of
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adhesion at each value of the stress in the contact. This best-fit value increases monotonically from
1.3 J/m?, which accurately fits the contact area and force at the initial point, to 4.3 J/m?, which fits

well the contact area and force for the unloading data.
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Figure 18. The data for contact area versus force (a) has been fit using the Maugis-Dugdale model with
varying work of adhesion. The effective modulus was set using the best-fit value of 111.4 GPa for unloading, and
the work of adhesion is varied to separately match each individual point in the loading curve. The result of this
point-by-point fit (b) shows a monotonically increasing value of work of adhesion with increasing mean Hertz
stress. The meaning of the symbols in (a) are the same as described in Fig. 17. The simulation results were used to
compute the areal density of in-contact atoms (c) in the central region of contact (red circle). The initial contact area
shows a lower density of “bonds”, which increases monotonically throughout loading. Notably, the high final
“bond” density is maintained during unloading to large negative forces. Figure reproduced with permission from

Ref. [101].

The variation between properties measured during loading and unloading has been
observed in a variety of materials and is often referred to as adhesion hysteresis [14]. This effect
is traditionally attributed to capillary effects [154] or to viscoelasticity in soft materials [155, 156],

or to plasticity in hard materials [157]. Because the present test was performed in a vacuum
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environment, using hard non-viscoelastic materials (silicon and diamond), capillarity and
viscoelasticity can be ruled out. Further, unlike in traditional AFM testing, the in situ TEM images
and the MD simulations were used to rule out significant shape change upon testing. Atomic-scale
plasticity of the type shown in Ref. [153] was not observed, likely because no sliding was induced
and the tip had been pre-loaded to higher loads before these experiments were conducted.
Therefore, it is expected that inelastic deformation would have already taken place prior to the
present test. Instead, in these silicon/diamond contacts, the origin of the adhesion hysteresis is
understood to be covalent bond formation, as discussed in Ref. [153]. As described in that work,
this is equivalent to using continuum contact mechanics with a modified Wagn, which depends on
loading conditions, including the amount of pre-load and speed of lateral sliding. The physical
origin of these changes in Wadn are increased covalent bond activity from stress in the contact.
Further insight is obtained by combining the in situ experiments with the MD simulations
to examine atomic-scale interactions in the contact interface. Specifically, a measurement was
taken of the areal density of in-contact atoms, identified using the force criterion. This is loosely
analogous to a bond density; however, in the absence of a reactive potential, the concept of a
“bond” is not well-defined. For a fixed central region of the contact, this areal density was
measured at various points throughout the test, and is shown in Fig. 18c. The result demonstrates
a monotonic increase from the initial value to the value at the highest force. In other words, for a
given area of contact, the additional loading has pushed a larger number of atoms into close contact
and thus into the deepest part of the interatomic potential. Therefore, this region of contact will
require more energy to separate, thus corresponding to a larger work of adhesion in a continuum
description. Indeed, the high density of in-contact atoms achieved at the maximum force (400 nN)

was maintained (within 10%) throughout unloading, all the way to the point where a tensile force
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of approximately 270 nN was applied. Overall, the 65% increase in “bond” density during loading
does not fully explain the measured increase in work of adhesion; however, the qualitative trends
are similar. Therefore, the present results further elucidate the adhesion hysteresis that arises due

to stress-dependent bond formation across the interface.

6.1.6 Conclusions

This investigation comprised a comprehensive analysis of the loading and separation of a
nanocontact using experiments and simulations. First, the experimental and simulated
measurements for contact area as a function of applied force demonstrated hysteretic behavior,
with larger values measured upon unloading as compared to loading. Therefore, they could not be
accurately fit using a straightforward application of continuum mechanics via the Maugis-Dugdale
model. The Maugis-Dugdale model could be accurately fit to the unloading portion of the contact
area curve with a reasonable value of effective elastic modulus extracted from the fit; however,
the same model over-predicted contact area by an average of 51% during loading. Third, a
significantly better fit to contact area was found by allowing the work of adhesion to increase with
applied force from 1.3 to 4.3 J/m?. Traditional explanations for adhesion hysteresis, including
viscoelasticity, capillarity, and plastic deformation, were ruled out using in situ observation of
geometry and materials in the contact. Rather, variable work of adhesion due to stress-dependent
covalent bond formation across the interface was confirmed and further elucidated by atomic-scale

observation of the simulated contact and the increase in areal density of in-contact atoms.
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6.2 Quantifying the Increase of Work of Adhesion with Applied Stress for Silicon Diamond

Nanocontacts??

