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adial deformations of one-dimensional
Rtubular nanostructures, such as car-

bon nanotubes (CNTs) and boron-
nitride nanotubes (BNNTSs), are of great im-
portance to their respective electrical
properties and electronics applications
(e.g., field effect transistors (FETs),' single-
electron transistors (SETs),> and optoelec-
tronic devices®). From the structural point of
view, CNTs and BNNTs are made of alike
hexagonal sp2 covalent C—C and partially
ionic B—N bonding networks, respectively.
Both tubes have extraordinary mechanical
and thermal properties. For instance, they
have comparable Young's moduli, with re-
ported values of up to 1.2—1.3 TPa.* '°
Their thermal conductivities are reportedly
to be above 3000 W-m~"-K "2 How-
ever, the electrical properties of these two
types of tubes are of distinct difference.
Single-walled CNTs (SWCNTs) are either
metallic or semiconductive depending on
the tube chirality, while BNNTs are excellent
insulators with band-gaps of about 5—6 eV
and being largely independent of the tube
chirality."*~"* Both experiments and theo-
retical modeling demonstrate that the ra-
dial deformation of SWCNTs can greatly
influence their electronic structures (e.g.,
band-gaps) and result in semiconductor-
to-metal or metal-to-semiconductor transi-
tions in reportedly reversible fashions.'® ™'
In addition, studies show that radial defor-
mation can reduce the band gap of BNNTs
from insulator to semiconductor or even
conductor.'®?2 Tuning the band-gaps of
these tubular nanostructures through engi-
neering their transverse deformations will
greatly impact many of their novel electron-
ics applications.
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ABSTRACT Radial deformations of car-
bon and boron-nitride nanotubes are of great
importance to their respective electronic
properties and applications. In this paper, we
present a simple and practical approach of

engineering radial deformations in single-

walled carbon and boron-nitride nanotubes (SWCNTs and SW-BNNTs) through covering

individual nanotubes lying on flat substrates with subnanometer-thick monolayer graphene

oxide (GO) nanomembranes. The GO membrane conforms to and transversely compresses the

underlying nanotube as a result of its adhesion binding interaction with the substrate. Our

atomic force microscopy (AFM) imaging measurements reveal that the engineered net radial

deformations of both types of tubes increase with the tube diameter and are more for SW-

BNNTs compared with SWCNTSs of the same tube diameter. Our results capture the net cross-
section height reductions of up to 44.1% for SW-BNNTs and up to 29.7% for SWCNTs. Our work

clearly demonstrates the effectiveness of our proposed approach for engineering and

controlling the radial deformation in one-dimensional tubular nanostructures and opens a

promising route for mechanical tuning of their electronic properties for novel nanoelectronics

applications.
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Prior studies show that noticeable tube
deformation occurs along its transverse di-
rection when a carbon nanotube is depos-
ited on a flat substrate, which is due to the
van der Waal (vdw) interaction between the
nanotube and the substrate.”> 2° However,
such radial deformation is only substantial
for nanotubes of very large diameters (e.g.,
4—5 nm). For SWCNTs of relatively small
diameters, none-to-little radial deformation
occurs. For instance, MD simulations show
that vdw adhesion-induced radial defor-
mation for a (20, 20) SWCNT (2.70 nm in
diameter) is about 13% of its original tube
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diameter, while merely 2% for a (10,10) tube of 1.34 nm
in diameter.?® It is noted that substantial radial defor-
mations, as higher as 50% of the original tube dia-
meter,'®'® are desired for inducing significant band
gap and electrical conductance changes in nanotubes.
Significant radial deformations on individual tubes can
be engineered using nanomanipulation with sharp
scanning probe microscopy (SPM) probes.??"2® How-
ever, this method is a slow and sequential approach,
which is only useful for a very small quantity of nano-
tubes and is not feasible for large-scale processing.
Introducing significant radial deformations in nano-
tubes with scalability for large-scale integration is still
not available.

