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ABSTRACT: Boron nitride nanotubes (BNNTs) are a one-dimensional material with
high mechanical strength, good electric insulation, exceptional thermal conductivity, and
high temperature stability. The presence of defects and deformations in BNNTs at the
nanoscale affects their mechanical properties. In this article, we jointly utilize
nanomechanical characterization and infrared scattering type near-field microscopy on
the same individual BNNTs to study the defects and deformations. A characteristic
structural defect of BNNT is revealed by a blue-shift of infrared absorption and
discontinuity in adhesion. Polygonal facets have been observed in BNNTs, as supported
by their mechanical responses and spectroscopic signatures. The presence of polygonal
facets implies one should expect reactive chemical and hyperbolic optical properties of
BNNTs.

■ INTRODUCTION

Rich structural information can be obtained by combining
mechanical and spectroscopic imaging. Materials with excep-
tional mechanical properties often contain structural defects
that affect their mechanical strength. Vibrational spectroscopies,
such as infrared and Raman spectroscopy, have proven useful
for the detection of such structural defects.1−6 However, the
spatial resolution of far-field spectroscopies is bound by the
optical diffraction limit of the light wavelength, which leads to a
spatial resolution of several hundred nanometers for Raman
microscopy and of a few micrometers for infrared microscopy.
A material with dimensions smaller than the optical diffraction
limit often has spatial features such as defects, which cannot be
individually resolved by far-field methods, and the correlation
between mechanical response and spectroscopic information is
difficult to obtain. To bridge this gap and to achieve a
simultaneous or sequential mechanical and spectroscopic
characterization, a technique with nanoscale resolution is
needed.
Boron nitride nanotubes (BNNTs) exhibit exceptional

mechanical properties. The mechanical strength and thermal
conductivity of BNNTs are comparable to carbon nano-
tubes.7−9 In contrast to carbon nanotubes, BNNTs are wide
band gap semiconductors, biocompatible,10 stable at high
temperatures, and resistant to oxidization.11 These properties
enable BNNTs as additives to enhance thermal conduction,12

as useful materials for drug delivery,13 as strength enhancers in
lightweight fabrics14 and metals,15−17 and as platforms for deep-
UV optical devices.18,19 A recent discovery has revealed that
BNNTs support surface phonon polaritons, which enables
nanoscopic confinement and guidance of energy at mid-infrared

frequencies.20 Various characterization techniques, including
high-resolution transmission electron microscopy (HRTEM),
electron and X-ray diffraction, atomic force microscopy, and
infrared and Raman spectroscopy, have been applied to
characterize BNNTs.8,21,22 Structural defects have been found
to be detrimental to mechanical strength and contribute to
mechanical failure of the BNNT.23 Such structural defects can
be revealed by HRTEM.23 However, HRTEM requires a
complex, expensive facility and careful sample preparation. The
relationship between the TEM images and the optomechanical
properties can be largely a matter of speculation, unless the
results are obtained under a delicate and time-consuming in situ
experiment involving nanomanipulation.24 One would expect
defects to disrupt the B−N bonding, which would lead to
spectral shifts of local vibrational spectra. However, up until
recently, the lack of spatial resolution has prevented vibrational
spectroscopies from spatially locating structural defects of
BNNTs.25

Here we demonstrate sequential mechanical mapping and
infrared spectroscopy of BNNTs at ∼15 nm spatial resolution
with a scanning probe microscope. Atomic force microscope
(AFM) is capable of measurement of adhesion and elasticity at
nanoscale.26−29 In our study, the quantitative nanomechanical
mapping is achieved by PeakForce Tapping (also known as
peak force tapping).30 In peak force tapping, the microscope
controller dynamically retracts the tip at the peak force
amplitude of the tip sample interaction, rather than performing
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tip indentation to a fixed distance, as in the case of
nanoindentation. Therefore, while obtaining sample mechanical
information, the peak force tapping approach avoids hard
contact between the tip and the sample, which preserves a
sharp and clean tip during imaging. This is a crucial advantage.
In scattering type or apertureless near-field microscopy, tip
sharpness determines the spatial resolution,31 and tip cleanness
is required for a good signal. Peak force tapping is compatible
with scattering type near-field techniques.
Infrared scattering type scanning near-field optical micros-