6.2.1 Experimental and Simulation Contact Tests on Silicon Diamond Nanocontact

A combined total of 77 single-asperity adhesion tests at varying loads were conducted
using in situ TEM and molecular dynamics simulations. Experimental tests were performed as
described in the Sect. 3.1 with direct TEM observation and also with the beam off, in order to rule
out electron-beam artifacts. A series of more than 50 tests were performed with varying probe
radius in the range of 10-40 nm and applied forces in the range of 0-800 nN.

In order to capture the bonding across the interface, atomistic simulations of silicon
diamond nanocontact were performed using ReaxFF potential [158]. A schematic of the atomistic
model is shown in Fig. 19a and a representative force-time curve is shown in Fig. 19b. A parabolic
silicon probe was created with a radius of 3 nm and was fully terminated with hydrogen. All
interactions were modeled by the ReaxFF potential [158] with the parameter set from Ref. [159]
using a time step of 0.25 fs. The normal force was calculated as the sum of the forces on the probe
atoms [47]. The probe was moved towards the substrate at 5 m/s until it reached the desired force,
was held at this position until the energy reached steady state, and then was retracted from the

substrate at 5 m/s. The simulation loading/unloading speed was much faster than that in the

10 Much of this section appears in print: Adapted with permission from Chen, R.”, Vishnubhotla, S.B.",
Khanal, S.R., Jacobs, T.D.B., Martini, A.: Quantifying the pressure-dependence of work of adhesion in silicon-
diamond contacts. Appl. Phys. Lett. 116, 051602 (2020). Copyright © 2020, AIP Publishing. "Indicates equal

contribution.
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experiments due to the small time-step required by the atomistic simulation method. The maximum
forces in the simulation ranged from 3 to 150 nN, resulting in a range of mean applied pressures

from 3 to 11 GPa, consistent with the applied pressures in the experiments.
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Figure 19. The adhesion tests was performed on silicon diamond nanocontact using atomistic simulations. A
paraboloidal silicon probe of 3 nm radius was moved towards a flat diamond substrate (a) to measure force during

loading and pull-off (b). Figure reproduced with permission from Ref. [104].

6.2.2 Work of Adhesion Increases with Mean Applied Stress for Silicon Diamond

Nanocontact

The Maugis parameter A was calculated using Eq. 2-9 for all the experiment and simulation
tests to determine which contact model is applicable for silicon diamond nanocontact. The
equilibrium separation z, is 0.25 nm [22, 30, 100, 148, 160] and the effective modulus E, s is
124.5 GPa, calculated from the elastic modulus of [1 0 0] diamond (E = 1050.0 GPa, v =0.1)
[146] and [1 0 0] silicon (E = 130 GPa, v =0.28) [147]. The radius R for multiple silicon AFM
probes was measured before and after all tests from high-resolution TEM images (Fig. 20).

66



Using these values of z, and E, ¢, and the vales of F,4, and R measured in the experiments
and simulations, the COS method was applied to simultaneously measure the Maugis parameter A
and work of adhesion Wagn for all the tests. It was observed that the Maugis parameter 4 lies in the
range of 0.23—1.56, thus representing an intermediate case between the DMT and JKR limits. All
reported work of adhesion values were subsequently determined based on this implementation of

the Maugis-Dugdale model.
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Figure 20. High-resolution TEM images were taken before and after the test for multiple probes (Probe 1: a-
¢, Probe 2: d-f, Probe 3: g-i) to determine probe radius, shape, and crystal structure. The TEM images were
used to trace the outer profile of the probe and fit a parabola to measure the apex radius. For all the probes, there was
no significant change in the radius or shape (b,e,h). TEM images of the probes after the test show no evidence of the

