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1. Introduction

Nanosheets, nanotubes, nanowires, and nanoparticles are gaining a large interest in the scientific
community for their exciting properties, and they hold the potential to become building blocks in
integrated nano-electronic and photonic circuits, nano-sensors, batteries electrodes, energy harvesting
nano-systems, and nano-electro-mechanical systems (NEMS). While several experiments and theoretical
calculations have revealed exciting novel phenomena in these nanostructures, many scientific and
technological questions remain open. A fundamental objective guiding the study of nanoscale materials is
to understanding what are the new rules governing nanoscale properties and at what extent well-known
physical macroscopic laws still apply in the nano-world.

The vision of this DoE research program is to understand the mechanical properties of nanoscale
materials by exploring new experimental methods and theoretical models at the boundaries
between continuum mechanics and atomistic models, with the overarching goal of defining the
basic laws of mechanics at the nanoscale.

The group of the PI has developed in the last years several studies on the mechanical properties of Carbon
nanotubes and oxide nanobelts, more recently the PI and her collaborators have focused their attention on
the properties of two-dimensional (2D) materials, such as graphene and MoS,, which are a few-atomic-
layer thick films with strong in-plane bonds and weak interactions between the layers. A large scientific
and technological effort is underway to understand and control the properties of 2D materials because of
their potential technological and energy applications. The most studied 2D material is graphene, existing
as a single layer of graphite or a few-layer thick epitaxial graphene film. Graphene possesses a large in-
plane Young’s modulus as well as high intrinsic carrier mobility and high in-plane thermal conductivity.
Besides graphene, also 2D films of graphene oxide (GO), hexagonal Boron Nitride (h-BN) and transition
metal dichalcogenides such as MoS, exhibit unique and excellent properties and hold great promise for
nanotechnology applications. One of the main characteristics of 2D materials is the high anisotropy
between the in-plane and perpendicular-to-the-plane properties. For example, in graphite due to the strong
covalent bonds between atoms in the plane, and the weak Van der Waals interlayer interaction, the in-
plane Young’s modulus is £,= 1 TPa, while the interlayer perpendicular-to-the-plane Young’s modulus is
only EL = 36 GPa. The in-plane Young’s modulus of exfoliated graphene and MoS; has been widely
studied in bending experiments where a film is suspended on trenches or holes, and a nano tip is used to
bend the suspended film with deformations of tens and hundreds of nanometers. On the other hand, very
little is known about the elasticity perpendicular to the planes, hereafter called perpendicular or interlayer
elasticity, of 2D materials composed of very few atomic layers.



In summer 2015, the PI and her collaborators reported the first, at the best of our knowledge,
investigation of the perpendicular elasticity of a-few-layer-thick 2D films. These investigations are an
experimental challenge because they require to perform indentations on supported—as opposed to
suspended—2D films where the indentation should remain smaller than the films interlayer distance, i.e.,
less than a few Angstroms. Nevertheless, the perpendicular elasticity is particularly important since it is
related to the thermal, electronic, tribological, and optical properties of 2D films. The perpendicular
elasticity is related to the structure and chemistry of the layers, the presence of stacking and intrinsic
defects, and intercalation, which is a critical process for doping and tuning mechanical and electronic
properties in 2D films. Mapping the interlayer elastic coupling in 2D films is therefore an important
technological and scientific advancement.

The proposed experimental characterization of 2D materials was carried out in the laboratory of the PI by
means of atomic force microscopy (AFM) based methods, and confocal Raman microscopy coupled
with AFM. The experimental investigations were coupled with theoretical calculations developed by
Erio Tosatti ICTP and SISSA) and Angelo Bongiorno (GeorgiaTech and College of Staten Island,
and CUNY High Performance Computing Center) for classical molecular dynamics and ab initio
calculations of friction forces, and perpendicular elasticity. Finite elements and semi-analytical
calculations were developed in the PI’s group. The samples of epitaxial graphene were grown in the lab of
Prof. Walt de Heer at the Georgia Institute of Technology.