copy (s-SNOM) is used for this combined mechanical and
infrared spectroscopic study. Specifically, a phase-controlled
homodyne technique of s-SNOM is used to achieve chemical
sensitive imaging at an ∼15 nm spatial resolution. In this
technique, a π/2 phase homodyning approach is utilized to
selectively amplify the imaginary part of the near-field signal
that corresponds to the infrared absorption.25 This allows fast
near-field chemical sensitive mapping based on the IR
absorption of the nanomaterials. Note that other types of
near-field techniques, e.g., tip-enhanced Raman spectroscopy
(TERS)32,33 and fiber-based aperture near-field scanning optical
microscopy (NSOM),34 require a high level of probe cleanness.
Potential contamination or tip deformation due to probe/
sample contact during mechanical measurement would lead to
deterioration of TERS or NSOM performance, therefore
preventing TERS or fiber-based NSOM from combined
operations under mechanical measurement with the same
probe.

■ EXPERIMENTAL METHODS

The core of the apparatus is a stage-scanning atomic force
microscope (Multimode 8 AFM, Bruker Nano). The AFM
operates in the tapping mode for s-SNOM and PeakForce
Tapping mode for nanomechanical mapping. A custom optical

setup built to perform s-SNOM was described previously.25,35

In the s-SNOM setup, a quantum cascade laser (QCL Daylight
Solutions) is used to provide a frequency tunable infrared laser
to match the phonon resonance and surface phonon polariton
(SPhP) resonance of the BNNTs. The infrared laser is focused
by a parabolic mirror of N.A. 0.24 to the tip apex of a metal-
coated AFM probe tip (DPE-14 Mikromash), which oscillates
at 140 kHz with a 30 nm oscillation amplitude. The scattered
light is collected and interferometrically homodyned with a
reference laser field from the same source. The optical path
difference of the two interferometer arms is stabilized with a
feedback loop to maintain a phase difference of π/2. An
infrared detector (JD1512, Teledyne-Judson) is used to convert
the homodyned infrared light to a voltage signal, which is
demodulated by a lock-in amplifier (HF2Li, Zurich Instrument)
at the third harmonic of the AFM tip tapping frequency.
Collection of one s-SNOM image based on near-field
absorption with 256 by 256 pixels takes approximately 3 min.
Near-field images are collected at different infrared frequencies
across the phonon resonances of the BNNTs.
The peak force tapping imaging capability is achieved with an

AFM controller (Nanoscope V, Bruker).30 The sample stage is
oscillated at 1 kHz frequency. The deflection of the AFM
cantilever is monitored. The stage oscillation amplitude is
dynamically adjusted to maintain a maximal peak force
deflection at the closest point of contact. Unlike tapping
mode (intermittent contact mode) imaging, the motion of the
cantilever is not nearly resonant. The cantilever deflection vs
stage position curves are recorded when the sample is
periodically approaching the tip and retracting from the tip.
The elasticity is calculated from the slope of the approaching
and retracting curves with the controlling software based on the
Derjaguin−Muller−Toporov (DMT) model.36 The adhesion is
calculated from the difference in areas under the approaching

