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The jmain task’ of IEC technical committees is to prepare International Standards. In ex
circumstanges, a technical committee may propose the publication of a Technical Specifica

INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 2-4: Carbon nanotube materials — Test methods for determinat
of resistance of individual carbon nanotubes

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization coi
ngdtional electrotechnical committees (IEC National Committees). The object of IEC is to promote interr
ogeration on all questions concerning standardization in the electrical and electronic fields) Fo'this end and
to| other activities, IEC publishes International Standards, Technical Specifications{ Technical Repor

ion

nprising all
ational co-
in addition
s, Publicly

Ayailable Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)*).)Their preparation is entrusted

to| technical committees; any IEC National Committee interested in the subjectsdealt with may partici
preparatory work. International, governmental and non-governmental orgapizations liaising with the
pdrticipate in this preparation. IEC collaborates closely with the International Organization for StandardiZ
inlaccordance with conditions determined by agreement between the two organizations.

THe formal decisions or agreements of IEC on technical matters expfess; as nearly as possible, an ir
cgnsensus of opinion on the relevant subjects since each technical committee has representation from al
IEIC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC National
in|that sense. While all reasonable efforts are made to ensure-that the technical content of IEC Publications
IEIC cannot be held responsible for the way in which they are/used or for any misinterpretation by any end

In|] order to promote international uniformity, IEC /MNational Committees undertake to apply IEC H
transparently to the maximum extent possible in their_national and regional publications. Any divergence b
IE[C Publication and the corresponding national or, redional publication shall be clearly indicated in the latt

IEC itself does not provide any attestation _of ‘tonformity. Independent certification bodies provide
agsessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for a
cgrried out by independent certification bodies"

of|its technical committees and IEC.National Committees for any personal injury, property damage or other
arly nature whatsoever, whether direct or indirect, or for costs (including legal fees) and expenses arisin
pyblication, use of, or reliance upon, this IEC Publication or any other IEC Publications.

Attention is drawn to theiNormative references cited in this publication. Use of the referenced pub
inflispensable for the _correct application of this publication.

Attention is drawn, to~the possibility that some of the elements of this IEC Publication may be the subje
rights. IEC shall*not*be held responsible for identifying any or all such patent rights.
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the subject is still under technical development or where, for any other reason, there is the future

but no immediate possibility of an agreement on an International Standard.

Technical Specifications are subject to review within three years of publication to decide whether
they can be transformed into International Standards.

IEC TS 62607-2-4, which is a Technical Specification, has been prepared by IEC technical
committee 113: Nanotechnology for electrotechnical products and systems.
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text of this Technical Specification is based on the following documents:

DTS Report on voting
113/492/DTS 113/509/RVDTS

Full information on the voting for the approval of this Technical Specification can be found in the

repo
This

A lis
Key

The

rt on voting indicated in the above table.

document has been drafted in accordance with the ISO/IEC Directives, Part 2.

of all parts in the IEC 62607 series, published under the general title Nanomanuifg
control characteristics, can be found on the IEC website.

committee has decided that the contents of this publication will remainrichanged

cturing —

until the

stability date indicated on the IEC website under "http://webstore.iec.ch" in‘the data relafed to the
specijfic publication. At this date, the publication will be

—

pconfirmed,

e Withdrawn,

—

bplaced by a revised edition, or

e gmended.

tha
of i

IMBORTANT - The 'colour inside’' logo on the'cover page of this publication indig

t it contains colours which are considered to be useful for the correct understan
ks contents. Users should therefore print this document using a colour printer.

tates
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INTRODUCTION

Carbon nanotubes (CNTs) are one-dimensional conductors that exhibit a rich variety of
low-dimensional electric transport phenomena. Ballistic conduction is the typical nano-enabled
characteristic that possesses the largest potential for industrial application. In the field of
nanoelectronics, for example, CNT-based interconnects are a promising alternative to conventional
Cu interconnects. However, even in the academic research society, the resistive characteristics
have not yet been systematically investigated. This is because these characteristics are very
sensitive to the protocol and the measurement conditions. Furthermore, since the individual CNT
reaches the nanometre dimension, the contact resistance has a larger relative impact on the
measurement. These bottlenecks impede not only the above-mentioned interconnect application but
also [developments of various electrotechnical applications, such as thermoelectric deviceg in which
the glectrical resistance is required to evaluate the figure of merit.