In this paper, we propose a simple and practical
approach for engineering radial deformations in indi-
vidual nanotubes, and demonstrate its effectiveness
through engineering radial deformations in SWCNTs
and single-walled BNNT (SW-BNNTs). Our proposed
approach is to cover or partially cover individual nano-
tubes lying on flat substrates with subnanometer-thick
nanomembranes, as illustrated in Figure 1a. Figure 1b
shows schematically the cross sections of a nanotube
with a height of hy (left) and the membrane-covered
nanotube (right) staying on a flat substrate, respec-
tively. The cross-section height of the membrane-
covered nanotube, h, is measured as the height differ-
ence of the membrane from the position right on top
of the underlying nanotube to the position of the flat
covering of the substrate. The nanomembrane con-
forms to the underlying nanotube as a result of a
balanced competition between the in-plane mem-
brane rigidity and the adhesion interaction between
the nanomembrane and the substrate/nanotube. Con-
sequently, the nanomembrane imposes a compressive
load to mechanically deform the underlying nanotube
in its transverse direction. The radial deformation of
the nanotube covered by the nanomembrane can be
quantified by measuring parameters h and h,. We
choose monolayer graphene oxide (GO) sheet as the
nanomembrane in our study mainly for the following
factors: (1) the monolayer GO sheet is ~0.7 nm in
thickness and readily conforms to the underlying
nanotube in a relatively uniform fashion; (2) the GO
sheet has a relatively high Young's modulus (Ego =
207 GPa?’), which has the advantage of inducing large
compressive loads on the underlying nanotube; (3) the
GO sheet is water-soluble and can be processed
and patterned by existing micro/nanofabrication tech-
niques;*®*° (4) the GO sheet is electrically insulating®
and does not directly interfere with the electron
transport in the underlying nanotube. In addition, if
desired, the GO sheet can also be readily reduced to
graphene.?®3%37 |n this study, we investigate both the
cross-section deformations of the GO sheet-covered
individual SWCNTs and SW-BNNTs and the struc-
tural morphology of the covering monolayer GO sheets
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Figure 1. (a) Schematic of a nanotube on a flat substrate
partially covered by a thin membrane: a is the length of the
nanotube segment covered by the membrane. (b) Sche-
matics of the cross sections of a nanotube (left) and a
membrane-covered nanotube (right) on a flat substrate.
(c) Schematic drawings and representative HRTEM images
of SW-BNNTs and SWCNTs. Both tubes in the drawings are
of zigzag (14, 0) chirality, in which the red, blue, and black
dots represent nitrogen, boron, and carbon atoms, respec-
tively. The scale bars represent 2 nm.

using atomic force microscopy (AFM) and nonlinear
continuum mechanics theories. The schematics and
representative high resolution transmission electron
microscopy (HRTEM) images of both types of tubes
are presented in Figure 1c. Our AFM measurements
reveal that the engineered radial deformations for both
types of tubes increase with the tube diameter, and are
more for SW-BNNTs compared with SWCNTs of the
same tube diameter. Our results capture net radial
height reductions of up to 44.1% for SW-BNNTs and
up to 29.7% for SWCNTs, which are substantially higher
compared with the radial height reduction ascribed to
the vdw interaction between the nanotube and the
substrate. The observed difference in radial height
reduction between SW-BNNTs and SWCNTSs is ascribed
to their difference in effective radial modulus.? Qur
results also reveal that the structural morphology of the
covering monolayer GO sheet is governed by both
membrane bending and stretching effects. The adhe-
sion binding energy between monolayer GO sheets
and flat SiO,/Si substrates is found to be about 0.038 J/
m?. Our proposed approach of engineering radial
deformations in nanotubes is compatible with existing
micro/nano-fabrication techniques and thus suitable

VOL.6 = NO.2 = 1814-1822 = 2012 W&)

WWww.acsnano.org

1815


http://pubs.acs.org/action/showImage?doi=10.1021/nn2048813&iName=master.img-001.jpg&w=199&h=280

for large-scale processing and integration. Our work
contributes directly to the study of engineering and
controlling the radial deformation of one-dimensional
tubular nanostructures, and opens a promising route
for mechanical tuning of their electronic properties for
novel nanoelectronic applications.