defects in the silicon lattice (c,f,i). Figure reproduced with permission from Ref. [104].
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The mean applied stress p,,, at the maximum applied force F,,,, for a given probe of radius
R was calculated using an elastic-plastic model Kogut and Etsion [118] for the contact of spheres.
In this, the standard, elastic Hertz model is used up to the point where local yielding is predicted;
beyond this point, an empirically derived relationship is used to predict contact pressure.

The elastic-plastic model is an extension of the Hertz model, to describe behavior after the
body is predicted to exhibit local plastic deformation. In this model, the transition from the elastic

to elastic-plastic (yielding inception) occurs at the critical interference (deformation) w,. At the

transition, the critical stress p,. is calculated as p, = %KH, where H is the hardness, K is a hardness

coefficient that is calculated as K=0.454+0.41v, and v is the Poisson Ratio. For silicon, which has
a Poisson ratio of 0.28 and a hardness of 13 GPa [161], the calculated critical pressure is 4.9 GPa.
Using the Hertz model, the normalized interference (w/w,) can be related to the normalized

stress (py/p.) by [118]:

= (’f’—’l)2 (6-1)

The mean Hertz stress p;, at the maximum force F,,,, for a given probe radius R is given by [162]:

2 (6FpmaxE*? 1/3
p=5 () (6-2)
For wﬂ < 1, the applied stress is less than the critical stress (4.9 GPa), and the contact is purely
elastic. In this case, the mean stress p,, is given by the mean Hertz stress (Eq. 6-2). For applied
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stresses greater than 4.9 GPa, the contact transitions into elastic-plastic and the mean stress is given
by the following empirical equations [118]. For 1 < wﬁ < 6, which corresponds to the prediction

of the local yielding just below the surface with the contact being elastic, the mean stress is given

by [118]:

0.289
Pm = 1.1075 X p x (=) (6-3)

For 6 < — < 110, which corresponds to the global yielding with the contact area being elastic-

Wc

plastic for 6 < wﬁ < 68 and fully plastic for 68 < wﬂ < 110, the prediction for the mean stress is

given by [118]:

0.1170
P = 1.4894 X p, X (wﬂ)

c

(6-4)

The results from 77 adhesion tests are shown in Fig. 21. Together, the experimental and
simulation data show an increase in work of adhesion from approximately 1 J/m? at zero applied
pressure up to 6-8 J/m? at high pressures. The increase is gradual at low pressures where
deformation is expected to be elastic and then increases rapidly at the higher pressures of elastic-
plastic deformation. The results at zero applied pressure agree well with those of Ref. [153], in
which sliding and pull-off experiments were conducted under the action of adhesive stress only.
Simulations performed in that study with silicon probes and diamond surfaces showed that larger

loads increased smoothing of the probe and interfacial covalent-bond formation, both of which
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increase adhesion. The present results show that the work of adhesion continuously increases with

applied pressure up to very high values.
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Figure 21. The measured work of adhesion from experiments and simulations increases approximately seven-
fold with applied pressure, where the most significant increase occurs above 5 GPa. The work of adhesion is
calculated using the Maugis-Dugdale model; the mean applied pressure is calculated using an elastic-plastic model

of contact (see main text). Experimental tests were performed with direct TEM observation (black symbols) and also

with the beam off (red symbols), in order to rule out electron-beam artifacts. Figure reproduced with permission

from Ref. [104].



6.2.3 Work of Adhesion Increases with Mean Applied Stress for Varying Hydrogen

Coverages

Previous work on nanoscale diamond contacts showed that the work of adhesion depends
on the hydrogen coverage [152, 153, 163, 164]. Because the termination of the experimental
surfaces was unknown, the flat diamond substrate was investigated at hydrogen coverages ranging
from 0 to 100%.