This[document offers the accurate and reproducible test method for determiningithe resistance of
CNTl|and the dependability of the measurement.
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NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 2-4: Carbon nanotube materials — Test methods for determination

of resistance of individual carbon nanotubes

cope

This

part of IEC 62607 specifies the test method for determining the resistivity and ith

resistance of an individual CNT and the dependability of the measurement.

This

— 0

document includes:

utlines of the experimental procedures used to measure resistance-of’carbon nanotu

— methods of interpretation of results and discussion of data analysis;“and
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3.1

For

Ase studies.
Normative references

following documents are referred to in the text in“such a way that some or all of the
titutes requirements of this document. For dated’references, only the edition cited ap
ted references, the latest edition of the referenced document (including any ame
es.

52624, Test methods for measurement of electrical properties of carbon nanotubes

'S 80004-1, Nanotechnologies.—Vocabulary — Part 1: Core terms

IEC 62624 describes the general*procedures for characterization of CNT. For example, no environment
cifically required. On the otherhand, this document focuses not only on the characterization of the indi
so the reproducibility. To ‘ebtain the intrinsic nano-originated result and to measure up to the
irement, in-vacuum non-destructive measurements are indispensable, and therefore this
S 62607-2-4) is requirfed:

Terms, definitions, and abbreviated terms

Terms.and definitions

he purposes of this document, the terms and definitions given in ISO/TS 80004-1

follo

b contact

pes,

r content
blies. For
hdments)

Al condition
vidual CNT
lependable

document

and the

ving apply

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1.1
carb
CNT

on nanotube

nanotube composed of carbon

[SOURCE: ISO/TS 80004-3:2010, 4.3]
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3.1.2

single-wall carbon nanotube

SWCNT

single-walled carbon nanotube

carbon nanotube consisting of a single cylindrical graphene layer

Note 1 to entry: The structure can be visualized as a graphene sheet rolled into a cylindrical honeycomb structure.

[SOURCE: ISO/TS 80004-3:2010, 4.4]

3.1.3
multiiwall carbon nanotube
MWCENT

multi-walled carbon nanotube
carbpn nanotube composed of nested, concentric or near-concentric graphene shegts’with |nterlayer
distances similar to those of graphite

Note [ to entry: The structure is normally considered to be many single-wall carbon nanotubes (3.1.2) nesting jeach other,
and would be cylindrical for small diameters but tends to have a polygonal cross-section as‘the diameter incrgases.

[SOURCE: ISO/TS 80004-3:2010, 4.6]

3.1.4
devife under test
DUT
sample attached to an apparatus for evaluation of a specific physical property such as [electrical
resistance or /-7 behaviour

3.1.5
I-V dharacterization
measgurement of the current-voltage characteristic

Note [ to entry: In 4-probe measurement, Vis\the voltage drop between two inner probes.

3.1.6
4-probe measurement
methHod to measure the resistance of a material with large sample dimensions whose measured
value¢ is independent on the probe resistance

Note [ to entry: This ig7different from four-point probe measurement. With 4-probe measurement, the length |of the DUT
can bg varied withouticausing damage to the CNT under measurement by changing the distance of the inner two probes.

[SOURCE: IEC62607-2-1:2010, 2.1.6, modified — In the definition, "with large sample dimensions"
has been added.]