2. Work under the DoE support

Under this DoE grant, which includes three funding rounds in the period 2007-2015, the PI has published
6 Book Chapters and 34 articles. During the this funding round, the PI has published in prestigious
journals including three articles in Nature Materials, two articles in Nature Nanotechnology, one article in
Science and two articles in Nature Communications. All these publications are included in the main
Bibliography list. Furthermore, the work of the PI has been recognized with prestigious invitations at
international meetings and boards, and with the honor to be elected Fellow of the APS “For atomic force
microscopy studies of nanoscale friction, liquid structure and nanotube elasticity, and the invention of
thermochemical nanolithography”.

Highlights of DoE research:

% New Atomic Force Microscopy (AFM) method (modulated nanoindentation MoNI) to perform the
first sub-A-resolution indentation measurements of the perpendicular-to-the-plane elasticity of 2D
materials and radial elasticity of nanotubes.

# Discover of friction anisotropy in supported Nanotubes.

# New understanding of the oxidation process and new preparation method of epitaxial graphene oxide
films with improved properties.

# New understanding of the perpendicular elasticity of a few-layers thick graphene and graphene oxide
films, and the role of intercalated water.

# Demonstration that experimental sub-interlayer distance indentations in 2D films can be accurately
reproduced by the Hertz contact mechanics model for isotropic materials if using as Young’s modulus
the perpendicular modulus of the transversely isotropic layered material.



# Demonstration of the thermochemical nanolithography method for controlled nanoscale complex
patterning of surfaces.

# New method for measuring with nanoscale resolution the thermal conductivity of materials in the
direction perpendicular to the planes.

# New measurements of the elasticity of short DNA molecules with RNA defective inclusions.

# New understanding of the dissipative forces at liquid-solid interfaces as a function of the liquid-solid
interaction.

Below here, we describe in detail some of the main scientific results.

2.1 Sliding on a Nanotube: Interplay of Friction, Deformations and Structure

The PI and her collaborators have initiated a study of the frictional properties of individual CNTs
using a nano-size atomic force microscope tip sliding on individual CNTs lying on a substrate . The PI et
al. found a larger friction coefficient when the tip is sliding perpendicular to the CNT axis, as
compared to sliding along the tube axis (see Fig. 1). This behavior is explained by a deformation,
similar to a lateral swaying (or a “hindered rolling”) of the tube during the transverse sliding, which
produces additional friction dissipation. This soft deformation mode is absent, or partially absent, when
the tip slides along the CNT axis, thus, for the longitudinal sliding the friction force arises mostly from
sliding the hard nano-contact between the tip and the tube. The AFM tip can slide along the tube axis,
namely longitudinal sliding, or alternatively perpendicularly to the NT axis, namely transverse sliding.
We call the ratio between transverse and longitudinal friction per unit area, friction anisotropy.

Figure 1. Cartoon of the friction experiments in
the transverse (red) and longitudinal (green)
direction.



Very and her
collaborators have shown how structural

defects, surface chemistry and possibly

recently, the PI

chirality can couple the transverse and
longitudinal sliding, modulating nanotubes
frictional properties. Specifically, the PI ef al.
studied the frictional properties of supported
multiwalled CNTs produced by Arc Discharge
(AD), and Chemical Vapor Deposition (CVD),
as well as chemically functionalized CVD
(FCVD) CNTs, see the results as reported in
Fig. 2. A Raman Spectroscopy microscope
(see Figure in the facilities document,
purchased in part with DoE funds) was used
to study the amount of structural defects in the
NTs. The measurements were performed on
the NTs solutions. In the future (see next
sections) we plan to investigate by Raman
individual NTs in situ with AFM mechanical
measurements. It resulted that FCVD NTs are
very rich of defects, CVD NTs slightly less,
and AD NTs have a negligible amount of
defects (see inset in Fig. 2). The friction
anisotropy was found to decrease in the
presence of defects (see Fig. 2). Isolated very
high values of friction anisotropy, up to 14, for
AD CNTs with no defects have been attributed
to non-chiral CNTs. This anisotropy becomes
less than 6 for CVD CNTs with defects and
further reduced to less than 2 for FCVD CNTs

