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INTERNATIONAL ELECTROTECHNICAL COMMISSION
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OF CARBON NANOTUBES

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization
comprising all national electrotechnical committees (IEC National Committees). The object of IEC is to
promote international co-operation on all questions concerning standardization in the electrical and
electronic fields. To this end and in addition to other activities, IEC publishes International Standards,
Technical Specifications, Technical Reports, Publicly Available 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 subject dealt with may participate in this preparatory work. International,
governmental and non-governmental organizations liaising with the IEC also participate in this preparation.
IEC collaborates closely with the International Organization for Standardization (ISO) in accordance with
conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an
international consensus of opinion on the relevant subjects since each technical committee has
representation from all interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly
indicated in the latter.

5) IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with an IEC Publication.

6) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 62624/IEEE Std 1650 has been processed through IEC technical
committee 113: Nanotechnology standardization for electrical and electronic products and
systems.

The text of this standard is based on the following documents:

IEEE Std FDIS Report on voting
1650 (2005) 113/58A/FDIS 113/63/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
*+ amended.
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IEC/IEEE Dual Logo International Standards

This Dual Logo International Standard is the result of an agreement between the IEC and the Institute of
Electrical and Electronics Engineers, Inc. (IEEE). The original IEEE Standard was submitted to the IEC for
consideration under the agreement, and the resulting IEC/IEEE Dual Logo International Standard has been
published in accordance with the ISO/IEC Directives.

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards
through a consensus development process, approved by the American National Standards Institute, which
brings together volunteers representing varied viewpoints and interests to achieve the final product. Volunteers
are not necessarily members of the Institute and serve without compensation. While the IEEE administers the
process and establishes rules to promote fairness in the consensus development process, the IEEE does not
independently evaluate, test, or verify the accuracy of any of the information contained in its standards.

Use of an IEC/IEEE Dual Logo International Standard is wholly voluntary. The IEC and IEEE disclaim liability for
any personal injury, property or other damage, of any nature whatsoever, whether special, indirect,
consequential, or compensatory, directly or indirectly resulting from the publication, use of, or reliance upon
this, or any other IEC or IEEE Standard document.

The IEC and IEEE do not warrant or represent the accuracy or content of the material contained herein, and
expressly disclaim any express or implied warranty, including any implied warranty of merchantability or fitness
for a specific purpose, or that the use of the material contained herein is free from patent infringement.
IEC/IEEE Dual Logo International Standards documents are supplied “AS IS”.

The existence of an IEC/IEEE Dual Logo International Standard does not imply that there are no other ways to
produce, test, measure, purchase, market, or provide dher goods and services related to the scope of the
IEC/IEEE Dual Logo International Standard. Furthermore, the viewpoint expressed at the time a standard is
approved and issued is subject to change brought about through developments in the state of the art and
comments received from users of the standard.

Every |IEEE Standard is subjected to review at least every five years for revision or reaffirmation. When a
document is more than five years old and has not been reaffirmed, it is reasonable to conclude that its contents,
although still of some value, do not wholly reflect the present state of the art. Users are cautioned to check to
determine that they have the latest edition of any IEEE Standard.

In publishing and making this document available, the IEC and IEEE are not suggesting or rendering
professional or other services for, or on behalf of, any person or entity. Neither the IEC nor IEEE is undertaking
to perform any duty owed by any other person or entity to another. Any person utilizing this, and any other
IEC/IEEE Dual Logo International Standards or IEEE Standards document, should rely upon the advice of a
competent professional in determining the exercise of reasonable care in any given circumstances.

Interpretations — Occasionally questions may arise regarding the meaning of portions of standards as they relate
to specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will
initiate action to prepare appropriate responses. Since |IEEE Standards represent a consensus of concerned
interests, it is important to ensure that any interpretation has also received the concurrence of a balance of
interests. For this reason, IEEE and the members of its societies and Standards Coordinating Committees are
not able to provide an instant response to interpretation requests except in those cases where the matter has
previously received formal consideration.

Comments for revision of IEC/IEEE Dual Logo International Standards are welcome from any interested party,
regardless of membership affiliation with the IEC or IEEE. Suggestions for changes in documents should be in

the form of a proposed change of text, together with appropriate supporting comments. Comments on standards
and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, USA and/or
General Secretary, IEC, 3, rue de Varembé, PO Box 131, 1211 Geneva 20, Switzerland.

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the
Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright
Clearance Center. To arrange for payment of licensing fee, please contact Copyright Clearance Center,
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy
portions of any individual standard for educational classroom use can also be obtained through the Copyright
Clearance Center.

