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ABSTRACT

Arc-discharge synthesized multiwalled carbon nanotubes (AD-MWNT), or related MWNTs, exhibit a good quality compared to the more
common type of MWNT synthesized by catalytic chemical vapor deposition methods. Yet experimental measurements on these are rather
few and typically have not correlated data from different measurement techniques. Here, the authors report Raman spectroscopy, scanning
probe microscopy, conductivity measurements, and force microscopy on single AD-MWNTs. The results demonstrate the high quality of
AD-MWNTs and are compatible with the view of them as the best approximation of MWNTSs as an assembly of defect-free concentric indi-
vidual single-walled carbon nanotubes. The authors also demonstrate conductance measurements over a step on the surface of an AD-
MWNT, which is due to an abruptly broken outer layer(s), whereby the interlayer resistance is measured.

Published under license by AVS. https://doi.org/10.1116/6.0000187

I. INTRODUCTION

The first carbon nanotubes studied in the pioneering work of
lijima in the early 1990s' were multiwalled carbon nanotubes
(MWNT) synthesized by the arc-discharge method (AD-MWNT).
These were soon accompanied by single-walled carbon nanotubes
(SWNTs), on which most of the worldwide research interest has
mostly been directed. Among MWNTs in general, those synthe-
sized catalytically by CVD methods (“CCVD-tubes”) have attracted
much more interest than AD-MWNTSs due to the fact that their
fabrication is relatively easy to scale up,” while the arc-discharge
method conveniently produces only laboratory scale amounts.
Moreover, AD-MWNT material is, due to the synthesis method,
severely intermixed with amorphous carbon material, the removal
of which usually brings degradation of the AD-MWNTs.™" Due to
these circumstances, there are still relatively few thorough works on

the properties of the AD-MWNTs. The difference to CCVD-tubes
has partly been staked out, though not systematically. First, it is
usually very apparent: AD-MWNTs have a straight geometry as
opposed to the intrinsically curved CCVDs. It has been shown that
AD-MWNTs have a much higher Young’s modulus than CCVDs.™
Raman spectra in CCVDs exhibit a strong defect-induced D-band,
which is weak or negligible in AD-MWNTs.”® AD-MWNTs have
been shown to exhibit in their electronic transport properties if
the diameter is sufficiently small (<20 nm), a clear division into
semiconducting and metallic cases, which is much more obscured
in CCVDs.”

Transmission electron microscope (TEM) images of MWNT's
occasionally reveal an abruptly ending single layer within the multi-
shell structure.'’ Especially, if a rupture happens to be in an outer
layer, it is visible as a step with the height corresponding to the
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intershell distance. A ruptured outer layer (or several layers) offers
the possibility of nano- or microscale telescoping action, that is, the
sliding of the inner layers in and out from the outer layers. For
larger diameter nanotubes, this has to our knowledge been demon-
strated solely in AD-MWNTs.' "' Similarly, intershell conductivity
is a potentially much more interesting topic in AD-MWNTs, for
example, because one can expect the question of commensurable or
incommensurable adjacent shells'* to be entirely relevant in these
well-ordered tubes. AD-MWNTs, in particular, have the potential
for a variety of engineered structures if one could introduce well
defined local single defects into them, since the effect of such a
local defect, e.g., to the electronic structure, is not obscured by
other defects in the vicinity.

AD-MWNTs have then been studied to some extent but they
typically include only one or two experimental techniques on a
given batch. Therefore, an investigation that combines several tech-
niques on individual tubes and enables us to firmly correlate
between the different data types is to our knowledge still missing.
Moreover, the characteristics of MWNTSs with steps, resulting from
broken outer layers have not been studied in connection with a
general characterization of the MWNT quality. In this work, we
have studied single AD-MWNTSs with Raman spectroscopy, high-
resolution scanning tunneling microscopy (STM), field-effect con-
ductivity measurements, and nanomechanical probing with atomic
force microscopy (AFM). The former two techniques probe the
structural quality of the MWNT while the latter two the physical
properties that depend on these qualities. We mainly study the
nondefective cases but also some with a broken outer shell. Our
results demonstrate the high quality of AD-MWNTSs. Moreover,
broken outer shells may be interesting engineering features in
AD-MWNTs, as we show by measuring a distinct resistance over
the step formed by them on the outer diameter of an AD-MWNT.