with more defects and surface
functionalization.
Furthermore, the PI et al. have

developed a simple analytical model to compute the amount of “coupling” a, between the transverse
and longitudinal sliding, the “intrinsic” hard contact sliding shear strength, o™, and the soft
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Figure 2. Top. Cartoon of the three types of NT
investigated by the PI: AD NT, CVD NT, and
Functionalized CVD NT. Center. Friction anisotropy vs
NT radius, and (Bottom) vs. coupling coefficient o. In
the inset Raman Spectra of AD, CVD, and FCVD
nanotubes.

“hindered rolling” shear strength, 0" ~. The constitutive equations of the model are the following:

int

o,=0 +Qa-o

HR

o,=0"+a- o™

o, =0™ +(1-a)-0™or = ™ + (1-) - o'}



a b E=400 GPa
SiC
60 -

E=36 GPa
Epitaxial

o A Graphene Oxide
0.0 0.5 1.0 1.5 2.0 2.5

Indentation Depth (A)

Fig. 3: (a) Schematics of inter-layer elasticity experiment — a hard AFM tip indenting 2D films. (b) Experimental MoNI
indentation curves in graphene and graphene oxide with sub-A resolution.

2.2 Perpendicular Elasticity in graphene and graphene oxide films

This work was part of a 3-year-long effort in the PI laboratory to investigate the mechanical and structural
properties of functional graphene and graphene oxide. Graphene oxide (GO) holds great promise for a
variety of applications, including supercapacitors, optical devices, and mechanical actuators. GO is a
complex nonstoichiometric and hygroscopic material, and understanding and controlling its mechanical
and physical chemical properties are matter of intense research. The overall goal in the PI’s lab was to
understand the mechanical and chemical interaction between the oxidized graphitic layers as a function of
the degree of oxidation, type of oxygen chemical groups, and intercalated water.

Graphene and other two-dimensional materials are characterized by strong covalent in-plane bonds and
weak interactions between the layers. Their in-plane elasticity has been widely studied in bending
experiments where a suspended film is deformed substantially; however, little is known about the films’
elastic modulus perpendicular to the planes, as the measurement of the out-of-plane elasticity of
supported 2D films requires indentation depths smaller than the films’ interlayer distance. The PI and her
collaborators have invented an unconventional atomic force microscopy (AFM) based method,
modulated nanoindentation (MoNI), allowing for sub-A-resolution indentations to measure the
elasticity of 2D films in the direction perpendicular to the layers, for a number of layers as small as
two. These indentation data, combined with semi-analytical models and density functional theory were
then used to study the perpendicular elasticity of a few-layers thick epitaxial graphene, epitaxial graphene
oxide, and conventional graphene oxide films at varying ambient humidity. These studies highlight how
the interlayer elastic coupling in graphene and graphene oxide films is affected by the films chemistry,
structure, water intercalation, and number of layers. Interestingly, the perpendicular Young’s modulus of
graphene oxide increases by increasing the amount of water trapped in between the layers until a full
monolayer is produced. Then, when the second water layer is forming the modulus decreases. Finally, the
PI and collaborators showed that when using sub-interlayer distance indentations in 2D films, the
AFM indentation curves are very sensitive to the elastic modulus perpendicular to the layers, E1,
and almost independent of the value of the in-plane Young’s modulus, E, (see Fig. 3). As a
consequence, the indentation force curves can be fitted with a simple modified Hertz model as if the film
is an isotropic material, where the Young’s modulus of the film is indeed the perpendicular modulus EL.
This work is therefore offering a new experimental and theoretical framework to investigate the interlayer
elastic coupling in 2D films. These investigations were focused on highly oriented pyrolitic graphite



(HOPG), 4H-SiC, regular graphene oxide (GO) films deposited with the conventional Hummers’ method
on Silicon, epitaxial graphene (EG) films grown on a SiC substrate, and epitaxial graphene oxide
(EGO) films grown with a method invented by the PI and collaborators by direct oxidation of EG
films on SiC using a milder Hummers’ method which avoids graphene exfoliation and dispersion in
solution.