Figure 1. Images of BNNTs. (a) Topography of four BNNTs labeled as 1, 2, 3, and 4, obtained by the tapping mode. (b) Infrared near-field image of
the BNNTs at infrared frequency of 1368 cm−1. (c) Near-field images at 1382 cm−1. (d) Near-field images at 1385 cm−1. High intensity ridges are
clearly seen at 1382 and 1385 cm−1 frequencies. (e) Near-field images at 1397 cm−1. (f) Near-field images at 1405 cm−1. An absorption abnormality
is marked with a yellow arrow. (g) Near-field images at 1426 cm−1. (h) Near-field images at 1435 cm−1. Periodical patterns, characteristic of surface
phonon polaritons, are observed at 1426 and 1435 cm−1. High near-field filament response is also observed on the near-field image at 1426 cm−1; it is
at different locations than in the ridges on (c) and (d).
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and retracting curves. A calibration procedure is used to
calibrate the parameters of the cantilever with a calibration
sample of known elasticity. In this case, the gold substrate is
used as the calibration sample, which has a Young’s modulus of
80 GPa. One image of 256 by 256 pixels takes about 5 min to
acquire. The peak force tapping measurements are carried out
on the same sample area right after the infrared near-field
measurements; i.e., the data are sequentially, not simulta-
neously, obtained. The parameters of the peak force measure-
ment are chosen to let the modulus read out from the reference
substrate (in our case, a gold substrate) to match the literature
value: this accounts for the systematic error of the tip shape and
force calibration. A deterioration of the AFM probe tip is not
observed, as the s-SNOM images before and after peak force
tapping give virtually the same near-field images.
The multiwall BNNTs were synthesized using a high

temperature chemical vapor deposition (CVD) synthesis
method as described in the literature.37 The BNNTs were
dispersed in isopropanol under sonication for a few hours and
drop-cast on flat gold substrates of root-mean-square roughness
of ∼1.7 nm.

■ RESULTS

Infrared Near-Field Microscopy. A representative area
with four BNNTs (labeled as 1, 2, 3, and 4) is chosen for the
joint spectroscopic and nanomechanical study. Figure 1a shows
the AFM topography of the sample revealed undertraditional
tapping mode, coregistered during the IR s-SNOM measure-
ment. The AFM topography image shows the shape of the
nanotubes; spectroscopic and mechanical information from
these nanotubes are not obtained. Figure 1b−h depicts the
infrared near-field images obtained with the π/2 phase-
controlled homodyne technique. Under the π/2 homodyne
condition, the imaginary part of the near-field signal is
measured, which corresponds to near-field absorption from
BN local phonon resonances and surface phonon polariton
resonances. As the infrared laser frequency is increased, a
progression of BNNT near-field responses is observedthese
are due to both the BN local phonon and propagating surface
phonon polariton responses.20,25 Collected at the infrared
frequency of 1368 cm−1, the near-field image shown in Figure
1b displays homogeneous near-field responses across all four
nanotubes, reflecting local phonon absorption. Starting at the
infrared frequency of 1382 cm−1, tube 1 shows few features,
including the development of periodical nodal patterns in the
signal, characteristic of propagating waves of surface phonon
polaritons. The periodicity shrinks with the increase of infrared
probe frequencies. Such observations of local phonon and
surface phonon polaritons have been reported by us
previously,20,25 and for brevity they are not extensively
discussed here. However, a novel feature is observed. At 1382
and 1385 cm−1 infrared frequencies, the near-field images in
Figures 1c and 1d reveal twisting, high intensity, mutual parallel
ridges along nanotube 1, with an angle of 8° from the direction
of the long axis of the nanotube. Such twisted edges are not
observed on the AFM topography or near-field images at higher
infrared frequencies. In addition, a localized strong increase of
the near-field absorption is observed at 1408 cm−1 (marked by
the yellow arrow in Figure 1f), which could be related to
structural defects. However, other types of joint character-
ization tools, preferably nanomechanical measurements, are
required to validate such a correlation.

Quantitative Nanomechanical Mapping. Quantitative
nanomechanical maps of these four BNNTs are obtained after
the infrared s-SNOM measurement. Figure 2a shows the AFM