NOTE - Attention is called to the possibility that implementation of this standard may require use of subject
matter covered by patent rights. By publication of this standard, no position is taken with respect to the
existence or validity of any patent rights in connection therewith. The IEEE shall not be responsible for
identifying patents for which a license may be required by an IEEE standard or for conducting inquiries into the
legal validity or scope of those patents that are brought to its attention.
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Abstract: Recommended methods and standardized reporting practices for electrical
characterization of carbon nanotubes (CNTs) are covered. Due to the nature of CNTSs, significant
measurement errors can be introduced if the electrical characterization design-of-experiment is
not properly addressed. The most common sources of measurement error, particularly for high-
impedance electrical measurements commonly required for CNTs, are described. Recommended
practices in order to minimize and/or characterize the effect of measurement artifacts and other
sources of error encountered while measuring CNTs are given.

Keywords: carbon nanotube, electrical characterization, high-impedance measurement,
nanotechnology
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IEEE Introduction

This standard covers recommended methods and standardized reporting practices for electrical
characterization of carbon nanotubes (CNTs). Due to the nature of CNTs, significant measurement errors
can be introduced if not properly addressed. This standard describes the most common sources of
measurement error, and gives recommended practices in order to minimize and/or characterize the effect of
each error.

Standard reporting practices are included in order to minimize confusion in analyzing reported data.
Disclosure of environmental conditions and sample size are included so that results can be appropriately
assessed by the research community. These reporting practices also support repeatability of results, so that
new discoveries may be confirmed more efficiently. The practices in this standard were compiled from
scientists and engineers from the CNT field. These practices were based on standard operating procedures
utilized in facilities worldwide. This standard was initiated in 2003 to assist in the diffusion of CNT
technology from the laboratory into the marketplace. Standardized characterization methods and reporting
practices creates a means of effective comparison of information and a foundation for manufacturing
readiness.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http:/
standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken with respect to the existence
or validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying
patents or patent applications for which a license may be required to implement an IEEE standard or for
conducting inquiries into the legal validity or scope of those patents that are brought to its attention.

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |

‘FHOTVONVE/IHON VY - 'pPaHWIT NOOTIN OL A3aSNADIT

‘NY3dNg AlddNS MO0d A9 A317ddNS ‘ATNO NOILYDO1SIHL 1V 3ISN TYNI3LNI J0d



LICENSED TO MECON Limited. - RANCHI/BANGALORE,
FOR INTERNAL USE AT THISLOCATION ONLY, SUPPLIED BY BOOK SUPPLY BUREAU.



IEC 62624:2009(E) -1-
IEEE Std 1650-2005(E)

TEST METHODS FOR MEASUREMENT
OF ELECTRICAL PROPERTIES
OF CARBON NANOTUBES

1. Overview

1.1 Scope

This standard provides methods for the electrical characterization of carbon nanotubes (CNTs). The
methods will be independent of processing routes used to fabricate the CNTs.

1.2 Purpose

There is currently no defined standard for the electrical characterization of CNTs and the means of
reporting performance and other data. Without openly defined standard test methods, the acceptance and
diffusion of CNT technology will be severely impeded. This standard is intended to provide and suggest
procedures for characterization and reporting of data. These methods will enable the creation of a suggested
reporting standard that will be used by research through manufacturing as the technology is developed.
Moreover, the standards will recommend the necessary tools and procedures for validation.

1.3 Electrical characterization overview

1.3.1 Testing apparatus

Testing shall be performed using an electronic device test system with measurement sensitivity sufficient to
give a measurement resolution of at least +0.1% (minimum sensitivity at or better than three orders of
magnitude below expected signal level). For example, the smallest current through a CNT can be on the
order of 1 pA ( 102 A) or smaller. Therefore, in this case the instrument shall have a resolution of 100 aA
(10'® A) or smaller. Additionally, due to the various impedances encountered in nanoscale measurements,
the input impedance of all elements of the test system shall be at least three orders of magnitude greater
than the highest impedance in the device. Commercial semiconductor characterization systems with the
capability to characterize CNT materials and devices typically have input impedance values of 10" Q to
10'° Q, which is a recommended suitable range.

