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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 CNTs, 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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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. 

This introduction is not part of IEEE Std 1650-2005, IEEE Standard Test Methods for Measurement of 
Electrical Properties of Carbon Nanotubes. 



v 
 

Copyright © 2006 IEEE. All rights reserved. 
 

Participants 

At the time this standard was completed, the Nanotechnology Working Group had the following 
membership: 
 

Daniel Gamota, Chair 
Paul W. Brazis, Jr., Vice Chair 

Jonathan Tucker, Secretary 
 
Farrukh Alavi 
Luk Arnaut 
Winthrop Baylies 
Herbert Bennett 
Vincent Bouchiat 
Alfonso Centuori 
Wonbong Choi 
Kenneth Dean 
Andrew Henson 
Kamal Hossain 
Chris Hrivnak 
Krishna Kalyanasundaram 

Arif Kareem 
Gene Kim 
Shoba Krishnan 
Harvey Mecham 
Michael Moradi 
George Opsahl 
John Pepin 
Ryszard Pryputniewicz 
Ram Rajagopal 
Randy Rannow 
Jeff Rendlin 
Paul Rice 

Curt Richter 
John Rogers 
Adam Schubring 
Jorge Seminario 
Urs Sennhauser 
Harry Shaw 
Del Stark 
Roger van Zee 
Sachde Viral 
Bruce Weisman 
Bettine Weiss 
Yuemei Yang 

 
The following members of the balloting committee voted on this standard. Balloters may have voted for 
approval, disapproval, or abstention.  
 
Charles Barest 
Thomas Bishop 
Paul W. Brazis, Jr. 
Thomas Callsen 
Keith Chow 
Kenneth Dean 
Daniel Gamota 
Randall Groves 

Marian Hargis 
Werner Hoelzl 
Dennis Horwitz 
Peeya Iwagoshi 
David James 
Ramon Jesch 
Krishna Kalyanasundaram 
Philip Lippel 

William Lumpkins 
G. Luri 
Gary Michel 
Michael Newman 
Chuck Powers 
Vikram Punj 
Jonathan Tucker 
Paul Work 

 

When the IEEE-SA Standards Board approved this standard on 8 December 2005, it had the following 
membership: 

Steve M. Mills, Chair 
Richard H. Hulett, Vice Chair 

Don Wright, Past Chair 
Judith Gorman, Secretary 

 
Mark D. Bowman 
Dennis B. Brophy 
Joseph Bruder 
Richard Cox 
Bob Davis 
Julian Forster* 
Joanna N. Guenin 
Mark S. Halpin 
Raymond Hapeman 

William B. Hopf 
Lowell G. Johnson 
Herman Koch 
Joseph L. Koepfinger* 
David J. Law 
Daleep C. Mohla 
Paul Nikolich 
 
 

T. W. Olsen 
Glenn Parsons 
Ronald C. Petersen 
Gary S. Robinson 
Frank Stone 
Malcolm V. Thaden 
Richard L. Townsend 
Joe D. Watson 
Howard L. Wolfman 

 
*Member Emeritus 

 



 

Also included are the following nonvoting IEEE-SA Standards Board liaisons: 
 

Satish K. Aggarwal, NRC Representative 
Richard DeBlasio, DOE Representative 
Alan H. Cookson, NIST Representative 

 
 

 Don Messina 
IEEE Standards Project Editor 

vi 
 

Copyright © 2006 IEEE. All rights reserved. 
 



 

Contents 

1. Overview .................................................................................................................................................... 1 

1.1 Scope ................................................................................................................................................... 1 
1.2 Purpose ................................................................................................................................................ 1 
1.3 Electrical characterization overview.................................................................................................... 1 

2. Definitions, acronyms, and abbreviations .................................................................................................. 6 

2.1 Definitions ........................................................................................................................................... 6 
2.2 Acronyms and abbreviations ............................................................................................................... 7 

3. Nanotube properties.................................................................................................................................... 7 

3.1 Single-walled nanotube ....................................................................................................................... 8 
3.2 Multi-walled nanotube......................................................................................................................... 9 

4. Electrodes ................................................................................................................................................... 9 

4.1 Materials .............................................................................................................................................. 9 
4.2 Method for electrode fabrication ......................................................................................................... 9 
4.3 Dimensions ........................................................................................................................................ 10 

5. Device characterization ............................................................................................................................ 10 

5.1 Architecture design............................................................................................................................ 10 
5.2 Method for processing and fabrication .............................................................................................. 10 
5.3 Standard characterization procedures ................................................................................................ 11 
5.4 Environmental control and standards ................................................................................................ 14 

Annex A (informative) Bibliography ........................................................................................................... 15 

 
 

vii 
 

Copyright © 2006 IEEE. All rights reserved. 
 