Modulated Nanolndentation of 2D Materials

During a typical MoNI experiment,
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detection system together with a Fig. 4: Modulated Nanoindentation (MoNI). Top: Left, schematics of
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differential measurement allows us

a resolution of 0.1 A. Indeed,
instead of measuring directly the normal force as a function of the indentation, zjgen, W& measure the
slope of force vs. indentation curves at each constant normal force, namely k.on (F,) (see Fig. 4). Force
vs. indentation curves are then obtained by integrating the measured dF,/dzZinaent = Kcont(£,):

v dF,
Zindent(F;)=f0 k—(}‘—') (1)

This experimental set-up is therefore uniquely suited to investigate the perpendicular elastic modulus of
2D films, which are only a few layers thick. We notice that the lower limit of the integral in Eq. (1) is

zero only when there are no adhesion forces. In case of an adhesive contact, the lower limit is the pull-off
force, F,, defined as the negative load at which the AFM tip loses the contact with the sample and can be
easily determined experimentally. Furthermore, for SiC and the 2D materials investigated here, when the
load is equal to F), the contact area is indeed zero and Zingent (£0) = 0. The curve keon (F,) — which is
proportional to the contact radius and the squared root of the indentation depth — drops to zero when the
load reaches F,,. We underline that while the F,vs. Zingens curves could in principle be shifted along the
Zindent-aXis in very soft and adhesive materials depending on the value of Zingent (£0), the shape of these
curves does not depend on the type of adhesive contact. We also notice that in the experiments the pull-



off force can change significantly from curve to curve, however AF, remains consistent. This shift in the
absolute value of the normal force is due to humidity and the drifting of the laser position on the photo-
detector during the different individual experiments (we took hundreds of curves for each sample and
condition). However, the clear determination of the pull-off force during each indentation experiment
allows to always determine the corrected “absolute” normal load as F, = (£, — F},), and to compare
different curves independently of the laser position shifting and presence of adhesion forces. We remark
that for the materials investigated here we can account for the adhesion force by simply adding to the load
the pull-off force. This adhesive contact mechanics model is called the DMT model and it describes well
stiff materials and small tip radii. Figure 1b shows the measured (and offset-corrected) F, vS. Zinden: at
ambient humidity for different 2D films, namely epitaxial graphene and epitaxial graphene oxide. We
remark that both EG and EGO in Fig. 1b are 10-layer thick. In Fig. 1b, it is also reported the force vs.
indentation curve for a single crystal of Silicon Carbide, the substrate over which EG and EGO are grown.
The indentation curves, all performed with the same AFM tip, clearly indicate a larger stiffness for 10-
layer EG than 10-layer EGO. As expected from previous studies, SiC shows a very large stiffness. 4H-
SiC has a hexagonal crystal structure, however its elastic behavior is very isotropic and therefore a simple
Hertzian offset-corrected contact model can be used to extract from the force vs. indentation curves the
Young’s modulus of the material. For the configuration of a sphere (the AFM tip) pressing on a flat
surface of an isotropic half-space with a normal force F, the Hertz model gives:

4
F=3E (R)"2z 2)

le \2 tij 2
1= 1-(v,? . , __— . .
Hertz flerz” ) with 3" and E;""“'"" being the Poisson’s ratio and
Esample Enp ertz ertz

Hertz Hertz

where E = (

Young’s moduli of respectively the investigated sample and the AFM tip, while R is the AFM tip radius.
For the silicon tip used in the MoNI measurements, ¥ =169 GPa and v/? = 0.27. The elastic

Hertz Hertz
modulus can therefore be obtained by using the relationship (2) to fit the experimental measurements of

F,vs. Zingen, as shown in Fig. 1b for a quasi-isotropic sample such as SiC. Indeed, the fitting procedure
sic
Hertz

gives E; - =400 GPa, for a tip radius R=114 nm, which is in excellent agreement with literature. Similar

experiments have also been performed on other standard samples such as ZnO single crystals to insure the
ability of MoNI to obtain reliable results.