This test method requires that the instrumentation be calibrated against a known and appropriate set of
standards [e.g., National Institute of Standards and Technology (NIST)]. These calibrations may be

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |
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performed by the equipment user provided the calibration is performed using the recommended calibration
procedure called out by the equipment vendor or as a service by the equipment vendor. If calibration is not
performed against a known CNT reference or known device, then the basic instrument operations (e.g.,
voltage, current, and resistance) shall be calibrated against some method traceable to a NIST (or similar
internationally recognized standards organization) physical standard. Recalibration is required according to
the instrument manufacturer’s recommendations, when the instrument is moved, or when the testing
conditions change significantly (e.g., temperature change greater than 10 °C, relative humidity (RH) change
greater than 30%, etc.).

1.3.2 Probing systems

Probing systems will be selected that have demonstrated the ability to provide data that is consistent in
nature and can be confirmed at various experimental labs. Probe tips will be chosen that were shown to be
appropriate for the testing platform. In an effort to mitigate the potential for erroneous data, procedures
should be followed to ensure that the probe tips are clean of contaminants. Therefore, probe tips must be
stored in an environment that is devoid of contaminants and they must be handled following stringent
procedures during nanotube characterization to minimize contamination.

1.3.3 Measurement techniques

1.3.3.1 Ohmic contact
Ohmic contact with a CNT is required in order to make the appropriate measurements.

Ohmic contact, as defined in the semiconductor industry, is a metallic-semiconductor contact with very low
resistance that is independent of applied voltage (may be represented by constant resistance). To form an
ohmic contact, the metal and the semiconductor materials must be selected such that there is no potential
barrier formed at the interface (or the potential barrier is so thin that charge carriers can readily tunnel
through it). Ohmic contacts show a linear correlation between current flowing through the contact and the
voltage drop across this interface.

Non-ohmic contacts are evident when the potential difference across the contact is not linearly proportional
to the current flowing through it. This type of contact is often known as a rectifying or Schottky contact.
Non-ohmic contacts may occur in a low-voltage circuit as a result of non-linear connections.

1.3.3.1.1 Suggested methods to check for ohmic contact

Several methods are suggested in 1.3.3.1.1.1 and 1.3.3.1.1.2 to check for ohmic contact and methods to
achieve ohmic contact.

1.3.3.1.1.1 Change source-measurement ranges

When using a semiconductor characterization tool to verify for ohmic contact, changing the source and
measurement ranges can detect an ohmic contact condition. A normal condition would indicate the same
reading but with correspondingly higher or lower resolution, depending on whether the instrument was up-
or down-ranged. If the reading is significantly different, this may indicate a non-ohmic condition. Note that
non-linear behavior may be attributed to the device.

1.3.3.1.1.2 Create an /-V sweep such that it crosses zero

When using a semiconductor characterization tool to verify for ohmic contact, a quick test to determine
ohmic contact is to perform an I-V sweep through zero. If the sweep response crosses through zero, an
ohmic contact has been achieved. If the sweep response does not cross zero, there is a high probability that
there is a non-ohmic contact condition, indicative by a high resistance measurement. The response may be

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |
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a horizontal line indicating an open condition and a high resistance. The sweep response may also be non-
linear and not cross through zero, also indicative of a non-ohmic contact condition.

1.3.3.1.2Minimizing non-ohmic contact conditions

To minimize non-ohmic contact behavior, use a contact material appropriate for CNTs, such as indium or
gold. Contact material is selected to minimize the potential barrier between materials, which is typically
achieved by matching the work functions of each material. Make sure the compliance voltage on the
instrumentation is high enough to avoid problems due to source contact non-linearity. To reduce error due
to voltmeter non-ohmic contacts, reduce ac pickup by using shielding and appropriate grounding.

1.3.3.2 Low resistance measurements (<100 kQ)

When electrically characterizing CNTs and systems when /-V characteristics result in resistances of less
than 100 kQ, the force current, measure voltage (FCMV) method using the four-wire (Kelvin) connection
scheme is recommended. As shown in Figure 1, the test current (/) supplied by a current source is forced
through the resistance (R) through one set of test cables, while the voltage (V) across the unknown
resistance (R) is measured through a second set of leads connected to the voltmeter. Although some small
current may flow through the voltmeter leads (sometimes referred to as sense leads), it is usually negligible
(typically much less than 1 pA) and can generally be ignored for all practical purposes. Since the voltage
drop across the sense leads is negligible, the voltage measured by the measurement unit is essentially the
same as the voltage across the unknown resistance (R). Note that the voltage-sensing leads should be
connected as close to the device under test (DUT) as possible to avoid including the resistance of the test
leads in the measurement.