RESULTS AND DISCUSSION

AFM Measurements of GO Sheet-Covered Nanotubes. Figure 2a
shows a representative tapping mode AFM image of
one GO sheet deposited on a silicon substrate. The
measured height of the GO sheet is 1.5 = 0.15 nm, which
is consistent with the data reported in the literature
about the monolayer GO sheet.2***3* All the results and
analysis presented in this paper are based on the mono-
layer GO sheets similar to the one shown in Figure 2a.
Figure 2b shows one representative AFM image exhibit-
ing three scenarios of GO sheet covered-CNTs, which are
also observed for GO sheet-covered BNNTSs. In this image,
CNT #1 is partially covered by the GO sheet with only one
tube end sticking out, CNT #2 is partially covered by the
GO sheet in the central potion with both tube ends
exposed, while CNT #3 is fully covered by the GO sheet.
Both CNTs #1 and #2 are considered appropriate samples
for our study because both hy, and h can be directly
measured, while only h can be measured for CNT #3. The
uncovered tube cross-section heights (ho) of CNTs #1
and #2 are measured to be 2.36 and 4.61 nm, respectively.
Therefore, only CNT #1 may be a SWCNT (which is
confirmed by our later analysis), while CNT #2 is most
likely a multiwalled tube. The measured cross-section
heights of CNT #1 in Figure 1b along its longitude
direction are presented in the inset plot in Figure 2c,
which displays a prominent transition around the
edge of the GO sheet. The nanotube cross-section height
varies on a very tight range (<05 A) for both the
uncovered and the GO sheet-covered portions away
from the transition position, which can be ascribed to
the variation of the tube diameter, the roughness of the
substrate, and the noise in the AFM measurements. The
red and blue curves in Figure 2c show the respective
cross-section profiles of the uncovered and the GO sheet-
covered portions of CNT #1 shown in Figure 1b based on
the AFM-measured height data marked in the red and
blue boxes. The tube height for the covered portion of this
nanotube is measured to be h = 1.72 nm. Therefore, the
tube height reduction as a result of the monolayer GO
sheet covering is Ah = 0.64 nm. Similar tube cross-section
height reduction because of the GO sheet covering is
also observed on GO sheet-covered BNNTs. The CNT
height profiles presented in Figure 2c are also contrasted
with the respective cross-section profiles for one select-
ed SW-BNNT of a similar original tube height. The
measured cross-section height reduction for this BNNT
is Ah = 0.74 nm, which is noticeably higher than that of
the SWCNT of the same tube diameter. Such a difference
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Figure 2. (a) AFM image of a monolayer graphene oxide
(GO) sheet on a fresh silicon substrate. (b) AFM image of
dispersed CNTs on a fresh silicon substrate covered or
partially covered by a monolayer GO nanosheet. (c) Com-
parison of the respective cross-section profiles of the un-
covered portion (red curve) and the GO-sheet-covered
portion (blue curve) of CNT #1 shown in panel b. The pink
and green curves are the respective cross-section profiles
for one SW-BNNT of similar diameter to CNT #1 in panel b.
The inset curve shows the variation of the measured tube
height along the tube longitude axis for CNT #1 in panel b
around the edge of the covering GO sheet.

in cross-section height reduction between GO-covered
SW-BNNTs and SWCNTs are consistently observed on
other measured samples. Figure 3a shows the depend-
ences of the nanotube cross-section height reduction
as a result of the monolayer GO sheet covering on the
nanotube diameter based on measurements of 27 differ-
ent SW-BNNTs and 15 different SWCNTs, whose original
tube diameters are measured to be within 0.5 to 2.8 nm.
The nanotube diameter here is defined as D, = hg —tp, iN
which t,; = 0.34 nm is the interlayer distance of both the
graphene and B—N sheets>>3® The key experimentally
measured and theoretically predicted parameters on six
selected GO-covered SWCNTs and SW-BNNTs are listed in
Table 1.