The Contact Mechanics Problem when Indenting Transversally Isotropic Layered Materials
The Hertz relationship in (2) is in principle not well suited to model the contact mechanics between an

AFM spherical tip and an anisotropic material such as graphite and other 2D materials since the Hertz
model was originally only valid for isotropic half spaces. However, when studying the indentation of 2D

films  with  extremely  small p Fo p
indentation depths interesting new l

potential applications of the Hertz b ki, lo ki, lo ki, lo i k. lo
model can be found. To address this In @ . Az Ao 2 K bz fz.. Ly
topic we have developed a back-of- L L

the-envelope calculation of the in- b b

plane and perpendicular-to-the-plane Fig. 5: Scheme for a simple calculation of the perpendicular and parallel

distribution of the point indentation force.



stress distribution in a layered material when indenting the material perpendicular to the planes. The
layered material can be regarded as a system of springs, as shown in Fig. 5. The perpendicular spring
constant kL represents the inter-layer interaction (i.e. the van der Waals interaction) while the in-plane
spring constant kj, represents the in-plane inter-atom interaction (i.e. covalence bonding). Also, kL / k;~
ELl / Ej. The equilibrium lengths for the two types of springs (kL and k) are the inter-layer distance d,
and the length of the in-plane covalent bond /y, respectively. When a normal force Fj is applied to the
surface by a spherical tip, the number 2N of the “involved” &k, springs is simply given by a/ly, where a is
the contact radius. After indentation, the length of the n" in-plane spring becomes L,. The compression of
the n™ perpendicular spring is Az, Thus, the elongation of the n™ in-plane spring Al, satisfies:
L, =15+ Al . If the tip radius is 100 nm and Az, = 0.3 nm, the contact radius is about @ = 6 nm (obtained

from Hertz model). Then A% << @A/, <<L

types of springs (in plane and perpendicular springs) given by the forces /'L and F), respectively, and the

» and we can calculate the stress distribution among the two

z-projection of F),. Setting F'L + F),,= F; as the basic constraint. We obtain:

F Az, xk xN k, N’a’
- = 3)
F'/Lz Zk// X AZO X AZO X AZO 2k// AZO2
N a a

If we use graphite as an example, then N=a/2/;=6 nm/0.15nm=40 where [, is the length of sp® bond. Az,
is ~ 0.3 nm or less. So (Na/ Azg)*= 0.64*10°. For graphite kL / k,= EL / E;=36/1000 = 0.036, which is
very small. However the product of the two, still makes F.L /F),= 10* >>1. This means that since FL +
Fy,,= Fy, we can approximate F'L = Fy, i.e., the contribution to the normal indenting force is almost
exclusively supported by the perpendicular springs, and it is independent of the in-plane bonds. In other
words, the normal force Fj is mainly carried by the inter-layers interactions rather than the in-plane bonds.
Therefore, if we fit the indentation curves for a 2D layered material with the isotropic Hertz model, the
Young’s modulus obtained from the fit is almost equal to £L. Notice that this simple analysis is valid
only when Azy~ 0.3 nm, on the other hand we did not use any approximation for the values of the moduli
El and E,. From these calculations it appears clear that the key parameter controlling sub-nm
indentations is the ratio az/lozindem, where a is the contact radius, and /, is the length of an sp2 bond. For
example, when indenting graphite with an AFM tip with zjygen< 0.3 nm, this simple model shows that we
are sensing only EL.