®
HI ' | HI
Current T \
Source R V) Voltmeter
) -
LO LO
®

Figure 1—FVMC configuration for low-impedance devices

When a source-measure unit (SMU) is configured to source current (“I-Source”) as shown in Figure 2, the
SMU functions as a high-impedance current source with voltage limit capability and can measure current
(“I-Meter”) or voltage (“V-Meter”). The compliance circuit limits the output voltage to the programmed
value. For voltage measurements, the sense selection (local or remote) determines where the measurement
is made. In local sense, voltage is measured at the “FORCE” and “COMMON” terminals of the SMU. In
remote sense, voltage can be measured directly at the DUT using the “SENSE” and “SENSE LO”
terminals. To achieve a true four-wire Kelvin measurement, the SMU should be configured for remote
sense. This method eliminates any voltage drops that may be in the test cables or connections between the
SMU or PreAmp and the DUT.

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |
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I-Meter o LOCa o FORCE
-------- Remote SENSE
|

V-Compliance
(Limit)

oRemote SENSE LO

/7 E
|-Source : V-Meter

étocal o o COMMON

Figure 2—Remote and local sensing configurations

1.3.3.3 High resistance measurements (>100 kQ)

When electrically characterizing CNTs and systems when /-V characteristics result in resistances greater
than 100 kQ, the force voltage, measure current (FVMC) method (sometimes referred to as the constant-
voltage method) is preferred. To make high resistance measurements using the FVMC method, an
instrument that can measure low current (see 1.3.1) and a constant dc voltage source are required. The basic
configuration of the constant-voltage method is shown in Figure 3.

R

———AM——

HI

&= D,
LD

Figure 3—FVMC configuration for high-impedance measurement

In this method, a constant voltage source (V) is placed in series with the unknown resistance (R) and an
ammeter (/). Since the voltage drop across the ammeter is negligible, essentially all the voltage appears
across R. The resulting current is measured by the ammeter and the resistance is calculated using Ohm’s
Law (J = oF) (see Equation (1) in 5.3.2.2).

— High resistance can be a function of the applied voltage, which makes the constant-voltage method
preferable to the constant-current method. By testing at several voltages, a resistance versus voltage
curve can be developed and a “voltage coefficient of resistance” can be determined.

— When an SMU is configured to source voltage (“V-Source”), the SMU functions as a low-impedance
voltage source with current limit capability and can measure current (“I-Meter”) or voltage
(“V-Meter”). The compliance circuit limits the current to the programmed value. Sense circuitry is
used to continuously monitor the output voltage and make adjustments to the V-source as needed. The
V-meter senses the voltage at the “FORCE” and “COMMON” terminals (local sense) or at the DUT
(remote sense using the “SENSE” and “SENSE LO” terminals) and compares it to the programmed
voltage level. If the sensed level and the programmed value are not the same, the V-source is adjusted

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |
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accordingly. Remote sense eliminates the effect of voltage drops in the test cables ensuring that the
exact programmed voltage appears at the DUT.

1.3.4Repeatability and reporting sample size

Sample performance between different devices may vary due to variations in the fabrication process.

Additionally, it is critical to determine the repeatability of the reported results. When reporting sample size,

the following criteria shall be used:

— If no sample size is reported, it is assumed that the data represent a sample size of exactly one (i.e.,
may not represent repeatable results).

— For sample sizes larger than one, the sample size is reported with the method of sampling (e.g.,
whether all devices were characterized, a randomly chosen fraction of the total sample set, etc.).

— A description of what the reported data demonstrate (e.g., average value, maximum value, minimum
value, mean, standard deviation, etc.) is also required.

1.3.5 Reproducibility of measurement

CNT fabrication to date produces nanotube “bundles” of various populations. It is difficult to extract, for
characterization purposes, a single nanotube. Often, for those purposes, a small bundle is extracted and
placed on the “inspection table.” Ideally a single nanotube should be extracted; this may be impractical for
general usage. For electrical characterization, the inspection table may be two electrically isolated pads on a
common surface. Multiple sets of these pads on that surface provide a means of presenting a series of
nanotube samples to the measurement system (MS) to generate sequential measurement data.

Electrical characterization of nanotubes can be obtained with an MS that contains an atomic force
microscope (AFM)-like “probe station” and an /-V electrical instrument. Reproducibility is defined in
SEMI E89 [B2]. Several factors can affect the nanotube measurement results, and their calculated
“reproducibility.”

1.3.5.1 Nanotube measurement system reproducibility

Nanotube measurement system reproducibility can be established by measuring /-J values on several
reference materials (not nanotubes). The availability of those materials, from NIST for instance, remains to
be established.