3.1.7
nanoscale contact resistance
electrical resistance associated with a nanoscale contact

[SOURCE: IEC TS 80004-9:2017, 3.1.9]

3.1.8

scanning electron microscope

SEM

intermediate type of microscopic morphology observation instrument between transmitted electron
microscope and light microscope which uses a focused beam of high-energy electrons to generate
a variety of physical information signals

[SOURCE: ISO 17751-2:2016, 2.2]
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Abbreviated terms

CVD chemical vapour deposition

EBAC electron beam absorbed current

SMU source measure unit

4 Measurement of resistance

4.1

The Aootiratn oA el o
aCCoTratC—a U T CPTrototorc—tC St pPTotoCoOT—0On

confirmation of the dependability, is standardized.

4.2

General

ranrad, thla tact Ae~Ata~Al £ F

istance—measurement—together—with the

Method for processing and fabrication of DUT

Fabrjcation process information of DUT is to be reported, such as the method of“dispersioh and the

method to apply it onto a substrate.

Fabrjcation process information of CNT is to be reported [CVD, laser.ablation, electric arc, etc.],
along with descriptions of any postgrowth treatments, suchk<as’ a chemical purification, a

disaggregation, a structural sorting, and a surface modification,

In orfer to avoid resistance measurement artefacts, the substrate with the higher electric r¢sistance
and the flat surface in nanometre scale, such as a thermally-oxidized Si substrate with the insulating
SiO,| layer and a glass substrate, should be utilized as the substrate of DUT. In order|to avoid

resistance measurement artefacts, the electric resistance of the substrate (Rg,,) should be higher
than|that of DUT (Ry,;). The parallel current path.in the substrate becomes smaller with the ratio of
Ryut/Rsup- This value should be smaller than the error bar of the data. The surface of the substrate
should be flat in nanometre scale, such as athermally oxidized Si substrate with the insulating SiO,

layen.

4.3

Expgrimental procedures andsmeasurement conditions.

4-probe measurement

4+-probe measurement of CNT is performed with a probing system in a SEM chamber, gs shown
Figure 1.

irstly, a suitable_probe type is chosen based on the diameter of the CNT to be measyred.

efore measurement, it is important to check the vacuum condition and SEM conditipn of the
robing system in order to confirm the equipment condition for measurement.

echnical specification: The vacuum level should be lower than 107° Pa.

echnical specification: Check to see there is no measurable electromagnetic interfergnce.

For assuring high quality contact of probe onto CNT, the probe tip condition is confirmed under
SEM observation. A probe with bent tip or contamination should be replaced.

After loading the sample, the vacuum condition and SEM condition should be checked again to
guarantee the qualified measuring condition.

A fast SEM image is useful to search for proper CNT to measure. Straight isolated CNT with
length long enough is preferred as it is easy to touch down probes with varying probe-to-probe
distance.

4 probes are touched down onto CNT one by one.

It is necessary to check the contact condition between probe and CNT before every
measurement. In order to verify the contact condition, the current is measured while voltage is
applied between the outer (or inner) two probes.

The compliance current is set to protect CNT.
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e Finally, 4-probe measurement of selected CNT is performed by applying voltage and observing
current at the outer two probes while measuring voltage at the inner two probes.

Technical specification: I-V curves with at least 4 different lengths of the selected CNT.
NOTE 1 Hereinafter, outer probes may also be referred to as current probes and inner probes as voltage probes.
NOTE 2 One of the practical candidates to measure the vacuum level is an ionization gauge.

NOTE 3 One of the practical candidates to evaluate the electromagnetic interference is the SEM image.

The current compliance should be settled in order to avoid the breakdown. The example is shown
in Figure A.9.

