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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and
expressions related to conformity assessment, as well as information about ISO’s adherence to the
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see www.iso.org/
iso/foreword.html.

This document was prepared by Technical Committee ISO/TC 229, Nanotechnologies.

This second edition cancels and replaces the first edition (ISO/TS 10867:2010), which has been
technically revised.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

The discovery of the band-gap photoluminescence (PL) of single-wall carbon nanotubes (SWCNTs)
has provided a useful method to characterize their unique electronic properties induced by their low-
dimensionality. This method is described in this document.
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Nanotechnologies — Characterization of single-wall
carbon nanotubes using near infrared photoluminescence
spectroscopy

1 Scope

This document gives guidelines for the characterization of single-wall carbon nanotubes (SWCNTs)
using near infrared (NIR) photoluminescence (PL) spectroscopy.

It provides a measurement method for the determination of the chiral indices of the semi-conducting
SWCNTs in a sample and their relative integrated PL intensities.

The method can be expanded to estimate the relative mass concentrations of semi-conducting SWCNTSs
in a sample from their measured integrated PL intensities and knowledge of their PL cross-sections.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO/TS 80004-4, Nanotechnologies — Vocabulary — Part 4: Nanostructured materials

ISO/TS 80004-6, Nanotechnologies — Vocabulary — Part 6: Nano-object characterization

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO/TS 80004-4, ISO/TS 80004-6
and the following apply.

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

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

3.1
chirality
vector notation used to describe the structure of a single-wall carbon nanotube (SWCNT)

3.2
chiral indices
two integers that define the chiral vector of a single-wall carbon nanotube (SWCNT)

3.3
relative mass concentration
mass concentration of a nanotube species relative to that of the most common nanotube species
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4 Principles of band gap photoluminescence of SWCNTSs

4.1 Structure of SWCNTs

A SWCNT consists of a single cylindrical graphene layer. The specific geometry of SWCNTs is defined
in terms of a chiral vector containing a length (the tube’s circumference) and a chiral angle a (ranging
from 0° to 30°). Alternatively, the structure of SWCNTs is defined by the chiral indices (n, m). Figure 1
shows the indexed graphene sheet with chiral vector for designating the nanotube structure, and how
the vector starting at point (0,0) to (n, m) determines the nanotube designation[ll. The chiral angle is
measured between the zigzag structure (a = 0°) and the chiral vector. When the chiral angle is between
0° and 30°, a chiral structure arises. The SWCNT that has the maximum chiral angle, 30°, is called the
armchair SWCNT.

0,0 N

Key

A zigzag structure

B armchair structure
C chiral vector

NOTE The chiral angle a and chiral vector are shown. The grey indices are for nanotubes that are not
photoluminescent.

Figure 1 — Indexed graphene sheet with chiral vector for designating nanotube structure

The length of the chiral vector is the circumference of the tube, or m x the tube diameter d,. The tube
diameter d, is given in terms of (n, m) as shown by Formula (1):

Sz 2
x/s_’ac_c m? +mn+n

T

d,=L/n= 1)

where
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d, is the diameter of the SWCNT;
L is the length of the chiral vector;
ac_c isthe nearest-neighbour distance (0,144 nm) between pairs of carbon atoms;
m is one of the chiral indices;
n is the other chiral index.
The chiral angle « in terms of (n, m) is defined as shown by Formula (2):
a=tan”! [\/gm/(2n+m)] (2)

where

a is the chiral angle;
m is one of the chiral indices;

n is the other chiral index.

4.2 Band structure and PL peaks

Quasi-one-dimensional SWCNTs have an electronic density of states roughly as shown in Figure 2, with
sharp van Hove peaks such as v; and v, (in the valence band) and ¢, and c, (in the conduction band).

1\
2\/%8\ ;
C,

x
7

0 1 Eﬁ
\‘“
N % .
Key
1  conduction band 3 non-radiative relaxation of hole
2 non-radiative relaxation of electron 4 valence band

Figure 2 — Qualitative description of the electronic density of states for SWCNTs[2]

Just as the positions of the van Hove peaks depend on the structure (and chiral vector) of the particular
SWCNTs, so will the absorption energy E,, and fluorescent emission energy E;4. Therefore, the positions
of the spectral peaks corresponding to E,, and E;; are characteristic of the structure of each SWCNT

© IS0 2019 - All rights reserved 3


https://standards.iteh.ai/catalog/standards/iso/e5bfeea7-a6cd-4ce1-9515-bbd86d3cbf4c/iso-ts-10867-2019

ISO/TS 10867:2019(E)

and can be used as a measurement method to determine the component SWCNTs of an unknown
mixture. Formula (3) relates peak wavelength to transition energy:

E=hc/A=hcv (3)

where

E  isenergy of the transition;

c is the speed of light;

h is Planck’s constant;

V' is the peak position, expressed in wavenumber units (cm1);
A is the wavelength of the photon absorbed or emitted.

Those structures where the difference (n - m) is divisible by three [e.g. (3,0), (4,1) or (6,3)], and those
structures where n = m, do not fluoresce because SWCNTs with (n — m) = a multiple of three are quasi-
metals, with a band gap in the meV range, and those with n = m are metals (no band gap). The remaining
structures are semi-conductors with a band gap of about 0,5 eVto 1 eV [1eV=1,602 176 53 (14) x 10-19]]
and can fluoresce under specific sample preparation conditions.

NOTE As-prepared SWCNT samples contain left- and right-handed helical structures. The intrinsic peak
positions of the PL signals are basically the same for these enantiomers although they can be affected differently
by absorbates. Also, their cross-sections with respect to polarized light can differ.

4.3 Exciton effects

Electron-hole pair excitations giving rise to PL are better described in terms of excitons. Excitons
are the result of Coulomb interaction, which for SWCNTs is very important and significantly affects
the energy spectrum (e.g. with phonon sidebands and excitonic manifolds of excited states) and the
strength of optical transitions. The exciton binding energy was estimated to be 0,420 eV for SWCNTs
with a diameter of 0,8 nm in a polymer matrix and a surfactant solutionl3l. This value substantially
depends on the nanotube environment. An exciton band structure is shown in Figure 3.

4 © IS0 2019 - All rights reserved


https://standards.iteh.ai/catalog/standards/iso/e5bfeea7-a6cd-4ce1-9515-bbd86d3cbf4c/iso-ts-10867-2019