Simulated testing with varying hydrogen coverages and other probe sizes (Fig. 22) show
that, while the absolute values of work of adhesion vary between conditions, the trends of
increasing work of adhesion with applied pressure are consistent across all model contacts. A
coverage of 85% was chosen for this study to best match the experimental results in terms of the

magnitude of the work of adhesion (Fig. 21).
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Figure 22. The work of adhesion from the simulation varied with increasing hydrogen coverage (a), consistent
with prior results [164], but data from all coverages exhibited increasing trends with applied pressure. Work
of adhesion was also measured with three different probe sizes (b) with a hydrogen coverage of 100% and the trends

in work of adhesion were again consistent. Figure reproduced with permission from Ref. [104].

6.2.4 The Increase in Work of Adhesion is due to Modification of Atomic-Scale Interactions

with Loading

These results demonstrate a significant increase in work of adhesion with applied stress.
To support that these changes arise from atomic bonding, rather than other physical origins, we
sought to rule out three other common explanations for varying adhesion, including: electron-beam
induced reactions [165]; shape change by inelastic deformation [157] (such as fracture or gross
plastic flow); and time-dependent deformation [154-156] (such as viscoelasticity or creep).

First, to investigate the effect of the electron beam, TEM experiments were conducted with

the electron beam switched off (red markers in Fig. 21). The measured work of adhesion still
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increased with applied pressure, agreeing with the beam-on measurements (black markers in
Fig. 21) within the experimental uncertainty. Further evidence that the electron beam did not have
a strong effect is provided by post-hoc analysis of beam current during beam-on testing, which
demonstrated that deviations in electron dose rates during testing (over the range of 96-317 e’/A?%s)
had no systematic effect on adhesion results. Consistent with prior results showing that silicon
probes are robust to electron beam exposure [166], the present experiments showed no evidence
of contamination or damage of the probe due to the electron beam.

Second, while large-scale shape change from inelastic deformation (fracture or gross
plastic flow) could potentially lead to an increase in contact size and therefore adhesive force, this
was ruled out by examining the probes before and after testing. From side-view images of the
probes, the exterior profile was extracted and a parabola was fit to the probe’s apex (see Fig. 20).
For all cases, the average change in radius of the probe apex was just 1%, with no single radius
deviating by more than 9% from the pre-test value. To assess any smaller-scale changes, the best-
fit parabola was subtracted from the measured profile leaving only the sub-nm-scale roughness. In
all cases, the roughness was approximately equivalent before and after testing: the average change
in root-mean-square (RMS) roughness of all the probes was 1%, with no single value of RMS
roughness deviating by more than 9% from the pre-test value. Furthermore, high-resolution images
of the probes taken immediately after testing (Fig. 20c,f,i) showed no evidence of dislocations or
other defects in the crystal lattice. A similar analysis performed on the simulated probes by tracking
atom positions showed no evidence of a change in probe shape or crystal defects.

Third, the order of the tests was varied, including repeating multiple tests to the same load
and conducting a lower-load test following a higher-load test (Fig. 23). It is expected that inelastic

material changes will occur when the probe is subjected to a previously unachieved load, but would
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be less significant upon subsequent testing to a similar or lower load. To see if this is occurring,
multiple adhesion tests were conducted on a silicon probe of radius 22.7 nm to measure adhesive
force for different maximum applied forces. As shown in Fig. 23, Test 1 was conducted at the
maximum load of 356 + 31 nN, which had an adhesive force of 306 + 31 nN. Then, test 2 was
conducted at a lower maximum load of 186 + 31 nN, which resulted in a smaller adhesive force
of 188 + 31 nN. Next, tests 3, 4 and 5 were conducted to the same maximum load of approximately
400 nN. These repeated tests have a similar adhesive force of approximately 430 nN. By contrast,
these variable and repeated measurements on the single probe suggest that the order of testing does
not affect the adhesive force, and shape change by inelastic deformation plays a limited role in

these contacts.
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Figure 23. Multiple adhesion tests on the silicon probe show that the order of testing does not affect the
adhesive force. The increase in work of adhesion with applied pressure is not due to shape change by inelastic

deformation. Figure reproduced with permission from Ref. [104].

