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Abstract—Techniques are developed to determine the resistance per unit length and the electrical resistivity
of vertically aligned carbon nanotubes (VA CNTs) using atomic force microscopy (AFM) and scanning tun-
neling microscopy (STM). These techniques are used to study the resistance of VA CNTs. The resistance of
an individual VA CNT calculated with the AFM-based technique is shown to be higher than the resistance of
VA CNTs determined by the STM-based technique by a factor of 200, which is related to the influence of the
resistance of the contact of an AFM probe to VA CNTs. The resistance per unit length and the electrical resis-
tivity of an individual VA CNT 118 £ 39 nm in diameter and 2.23 £ 0.37 um in height that are determined by
the STM-based technique are 19.28 + 3.08 kQ/um and 8.32 + 3.18 x 10~* Q m, respectively. The STM-based
technique developed to determine the resistance per unit length and the electrical resistivity of VA CNTs can be
used to diagnose the electrical parameters of VA CNTs and to create VA CNT-based nanoelectronic elements.

DOI: 10.1134/S51063784215070026

INTRODUCTION

Owing to a unique combination of electrical,
mechanical, and geometric properties, vertically
aligned carbon nanotubes (VA CNTs) are widely used
to create promising nanoelectronic devices, such as
field-emission emitters, transistors, memory ele-
ments, and interconnections [1—3]. As a rule, the
main properties of VA CNTs that determine the
parameters of such devices are electrical resistivity and
resistance per unit length. It is difficult to determine
these VA CNTs parameters by standard methods
because of the vertical orientation of nanotubes and
their high aspect ratio. For example, the two- and
four-probe methods that are widely used to study the
electrical properties of microstructures need contact
pads several microns in size at the top of a VA CNT
array, which significantly limits the possibilities of
application of these methods to determine the electri-
cal parameters of individual vertically aligned nano-
tubes because of their small sizes [4]. The problems
related to the development of new techniques of nan-
odiagnostics to determine the electrical parameters of
vertically aligned nanotubes become challenging due
to the necessity of controlling and studying the electri-
cal parameters of individual VA CNTs and construc-
tion and device elements based on them and due to the
requirements of developing the metrology of nano-
technologies.

Scanning probe microscopy (SPM), which can be
used to measure the /—V characteristics of nanotubes,

is a precision method for studying the electrical prop-
erties of individual carbon nanotubes (CNTs) [5, 6].
This method does not require additional fixation of
VA CNTs and the formation of contact pads at their
top. However, when VA CNTs are studied by SPM,
difficulties related to the mobility of nanotubes during
contact with a probe and the formation of VA CNT
bundles in an applied electric field arise [6]. Moreover,
the determination of the electrical resistivity of CNTs
from the [—V characteristics obtained by SPM
requires an analysis of the measurement of /—V char-
acteristic and the related development of a technique
to find the electrical parameters of VA CNTs with
allowance for the specific features of SPM.

The purpose of this work is to develop an SPM
technique to determine the electrical resistivity and
the resistance per unit length of VA CNTs.

EXPERIMENTAL

A sample with a VA CNT array was grown by
plasma-enhanced chemical vapor deposition in a
multifunctional NANOFAB NTK-9 (NT-MDT, Rus-
sia) nanotechnology facility. VA CNTs were grown on a
silicon wafer containing catalytic nickel centers on its
surface. A 20-nm-thick titanium film was used as a lower
conducting and adhesion layer on the silicon wafer.

The geometric parameters of the VA CNT array
were studied by a Nova NanoLab 600 (FEI, the Neth-
erlands) scanning electron microscope (SEM). The
VA CNT diameter and height were 98 nm and 2.2 um,

1044



DETERMINATION OF THE ELECTRICAL RESISTIVITY

respectively, and the nanotube density in the array was
8 um~2 (Fig. 1).

The electrical properties of VA CNTs were studied
by an Ntegra (NT-MDT, Russia) scanning probe lab-
oratory by contact atomic force microscopy (AFM) in
the current spectroscopy mode and by scanning tun-
neling microscopy (STM) in the STM spectroscopy
mode at a distance of 0.5 nm between an STM probe
and VA CNTs. As the AFM probe, we used a commer-
cial cantilever with an NSG11/Pt platinum coating.
As the STM probe, we used a tungsten probe 52 nm in
radius, which was sharpened by an electrochemical
method [7]. To localize a probe at the top of VA CNTs,
we performed preliminary scanning of the array sur-
face using AFM in the tapping mode and using STM
in the dc mode. The AFM and STM images of the
VA CNT array are shown in Figs. 2a and 3a, respec-
tively. The VA CNT diameter was determined by pro-
cessing the AFM and STM images using the Image
Analysis (NT-MDT, Russia) software package
(Figs. 2b, 3b). During statistical processing of the
STM image by the Grain Analysis function, a cut
plane was drawn parallel to the vertices of VA CNTs in
order to determine the cross-sectional area and the
diameter of each nanotube cut by this plane (Fig. 3b).