topography from peak force tapping. It is worth noting that, in
comparison to data from traditional tapping mode, the
topography from peak force tapping gives higher spatial
resolution with the same probe due to a closer tip interaction
with the sample. Other than this, the topography from peak
force tapping shows nearly the same shape of these BNNTs on
the smooth gold substrate. Figure 2b shows the radial modulus
obtained from the peak force tapping image. The BNNT
exhibits a local radial modulus on the order of tens of GPa up
to 200 GPa. There are noticeable radial modulus variations
along BNNTs. The average radial modulus of tube 1 is 65 ± 32
GPa. At the location marked by the white arrow, the modulus is
51 ± 17 GPa. This location corresponds to abnormal near-field
absorption at 1405 cm−1 observed in the near-field measure-
ment of Figure 1f. The average radial modulus of tube 4 is 45 ±
32 GPa. The radial modulus is much lower than the bending
modulus obtained in the three-point nanodeformation
measurements24,38 due to the fact that the radial modulus
measurement is done locally with small deformation. The
relatively large standard deviation is due to the error on real-
time fitting of the approach and retract force−distance curves:
the measurement errors are propagated in the machine
extraction. As a reference, the gold substrate gives consistently
standard deviation of ∼40 GPa at five different areas (the
standard deviation of the mean from five measurements is
consequently 18 GPa). From the modulus image, there are
spatially discernible substructures within BNNTs 1 and 4,
which appear to be twisted strands in a helical pattern. Figure
2c shows an adhesion map of the BNNTs. There are obvious

Figure 2. Quantitative nanomechanical mapping of BNNTs. (a)
Topography of the same BNNTs obtained in the peak force tapping
mode. (b) Apparent modulus map of the BNNTs. Twisting strands are
identifiable. (c) Adhesion map of the BNNTs. Twisting strands are
identifiable. (d) Deformation map of the peak force tapping
measurement.
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twisting substrands in tube 1 as well as in tube 4, based on the
adhesion map. The angles between a strand and the direction of
the nanotube are found to be 8° for tube 1 and 9° for tube 4. At
the same location of the BNNT, the twisting strands from tube
1 show a similar angle to the twisting edges from the near-field
images of Figures 1c and 1d. The deformation map from peak
force tapping is shown in Figure 2d. The deformations of all
four BNNTs are on average ca. 4.5 nm. The high deformation
read-out at the edge of the BNNTs is observed possibly due to
the abrupt topographic changes and reduced tip−sample
contact area when the probe is passing over the edge and,
consequently, a large discrepancy between approach curves and
retract curves in peak force tapping analysis.

■ ANALYSIS AND DISCUSSION
Correlating the near-field measurements with the nano-
mechanical measurements not only adds confidence in the
interpretation of one property map but also enables new
findings that cannot be obtained by the measurement of one
property alone.
Polygonal Shape of BNNT. Both the infrared near-field

and peak force tapping images indicate that for a large diameter
BNNT (tube 4, with diameter of ∼70 nm) the outer tubes are
polygonal rather than circular cylinders. This observation agrees
with previous reports based on TEM23 and electron
diffraction,39 which suggest that large diameter multiwall
BNNTs undergo polygonization, i.e., layers form polygons
instead of cylinders in a cross section natural for small diameter
tubes. Such polygonization indicates that a polygon with a large
area of h-BN crystalline surface has a lower configuration
energy than that of a circular tube. h-BN allows planar sp2

orbital hybridization, which results in lower energy. On the
other hand, a tubular shape requires the h-BN plane to have
curvature, which means an increase of configuration energy
from the planar structures. For BNNTs of a large outer
diameter, polygonization allows a reduction of configuration
energies for most of the in-plane BN bonds, at the expense of
likely higher energy BN bonding at the edge where two planes
meet. As the diameter increases, the percentage of boron and
nitrogen atoms at the edges decreases, and the average bond
energy approaches that of h-BN. A stacked planar outer layer
also allows organized and compact interplane Coulomb
interactions,40 which further reduces the net configuration
energy. In addition, from both near-field imaging and
nanomechanical mapping, it is found that the polygon of the
nanotubes exhibits twists along the direction of the BNNT with
an angle of ∼8°. This angle is perhaps coincidentally, within the
range of typical chirality of multiwall BNNTs.41