Our results show that the measured radial height
reduction for both types of tubes increases with the
nanotube diameter. SW-BNNTs are found to consis-
tently deform more in their transverse direction due to
the GO sheet covering compared with SWCNTs of
the same tube diameter. This result suggests that the
radial rigidity of SW-BNNTs is lower compared with
SWCNTSs of the same diameter, which is consistent with
our recently reported results on the effective radial
moduli of SW-BNNTs and SWCNTs.?? It is noted that
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Figure 3. (a) The dependencies of the measured cross-
section height reduction for SWCNTs and SW-BNNTs due
to the covering of monolayer GO sheets on the nano-
tube diameter. (b) The respective per-unit-length compres-
sive loads applied on SWCNTs and SW-BNNTs versus their
tube diameters. (c¢) Comparison of the net radial deforma-
tion strain for SWCNTs and SW-BNNTs as a result of the
covering of monolayer GO sheets. The solid lines are the
linear-fitting curves of the respective experimental data sets.

double-walled (or even triple-walled) CNTs and BNNTs
may also have their diameters within the diameter
range shown in Figure 3a. However, such tubes have
much higher radial rigidity compared with single-
walled counterparts of the same outer diameter. There-
fore, their radial height reduction due to the GO sheet
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covering is expected to be substantially lower com-
pared with single-walled tubes, which is confirmed by
our measurements (see Figure S1 in the Supporting
Materials). In addition, we performed minimal cross-
section height measurements on selected nanotubes
to determine their tube-layer numbers based on the
fact that the cross-section heights of highly com-
pressed single-walled CNTs or BNNTs will be close to
0.68 nm (i.e., twice of their interlayer distance values of
0.34 nm), while 1.36 nm for double-walled tubes and
2.04 nm for triple-walled tubes. The number of tube
walls determined by our minimal cross-section height
measurements is consistent with our analysis based on
the data shown in Supporting Information, Figure S1.
The detailed measurements of determining the num-
ber of tube layers in CNTs and BNNTs using this
method will be reported in a separate publication.>’
Therefore, all the data shown in Figure 3a represent
only SWCNTs and SW-BNNTs.

Radial Deformation of GO Sheet-Covered Nanotubes. Be-
cause the elastic modulus of GO sheets is much higher
than the effective radial moduli of both SWCNTs and
SW-BNNTs as well as the elastic modulus of the sub-
strate (native oxide, 74 GPa), the deformation of the GO
sheet along its thickness direction can be reasonably
ignored. Therefore, the height reduction of the nano-
tube, Ah = hy — h, can be ascribed to the cross-section
deformation of the nanotube and the deformation of
the substrate. Since the AFM tip—sample interaction
was controlled in the attractive force regime in the AFM
tapping mode scanning process, the gentle contact of
the AFM tip with the nanotube is not expected to result
in any height reduction of the nanotube. Here, we
reasonably assume that the mechanical deformations
of the nanotube and the substrate are within the elastic
regime, and therefore can be modeled using well-
established contact mechanics theories. In our contact
mechanics model, the GO sheet-covered nanotube is
simplified as an elastic cylindrical body in contact with
a flat substrate under a uniformly distributed compres-
sive line load P. In our data analysis, the nanotube is
assumed to undertake a circular cross-section on the
substrate before being covered by the GO sheet, thus
neglecting the effect of vdw interactions between the
tube and the substrate on the flattening of the tube
cross-section.”> The combined nanotube—substrate
deformation equals to the cross-section height reduc-
tion of the nanotube Ah and is given by*®

1T —vZ, 1 -V
Ah = P sub+ nt
< TEsup TEnt

2a?