Il. EXPERIMENT

AD-MWNTs were obtained from MER Corp. (USA) or
Sigma-Aldrich. Another type was obtained from a collaborating
group in Japan.'* These contained amorphous carbon particles but
no catalyst. A powder of the AD-MWNT material was dispersed in
1,2-dichloroethane, and the resultant suspension was sonicated for
approximately 10 min. This dispersion was deposited via spin
coating on the substrates. The substrate for MWNT deposition was
Si/SiO,. For the conductivity and Raman experiments, it had pre-
fabricated marker structures. For the STM experiments, the sub-
strate was Au/mica. In substrates with marker structures, selected
MWNTs (as clean as possible) were located with respect to the
markers with an AFM (Bruker Dimension 3100), which also was
capable of detecting broken outer layers. For the conductivity mea-
surements, two or more microelectrodes were fabricated on the
selected individual MWNT's with conventional e-beam lithography.
The microelectrodes (and associated bonding pads) consisted of a
2nm thick sticking layer of titanium and approximately 30 nm of
gold. For the nanomechanical experiments, on the Si/SiO, substrate
multiple 200nm deep, and a few hundred nanometers wide
trenches were etched so that they covered a wide area of it. A few
MWNTs could then be found that crossed at their middle section
over the trench, which then was suspended.
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For the STM studies, procedures that are common for these
experiments were followed. Cleaved mica substrates were coated
with an epitaxially grown 140 nm thick Au(111) film that was
annealed at 530 °C, which produced a mesa-kind of structure with
a locally atomically flat surface. Upon AD-MWNT deposition,
such a density of deposited individual tubes was chosen, which
would enable imaging them within the 1-um scan range of the
STM operating at low temperatures. Prior to STM measurements,
the sample was annealed in ultrahigh vacuum (UHV) at tempera-
tures of about 700 K to remove surface contamination due to
exposure to ambient conditions."”

Resonant Raman spectra from individual AD-MWNTs, local-
ized on the substrate with respect to the marker structures, were
excited with an Ar ion laser (514 nm/2.41 eV) and recorded using a
single monochromator Renishaw InVia Reflex spectrometer,
equipped with a notch filter and CCD detector. All experiments were
performed in the backscattering geometry under ambient conditions.
A 100x microscope objective was used for focusing of the laser beam
and collection of the scattered light. The laser spot had a diameter of
~1 pm at the sample with a power density of ~10® W/cm®.

Three-terminal conductance measurements are performed by
applying dc voltages (Vps) from a voltage source (Yokogawa) to the
AD-MWNT device electrodes and measuring the current (I) using
a low noise current amplifier (Ithaco).” The samples were cooled to
42K in a bath cryostat. The current was kept below 1A to avoid
self-heating and damage to samples. A backgate voltage (Vi) is
applied from a highly doped silicon substrate.

STM measurements are performed in a low-temperature
UHV STM setup at temperatures of 78 K or 4.5K (Omicron
Nanotechnology, base pressure in the 107''mbar range).
Operating the STM at cryogenic temperatures results in consider-
ably more stable tunneling current and reduced thermal drifts.
Electrochemically etched W tips that are cleaned in situ'® are
used. STM topographic imaging is performed in constant current
mode. The bias voltages are applied to the sample while the STM
tip is virtually grounded. Image processing was performed by
Nanotec wsxm.'”

We have previously developed an instrument that joins STM
and AFM with electron microscopes.m Here, we have used the force
sensor'” inside a scanning electron microscope (SEM) in order to
characterize the mechanical behavior of single MWNTs. The SEM
is a LEO 1530 with a field emission gun and an optimum beam size
of around 2 nm, which allows for accurate determinations of the
nanotube diameters.”’ The force sensor was calibrated by pushing
against a calibrated AFM cantilever from MikroMash, and the setup
has been described previously in Ref. 21. Using the SEM, we are
then able to position the force sensor over individual, suspended
MWNTs, and measure their mechanical response.

Ill. RESULTS
A. Raman spectroscopy

Raman spectroscopy studies were performed on 27 individual
AD-MWNTSs having broad ranges of outer diameters (from 3.9 to
17.5nm) and lengths (from 1 to 4um), estimated by the AFM
technique. Overall, 19 nanotubes were in resonance at 514 nm exci-
tation wavelength. Raman spectra for the most representative of
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FIG. 1. D- and G-band ranges of Raman spectra measured at 514 nm excitation wavelength for (a) three individual AD-MWNTs with Ip/lg < 0.05 and with outer diameters
48, 8.3, and 17.1 nm; (b) three individual AD-MWNTs with 0.05 < Ip/lg <0.20; (c) experimental distribution for Ip/lg values in the investigated AD-MWNTs. The Raman
spectra of the most representative nanotubes from the first bin are shown in Fig. 1(a) while those from the second, third, and fourth bins are displayed in Fig. 1(b) from top

to bottom, respectively. The gray area represents typical values for CCVD-MWNTs.