75



Finally, to rule out time-dependent phenomena such as creep or viscoelasticity, the
adhesion tests were repeated with variation in hold time and pull-off rate. The experimental tests
were conducted for five different hold times between 0 to 60 s at a maximum force of 417 + 40 nN
with a probe radius of 21.9 + 1.5 nm. Similarly, simulation tests were conducted for different hold
times from 2 to 12 ns at three maximum forces of 132.2 + 2.0nN, 21.8 + 0.8 nN,and 2.2 +
0.4 nN. The adhesive force showed no significant trends with hold time in both experiments
(Fig. 24a) and simulations (Fig. 24b). In experiments on a different probe (radius 41.0 + 7.2 nm),
three contact tests were conducted with an applied maximum force of 197 + 34 nN and pull-off
rate of 0.5, 1, and 2 nm/s. The pull-off force did not show any significant change with unloading
rate in the range of 0 to 2 nm/s (Fig. 24c). In the simulations, the rate of pull-off was varied from
2 to 10 m/s and there was no notable change of the adhesive force (Fig. 24d). Therefore, the tested
range of hold times and speeds had no effect on measured adhesion and cannot explain the increase

of work of adhesion with applied stress.
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Figure 24. The increase in work of adhesion with applied stress cannot be attributed to time-dependent
phenomena such as creep or viscoelasticity. In both experiments (a,c) and simulations (b,d), the adhesive force
shows no dependence on hold time nor on pull-off rate within the limits explored. In (b) and (d), the black squares,
red circles, and blue triangles refer to maximum applied forces of 132 nN, 21.8 nN, and 2.2 nN, respectively, for a
probe radius of 3 nm. Although the timescales of the experiment and simulation differ significantly, these plots
confirm that the adhesive force does not depend on the hold time or pull-off rate within the range of times and rates

accessible to each method. Figure reproduced with permission from Ref. [104].
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After ruling out the possible effects of three common explanations for varying adhesion—
electron-beam induced reactions, shape change by inelastic deformation, and time-dependent
deformation—the present results are attributed to chemical bonding across the interface that is
facilitated by stress as suggested by prior experiments and MD simulations [101, 153]; we show
that these trends continue and are accelerated with applied stress. Specifically, the increase in
measured work of adhesion corresponds to a stress-driven increase in interfacial bond density,
requiring a larger energy per unit area to separate the surfaces. TEM images before and after
contact were compared and no material transfer was identified within the detection limits of the
instrument (0.2 nm on the probe based on the TEM resolution and 1 nm on the diamond due to
vibration of the indenter). Additionally, there was not more than a few atoms of material transfer
in the simulated testing. Therefore, while the bond density appears to increase with applied load,

the separation of the bodies still occurs at the original interface between the materials.

6.2.5 Conclusions

Using 77 compression-and-adhesion tests performed on well-controlled silicon-diamond
interfaces inside a TEM and complementary atomistic simulations, we found that the strength of
adhesion increases with applied stress. After systematically ruling out other explanations for
varying work of adhesion, the increase is attributed to changes in atomic bonding across the
interface. This effect causes a seven-fold increase in adhesion with externally applied stresses up
to 11 GPa. In general, the findings reported here support newer models of contact, in which the
work of adhesion is not represented as a static property of the interface, but instead as having a

well-defined functional dependence on applied stress.
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7.0 In-Process and Future Work