1.3.5.2 Reproducibility of multiple measurements on the same device

Reproducibility of multiple measurements on the same device is currently impractical for nanotubes. Each
bundle or nanotube is deformed by the measurement process, limiting the number of measurements () on
that bundle to one (n = 1), since the deformation can change the electrical properties of the bundle.

1.3.5.3 Reproducibility of multiple measurements on like devices on a multi-pad surface
Reproducibility of multiple measurements on like devices on a multi-pad surface can be determined.
Differences among individual bundle populations (nanotube count, nanotube type, juxtaposition, length,
etc.) or among individual nanotubes can affect the reported results.

1.3.5.4 Reference materials

Reproducibility between like measurement systems can be established with reference materials. For the

reasons above, reproducibility between like measurement systems with like devices on multi-pad surfaces
is problematic. Yet establishing this is an important goal in the commercial interchange of nanotubes.
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Considerable work remains to develop the following:

— Reference materials
— Measurement system configurations
— Techniques for extracting and mounting individual nanotubes

— Round-robin tests to establish within-lab and between-lab reproducibility data

1.3.6 Application of low-noise techniques

Generally, lower absolute voltage bias voltages cause smaller stress effects than higher absolute voltage
biases. Depending on the device structure, this shifting may be reduced by ensuring that the DUT is
properly grounded. This issue may be further improved if this grounding is through a low-impedance path
to system ground.

In order for comparability between different device structures and eventual compatibility to other
technologies [e.g., integration to conventional silicon integrated circuits (ICs)], sufficient information is to
be given so that electrical fields (in V/cm) may be determined (if possible). Preferably, electrical field
values are specified. In the absence of known or undetermined geometrical information, voltage
information is given with information describing the difficulties in obtaining geometrical data.

Due to optical sensitivity of some materials, all measurements should be conducted inside a light-insulating
enclosure that is preferably earth (safety) grounded. Optical isolation is recommended if exposure to
ambient light causes a change of more than 1% from values obtained in the dark.

Due to the high impedances and extremely low current values being measured, proximity of personnel,
heavy machinery, or other potential electromagnetic/radio frequency interference (EMI/RFI) sources

should be maintained as far away from the measurement system while in operation. This is of particular
concern when measured voltages are below 1 mV or when current values are less than 1 pA.

2. Definitions, acronyms, and abbreviations

2.1 Definitions

For the purposes of this standard, the following terms and definitions apply. The Authoritative Dictionary
of IEEE Standards Terms [B1]' should be referenced for terms not defined in this clause.

2.1.1 carbon nanotube: Phase of carbon, characterized by at least one plane of graphite, that is bent into a
cylindrical shape.

2.1.2 chirality: Orientation of a chemical structure and its inability to be superimposed on its mirror image.

2.1.3 device under test: Sample attached to an apparatus for evaluation of a specific physical property,
such as electrical resistance or /-V behavior.

! The numbers in brackets correspond to those of the bibliography in Annex A.

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |

‘NY3dNg AlddNS MO0d A9 A317ddNS ‘ATNO NOILYDO1SIHL 1V 3ISN TYNI3LNI J0d

‘FHOTVONVE/IHON VY - 'pPaHWIT NOOTIN OL A3aSNADIT



IEC 62624:2009(E) -7-
IEEE Std 1650-2005(E)

2.1.4 environmental condition: Real or artificial atmospheric conditions immediately surrounding the
device under test. These values are to be measured as close to the device under test as possible, and
performed in a manner that introduces minimal effect on the test environment.

2.1.5 FORCE: Source of known voltage or current applied to a device to be tested for a particular
electrical property (such as resistance).

2.1.6 force voltage: Voltage source that is supplied by the instrument in order to bias a particular electrode.

2.1.7 ground chuck: Conductive platform on which the device under test is placed. This platform is
typically electrically referenced to system ground.

2.1.8 Kelvin measurement: Four-wire electrical resistance technique that uses separate contacts for
measuring voltage across a device from that used to apply a known current through the device. This
separation minimized current flow through the voltage probes, which minimizes errors due to contact or
lead resistance. Used for characterization of materials with electrical resistances comparable to or lower
than the leads and contacts.

2.1.9 multi-wall carbon nanotube: Nanotube consisting of more than one concentric ring of carbon.

2.1.10 SENSE: Probes at which a voltage is measured across a device under test resulting from a known
applied current. Typically used in four-wire resistance (Kelvin) measurements.

2.1.11 single-wall carbon nanotube: Nanotube consisting of exactly one ring of carbon.