them are shown in Figs. 1(a) and 1(b) with the subtracted Si/SiO,
substrate response. No radial breathing-like modes were detected at
the given excitation wavelength (not shown). The intensity ratio Ip/
I between the defect-induced D- and tangential G-modes is less
than 0.05 for 13 out of 19 AD-MWNTs [Fig. 1(a)] while for the rest
is lying in the range from 0.07 to 0.16 [Fig. 1(b)]. The experimental
Ip/Ig distribution can be best fitted by the half-normal function, as
illustrated in Fig. 1(c) by the black curve with the center at 0 and
standard deviation ¢ =0.047. The gray area in Fig. 1(c) represents
typical values of Ip/Ig measured in CCVD-MWNTs. >

B.STM

The inset of Fig. 2 presents a typical example of a fragment of
the STM topography image of an AD-MWNT with
d=3.9£0.1 nm deposited on an Au(111) surface. The main figure
presents a high-resolution close-up view. Image processing [wsxm
(Ref. 17)] is used to minimize the height variation related to the
cylindrical curvature of the tube. This way, the height variations
related to the atomic structure of the AD-MWNT can be better
resolved. The technique described in Ref. 25 is used to determine
the chiral indices of the outer shell of this AD-MWNT. The chiral
indices are determined to be (33,24). According to this, the shell
would be metallic. We note that practically all 17 obtained atomic
resolution STM topography images of different AD-MWNTs do
not reveal any defects in the atomic structure of their outer shells.

C. Nanomechanical measurements

The nanomechanical characterizations were performed on
AD-MWNTs that were suspended over trenches in the Si/
SiO,-substrates, as shown in Fig. 3. The samples were first imaged
perpendicular to the SEM beam in order to accurately determine
the diameter and suspended length of the nanotubes. In order to
image the very tip of the force sensor, the geometry was altered
such that the SEM beam came in at a shallow angle toward the

substrate while the sensor and sensor tip are moved perpendicular
to the substrate during force curves. The inset of Fig. 3 shows an
individual nanotube in contact with the force sensor. A typical
force versus distance curve is shown in Fig. 4. The red curve
(forward, color online) shows the very first force curve obtained
from this nanotube while approaching the surface, and the blue
curve (reverse, color online) is the retraction to the starting point.
Though we will not in this article dwell more deeply in this, one

FIG. 2. STM image of an AD-MWNT acquired with atomic resolution. Inset: a
larger scale STM image on which is indicated the region from which the main
image was acquired.
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can in Fig. 4 identify several linear regions separated by abrupt
drops in the force that appears when the nanotube slips against the
sample.”®

D. Conductance measurements

Figure 5(a) shows an AFM image of a typical single
AD-MWNT with fabricated microelectrodes. The current versus
gate voltage characteristics (I versus Vg or “gate curve”) of the
majority of the samples exhibit a slight transport gap already at
room temperature, as we show later below in connection with
Fig. 8. Upon cooling, the transport gap accentuates. In practice,
all the samples have a maximum conductance at negative gate
voltages.” Using the vocabulary of transistor devices, this corre-
sponds to the minimum On-state resistance Ryy of the device.
In metallic or quasimetallic samples, though, the conductance
variation is almost negligible. We have recorded the Ryy of a
large number of AD-MWNTSs with different interelectrode spac-
ings (L) and tube diameter (D), as is shown in Fig. 5(b). The
figure shows Ry versus L, for different values of D, in the
range of 2-8 nm.

40 [ T T T
; ¢ Force forward
30 - * Force reverse i ]
ot //// /fc//
f;/ 20E /
2 10} ]
P
o !

-50 0 50 100 150
Position (nm)

FIG. 4. Applied force versus the position of the force sensor during approach
(red, left curve) and retraction (blue, right curve) from the surface.
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FIG. 3. (a) SEM image of the sub-
strate  with an individual nanotube
bridging across one of the trenches in
the sample (electron beam perpendicu-
lar to the substrate). (b) An SEM
image of the force sensor in contact
with the suspended nanotube [the
same tube as in (a) but with the elec-
tron beam at a shallow angle to the
substrate].

AFM and STM images of AD-MWNTs reveal the occasional
apparent step in the tubes from the material we use. An AFM
image of an AD-MWNT with presumed one or more discontinu-
ous outer layers is shown in Fig. 6(a). In turn, an STM image of a
similar height discontinuity is shown in Fig. 7(a) with a much
better accuracy. The rupture of an outer shell is visible as a step
with the height corresponding to the intershell distance of 0.34 nm
which is presented by the topography profile in Fig. 7(b).