Q)]

1+log

T—v2, 1-Vv2
—__sub _ Tsub ) .p.p
< J'[Esub nEsub 0
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TABLE 1. List of the Key Experimentally Measured and Theoretically Predicted Parameters for Selected Monolayer GO

Sheet-Covered SWCNT and SW-BNNT Samples

L (nm) L (nm) L (nm)
Dy (nm) a(nm) Ah(nm) P (N/m) &29(%) (theoretical-bendi g only) (th ical-bending+stretching) (experimental) M, (nN) Wiye (J/m?)
SWCNT #1 1.09 185 0.21 0.72 14.15 12.60 18.31 17.54 0.699 0.0400
SWCNT #2 1.46 165 0.33 0.77 18.88 13.07 20.64 23.70 0.717 0.0423
SWCNT #3 1.96 245 0.57 0.80  26.00 13.69 23.50 24.89 0.718 0.0423
SW-BNNT #1 0.83 225 0.26 0.82 13.10 10.91 141 16.09 0.787 0.0509
SW-BNNT #2 1.42 250 0.43 0.51 21.14 14.52 219 2193 0.551 0.0249
SW-BNNT #3 1.97 170 0.70 0.47 29.31 15.84 26.10 23.76 0.512 0.0215

where E,; and E, are the effective radial modulus of
the nanotube and the Young's modulus of the sub-
strate, respectively. v, and vy, are the Poisson's ratios
of the nanotube and the substrate, respectively. A
native oxide layer of ~2 nm in thickness was measured
on the surface of the Si substrates using ellipsometry
(Model Uvisel, Horiba, Ltd.). The materials for the
substrate are considered to be native silicon oxide with
an elastic modulus of 74 GPa and a Poisson's ratio of
0.16. Poisson's ratios for SWCNTs and SW-BNNTs are
assumed to be 0.17 and 0.2,>? respectively. a is the
length of the nanotube segment covered by the GO
sheet, as illustrated in Figure 1a. The recently reported
effective radial elastic moduli of both SW-BNNTs and
SWCNTs*? can be reasonably approximated as simple
power functions of the tube diameter (D,,,), given by
Ene = 13.428D,22% (for SW-BNNTs) and E, =
26.602D,, 23 (for SWCNTSs), in which E.. and D, are
in units of GPa and nm, respectively.

The compressive load P is calculated using eq 1 for
all the measured nanotubes shown in Figure 3a, and
the results are presented in Figure 3b. For SW-BNNTs, P
is found to be within the range of 04—1.0 N/m,
displaying a decreasing trend with the increase in the
tube diameter, while for SWCNTs, the calculated P is
about 0.7 N/m and exhibits no appreciable depen-
dence on the tube diameter. The net cross-section
deformation of the nanotube dd can be estimated
using eq 1 by considering the substrate as a rigid body.
Figure 3c shows the dependence of the net nanotube
radial deformation strain €29, defined as £ = dd/d,,
on the tube diameter for both SW-BNNTs and SWCNTs.
Our results reveal that 2% increases, in nearly linear
fashions, with the tube diameter for both types of
tubes. SW-BNNTs are found to consistently deform
more along their transverse directions than compara-
ble SWCNTs, with the difference of about 10—15% in
radial deformation strain within the measured tube
diameter range. For SWCNTSs, the net radial deforma-
tion strain is found to be about 18.4% for a tube of
1.4 nm in diameter and 29.7% for a tube of 2.7 nm
in diameter, both of which are significantly higher
than the previously reported radial strain values as-
cribed to the tube-substrate vdw interaction.® The net
radial deformation strain reaches a remarkable value of
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44.1% for a SW-BNNT of 2.6 nm in diameter. Our results
clearly demonstrate that substantial nanotube cross-
section flattening is produced as a result of covering
individual nanotubes with monolayer GO sheets. We
want to point out that the above-calculated net nano-
tube cross-section height reduction does not take into
account the tube radial deformation induced by the
vdw interaction between the tube and the substrate,
which effectively results in an underestimation of the
net nanotube radial height reduction and the corre-
sponding strain rate. It is noted that the consideration
of the vdw interactions among all the elastic bodies in
our model requires advanced continuum and/or ato-
mistic level modeling techniques (e.g., finite element
methods and molecule dynamics simulations), which is
beyond the scope of this study.