2.1.12 transport properties: Physical property of a material or device that governs the behavior of an
electrical charge passing through it.

2.2 Acronyms and abbreviations

ac alternating current

AFM atomic force microscope

CNT carbon nanotube

CVD chemical vapor deposition

dc direct current

DUT device under test

FCMV force current, measure voltage

FVMC force voltage, measure current

IC integrated circuit

IEEE Institute of Electrical and Electronics Engineers
MS measurement system

MWNT multi-wall nanotube

NIST National Institute of Standards and Technology
RH relative humidity

SEM scanning electron microscope

SMU source-measure unit

STM scanning tunneling microscope

SWNT single-wall nanotube

TEM transmission electron microscope

3. Nanotube properties

There is considerable difficulty in measuring the critical dimensions of individual nanotubes. These
dimensions are important to record since they strongly influence the observed electrical properties. If at all
possible, measurements of these critical dimensions should be provided. Because of the fact that the
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dimension measurement instrumentation is presently operated near optimum performance, descriptions of
the techniques used to obtain these dimensions should also accompany the measurement.

NOTE—In some instances, measurements of nanotube dimensions by AFM are complicated by its finite radius tip and
could introduce error.’

A list of dimensions/descriptions and suggested characterization techniques follows:

— Multi-wall nanotube (MWNT) or single-wall nanotube (SWNT), transmission electron microscope
(TEM)

— For MWNT, indicate if concentric tubes or side-by-side “ropes” of tubes, TEM
— Length of nanotube between electrodes, scanning electron microscope (SEM)
— Outside diameter, TEM, SEM

— Inside diameter, TEM

— Number of walls. TEM

— Defect density, TEM

— End-cap density within the tube (bamboo-like structure), TEM

— Chirality, scanning tunneling microscope (STM)

3.1 Single-walled nanotube

3.1.1 Method for processing and fabrication

Fabrication process information for SWNT is to be reported [e.g., carbon monoxide disproportionation,
chemical vapor deposition (CVD), laser ablation, electric arc, etc.], along with descriptions of any post-
growth treatments for chemical purification, disaggregation, chemical derivatization, or structural sorting.

3.1.2 Structures

The SWNT structures are to be reported in as much detail as possible. This information may include the
following:

— Nanotube length
— Nanotube diameter

— Nanotube chirality

3.1.3 Other properties

Other properties such as tube filling, open or closed tube ends, extent of chemical derivatization, etc.,
should be reported.

% Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.
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3.2Multi-walled nanotube

3.2.1 Method for processing and fabrication

Fabrication process information for MWNT is to be reported (e.g., CVD, laser oven, electric arc, etc.),
along with descriptions of any post-growth treatments for chemical purification, disaggregation, chemical
derivatization, or structural sorting.

3.2.2 Structures

The MWNT structures are to be reported in as much detail as possible. This information may include the
following:

— Number of concentric tubes
— Nanotube length

— Diameter of the outer nanotube

3.2.3 Other properties

Other properties such as tube filling, open or closed tube ends, extent of chemical derivatization, etc.,
should be reported.

4. Electrodes

The design and fabrication method of the electrode should be provided, such as electron beam deposition,
focused ion beam deposition, patterned and vapor deposited metal, placement of the CNT on the testing
contact, electrical characterization system probe tip, self assembly, etc. In addition to the electrode, the
interface created between the electrode and nanotube, referred in this standard as weld, should be described
by the following:

— Length of nanotube in contact with the electrode
— Width of nanotube in contact with the electrode
— Thickness of weld between nanotube and electrode
— Composition of the weld

— Fabrication technique of the weld if independent of electrode fabrication

4.1 Materials

The composition of the material used for the electrode should be reported [e.g., gold (Au)].

4.2 Method for electrode fabrication
The following information for electrode fabrication should be reported:

— Electron beam deposition process parameters

— Focused ion beam deposition process parameters
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— Vapor deposition process parameters
— Substrate composition and surface characteristics prior to electrode fabrication
— Substrate surface treatment prior to and after electrode fabrication

— Any surface treatment between electrode fabrication steps, including chemical, mechanical, or any
other enhancements used

4.3Dimensions

The dimensions of the electrode are to be reported. At minimum, the following geometrical information is
to be reported:

— Electrode length, / (in centimeters, micrometers, or nanometers)
— Electrode width, w (in centimeters, micrometers, or nanometers)

— Electrode thickness, ¢ (in centimeters, micrometers, or nanometers)

5. Device characterization

5.1 Architecture design

The device structure shall be reported, including general device geometry, electrode placement, etc. At
minimum, the following geometrical information is to be reported:

— Relation of the first electrode to substrate (whatever is sufficiently descriptive for accurate
reproduction of the experiment)

— Relation of the second electrode to substrate (whatever is sufficiently descriptive for accurate
reproduction of the experiment)

— Distance between the first electrode and the second electrode

5.2 Method for processing and fabrication
The following information for two terminal device fabrication is to be reported:

— Substrate composition
— Fabrication process

— Any surface treatment between device fabrication steps, including chemical, mechanical, or any other
enhancements used

| Published by IEC under licence from IEEE. © 2009 IEEE. All rights reserved. |

‘FHOTVONVE/IHON VY - 'pPaHWIT NOOTIN OL A3aSNADIT

‘NY3dNg AlddNS MO0d A9 A317ddNS ‘ATNO NOILYDO1SIHL 1V 3ISN TYNI3LNI J0d



IEC 62624:2009(E) 11—
IEEE Std 1650-2005(E)

5.3 Standard characterization procedures

5.3.1 Guidelines for the characterization process
The following settings are to be chosen so that:

— Step size is small enough to give a minimum of ten data points per curve. Twenty-five or more points
are recommended. Increased number of data points results in more accurate curve fitting and greater
noise/outlier tolerance, and therefore more accurate parameter extraction. The number of points used
for each measurement is to be reported in some clear fashion (e.g., start, stop, and step values; number
of points measured, etc.).

— Values are to reflect the full expected operating range and/or demonstrate full device operating range.

— Range of chosen values accurately represents full device operating range. These values are chosen so
that device behavior is shown for the full expected operating range.

— One probe is used per electrode, plus one shielded ground chuck connection that is in electrical contact
with the substrate (“bulk”). If the measured resistance for any channel is less than 100 kQ, two probes
per electrode (one “force” electrode for current application and one “sense” electrode for voltage
measurement) are used to minimize electrode and interfacial impedance errors (see 1.3.3.2).

5.3.2 Reporting data
5.3.2.1 Reporting standards
The information that is reported with two-terminal devices is shown in Table 1.

Table 1—List of electrical parameters for two-terminal devices.

Characteristic Standard symbol Units
Electrical conductivity o S/em
Electrical resistivity p Qe+cm
Carrier mobility U cm’/Ve s
Density of charge carriers N cm’
Electron carrier density n cm’
Hole carrier density )4 cm
Diode saturation current I A

5.3.2.2 Determination and reporting of electrical conductivity and resistivity
Electrical conductivity, and its reciprocal, electrical resistivity, are measured by the following two methods:

— FCMV (see 1.3.3.2), where a constant and known electrical current density, J, (in A/cm?) is passed
through the sample, and the resulting electric field, £, (in V/cm) is measured. Typically, the FCMV
method is used for samples with a resistance much less than 100 kQ, and shall use the four-probe
Kelvin technique for sample resistances less than 1 kQ. The Kelvin technique uses separate contacts
for the applied current and the measured voltage potential, with the current contacts placed at the
outside edges of the sample.

— FVMC (see 1.3.3.3), where a constant and known electric field, £, (in V/cm) is applied across the
sample, and the resulting electrical current density flowing through the sample, J, (in A/cm?) is
measured. The FVMC method shall be used for characterizing samples with a resistance greater than
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10 MQ, and shall not be used for samples with a resistance less than 1 kQ. The FVMC method uses
two contacts only, placed at each end of the sample under test.

The electrical conductivity and/or electrical resistivity is derived from Ohm’s Law, given in Equation (1),
as follows:

1
J=0oE=—E (1)
P
where
J is the current density

o is the electrical conductivity
E is the electric field
p is the electrical resistivity

The current density, J, is equal to the current, 7, (in A) divided cross-sectional unit area, 4, (in cm?) of the
sample (J = I/4), and the field strength, E, is equal to the voltage potential, V, (in V) divided by the distance
between the two voltage probes, L (in cm) (E = V/L).

NOTE—For a nanotube, the cross-sectional area may be difficult to define; therefore, current density, conductivity, and
resistivity may require special definitions. In these instances, a definition for geometry should be provided.

Measurement of electrical conductivity or electrical resistivity shall be reported for two-terminal devices
that show substantially linear behavior. These measurements also require ohmic contacts to the two-
terminal device (see 1.3.3.1). If the two-terminal device is significantly non-linear, electrical conductivity
and electrical resistivity data for the device generally cannot be derived.