We aimed to measure the resistance of the apparent step in
the AD-MWNT in Fig. 6. For this purpose, the tube had four
microelectrodes fabricated onto it so that the four electrodes divide
it into three measurable sections called A, B, and C with the inter-
electrode spacing, L, around 0.75um (see the inset in Fig. 8). The
middle section B contains the step while sections A and C measure
over smooth sections but of slightly different diameter and then
different shells to which the electrodes connect.

60 |
b)
50+ .
[ ]
S 40t ) A A
<
Z -
D:E 30 ) v “ Al A
_ x ----- - |
BL e a
10b---""" |
300 K
0 . | | I
0,0 0,5 1,0 15 20
L [um]

FIG. 5. (a) AFM image of MWNT with two electrodes (image size 2 um). (b)
Minimum on-state resistance Ryyy at 300 K, as a function of L and for different
D, indicated in the inset. The dotted line is explained in the text.

J. Vac. Sci. Technol. B 38(4) Jul/Aug 2020; doi: 10.1116/6.0000187
Published under license by AVS.

38, 042804-4


https://avs.scitation.org/journal/jvb

IJVST B ARTICLE avs.scitation.org/journalljvb

Journal of Vacuum Science & Technology B

20 40 B0 &0 100 120 140 160 nm

FIG. 6. (a) AFM image of an AD-MWNT section with a step. The step (and the thicker section) is just above the middle line. (b) Height profiles across the tube along the
lines in the image (a).

Figure 8 shows conductance measurements across the three the negative gate voltages, as we discussed earlier. The smooth sec-
sections A, B, and C. The data include current I at constant bias tions A and C exhibit semiconducting behavior with transport gaps
voltage, and as a function of the gate voltage Vg, taken for each of different strengths. As expected, at lower temperatures, the trans-

section at room temperature and at 4.2 K. In both cases, Ry is at port gap becomes more prominent.

In section B, the behavior of the transport gap is intermediate
between these two, but of main interest, in this case, is rather the
a) ON-state resistance at both positive and negative gate voltages, which

is almost an order of magnitude larger than in the other two sections.

IV. DISCUSSION

We can make rather immediate conclusions from the STM
and Raman spectroscopy data. The STM data (Fig. 2 and other

107 T T T T

108

5_510-9
0.51 :
0.34 - o) o
E 3
o 3
> 0.17 -
10—11 Il 1 L 1 1
i -20 -10 0 10 20
0 Ve (V)
0 2 4
X. nm FIG. 8. Current (/) vs gate voltage (Vi) data of three different sections A, B,
’ and C of the tube in Fig. 6(a), as is explained in the main text, and are sche-
matically indicated in the insert in the lower right corner. Section B thus contains
FIG. 7. (a) STM image of an AD-MWNT fragment with a discontinuous outer the step. The gate curves have been measured at room temperature and at
shell. (b) Height profile along the dashed line in (a). 4.2 K. In each case, the 4K-curve is the one with a deeper transport gap.
J. Vac. Sci. Technol. B 38(4) Jul/Aug 2020; doi: 10.1116/6.0000187 38, 042804-5
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samples) revealed a defect-free atomic structure of the outer layer
of the AD-MWNT. In the Raman spectra, the D-band intensity,
which is closely associated with the disorder, is small and is sub-
stantially lower than what was observed for CVD-grown MWNTs
and MWNT bundles in the literature [Ip/Ig from 0.5 to 1 as shown
by the gray area in Fig. 1(c)***].

The STM and Raman data give a direct measure of structural
quality. In our case, the observations with these techniques point
out a low density of defects and thus the high structural quality of
the studied individual AD-MWNTs. The conductivity and nano-
mechanical measurements, on the other hand, should be a measure
of the effect of the defectiveness on these properties. In other
words, the low density of defects that the previous two measure-
ment techniques imply would suggest values for the conductive
and mechanical properties that are not too far from those expected
for ideal MWNTs.

First, we look at the mechanical measurements. In order to
obtain an estimate of Young’s modulus from the force curve in
Fig. 4 we need to make a few assumptions and simplifications
regarding geometry and clamping. From SEM images, we find that
the tubes are straight with long supports on both sides of the
trench, we can then approximate the geometry as a double clamped
beam without any pretension in the beam. The adhesion points are
considered as fixed (up until the first slip), and we can use the
slope of the first linear region in order to get an estimation of
Young’s modulus,”’ which provides a lower estimate of the
modulus, as the clamping is not involving the whole circumference
of the tubes.”