7.1 Understanding the Atomic-Scale Mechanisms Governing the Increase in Adhesion

Strength with Applied Stress

7.1.1 In situ TEM and Matched Molecular Dynamics for Self-Mated TiO2 Nanocontacts

The prior section demonstrated load-dependent adhesion in a silicon-carbon contact; the
purpose of our ongoing work is to understand whether this behavior is unique to that material
system or is exhibited by other covalently bonded materials. In situ TEM contact tests were
conducted on a different material system of self-mated TiO, (anatase) to measure adhesive force
as a function of maximum force. The experimental tests were conducted using a TiO2 coated AFM
probe that is brought into contact with a TiO2 nanoparticle (Fig. 25a,b). The nanoparticles were
drop-casted onto the silicon wedge, which was placed on the indenter. The applied and adhesive
forces were measured using the methods described in Sect. 3.1. The matched molecular dynamics

simulations were created for TiO> contacts using a ReaxFF potential [158] (Fig. 25c).
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Figure 25. In situ TEM contact tests were conducted for self-mated contacts of TiOz. The contact tests were
performed by bringing a TiO. coated AFM probe into contact with a TiO, nanoparticle (a). The nanoscale contact
was loaded to various maximum forces, and adhesive forces were measured for both the experiments (b) and

atomistic simulations (c).

7.1.2 Increase in Work of Adhesion with Applied Stress for TiO2 Nanocontacts

The effective modulus E. ¢ for TiO, contact is 124.0 GPa, calculated from the elastic

modulus of TiO2, E = 230 GPa and Poisson’s ratio v = 0.27. The effective radius R was measured
by measuring the radius of TiO- coated AFM probe and nanoparticle before and after all tests from
high-resolution TEM images. Using the measured adhesive force and effective radius, the work of
adhesion is calculated using the Maugis-Dugdale model. The mean applied stress is calculated
using the procedure descried in Sect. 6.2.2.

The work of adhesion as a function of applied stress for TiO2 nanocontacts is shown in
Fig. 26. The work of adhesion increases approximately from 0.5 J/m? at 2.5 GPa up to 7 J/m? at

high stresses. The increase is gradual at low stresses where deformation is expected to be elastic
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(until 4.5 GPa) and then increases rapidly at the higher stresses of elastic-plastic deformation. This
trend is very similar to that observed for silicon-diamond nanocontacts and suggests that this
behavior is not unique to silicon-diamond contacts. The increasing trend of the work of adhesion
with applied stress for TiO2 contacts provides evidence that this behavior may be generalizable to
many covalently bonded materials. For this class of materials, the loading modifies the atomic-

scale interactions, which causes an increase in the adhesion strength of the interface.
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Figure 26. The work of adhesion increases with applied stress from TiO2 hanocontacts. The increase is gradual
at low stresses where the deformation is elastic (until 4.5 GPa) and then increases rapidly at the high stresses where

the deformation is elastic-plastic.
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7.1.3 Possible Origins of the Increase in Work of Adhesion with Stress for Nanoscale

Contacts

After ruling out possible explanations for the increase in work of adhesion due to electron-
beam induced reactions, shape change by inelastic deformation, and time-dependent deformation
(see Sect. 6.2.4), the increase in work of adhesion is attributed to atomic-scale bonding at the
interface. In previous work on the rate-and-state friction studies, the frictional strength is observed
to increase with time (known as “contact aging”) [167, 168], as well as with normal stress [169],
and temperature [170]. In these studies, the increase in frictional strength is due to the increase in
bond formation at the interface, which is known as “contact quality” [168, 170]. By contrast, the
present results show no change in measured adhesion as a function of hold time (Fig. 24). Thus,
the bond formation at the interface may depend only on the applied normal stress. The prediction
of the “contact quality” hypothesis is that the increase in work of adhesion is due to the increase
in bond density with the applied load. Another possible explanation for the increase in the work of
adhesion could be due to the increase in true contact area, which could be possible due to local
flattening of the atomic-scale roughness with the applied load (known as “contact quantity”). The
prediction of the “contact quantity” hypothesis is that the increase in the work of adhesion is due
to the increase in the true contact area. In continuum mechanics, such behavior is commonly
known as “strength-limited pop-off” [171, 172], where the adhesive force scales linearly with
contact area, and the bonds break uniformly across the interface.