Structural Morphology of the Covering GO Sheet. The
structural morphology of the GO sheet covered on
top of the nanotube is of importance for understand-
ing the compressive load applied on the nanotube and
the adhesion interaction between the GO sheet and
the substrate. It is noted that the substrate-regulated
nanomembrane morphological deformations have re-
cently been investigated based on monolayer graph-
ene models using both continuum mechanics and
molecular mechanics simulations.3*~* In this study,
the GO sheet is considered as a membrane with uni-
form thickness, and its cross-section deformation on
top of the nanotube is theoretically modeled using
continuum mechanics theory. With the consideration
of both membrane bending and stretching effects, the
in-plane deformation of the membrane, w(x), is gov-
erned by

2 P/L
DGod— = N-w+M, 77<7 fx) ()
X 2

where Dgo = (Egot))/(12(1 — v&o)) is the bending
stiffness of the GO sheet in which Ego = 207 GPa, t =
0.7 nm and vgo = 0.17 are the Young's modulus,
thickness, and Poisson's ratio of the monolayer GO
sheet, respectively. N is the stretching force in the
membrane. L is the spanning width of the GO sheet
(see Figure 1b). My is the bending moment at x = £L/2.
The boundary conditions for the deflected membrane
include w = dw/dx = 0 at x = +L/2. It is noted that the
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Figure 4. (a) The comparison of the experimentally mea-
sured and theoretically predicted cross-section morpho-
logical profiles of the GO-sheet on top of CNT #1 as
shown in Figure 1b. The red curve represents the theo-
retical prediction based on the model considering both
membrane bending and stretching effects, while the blue
curve is based on the model considering only the mem-
brane bending effect. (b) The dependencies of the ex-
perimentally measured and theoretically predicted GO
sheet covering length L on the nanotube diameter for
both SWCNTs and SW-BNNTs. (c) The dependencies of the
ratio L/D,; on the nanotube diameter D,, based on
the measured values L for both the tested SWCNTs and
SW-BNNTs.

maximum deformation of the membrane w(x = 0) = h.
Both the displacement of the GO sheet w(x) and its
spanning width L can be obtained using eq 2 based on
the calculated line load P shown in Figure 3b. When the

ZHENG ET AL.

stretching force is neglected (e, N = 0 in eq 2), the
maximum deformation of the membrane due to pure
membrane bending is given by h = (PL*)/(192D¢), and
the deformation profile of the membrane is given by
w(x) =4h[3('/ —*/))* — 4('/, = */,)*Iforx € [0, L/2]. The
deformation profile of the GO sheet covered on top of
the nanotube is theoretically predicted for both sce-
narios (i.e., membrane bending only versus both mem-
brane bending and stretching). Figure 4a shows the
comparison of the theoretically predicted deformation
profiles for CNT #1 shown in Figure 2b and the
experimentally measured profile by AFM. The radius
of curvature (Ryp) of the employed AFM tips is esti-
mated to be within 15—25 nm based on the geomet-
rical deconvolution relationship Ry, = w?/8A, in which
A and w are the measured height and apparent width
of a nanotube in the captured AFM images.** Because
the radius of curvature of the employed AFM tip is
much smaller than the radius of curvature of the de-
formed GO sheet, the AFM-measured GO sheet defor-
mation profiles are free of the well-known tip—sample
convolution artifacts. Our results shown in Figure 4a
clearly reveal that the AFM-measured deformation
profile of the GO sheet is in reasonably good agree-
ment with the predicted deformation profile using eq 2
by considering both membrane bending and stretch-
ing effects. The measured GO sheet spanning width
(L) using AFM is 24 nm, which is very close to the
theoretically predicted value of 23 nm. It is noted that
the theoretically predicted value of L using the model
considering only the membrane bending effect is only
14 nm, indicating that the negligence of the stretching
force in the membrane will substantially underesti-
mate this quantity. Figure 4b shows the comparison of
the theoretically predicted and experimentally mea-
sured spanning width of the GO sheet for all the tested
nanotube samples, which consistently shows the good
agreement on the GO sheet spanning width between
the experimental measurements and the theoretically
predicted values considering both the membrane
bending and stretching effects. Figure 4c reveals that
the ratios between the measured value of L and the
nanotube diameter D, for all the tested SWCNTs and
SW-BNNTs exhibit two decreasing and well-overlapping
trends with the nanotube diameter. This observation
suggests that the GO sheet wraps around the tube more
tightly for tubes of larger diameters, which is consistent
with the previously reported results on the wrapping
configuration of graphene sheets around silicon nano-
wires on flat SiO, substrates obtained using continuum
and molecular mechanics simulations 394