The I—V characteristics of VA CNTs obtained by
AFM and STM spectroscopy are shown in Figs. 2¢
and 3c (solid lines), respectively. The scheme of mea-
suring the /—V characteristic of VA CNTs by contact
AFM is shown in Fig. 4a, and the scheme of STM
measurement is similar with allowance for the fact that
tunneling contact is formed between an STM probe
and VA CNTs.

The resistance of the probe/conducting layer/VA
CNT array/contact system was additionally measured
using the circuit presented in Fig. 4c to exclude the
resistances of the probe material, the conducting layer,
the contact, and the array of the nanotubes under it
from the total resistance of the probe/VA CNT/con-
ducting layer/VA CNT array/contact system. To mea-
sure this resistance, we preliminarily performed force
lithography of the VA CNT array by AFM using the
technique from [8]. Figure 5 shows AFM and SEM
images of the modified region in the sample. When
analyzing the AFM image by the technique described
in [8], we were able to find the average VA CNT height
(2.23 £ 0.37 um), which correlates with the results of
analysis of the SEM image (Fig. 1). Figures 2¢ and 3¢
show the /—V characteristics of the modified region
obtained by AFM and STM spectroscopy (dotted
lines), respectively.

RESULTS AND DISCUSSION

An analysis of the AFM image of the VA CNT array
taken in the tapping mode demonstrates that individ-
ual nanotubes are joined into bundles 320—650 nm in
diameter during mechanical interaction with the
AFM probe, which hinders the investigation of the
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Fig. 1. SEM image of a VA CNT array: (inset) top view.

electrical properties of individual nanotubes (Fig. 2a).
The mechanism of formation of VA CNT bundles and
the techniques of determining their geometric param-
eters when a VA CNT array is studied by AFM in the
tapping mode were described in [8]. Figure 2c (solid
line) shows the [—V characteristic of a bundle of
VA CNTs 612 nm in diameter consisting of eight indi-
vidual nanotubes. The VA CNT bundle has the follow-
ing two states of conduction: a high-resistance state
when the voltage changes from 0 to 10 V and a low-
resistance state when the voltage changes from 10 to
0V, which is associated with the resistance properties
of VA CNTs [9]. To determine the resistance of
VA CNTs, we used the /—V characteristic that corre-
sponds to the low-resistance state of the VA CNT bundle,
since no additional resistance related to the internal field
in nanotubes appears in VA CNTs in this case [9].

An analysis of the measurement of the /—V charac-
teristic of the VA CNT bundle showed that the AFM
probe/VA  CNT/conducting layer/VA  CNT
array/contact system can be represented by the equiv-
alent circuit shown in Fig. 4b. The total resistance of

this system Rﬁ)fM is

AFM AEM
Ry = Ry + Rypnaiessup + Rownate + Ry joungtes (1)
AFM
Ry " = Ry + Rentgme + Ronts + Renrsysub ?)
AFM
+ Ry + R,

where RQFM is the total resistance of the conducting
layer (R,,), the contact material (Ry,), the AFM

probe material (R;\FM ), the nanotube array under the
contact and the contacts to it (Rentyme + Ronts +
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Fig. 2. AFM study of a VA CNT array: (a) AFM image of a VA CNT array, (b) profilogram along a line, and (c) /—V characteristics

of (solid line) nanotube bundle and (dotted line) substrate.

RCNTs/sub); Rbundle/sub + Rbundle + Rp/bundle is the resis-
tance of the VA CNT bundle and the contacts to it.

. AFM AFM .
Resistances R, and R, = are determined by an

analysis of the linear segments of the /—V characteris-
tics obtained by AFM spectroscopy on the VA CNT
bundle and on the VA CNT array region modified by
force lithography (Fig. 2c). An analysis of the mea-
surement of the /—V characteristic of the modified
region in the VA CNT array showed that the AFM
probe/conducting layer/VA CNT array/contact sys-
tem can be represented by the equivalent circuit repre-

sented in Fig. 4d. Resistance RSFM is found to be
452 MQ on the assumption that the resistance of the
contact of the AFM probe with the metallic film of the
conducting layer meets the relations R, i, < R, tundies

R, 0 < Roundies and R, < Ryyngie/sub- Resistance

RﬁfM for the low-resistance state of the VA CNT bun-

dle is 533 MQ (Fig. 2¢). Therefore, the resistance of
the VA CNT bundle and the contacts to it is

AFM AFM
Rbundle/sub + Rbundle + Rp/bundle = Rtot - RO .