IEEE Standard Test Methods for  
Measurement of Electrical Properties  
of Carbon Nanotubes 

1 

1. 

1.1

standard provides  (CNT )
CNT

1.2

CNT standard 

1.3

1.3.1

Ω 

 ( ]

Overview 

 Scope 

This methods for the electrical characterization of carbon nanotubes s . The 
methods will be independent of processing routes used to fabricate the s. 

 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  technology will be severely impeded. This 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.  

 Electrical characterization overview 

 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 (10–12 A) or smaller. Therefore, in this case the instrument shall have a resolution of 100 aA 
(10–16 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 1013 to 
1016 Ω, 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 
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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.). 

2 

1.3.2

1.3.3

1.3.3.1

1.3.3.1.1

1.3.3.1.1.1

1.3.3.1.1.2

 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. 

 Measurement techniques 

 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. 

 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. 

 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.  

 Create an I-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 
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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. 

3 

1.3.3.1.2

1.3.3.2

 Minimizing 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. 

 Low resistance measurements (<100 kΩ) 

When electrically characterizing CNTs and systems when I-V characteristics result in resistances of less 
than 100 kΩ, the force current, measure voltage (FCMV) method using the four-wire (Kelvin) connection 
scheme is recommended. As shown in Figure 1, the test current (I) 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. 
 
 

 
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. 
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Figure 2

1.3.3.3

 —Remote and local sensing configurations 

 High resistance measurements (>100 kΩ) 

When electrically characterizing CNTs and systems when I-V characteristics result in resistances greater 
than 100 kΩ, 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. 
 

 
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 (IM). 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 = σE) (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 

4 
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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. 
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1.3.4

1.3.5

1.3.5.1

1.3.5.2

1.3.5.3

1.3.5.4

 Repeatability 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. 

 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 I-V electrical instrument. Reproducibility is defined in 
SEMI E89 [B2]. Several factors can affect the nanotube measurement results, and their calculated 
“reproducibility.”  

 Nanotube measurement system reproducibility 

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

 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 (n) on 
that bundle to one (n = 1), since the deformation can change the electrical properties of the bundle.  

 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. 

 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: 
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1.3.6

DUT

integrated circuits ( )]
in 

 

2. cronyms, and abbreviations

2.1

1 

hat i

                                                

 
⎯ Reference materials 

⎯ Measurement system configurations 

⎯ Techniques for extracting and mounting individual nanotubes 

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

 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  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 ICs , sufficient information is to 
be given so that electrical fields ( 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 µA. 

Definitions, a  

 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, t s 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 I-V behavior. 

 
1 The numbers in brackets correspond to those of the bibliography in Annex A. 
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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. 
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, m
2

nanotube (MWNT)  (SWNT) transmission electron microscope 
( )

MWNT

scanning electron microscope ( )

scanning tunneling microscope ( )

3.1 -

3.1.1

 (CVD)

3.1.2

 the 
following

3.1.3

                                                

NOTE—In some instances easurements 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 or single-wall nanotube , 

TEM  

⎯ For , indicate if concentric tubes or side-by-side “ropes” of tubes, TEM 

⎯ Length of nanotube between electrodes, 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, STM  

 Single walled nanotube 

 Method for processing and fabrication 

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

 Structures 

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

 
⎯ Nanotube length  

⎯ Nanotube diameter  

⎯ Nanotube chirality 

 Other properties 

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

 
2 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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3.2

3.2.1

3.2.2

3.2.3

4.

4.1

4.2

 Multi-walled nanotube 

 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. 

 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 

 Other properties 

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

 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 

 Materials 

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

 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 

10 

4.3

5.

5.1

5.2

 Dimensions 

The dimensions of the electrode are to be reported. At minimum, the following geometrical information is 
to be reported:  
 
⎯ Electrode length, l (in centimeters, micrometers, or nanometers) 

⎯ Electrode width, w (in centimeters, micrometers, or nanometers) 

⎯ Electrode thickness, t (in centimeters, micrometers, or nanometers) 

 Device characterization 

 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 

 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 
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5.3

5.3.1

5.3.2

5.3.2.1

Table 1

 Standard characterization procedures 

 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 kΩ, 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). 