From the slope in the force curve in Fig. 4, we get an “effec-
tive” force constant (k.4) that contains contributions from both the
flexible force sensor (k;,) and the nanotube (kcyr). The contribu-
tion from the nanotube can be obtained from

keﬁr
_ 1
1= Cheg ) W

kent =

Using the initial slope in the force curves and the nanotubes
dimensions from SEM images, we then obtain an estimated
Young’s modulus value of about 460 + 110 GPa. This value is much
higher than what is typically seen in CVD-grown materials and is
comparable to previous measurements of AD-MWNTs.”

The minimum resistance Ry at room temperature of a large
number of samples is shown in Fig. 5(b), in which the data exhibits
both diameter- and length-dependence. Devices with smaller D
have a somewhat higher Ry;y at 300 K but overall the diameter
dependence is rather small, which is consistent with the assump-
tion of single-channel transport via the outer layer. The existing
D-dependence is likely to be connected with a higher contact resis-
tance, as the formation of reliable contacts becomes more challeng-
ing with decreasing tube diameter.

The Ryn values range within 13-170 kQ but most are closer
to the dotted line, which indicates the lower boundary for Ryy as
a function of L. This line illustrates that Ry increases as the
length L increases on the micrometer-scale. Electronic transport
that occurs in one-dimensional channels have in the ballistic limit
the quantized resistance for single shell carbon nanotubes as

ARTICLE avs.scitation.org/journalljvb

h/4e® = 6.5kQ."” In Fig. 5, the modest L dependence is indicated by
the dotted line, which can be fitted to the formula,

R(L) = R¢ +pL, @)

where Rc=10.0kQ and p =6.4kQ/um. The formula expresses the
resistance as composed of the contact resistance (Rc) and a one-
dimensional resistivity (p). At L=0, the line extrapolates to Rc
which is only a little larger than the ballistic limit. The obtained
value for p is similar to what is typically observed in “normally
defective” SWNTs (Ref. 2) and compares reasonably well with
reported values for AD-MWNTSs.”” The small resistance for most
of the samples strongly suggests a small concentration of defects
and a relatively large mean free path, on the order of a few 100 nm,
even approaching the micrometer-scale. Thus, both the nanome-
chanical and the transport measurements indicate a high crystallin-
ity of the material

Perhaps the most dramatic ramification of a high-quality
MWNT is the telescopic action whereby one or more of the few
outer layers are abruptly broken and the inner layers can slide out
from the tube, as was mentioned in Sec. I. These experiments have
(typically) been arranged with a micromanipulator that approaches in
free space the free end of a single AD-MWNT, protruding from some
substrate. With some extra effort, the interlayer resistance has also
been measured, as both the substrate and the manipulator probe con-
nection can be conductive.'"'* However, this configuration has poor
possibilities to include an efficient gate voltage coupling.

The interlayer conductance has also been measured with the
conventional conductance measurement configuration shown in
Fig. 5(a), on tubes with an intact shell structure and multiple elec-
trodes connecting to the outer shell. To explain the idea, consider
four consecutive electrodes labeled 1, 2, 3, and 4. Then, a voltage
applied in electrode pair 1-2, can due to the extreme conductive
anisotropy resulting from the shell structure (especially in
AD-MWNTs), lead to a so-called nonlocal voltage arising in the
electrode pair 3-4. With this method, Bourlon et al.”” estimated an
intershell resistivity of approximately 10 kQ/um in AD-MWNTSs of
diameter 17 nm.

To our knowledge, a measurement of the type demonstrated
in Fig. 8 has not been reported previously. The Ry value for the
sections on either side of the step, A and C, is around 20 kQ. The
Ryn value for section B is around 100 kQ that is about one order
of magnitude larger than the value in the above mentioned work of
Bourlon et al., which most closely resembles our configuration. We
consider this difference to be both consistent and interesting.
Namely, the previous report involved an AD-MWNT of a much
larger diameter (17 nm) than in our sample of diameter 4-5nm.
An intershell resistance that increases with decreasing diameter can
be expected although theoretically, this detail is to our knowledge
still a rather unexplored topic. Our results in this tedious experi-
mental work so far only include this one sample.

V. SUMMARY AND CONCLUSIONS

We have performed various measurements on arc-discharge
synthesized MWNTSs that quantify their structural and the resulting
physical properties from different angles. The results confirm the
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high quality of this type of tubes and that their structure is reason-
ably close to the ideal picture of defect-free, concentric SWNTs.
We have also studied the case of MWNTSs with an abruptly broken
outer layer. The interlayer conductance measurements over the step
due to the broken outer layer enhance the viewpoint that in high-
quality tubes certain local defect structures can be very useful.
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