A better insight of the contact pressure distribution as a function of the material elastic constants can be
obtained using simulations with semi-analytical methods (SAM), which have proven their efficiency in
describing the contact mechanics of anisotropic materials. Here, we used SAM to simulate the force vs.
indentation curves in graphite. We use graphite elastic constants found in literature, and we model the
indentation of an AFM silicon tip (R = 100 nm) in a graphite sample deposited on SiC. We use this
configuration because the 2D materials studied here have been deposited either on SiC (epitaxial
graphene and epitaxial graphene oxide) or Si (conventional graphene oxide). Figure 2a shows the results
from the SAM simulations on graphite along with the experimental curves obtained by MoNI on a
bulk sample of highly oriented pyrolitic graphite. In Fig. 4a, the SAM simulated curve agrees
extremely well with the experiments on HOPG, it is important to note that in the SAM simulations for
graphite we use, according to literature, as in-plane Young’s modulus E,= 1.046 TPa, and as z-axis
(perpendicular to the planes) Young’s modulus £L = (36.4+1) GPa, more details are given in the Methods



part. Very interestingly, when the Hertz model in (2) is applied to fit the experimental indentation curves

measured on graphite, as if graphite was an isotropic material, the result of the fitting procedure gives as

the single isotropic modulus £ HOPG — (33+3) GPa, for R = 100 nm like the AFM tip radius. The Hertz

Hertz

model fitting curve is also reported in Fig. 2a to show the perfect agreement with experiments and SAM
simulations. The Hertz model is therefore able with a simple fitting procedure to obtain a value of
Young’s modulus which is equal, within an error of 10%, to the most accepted value for the
perpendicular-to-the-plane Young’s modulus of graphite, i.e. £L =36 GPa.

Intercalated water and perpendicular elasticity in Graphene Oxide

MoNI experiments have been performed to measure the perpendicular elasticity of epitaxial GO films
grown with the new method developed by the PI group and GO films produced with the conventional
exfoliation/filtration/deposition method. In ambient humidity it was obtained: EL = (35 =+ 10) GPa (for
conventional GO), E1 = (36 = 3) GPa (for 10-layer EG), EL = (33 + 3) GPa (for HOPG), and EL = (23 =
4) GPa (for EGO). The perpendicular elastic modulus is larger in 10-layer EG films than in HOPG, this
difference is probably related to the absence of defects in 10-layer EG compared to HOPG. 10-layer
epitaxial graphene oxide is much softer than 10-layer epitaxial graphene, this result can be explained by
the increase of the interlayer distance d, in EGO compared to EG, precisely fromd =3.4 Atod=9.3 A as
observed in the X-ray diffraction spectroscopy measurements. To understand the origin of the large
interlayer perpendicular elasticity in conventional GO compared to epitaxial graphene oxide, we have
performed density functional theory (DFT) calculations on the elasticity of GO with a different amount of
intercalated water. We have then compared these calculations with MoNI experiments on GO and EGO
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Fig. 6: a, Cartoon showing how water molecules fill the interlayer spacing. b, experimental F vs. indentation curves at
z

different relative humidity in conventional GO. c¢-d, Experimental and DFT results of £L of GO as a function of water
content and relative humidity. Each experimental point of £L is an average value on more than 30 measurements.



performed at different ambient humidity. DFT calculations have been performed in Bongiorno’s
laboratory on model structures of graphene oxide *. Figure 6(b) presents the experimental MoNI results
on conventional GO at different relative humidity (R.H.). Figures 6(c) and (d) show the resulting £L as a
function of intercalated water percentage compared to carbon (for DFT calculations) and relative
humidity (for MoNI experiments), respectively. The agreement between experiments and DFT
calculations is striking. DFT calculations and experiments show that EL increases with the amount of
intercalated H, O molecules (and relative humidity), reaching a maximum value of about 31 GPa at 25%
of H,0, and 35 GPa at R.H. = 25%, for the DFT calculations and indentation experiments, respectively.
The perpendicular elastic modulus then decreases down to 20 GPa at 50% of water, and 23 GPa at 50%
relative humidity, for the DFT calculations and indentation experiments, respectively. DFT calculations
show that the interlayer distance and perpendicular Young’s modulus in GO change abruptly between the
case of dry layers and a multilayer film including small amount of H,O (<6%), while more gradual
variations of these physical properties are obtained for increasing the water content between 6.25% and
25% (Fig. 6¢). In particular, £L drops from about 35 GPa (close to EG) in dry films to about 11-14 GPa
when the layered structure includes 6.25% of H,O. This behavior can be understood by considering that
when the amount of water is only a few percentages of the Carbon amount, H,O molecules swell the
graphene structure increasing the interlayer distance from 3.4 A to about 6.2 A, but leaving the interlayer
space mainly empty and therefore producing a soft structure with a low perpendicular elastic modulus.
This interlayer modulus increases with increasing amount of water, which fills the interlayer space
without changing too much the interlayer distance. However, at 25% of water, H,O molecules have
completely filled a water layer in between the layers, and this situation corresponds with the maximum in
perpendicular elastic modulus. Above 25% of water, the perpendicular elastic modulus decreases because
a second water layer starts to form in between the layers further swelling and softening GO. A different
behavior is experimentally observed in conventional EGO, which is not a porous structure and water
intercalation is minimal and independent of humidity. For this reason we find that £L in EGO remains
constant ~ 22 GPa for all RH. On the other hand, conventional GO is porous’ and intercalated water can
change depending on the humidity, therefore in agreement with DFT calculations we observe a maximum
in conventional GO when varying the RH.