CNT under
measurement ——

Substrate

.-

Q L Parameter analyser
SEM chamber

(in vacuum) with SMU

IEC

Figure 1 ~4-probe measurement in a SEM chamber

5 Reporting data

acuum conditigh;(before measurement)

acuum condition (after loading sample)

(as the I-V relationship with 2- and 4-probe measurements)

\
\
e Material 6f\the probe used
1
14

(as’the I-V relationship with 2- and 4-probe measurements)

e CNT length in contact with the probes

e CNT length dependence of the resistance

e Resistance with the unit length and the error in the fitting analyses
e CNT diameter

e Substrate (material, thickness, electric property)

e Conditions of the SEM observation (acceleration voltage, magnification)

NOTE These sets of reporting data are shown in any manner, depending on the practical purpose.
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6 Data analysis / interpretation of results (Annex A)

6.1 General

The measured raw current is plotted as a function of voltage. Then a linear fitting as y = K1 x x with
the least-squares method is performed to estimate the resistance value, which is calculated as
follows:

R=1/K1,

whefe R is the resistance and K1 is the slope calculated by the least-squares method.

Linear fitting equation is y = KO + k1 x x. KO is fixed as a constant value of 0, then'the line passes
throygh the origin.

6.2 Measurement error

Example 1.

Using crooked or curved CNT may result in measurement error, which in turn significantly affects
the accuracy of the result. As shown in Figure 2, for example,/ when measuring voltage over a
relat|vely straight section of such CNT (across the voltage probes V1 and V2, in this case), the linear
distance, d, between V1 and V2 is substantially equal to the*length of DUT or the length ¢f CNT in
con‘lct with the inner probes, and the measurement erfar is therefore negligible. When placing the
voltage probes over a crooked/curved portion of CNJ\however, the linear distance, d', befjween V1
and M2'is considerably less than the length of DUT; presenting a measurement error that cannot
be ignored. It is thus strongly recommended that.a'straight CNT be chosen for the measufement.

CNT S| Current probe

V1 Voltage probe

V2 \oltage probe

7 e Voltage probe
Current probe | |2

IEC
Figure 2 — A crooked/curved CNT under measurement

As shown in Figure 3, when the CNT under measurement is sufficiently straight, the inter-probe
distance can be regarded as the length of CNT in contact with the probes. The inter-probe distance
for (a) and (b) are 1106 nm and 2102 nm, respectively.
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The
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(a) (b) q/Q

Figure 3 — I-V measurement of a sufficiently straight CNT,b"

4
Need to prepare the proper electric probing circuit Q)Q

FC

esistance changes drastically depending on the length and the diaﬁg'{er of CNT. Propgr electric

ng circuit is necessary to obtain the intrinsic result. &%

Need to prepare the proper substrate and electric C\Qr/gﬁct

resistance changes depending on the substrate holdi@s\the individual CNT and how t

the probe.
QO

Dynamic range N\
O

der to obtain the intrinsic result of /- measurement, the dynamic range of the probi

Current density 4’\6

resistance changes dependi &%n the current density. In order to obtain the proper rqg
surement, the estimated rtainty of the condition should be provided in the test re

Voltage bias of%{substrate

esistance chare? depending on the voltage bias of the substrate. In order to obtain t
t from meas&e, ent, the estimated uncertainty of the condition should be provided i

1. OQ"

Mtﬁrement in vacuum

o contact

ng circuit

sult from
bort.

he proper
h the test

resistance changes depending on the circumstances, such as the existence of oxy

gen. The

measurement in vacuum is recommended.
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Annex A
(informative)

Case study

4-probe measurement of MWCNT

A1 I-V measurements of MWCNT

4-probe measurement of MWCNT is performed with a probing system in a SEM cha

mber, as

shown in Figure A.1. Q
Hirstly, a suitable probe type is chosen based on the diameter of the CNT to be qr‘su

Before measurement, it is important to check the vacuum condition and theb% co
order to confirm the equipment condition for measurement. (1/’

4
Hor assuring high quality contact of probe onto CNT, the probe tip condition is confirm
SEM observation. A probe with bent tip or contamination should be ced.