3)

Since VA CNTs are joined into bundles during an
AFM investigation (Fig. 2a), the resistance of one nano-

tube and the contacts to it (R/éEI\T/I ) can be written as
AFM AFM
Rlot - RO ( 4)
N bl
where N is the number of nanotubes in the VA CNT

bundle. According to Eq. (4), resistance Ré;¥ is

10.1 MQ. This VA CNT resistance is overestimated,
since it includes both the VA CNT resistance and the

AFM
RCNT =

TECHNICAL PHYSICS VWl. 60 No.7 2015
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Fig. 3. STM study of a VA CNT array: (a) STM image of a VA CNT array, (b) profilogram along a line, and (c) /—V characteristics
of (solid line) an individual nanotube at point 3 and (dotted line) substrate.

resistance of the contact of the AFM probe to the top
of the VA CNT bundle (R, ,,nq.) and the contact to the
conducting layer (Ryynaie/sun)- AS Was shown in [10], the
resistance of the contact of an AFM probe with a plat-
inum coating to the top of VA CNTs can reach several
hundreds kiloohms. It should also be noted that the
resistance of a VA CNT bundle differs from the sum of
the resistances of its individual nanotubes because of
the van der Waals interaction between CNTs [11].
Moreover, nanotubes in a bundle differ from each
other in the geometric parameters, which also affects
the resistance of VA CNTs determined by AFM spec-
troscopy.

To exclude the resistance of the contact of the
probe with the top of a VA CNT bundle (R, pyngie), We
performed similar measurements of the /—V charac-
teristic of VA CNTs by STM spectroscopy (Fig. 3). An
analysis of the obtained STM image of a VA CNT array
showed that (Fig. 3b), in contrast to the results shown
in Fig. 2a, the individual nanotubes are not joined into

TECHNICAL PHYSICS Ml. 60 No.7 2015

VA CNT bundles because of a low CNT density in an
array and the VA CNT diameteris 118 = 39 nm, which
makes it possible to study the electrical properties of
individual VA CNTs. Based on the /—V characteristic
of an individual VA CNT (Fig. 3c), we can conclude
that an individual VA CNT also has two states of con-
duction and that the /—V characteristic that corre-
sponds to the low-resistance state of VA CNT should
be used to determine the VA CNT resistance [9].

An analysis of the measurement of the /—V charac-
teristic of an individual VA CNT by STM showed that
the measurement system can be represented by the
equivalent circuit represented in Fig. 6a. The total

resistance of the system (RtS(,TM ) is

STM STM
Ro = Ry "+ Renrjsun + Ront + Rins (5)
STM

Ry = Rye + Rentgme + Ronts + Rentgsub 6)

s
+ Ry + RPTM,
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Fig. 4. AFM measurement of the electrical parameters of VA CNTs: (a) schematic of measuring the total resistance, (b) equivalent
circuit corresponding to Fig. 3a, (c) schematic for measurement without the resistance of a VA CNT bundle and the contacts to

it, and (d) equivalent circuit corresponding to Fig. 3c.

0 5

HFW mode det
10.00kV 5.1 mm 25.6 pm SE TLD 10000x

magt

Nova D-0182

pm
Fig. 5. VA CNT array after performing force lithography: (a) AFM image of a VA CNT array and (b) SEM image. (inset) Substrate

region without VA CNTs 1 x 1 um2 in size.
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Fig. 6. Equivalent circuits for STM measurement of the electrical parameters of VA CNTs: (a) total resistance and (b) without
regard for the resistance of an individual VA CNT bundle and its contact to the conducting layer.

where RgTM is the total resistance of the conducting
layer (Ry,), the contact material (Ry), the STM

probe material (R;TM ), and the nanotube array under
the contact and the contacts to this array (Renrgme +
Rents + Renrysun)» Which is determined by STM spec-
troscopy of the VA CNT array region modified by
force lithography; R, is the resistance of the tunnel-
ing contact between the STM probe and VA CNT. and
Rent + Rontysub 18 the total resistance of an individual
VA CNT and the contact between the VA CNT and the
conducting layer.