For semiconducting or insulating samples, the electrical conductivity is typically reported. For metallic
samples, the electrical resistivity is usually given.

5.3.2.3 Determination and reporting of carrier mobility and density of charge carriers

The carrier mobility (in cm?/Ves) and density of charge carriers (in cm ™) can be determined by the Hall
effect. In a Hall effect measurement, a known current density, J,, (in A/cm?) is applied to the two-terminal
device in the x-direction. A known magnetic field, B,, (in G) is applied in the z-direction. The Hall field, E,,
(in V/cm) is then measured across the two-terminal device in the y-direction. The number of conduction
electrons is then calculated by Equation (2) as follows:

J,B
N — X"z (2)
9k,

where

N is the density of charge carriers

is the charge of an electron (1.602 x 10" C)
is current density in the x-direction

is the Hall field in the y-direction

is the applied magnetic field in the z-direction

CREE

The sign of N determines whether electrons or holes predominate in the conduction process, with N positive
if holes dominate, negative if electrons dominate.
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N combined with the electrical conductivity, o, (see 5.3.2.2) gives the carrier mobility, shown in
Equation (3), as follows:

#=N—q 3)

where
u is the carrier mobility

It is noted that the carrier mobility given in Equation (3) is different from the field effect mobility measured
in field effect devices [such as field effect transistors (FETs)]. The field-effect mobility is affected by
various device-level factors, and often deviates significantly from the carrier mobility.

5.3.2.4 Determination and reporting of non-linear behavior

For non-linear two-terminal devices where rectifying behavior is present.

For a p-n junction of p-type and n-type semiconductors in intimate contact, the Shockley equation (also

called the ideal diode law) can be used to relate the reverse-bias saturation current to the carrier mobility, as
given in Equation (4), as follows:

L “4)

n

€p

where

I is the reverse-bias saturation current

A is the cross-sectional area of the device

T is the temperature (in K)

C is the concentration of minority carriers in each semiconductor region
L is the diffusion length

kg is the Boltzmann constant (1.381 x 10 J/K)

The subscripts ep and /#n denote the electrons in the p-region and holes in the n-region, respectively.

For a metal-semiconductor junction (which forms a Schottky contact), the reverse-bias saturation current is
given by Equation (5) as follows:

Pv —9s

Ig = ABT?e "o (5)

where

B is a constant value

om  is the work function of the metal

?s is the work function of the semiconductor

kg is the Boltzmann constant (1.381 x 10 J/K)
e is the base of the natural logarithm

The current-voltage relationship (/ versus V) of the rectifying two-terminal device is characterized by
Equation (6) as follows:
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av
1(V)=Ig| e*" -1 (6)
where
1 is the device current
14 is the device voltage

5.3.2.5 Reporting of environmental conditions

The environmental conditions present during device storage and characterization shall be reported with all
electrical characterization data. Guidelines for environmental monitoring are detailed in 5.4.

5.3.2.6 Other reportable parameters

Table 2 lists other nonelectrical parameters that can be extracted and reported with electrical data.
Reporting these parameters shall follow the terminology, symbol use, and units given in Table 2.

Table 2—Other nonelectrical parameters that can be reported

Characteristic Standard symbol Units
Thermal
Thermal conductivity K mW/cmeK or W/meK
Seebeck coefficient S uV/K
Mechanical
Tensile strength Outs GPa
Young’s modulus E GPa

5.4 Environmental control and standards

Device storage conditions from time of device fabrication to time of measurement shall be reported.
Environmental conditions during device storage may significantly affect device performance. Changes in
the storage and characterization environment could result in potentially significant variation in device
performance. Therefore, diligent reporting of device storage and characterization environments is necessary
for comparing or verifying data.

The environmental conditions driving the measurement shall be monitored and recorded for every
measurement. Conditions are, at a minimum, to be recorded at the beginning and at the end of each
experiment. However, real-time recording of the environmental conditions repeatedly and recorded with
each data point is recommended.

The following environmental conditions must be monitored and recorded:

— Measurement atmosphere (e.g., ambient air, nitrogen environment, vacuum, etc.).

— Light illumination conditions and light exposure time (e.g., dark, UV protection, etc.). Also include
change in lighting conditions, such as length of time sample was placed in dark after light exposure
and before electrical measurement.

— Device temperature (measured to a resolution of at least 1 °C or 1 K, 0.1 °C or 0.1 K recommended).
— RH (to aresolution of 5% minimum, 1% recommended).

— Measurement duration, time of measurement (in order to assist in evaluating measurement artifacts due
to very long lifetime effects).
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