The presence of polygonal BN surfaces is reflected by the
nanomechanical responses. Figure 3a shows the overlay of
modulus, adhesion, and topography, across a profile that is
marked by a yellow line in Figure 2a. A polygonal shape
(dashed shape) can be estimated from the peak force tapping
topography. The topography shows a tilted flat top of a possible
hexagon. The apparent modulus is higher at the edges than at
the middle of the polygonal plane. On the other hand, adhesion
is higher at the middle of the plane than at its edges. This is
understandable, considering that the polygonal plane provides a
larger contact area therefore stronger attractive interaction
forces between the plane and the tip than between the tip and
the edges. In addition, the presence of polygonal shapes in
BNNT also explains the higher radial modulus observed, in
comparison to circular-shaped BNNTs. The radial modulus

values from the measured polygonal BNNTs shown in Figure 2
are higher than the predicted literature value of 24 GPa of radial
modulus for circular BNNTs of similar diameter.42

The infrared near-field response at the transverse optical BN
phonon frequency also reflects the polygonization of the
BNNTs. Figure 3b illustrates the overlay of near-field responses
of 1382 cm−1 with tapping mode topography along the same
profile of Figure 3a, marked by a yellow line in Figure 1a. The
polygonal shape (dashed shape) can be estimated by the
tapping mode topography. It can be discerned that the near-
field responses from the middle of the polygonal plane is higher
than that from the edges. This phenomenon has two possible
interpretations: (i) the planar surface at the middle of the
polygon generates more efficient image dipoles of the tip than
those from the edge of the polygon (see inset of Figure 3b) or
(ii) the middle of the plane has a better organized crystalline
structure than at the edge of the BNNT; the better organized
crystalline structures lead to stronger infrared absorption at the
phonon resonance. The first interpretation is related to the
signal generation scheme of s-SNOM.43 The second
interpretation is necessary to explain the presence of the
twisting ridges at the BN phonon frequencies (1360−1385
cm−1) that are not observed at SPhP frequencies (>1385
cm−1). With the second interpretation, one would expect an

Figure 3. Mechanical and near-field response profiles across a
polygonal cross section. (a) Overlap of apparent modulus, adhesion,
and topography of a BNNT profile obtained from peak force tapping
mode along a profile marked by a yellow line in Figure 2a. The
polygonal plane is identifiable from the topography and is shown
schematically with dashed lines. The apparent modulus reveals an
increase at the edge of the planes and a decrease the middle of the
plane. As a comparison, the middle of the plane exhibits higher
adhesion than the edge. The inset displays a scheme of an AFM tip
and a polygonal BNNT. (b) Overlap of near-field images and
topography of a profile of a BNNT, marked by a yellow line in Figure
1a. The near-field profile is taken at 1382 cm−1. It shows an increase of
near-field signal at the middle of the polygonal plane. Such an increase
of infrared absorption signal in the polygonal plane is likely due to
strong image dipole (see inset) and higher crystallinity of BN at the
plane.
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overall increase of near-field signals at all resonant frequencies
from the first interpretation alone.
Correlative Mechanical and Spectroscopic Defect

Detection. The combination of nanomechanical and near-
field infrared capability enables effective identification of the
structural defects of BNNTs. Figure 4a−c shows the top-
ography, adhesion, and near-field images, respectively, of a
BNNT defect (marked by a yellow arrow). While the
topography provides limited indication of the location of the
defect, both adhesion and near-field images display clear
response abnormality. At the defect location, the adhesion map
exhibits a discontinuity of the BN polygon plane, and the near-
field image at 1408 cm−1 reveals an enhanced near-field
absorption. The infrared spectrum is assembled by extracting
multiple near-field responses across the BN phonon and SPhP
resonances. Figure 4d illustrates the infrared spectrum obtained
at the defect location, labeled as location A in Figure 4c. The
spectrum of an adjacent location, labeled as location B, and the
spectrum of a BNNT at location C are presented in Figures 4e
and 4f as references. All three locations show a phonon
resonance around 1375 cm−1. The phonon resonance at
location A is 1372 cm−1 with line width of 37 cm−1; location B
is resonant at 1377 cm−1 with a line width of 54 cm−1; location
C is resonant at 1378 cm−1 with a line width of 43 cm−1. The
defect at location A is associated with a strong absorption
within the SPhP resonance frequency, centered at 1405 cm−1

with a line width of 16 cm−1. As a comparison, despite a
separation of only ∼100 nm, adjacent location B has only a very
weak near-field absorption at 1412 cm−1. Location C does not
resonate at this frequency. The main near-field infrared
absorption below 1380 cm−1 is present at all locations and
corresponds to the BN transverse optical phonon resonance.
The high frequency resonance centered around 1405 cm−1 and
higher can be attributed to the presence of less organized
turbostratic BN (t-BN),44,45 in comparison to well-organized h-