Currently, work is ongoing to test different hypothesis discussed above to determine which
atomic-scale mechanism is causing the increase in adhesion strength with applied stress for both

the silicon-diamond and TiO- contacts.
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8.0 Conclusions

The present dissertation studied contact behavior of nanoscale contacts using in situ TEM
and matched molecular dynamics simulations. The in situ TEM setup enabled characterization of
the geometry of the contact bodies with sub-nanometer resolution and direct real-time visualization
of the contact interface as a function of applied and adhesive forces . The contact size was measured
using three independent measurements: (i) direct measurements from in situ TEM video of the
contact; (ii) direct measurements from the atomistic simulations that were performed for
nanocontacts with precisely-matched materials, crystal orientations, geometry, and loading
conditions; and (iii) measurements of conductance extracted from real-time current-voltage
sweeps. In this final chapter, the most important results will be reviewed regarding the adhesion
and contact size of the nanoscale contacts, and its impact on technological-relevant applications
and the fundamental understanding of the contact behavior for different classes of materials.

For platinum noble-metal nanocontacts, it was observed that the direct measurements of
the contact radius exceed the predictions of continuum contact mechanics by 40%-164%,
depending on the continuum model applied. The physical mechanism for this deviation is found
to be dislocation activity in the near-surface material, which is fully reversed upon unloading. The
reversible dislocation behavior causes the softening of the contact—increases the size of the contact
significantly than the elastic contact models. An empirical modification to the contact mechanics
models is suggested which accurately predicts the contact size by using the effective elastic
modulus equal to half of the true effective elastic modulus of the platinum nanocontact. The present
finding provides a more accurate and complete understanding on the effect of the dislocation
activity on the contact properties for noble metal contacts.
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For the same nanocontacts, electron transport models under-predict the contact size by
more than 95% to that of experiments and simulations. The low conductance of the platinum
nanocontacts was due to a robust monolayer of surface species on the contact interface. The surface
layer plays a significant role in the electrical transport of the platinum nanocontacts. The surface
layer was observed to be resistant to loading, sliding, and wear of the probe. The relationship
between contact size and current is predicted better with tunneling theory rather than the ballistic
model. The present finding has critical implications for nanodevices and conductive AFM. In these
applications, quantitative measurement and prediction of the current depends on the contact size,
and the ballistic electrical transport model is frequently used. The present investigation
demonstrates that an empirical model based on the tunneling theory can accurately determine the
contact size from electrical transport measurements for platinum nanocontacts.

For silicon-diamond nanocontacts, the present investigation demonstrates two critical
findings. First, from a single contact test using experiment and simulation, it was observed that the
measured contact area as a function of force showed hysteretic behavior. The contact mechanics
model could be accurately fit using a reasonable value of the effective elastic modulus for the
unloading portion of the curve but could not fit the loading. The loading portion of the curve was
fit with the same model but with varying work of adhesion with applied force. Second, using a
combined total of 77 experiment and simulation tests, it was observed that the work of adhesion
increases with applied stress. After ruling out the possible effects for varying adhesion—electron-
beam induced reactions, shape change by inelastic deformation, and time-dependent
deformation—the present results are attributed to the increase in adhesion strength due to the

modifications of the atomic-scale interactions by the applied stress. For another covalently bonded
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system of self-mated contacts of TiO> similar trend of increasing work of adhesion with applied
stress was observed.

The broad implication of the increasing adhesion strength with applied stress is for the
accurate modeling and prediction of adhesion for contacts. From a continuum modeling
standpoint, the present results suggest an improvement in the descriptions of contacts that have
been used widely used to describe adhesion, as well as mechanical and functional properties. These
models assume that the work of adhesion between two materials is constant. The present findings
imply that the work of adhesion is not a static property of the interface, but instead has a well-
defined functional dependence on applied stress.

The present dissertation work contributes towards the fundamental understanding of the
contact behavior for different material systems. There are two crucial implications of the present
work. First, the contact mechanics models are insufficient to predict contact properties for real-
world nanoscale structures, and modifications are suggested to account for the atomic-scale
phenomenon. Second, different physical mechanisms govern the contact properties such as contact

size, deformation, and adhesion for metals and covalent solids.
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