The Adhesion Energy between the GO Sheet and the
Substrate. The adhesion interaction between the GO
sheet and the substrate influences both the covering
morphology of the GO sheet and the compressive load
applied on the nanotube. The structural morphology of
the GO sheet as shown in Figure 4a can be considered
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12 sheet-covered SW-BNNTs displays a decreasing trend with
® SWCNT the increase in the tube diameter, while this trend is not
i appreciable for GO sheet-covered SWCNTs. It is important
to highlight here that the adhesion energy between the GO
™ o N @ sheet and the substrate is not only due to the long-range
0.6 - 2. o™ ‘ nonbonded van der Waals interaction between the GO
" sheet and the substrate, but also due to other factors such
as the adhesion between the GO sheet and the nanotube
and the residual humidity in the chamber where the
experiments were performed. It is noted that our estimated
0.0 T " " " value of the adhesion energy between monolayer GO
e b e - ot sheets and silicon substrates with native oxide layers is
substantially lower than the recently reported data regard-
@ ing the adhesion energy between monolayer graphene
e = — sheets and SiO, substrates (0.15—045 J/m?).***° We argue
. ® SWCNT that the functional groups on the basal graphene plane in
0.06 . the GO sheet increases the distance between the graphene
=u basal plane to the substrate, thus significantly reducing the
~ long-range nonbonded van der Waals interaction.
0.04 1 “4 « ? o Itis noted that the elastic modulus of monolayer GO
- R . sheets was obtained from stretching experiments
. based on a thickness value of 0.7 nm that was mea-
sured separately by AFM thickness tests.” Therefore,
the calculated value of the bending stiffness (Dgo) may
be overestimated because the bending stiffness of
a thin plate is a cubic function of its thickness. While
the inaccuracy in the value of Dgp will not have any
(b) material effect on our results regarding the radial
Figure 5. (a) The dependencies of the per-unit-lengthbend-  deformation of the nanotube, it will affect the calcu-
ing moment in the GO sheet at the delamination interface lated deformational profile of the GO sheet and its
;V\;\tlgl\lt':":a:\‘:jb;v\'ﬁ;eNﬁ?sf?;) ?ﬁ:?:;:nggﬂie;ffmebpﬂ binding energy with the substrate. Qur analysis shows
unit-area binding energy of the GO sheet to the substrate  that theactual GO sheet spanning with L may be lower,
on the nanotube diameter based on the measurements for while the binding energy G may be higher, than our
GO-covered SWCNTs and SW-BNNTs. reported values as a result of the possible overestima-
tion of Dgo.

0B mE g
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as a result of the delamination of the GO sheet from the
substrate due to the existence of the underlying CONCLUSIONS

nanotube, which is ascribed to a balanced competition We investigate a new approach of engineering radial
between the bending moment and the adhesion deformations in SWCNTs and SW-BNNTs using mono-
between the GO sheet and the substrate at the delam- layer GO nanomembranes. By using a combined ex-

ination front (x = £L/2). The reaction moment at the
delamination front is equal to the bending moment in
the GO sheet in the vicinity of the delamination front,
thatis, My. The adhesion energy per unit area or energy
release rate at the delamination front is given by**~*’

perimental—theoretical approach, we demonstrate
that the GO sheet covering can induce substantial
radial deformation in the underlying nanotube. Our
results show that the radial deformation of the nano-
tube due to the GO sheet covering increases with the