2.3 Radial Elasticity of Nanotubes

Here, the PI and her collaborators have used the AFM based modulated nano-indentation (MoNI)
technique developed in the PI’s group (Fig. 7) to investigate the radial stiffness of individual
nanotubes and with a wall thickness approximately equal to 0.5 times the external radius, Rey, as obtained
by the statistical TEM analysis. The radial deformation is here always measured during the unloading
regime for indentations below 10% of R,y to insure the probing of the local radial elasticity of the
nanotubes. During a typical MoNI experiment, an AFM tip, which is vertically oscillated at a fixed
frequency with sub-nanometer amplitudes, applies a localized radial pressure on NT lying on a Si
substrate. The oscillations are applied to the AFM tip via a piezoelectric stage rigidly attached to the
cantilever, and controlled by a Lock-in amplifier (Stanford Research Systems, SR830), while a constant
normal force F between the tip and the NT is maintained by the feedback loop of the AFM (see Fig. 7). In
order to remain in the linear elastic regime, the piezo-stage oscillations are chosen to be only 1.0 A.
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During the indentation, the fixed piezo-stage oscillation amplitude Dz, is equal to the sum of the
cantilever bending and tip-nanotube normal deformation. Under such circumstances, the AFM cantilever
and the tip-nanotube contact can be considered as two springs connected in series: the cantilever with
stiffness kv and the tip-nanotube contact with stiffness kcon. The force required to stretch these two
springs in series with a total displacement Dz, is equal to the normal force variation DF. This
experimental configuration allows us to measure the total stiffness ki at each normal load F, fixed by the
feedback loop of the AFM, from the following relation:

AﬁF=ktat(F)=( ) +1)

-1

piezo lev kconl

@

Since £, is known, the measurement of AF/Az;.,, at different normal loads I allow us to
acquire the radial stiffness £, as a function of F. If the substrate deforms during indentation, an
additional term, 1/ &1 e i€€ds to be added into equation (4) and the radial elasticity of BN-NT's
shows up to a 20% increase (see Ref. and its Supplementary Material). Force vs. indentation curves
are then extracted by integrating the equation AF/k,,(F) = Az,,... To extract the effective radial
modulus from MoNI data, we calculate the AFM tip-NT contact area with the Hertz model adding
the contribution of the adhesion force F,4,, which can be determined directly from the experimental
data. For the configuration of a sphere in contact with a cylinder with a normal force F that

compresses them together, the Hertz model gives:
2/3

/a 4 .
d =kcant =/3' 7E .(R'(F+FAdh))l/3 (5)
dzfndem‘ 3
1 1 1 2\" . .
where 1 _ 1 1 == O L-vy,  1=v , Fl\q, 1s the adhesion force between the
+ R~ Ryp  2Rny £ + d
R Rtfp 2Rext ERad[al Elg'p