 Reporting data 

 Reporting standards 

The information that is reported with two-terminal devices is shown in Table 1. 
 

 —List of electrical parameters for two-terminal devices. 

Characteristic Standard symbol Units 
Electrical conductivity σ S/cm 
Electrical resistivity ρ Ω • cm 
Carrier mobility µ cm2/V• s 
Density of charge carriers N cm–3

Electron carrier density n cm–3

Hole carrier density p cm–3

Diode saturation current IS 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/cm2) is passed 

through the sample, and the resulting electric field, E, (in V/cm) is measured. Typically, the FCMV 
method is used for samples with a resistance much less than 100 kΩ, and shall use the four-probe 
Kelvin technique for sample resistances less than 1 kΩ. 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, E, (in V/cm) is applied across the 
sample, and the resulting electrical current density flowing through the sample, J, (in A/cm2) is 
measured. The FVMC method shall be used for characterizing samples with a resistance greater than 
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10 MΩ, and shall not be used for samples with a resistance less than 1 kΩ. 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: 

EEJ
ρ

σ 1==  (1) 

where 
J is the current density 
σ is the electrical conductivity 
E is the electric field 
ρ  is the electrical resistivity 

 
The current density, J, is equal to the current, I, (in A) divided cross-sectional unit area, A, (in cm2) of the 
sample (J = I/A), 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 cm2/V•s) and density of charge carriers (in cm–3) can be determined by the Hall 
effect. In a Hall effect measurement, a known current density, Jx, (in A/cm2) is applied to the two-terminal 
device in the x-direction. A known magnetic field, Bz, (in G) is applied in the z-direction. The Hall field, Ey, 
(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: 

y

zx

qE
BJ

N =  (2) 

where 
N is the density of charge carriers 
q is the charge of an electron (1.602 × 10–19 C) 
Jx is current density in the x-direction 
Ey is the Hall field in the y-direction 
Bz is the applied magnetic field in the z-direction 

 
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, σ, (see 5.3.2.2) gives the carrier mobility, shown in 
Equation (3), as follows: 

Nq
σµ =  (3) 

where 
µ 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: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=

hn

hnhn

ep

epep
BS L

C
L

C
TAkI

µµ
 (4) 

where 
IS 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 
kB is the Boltzmann constant (1.381 × 10–23 J/K) 

 
The subscripts ep and hn 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: 

TkeABTI B

SM

2
S

φφ −
−

=  (5) 

where 
B is a constant value 
φM is the work function of the metal 
φS is the work function of the semiconductor 
kB is the Boltzmann constant (1.381 × 10–23 J/K) 
e is the base of the natural logarithm 
 

The current-voltage relationship (I versus V) of the rectifying two-terminal device is characterized by 
Equation (6) as follows: 
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qV

eIVI  (6) 

where 
I is the device current 
V is the device voltage 

5.3.2.5

5.3.2.6

Table 2

 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. 

 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. 
 

 —Other nonelectrical parameters that can be reported 

Characteristic Standard symbol Units 
Thermal   
 Thermal conductivity Κ mW/cm•K or W/m•K 
 Seebeck coefficient S µV/K 
Mechanical   
 Tensile strength σuts 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 a resolution 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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Annex A 
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Bibliography 

[B1] IEEE 100™, The Authoritative Dictionary of IEEE Standards Terms, Seventh Edition.3 

[B2] SEMI E89, Guide for Measurement System Analysis (MSA). 

 
3 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, 
Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 

 
Copyright © 2006 IEEE. All rights reserved. 

 


	IEEE Std 1650 Front Cover
	IEEE Standard Test Methods for
	Introduction
	Notice to users
	Errata
	Interpretations
	Patents

	Participants
	Contents
	1. Overview
	1.1 Scope
	1.2 Purpose
	1.3 Electrical characterization overview

	2. Definitions, acronyms, and abbreviations
	2.1 Definitions
	2.2 Acronyms and abbreviations

	3. Nanotube properties
	3.1 Single-walled nanotube
	3.2 Multi-walled nanotube

	4. Electrodes
	4.1 Materials
	4.2 Method for electrode fabrication
	4.3 Dimensions

	5. Device characterization
	5.1 Architecture design
	5.2 Method for processing and fabrication
	5.3 Standard characterization procedures
	5.4 Environmental control and standards

	Annex A (informative) Bibliography


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


