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2. Experimental Methods

Scattering type scanning near-field optical microscopy (s-SNOM) is an

effective tool for the nanoscale examination of nano-objects. In this paper, we
present a modified device setup that enables spectroscopic measurements
with a tunable laser, even without an FTIR (Fourier Transform Infrared)
spectroscopy add-on. We demonstrate the effectiveness of this setup by
measurements on boron nitride nanotubes (BNNTSs). In far-field absorption
measurements, BNNTs have a characteristic peak around 1375cm ' due to
a phonon polariton mode. This peak is also visible in near-field measure-
ments along with several other peaks that are not present in the far-field
spectrum. As these peaks are caused by local defects, their spatial
distribution reveals the defect structure of individual nanotubes.

1. Introduction

Scattering type near-field optical microscopy (s-SNOM) is an
effective tool to create optical maps of nano-objects. The high
spatial resolution is achieved by utilizing the near-field
interaction between a substrate and an illuminated, metal-
coated AFM (atomic force microscope) tip serving as a
nanoantenna. Since the spatial resolution of such maps is
limited only by the radius of the AFM tip (up to 10nm), the
s-SNOM method is especially useful for optical mapping of
single nano-objects whose dimensions are below the Abbe
limit.™ The near-field method was successfully used to observe
collective excitations in graphene,” topological insulators,!
carbon and boron nitride nanotubes!**! and spatial or temporal
material variations in black phosphorus!® and different kinds of
alloys.”’

Besides spatial variations at a single wavelength, obtaining
a spectrum over a wider frequency range is equally important.
Here we present a solution for a multi-frequency scanning
measurement setup, using a tunable infrared (IR) laser. Its
effectiveness is showcased with measurements on multi-
walled boron nitride nanotubes and mapping their defect
structure.
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Purified boron nitride nanotubes were
acquired from the group of Andrei
Khlobystov (University of Nottingham) as
white powder.”) The powder was dissolved
in isopropanol by ultrasonication for 5 h,
creating a suspension of approximately
1m/m%. This suspension was either
spincoated (2500 rpm, 60s) or dropcasted
upon a clean Si substrate. The sample
prepared this way consists of separated
BNNTs throughout its surface, making the
AFM measurements straightforward. A
map of a typical multi-walled BNNT is
presented in Figure 1.

The s-SNOM device (Neaspec GmbH!) is composed of an
AFM and an optical apparatus (lasers and mirrors) that properly
illuminates the metal-coated AFM tip. The incident radiation
causes a near-field interaction between the AFM tip and the
studied object. When the thickness of the inspected object is in
the order of a few nanometers, the substrate also participates in
the interaction. Thus substrate-enhanced scattering can also be
achieved.'” The optical information is then carried by the
scattered electromagnetic radiation to an MCT detector
(Figure 2).

Modifying the s-SNOM setup for spectroscopic measure-
ments requires two steps. First the computer control of the
illuminating laser has to be set up. The laser controller is able to
communicate with a computer through a GPIB port. Commu-
nication and remote control of the tunable laser was achieved by
a dedicated Labview program.

The second step is properly setting the modulation
amplitude of the vibrating mirror. Our s-SNOM device uses
the pseudo-heterodyne detection method to minimize the
amount of background scattering coming from sources other
than the near-field interaction. In the pseudo-heterodyne
detection,® the weak near-field signal is amplified by a
reference beam that is phase-modulated by a vibrating
mirror. Since the detected signal is the intensity of the
incident electromagnetic field on the detector, this produces
an output signal with a component that is periodic in both
the AFM tip vibration (£2) and the mirror vibration (M). This
means that the Fourier transform of the detected output
signal has peaks at frequencies n{2 + mM where n and m are
integers.

The optical amplitude (s,) and phase (¢,) are calculated from
peaks C;; and Gy, (n=2, m=1,2) as follows:
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Figure 1. a) AFM topography image of an individual multi-walled boron nitride nanotube. The blue line indicates a cross-section along which the height
profile (shown on b) was taken.
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Figure 2. Schematic diagram of the s-SNOM device. The reference beam =, 02
(Er) is phase modulated in a Michelson interferometer (D — detector, ’é\ oAl
DAQ - Data Acquisition Board). This detection technique is called the g
pseudo-heterodyne detection method.®! = 0
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s-SNOM controller interferometer Figure 4. Measured optical (n=2, m=1,2) amplitude and phase
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Figure 5. Far-field and near-field infrared absorption of boron nitride
Figure 3. a) The original setup of the s-SNOM device. b) The modified  nanotube. The near-field absorption values were calculated according to
setup. Egs. (6)—(8).
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Figure 6. Absorption values along an individual multi-walled BNNT at
1375cm ™. The absorption is relatively uniform along the nanotube,
without large deviations.