After loading the sample, the vacuum condition and SEM condité'oo& ould be checked
guarantee the qualified measuring condition. &

A fast SEM image is useful to search for proper CNT to sure. Straight isolated
ITngth long enough is preferred as it is easy to touch d robes with varying probe
distance. o

4 probes are touched down onto the CNT one by under piezoelectric force.

I{ is necessary to check contact condition betvg?n probe and CNT before every meag
Im order to verify the contact condition, the ¢ t is measured while voltage is applied
the outer (or inner) two probes, as shown @ igure A.2 and Figure A.3.

he compliance current is set to protecP@xlT.

1
Hinally, 4-probe measurement of. cted MWCNT is performed by applying vol
observing current at the outer tw@robes while measuring voltage at the inner two p
shown in Figure A.4. xO

bt

red.

ndition in
ed under
again to
CNT with

-to-probe

urement.
between

age and
fobes, as

(a) L =364 nm (L,) (b) L=1443 nm (L,)

Figure A.1 — I-V measurements of a CNT with different lengths, L



https://iecnorm.com/api/?name=d5568e5049c2d22383d7d554b07d4b85

IEC TS 62607-2-4:2020 © |IEC 2020 -13 -

60 -

Current (uA)

oL,
¢ L, |
0 1 2 3 4 5 6 7
Voltage (V)

IEC

Figure A.2 — I-V relationships for different CNT lengths — 2-probe measureme

Current (MA)

3 | X or

®L

0 0,1 0,2 0,3 0,4 0,5
\ Voltage (V)

Figure A.3 — I-V relationships for different CNT lengths —
2-probe measurement (0 to 0,5 V)
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Current (MA)

%
<

2 S
~
N

0,2 0,3 0,4 0,5
Voltage (V)

IEC

Figure A.4 — I-V relationships for different CNT lengths — 4-probe measurement

100

Resistance (kQ)

80 % -
60 ~& -
40 ¢ N- -

20 | - . ”/ AZ

0 1 2 3 4 5
Length (um)

IEC

Figure A-5—Resistance vs: CNT fength

For the fitting line in Figure A.5, R (kQ) = 19,292 x L (um). The error calculated by residual sum of
squares was 92,454 37 (kQ2), and the coefficient of determination, »2, was 0,854 206.

NOTE 1 In the case that the linear condition is shown, the diffusive conduction is considered to be confirmed.
NOTE 2 The contact resistance can be estimated together with the resistance of CNT.

NOTE 3 The small error indicates the accuracy and the repeatability of test methods.

A.1.2 Fabrication process information of MWCNT and DUT

Fabrication method of MWCNT: CVD.
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Postgrowth treatment: Thermal annealing of 2000 °C in an inert atmosphere.

Dispersion: Ultrasonic dispersion in surfactant solutions in H,O and organic solvent (AK-225).

Method to apply onto a substrate: DIP coating onto a glass substrate.

A.2 4-probe measurement of SWCNT

A.21 I-V measurements of SWCNT

4-prgbe measurement of SWCNT is performed with a probing system in a SEM chamq@
The protocol of the measurement was the same as in Clause A.1. The I-V relati n,Q

and

length dependence of resistance.
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c) relationship of 4-probe measurement

b) relationship of two inner probes with the|

interval of 400 nm

d) SEM image of the DUT

Figure A.6 — I-V relationships of SWCNT
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1st, 2pd, 3rd, etc. indicate the order of the I-V measurements.

Figure A.7 — Resistance vs. SWCNT length

NOTH The accuracy and the repeatability of test methods are<Specified by showing the relationship between the
resistince and the length of CNTs. The value of the resistance_andthe tendency of the length-dependence are similar to
those|previously reported [P.J. de Pablo et al. (2002), see Bibliography].
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Figure A.8 — I-V relationships of SWCNT under the electron-beam exposure
In 4-probe measurements, almast-no change by the electron-beam exposure has been obgerved [a)
to ¢)], whereas the change did appear in 2-probe measurements [d)], as shown in Figure A.8.
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