BN. A defect of t-BN leads to large disturbance of a B−N bond
that leads to a blue-shift of the phonon absorption. The
modification of BN bonds by a defect is local, within a short
range, as indicated by the near-field imaging of Figures 1f and
4c. Other possible explanations of the blue-shift of infrared
spectra, such as that a defect serves as a scattering center for
propagating surface phonon polaritons, are also possible but
unlikely since at some SPhP frequencies, SPhP scattering at the
defect site is not seen.

Implications of Polygonal Shape of BNNT for Nano-
Optical Applications. From the perspective of BNNT as an
optical material, the presence of twisting infrared absorbing
polygonal planes indicates that such polygonal BNNTs may
possess birefringence at the mid-infrared frequencies. More-
over, h-BN is found to be a hyperbolic material46 that has
special nanophotonic properties for wave guiding and field
concentration.47,48 Polygonal BNNTs contain planes of h-BN
that are hyperbolic materials. This enables the use of polygonal
BNNTs as a novel nanophotonic material.
The continuous distribution of surface phonon polaritons in

the polygonal BNNTs at 1426 and 1435 cm−1, as shown in
Figures 1g and 1h, means that the presence of the polygonal
planes does not affect the travel of the SPhPs along the BNNT.
This can be understood by the fact that SPhPs are a hybrid
between lattice vibrations and the bound electromagnetic field.
Adjacent polygonal BN planes share the same electromagnetic
near field of SPhP that efficiently transfers polariton energy,
and as long as the edges between two BN polygonal planes are
not dissipative, the SPhP will persist along the BNNT.
Moreover, at the SPhP active frequency, the edges of the
polygonal planes exhibit higher near-field signal, indicating
further field concentration of SPhP waves at the sharp edges in
addition to the field enhancement due to the presence of SPhP
(marked by white arrows in Figure 1g). This finding is made

Figure 4. Correlative study of a structural defect. (a) Topography of the BNNTs. (b) Adhesion to the BNNTs by AFM tip. The arrow marks a
structural defect that corresponds to a discontinuity of adhesion response from the nanomechanical measurement. (c) The near-field image taken at
1408 cm−1 shows a localized increase of infrared response at the structural defect location, marked by A. (d−f) Infrared spectra at locations A, B, and
C, marked in (c). The structural defect corresponds to an emergence of narrow line width absorption at 1405 cm−1. In contrast, immediate adjacent
location B lacks such responses, nor does location C.
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possible by the combined infrared near-field and nano-
mechanical measurements.
The polygonization of large diameter BNNTs also means

different chemical properties. For perfectly circular BNNT or
planar h-BN, boron and nitrogen atoms form sp2 hybrids. For
polygonal BNNT, at the edges, boron and nitrogen atoms have
not purely sp2 orbital hybridization. High-energy states of BN
and low band gap at the edges are possible, which means
potentially higher chemical and photochemical reactivity. Edges
also provide an opportunity for enhanced generation of desired
molecules, and species, which might be photoactive, and the
near-field technique can be used as a probe to investigate such
chemical reactions at the edges. It worth noting that the
polygonal cross-section of BNNTs may be rationally designed
by the synthesis method, which will require additional
investigation.

■ SUMMARY
The joint multimodal characterization with infrared spectro-
scopic and nanomechanical imaging enables correlative
investigations on inhomogeneous nanomaterials with tens of
nanometers spatial resolution. With such capabilities, we have
correlated the infrared signatures and mechanical responses of
the structural defects from individual boron nitride nanotubes.
In addition, large diameter BNNTs are found to be polygonal,
which provides for future opportunities to design mechanical,
chemically reactive, infrared field concentration, and hyperbolic
optical properties based on BNNTs.
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