52 = /| Caa|? +|Caz| 2, (1)

¢, = arctan| 2’1’ . 2)

The amplitude and the phase become independent when the
vibrating mirror amplitude is set correctly. This is a consequence
of the fact that the measured electromagnetic field is periodic in
frequency M:

E= Z pmeith (3)
m=—00

where

P X I 4)

where Wy is the phase offset caused by the optical path difference
between the two arms of the Michelson interferometer. Since

anm X G'TAnp;Fn + OT,nPms (5)
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Figure 7. Absorption values along an individual multi-walled BNNT at
1430cm ™. The absorption is highly position dependent.

where o, is the nth component of the total scattering cross-section
oT, C,, »is also proportional to the mth Bessel function J,,,(y) where
yis the so-called modulation depth, related to the amplitude of the
vibrating mirror: y = Z%Amirror where 1 is the wavelength and
Anirror is the amplitude of the vibration. Calculation of the optical
amplitude and phase is the simplest if the modulation depth is set
so that J1(y) = Ja(y), which yields y=2.63.

Since the modulation depth is dependent on the wavelength,
this means that it has to be reset at every wavenumber. This is
achieved by controlling the piezo actuator of the vibrating mirror.
In the original setup a built-in signal generator produces the
sinusoid signal of the mirror with the correct frequency, which is
then amplified to the 150V piezo driving signal. In our setup, we
use a signal generator (Stanford Research DS345) for amplitude
modulation of the generator signal. By remote controlling the
signal generator by the same Labview program mentioned
above, we can control the piezo signal and thereby the amplitude
of the vibrating mirror. A simplified diagram of the setup is
presented in Figure 3b.

3. Results and Discussion

The infrared spectrum was taken across several line sections
along a single boron nitride nanotube in the wavenumber range
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1320-1440cm ™! (only limited by the capabilities of our laser),
with 2 cm ™" step (Figure 4). The optical data of the nanotube can
be interpreted only as contrast respective to the substrate. The
contrast amplitude and phase can be calculated from the optical
data acquired when the tip is on top of the nanotube (s e and
¢2.mpe) and when it is at a distance from it, on the substrate
(52,subs and ¢2,subs) as

52, tub:

$2 norm = == (6)
52 subs

and

¢21norm = ¢21tube - ¢2.subs- (7)

From the acquired optical amplitude and phase (n=2,
m=1,2), absorption values are calculated as follows:

A =5, sin ¢,. (8)

The calculated absorption spectrum across every section
shows a characteristic peak around 1375cm ', in very good
agreement with the far-field absorption measurements, and is
attributed to a phonon polariton mode (Figure 5).!'” This peak is
present at every position along the nanotube as shown in
Figure 6.

Additional peaks are also observable, but both the intensity
and the position of these peaks are very strongly dependent on
the position of the tip along the nanotube. The strong position-
dependent behavior of these artifacts suggests that they are
connected to local defect modes due to scattering on surface
defects. This defect structure of the examined BNNT is
presented in Figure 7.

It is expected that the defects are mainly introduced by the
purification and opening procedure of the nanotubes, thereby
located mainly on the outermost tubes. Since the near-field
penetrates into the multi-walled nanotubes several tens of
nanometers deep, it is not possible to map the defect structure of
the outermost tube until a single-walled sample is available.
Although near-field tomography is capable of determining the
subsurface structure of certain samples,'*! in this case the radii
of the nanotubes are too small for the reliable application of the
method.

4, Conclusion and Outlook

We showed that spectroscopic measurements with a near-field
microscope are possible with modification of the measurement
setup. We presented measurements on multi-walled boron nitride
nanotubes, on which we were able to detect the characteristic
phonon polariton peak around 1375cm™'. Furthermore, we
showed that it is possible to map the defect structure of the multi-
walled BNNTs which shows the distribution of the local defect
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modes. Itis an interesting question whether the different layers of
tubes can be distinguished or if there is interaction between the
layers of the multi-walled tubes. The answer will be possible to
obtain if the signal-to-noise ratio can be further improved with the
development of the measurement setup.
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