When determining the electrical parameters of
materials by STM, the authors of [12] showed that the
contribution of the resistance of the tunneling contact
decreases with increasing electric field and that it can
be assumed R,,, ~ 0 in a high field. Therefore, the total
resistance of an individual VA CNT and the contact to
the conducting layer can be written as

STM

Renr = Ry =Ry (7)

Resistance RtSOTM was determined from the /—V

characteristic recorded by STM spectroscopy for an
individual VA CNT, and it was found to be 108 k<2 for

the low-resistance state (Fig. 3c). Resistance R:TM
was determined using the equivalent circuit of mea-
surement at R, ~ 0 (Fig. 6b) and the /—V character-
istic recorded for the modified region in a VA CNT
array (Fig. 3c); it was found to be 41 kQ. Therefore,
the total resistance of an individual VA CNT and the

contact to the conducting layer is R&MT = 67 kQ
(Fig. 3b, point /).
To determine the transition resistance of the con-

tact of the VA CNT with the conducting layer
(Rentysun)» We measured the /—V characteristic of

TECHNICAL PHYSICS Ml. 60 No.7 2015

VA CNTs with a diameter D = 96, 118, 124, 132, and
157 nm (Fig. 3b; points /-3, respectively). Resistance

Rg\% for these VA CNTs was calculated by Eq. (7); it
was found to be 67, 63, 47, 22, and 14 kQ, respectively.

Figure 7 shows R?;m versus 1/D. According to the

technique in [13], this dependence can be approxi-
mated by the function

0 = a,+ayx, ®)

where Q0 = Rzm /D, a,=pB/2, pisthe electrical resis-
tivity of VA CNT, B is a correcting coefficient, a*> =
4p./m, p. is the transition electrical resistivity of the
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Fig. 7. Rg\;\-/} /D vs. 1/D for determining the transition

resistance of the contact of a VA CNT to the conducting
layer.
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contact of the VA CNT with the conducting layer,
andx=1/D.

An analysis of the dependence of Rzm /Don 1/D
(Fig. 7) using the technique from [13] showed that
p.= 118.6 kQ nm? (1.186 x 10~ Q cm?). Therefore,
the resistance of the contact for the VA CNTs under
study changes in the range Renrjown = 4.1-12.8 Q.

STM . .
Thus, we have Renrsn < Reont and this resistance

weakly contributes to the resistance of VA CNTs deter-
mined by the STM technique.

With allowance for the geometric parameters of
VA CNTs, resistance per unit length 7 and electrical
resistivity p of VA CNTs are 19.28 + 3.08 kQ)/um and
8.32 £ 3.18 x 10~* Q m, respectively. These values of
resistance per unit length and electrical resistivity of
multilayer VA CN'Ts agree well with the data in [14, 15].

CONCLUSIONS

The electrical properties of VA CNTs were studied
by AFM and STM. Based on the obtained results and
using force lithography, we developed techniques to
determine the resistance per unit length and the elec-
trical resistivity of an individual VA CNT. When the
resistance of a VA CNT was determined by AFM, the
resistance per unit length and the electrical resistivity
of VA CNTs were shown to be higher than those
known from the literature, which is likely to be related
to the effect of the contact of an AFM probe to the top
of VA CNTs and the appearance of an additional resis-
tance in the measuring system. Moreover, it was shown
that VA CNT bundles form when preliminary scan-
ning is performed by AFM in the tapping mode in
order to position the AFM probe at the top of
VA CNTs. These bundles hinder the investigation of
the electrical properties of an individual nanotube.

When determining the resistance of an individual
VA CNT by STM, we were able to overcome these dif-
ficulties, since the resistance of the tunneling contact of
an STM probe with the top of VA CNTs
becomes insignificant at a voltage higher than 1 V
and weakly affects the total resistance of the STM
probe/VA CNT/conducting layer/VA CNT array/con-
tact system. Moreover, VA CNT bundles do not form
during preliminary STM scanning of the surface of the
VA CNT array under study. It was shown that the tran-
sition electrical resistivity of the contact of an individual
VA CNT to the conducting layeris 1.186 x 10°Q cm? and
can be omitted in determining the resistance of
VA CNTs. The values of the resistance per unit length
and the electrical resistivity of VA CNTs calculated by
the developed STM technique were found to be 19.28 +
3.08 kQ/um and 8.32 + 3.18 x 10~ Q m, respectively,
which agree well with the reported data.

Thus, the developed STM technique of determin-
ing the resistance per unit length and the electrical
resistivity of VA CNTs can be used to find the electrical

AGEEV et al.

parameters of an individual VA CNT without addi-
tional fixation of a nanotube and preliminary forma-
tion of contact pads to it. In addition, it can be applied
to diagnose the electrical parameters of VA CNTs and
to create nanoelectronic elements based on them.
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