. 3 /103 1-v3 /3 . )
tip and the nanotube, K = " (E_1 + E_z) Iy p A0d By g, are the Poisson’s ratio and Young’s

moduli of respective materials. The parameter 8 takes into account the geometry of the tip-NT

contact and more details about the exact calculation of f as a function of tip and NT radius are given
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in the Supplementary Material of Ref. and in . To better gather an intuition on the meaning of equation
(5), it is possible to calculate the elliptical contact area between the tip and the nanotube, and rewrite the
relationship  between the effective Young modulus and the contact stiffness as:

dF
Az e
of only Ry, and Rnr. The radial elastic modulus can thus be calculated using these equations from the
experimental measurements of k,,, = dF/dz.

—k

cont

=y-Area- E* where Area is the contact area, and g is a numerical factor which is function

It was found that Eg,g. of MW BN-NTs decreases with increasing R and the number of layers, L,
from about 192.2446.8 GPa for R = 3.7£0.1 nm and L = 5.4+1, to a plateau value of 24+11 GPa. These
elastic moduli are larger than previously reported values for MW BN-NTs because of the small
indentation and large number of wall layers in the BN-NTs studied in this letter. When probing thick
tubes the ovalization process at small indentations as in our experiments is minimal, instead, the localized
radial compression creates a dimple in the tube’s top layers and the elasticity depends on the layer-layer
interaction and layer curvature. Here, the PI ef al. found indications of the key role of the morphology in
determining the radial rigidity of MW BN-NTs, in particular they found that the external and internal
radii, R.x and R;,, may have a stronger influence on the radial modulus than the thickness of nanotube, ¢.
Using an empirical relationship it was proposed that the radial modulus varies with the morphology of a
nanotube as:

ERadiale\/t/(Rextz(Rim - 0.34)2)+E0, where 4 and E, are two constants.

For the regime of morphology investigated here, it was found that £, = 20.3+3.4 GPa for the BN-
NTs and E, = 27.9£6.0 GPa for C-NTs with similar morphology. These values are very close to the
elastic constants along the Cs; axis of the corresponding bulk materials, i.e., 27 GPa for hexagonal Boron
Nitride (4-BN) and 36 GPa for Highly ordered pyrolytic graphite (HOPG), while the elastic modulus
along the direction of Cs; of these materials, namely Es;, is reported to be 36 GPa for 2~-BN and about 28-
31 GPa for HOPG , respectively.

2.4 Other Major Accomplishments: Nanoscale Thermal Conductivity

Over the last decade nanoscale thermal transport has been at the focus of widespread interest, partly
driven by a number of technologically important applications. Nanoscale thermal transport also plays a
critical role in the design of better thermal insulation and enhanced thermoelectric energy recovery. Under
DoE support we demonstrated an alternate route to thermal conductivity imaging with nanoscale
resolution. Our approach leverages on the unique properties of the nitrogen-vacancy (NV) centre in
diamond, a spin-1 defect that can be individually initialized and readout with the aid of optical and
microwave pulses. Thermal changes in the NV vicinity can be detected by monitoring the NV spin
resonance frequency, which strongly depends on the system temperature. In our experiments we use a
diamond-nanocrystal-hosted NV as a nanoscale probe attached to a sharp silicon tip. The latter is part of
an atomic force microscope cantilever with an integrated heater, which can be used to warm the tip to a
predefined temperature above ambient. We obtain an image of the sample thermal conductivity as we
record the NV temperature drop upon contact with the substrate while scanning the tip on a material with
sub-20 nm resolution. Further, we showed that the time response of our spin probe is fast, a consequence
of the excellent thermal conductivity and minuscule mass of the diamond host.
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2.5 Other Major Accomplishments: Thermochemical Nanolithography

The PI and her collaborators have demonstrated the ability of a hot nano-size probe to control with
exquisite precision the properties of a material at the nanoscale. Properties such as magnetic dipoles
orientation, presence of oxygen and other chemical groups can be controlled with 10-nm precision or
below by thermochemical nanolithography (TCNL).
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