1Mo ? tube diameter and SW-BNNTs deforms more than
- 2Dgo 3) SWCNTs of the same diameter. Our results capture
net radial height reduction of up to 44.1% for SW-
BNNTs and up to 29.7% for SWCNTs, which are sig-
nificantly higher than the radial deformation induced
purely by the vdw interaction between the nanotube
and the substrate. The engineered substantial radial

Figure 5a shows the calculated bending moment at
the delamination front for both the tested SW-BNNTSs
and SWCNTs. Figure 5b shows the dependencies of the
corresponding binding energy between the GO sheet
and the substrate on the tube diameter. For GO sheet-
covered SWCNTSs, the average binding energy and deformation in both carbon and boron nitride nano-
the corresponding deviation is calculated to be tubes is expected to have an influential impact on their
0.038 £ 0.005 N/m, while it is 0.037 £ 0.013 for GO electrical properties and thus their electronics applica-
sheet-covered SW-BNNTs. The binding energy for GO tions. Since the GO sheet is water-soluble and can be
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deposited and patterned on the substrate using
well-established micro- and nanofabrication tech-
niques, it is plausible that our proposed approach can
be applicable for large-scale manipulation of the radial

EXPERIMENTS AND METHODS

The employed SWCNTSs, purchased from Sigma-Aldrich Co. in
the form of dried powders, were synthesized using chemical
vapor deposition (CVD) methods. The employed SW-BNNTs
were synthesized using pressurized vapor/condenser (PVC)
methods.>* The GO sheets were prepared following a previously
reported method®® and were measured to have a carbon-
to-oxygen atomic ratio of 2.06 using X-ray photoelectron
spectroscopy (XPS). The XPS measurements on the GO sheet
samples were performed at room temperature and under
ultrahigh vacuum conditions using a PHI 5000 VersaProbe
instrument with monochromatic Al Koo X-rays at 1486.6 eV, a
200 um diameter spot, and constant pass energy of 23.5 eV ata
power of 50 W. Both CNTs and BNNTs were dispersed in
aqueous solution using ultrasonication with the aid of ionic
surfactant sodium dodecylbenzenesulfonate (NaDDBS).>**’
The supernatant of the dispersed nanotube solutions was
deposited on clean Si wafers using spin-coating, and was
subsequently rinsed multiple times with deionized (DI) water
to remove residue surfactants. The synthesized GO sheets
dissolved in DI water were deposited on both clean Si wafers
and Si wafers with dispersed nanotubes on top through spin-
coating. All the GO sheet and GO sheet-covered nanotube
samples were dried in an oven set at 90 °C for 12 h before
AFM imaging measurements.

All AFM imaging measurements reported in this paper were
performed using a Park Systems XE-70 AFM operating at room
temperature inside a sealed chamber backfilled with dry nitro-
gen gas. The employed AFM is incorporated with a closed-loop
feedback control feature in the XYZ axes. Tapping-mode AFM
was performed with the tip—sample interaction controlled in
the attractive force regime using silicon AFM probes (Applied
Nanostructures, Inc.) with a nominal spring constant of 48 N/m
and resonant frequency of 190 kHz. The fast scanning direction
of the AFM tip was controlled to be perpendicular to the
nanotube longitude axis, and only straight tubes are selected
for the analysis. All AFM images were collected at a scan rate of
1.0 Hz, a scan line of 1024 x 1024 pixels, and scan sizes of
1000—2000 nm. The root-mean-square (rms) noise in the
resonating amplitude of the AFM cantilever is measured to be
0.46 A using the laser reflection scheme.

The high resolution transmission electron microscopy (HRTEM)
characterization of CNTs and BNNTs was performed using a
JEM 2100F TEM (JEOL Ltd.) operated at accelerating voltages of
120—200 kV.
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deformation and electrical properties of nanotubes,
which can be useful for the development of large-scale
nanoelectronic devices and nanoelectromechanical
systems (NEMS).
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