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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING — KEY CONTROL CHARACTERISTICS -

Part 2-5: Carbon nanotube materials — Mass density of vertically-aligned

1

2)

3)

4)

5)

6)

7)

8)

9)

IEC TS 62607-2-5 has been prepared by IEC technical committee 113: Nanotechnd
standlardization for electrotechnical products and systems. It is a Technical Specification.

carbon nanotubes: X-ray absorption method

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization,comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to prompte ‘interngtional

cqg-operation on all questions concerning standardization in the electrical and electronic fieldss To this en
infaddition to other activities, IEC publishes International Standards, Technical Specifications; Fechnical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEG~Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interestéd.in the subject dea
may participate in this preparatory work. International, governmental and non-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with the\International Organizati
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

d and
ports,
Their
t with
hising
bn for
bns.

THe formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interngtional

cgnsensus of opinion on the relevant subjects since each technical .committee has representation frd
inferested IEC National Committees.

IE[C Publications have the form of recommendations for internatignal use and are accepted by IEC N3
Committees in that sense. While all reasonable efforts are mafle to ensure that the technical content g
Pyblications is accurate, IEC cannot be held responsible for the way in which they are used or fo
misinterpretation by any end user.

In| order to promote international uniformity, IEC National Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in their natiehal and regional publications. Any divergence be
arly IEC Publication and the corresponding national @fregional publication shall be clearly indicated in the

IE[C itself does not provide any attestation of conformity. Independent certification bodies provide conf
agsessment services and, in some areas, access to |IEC marks of conformity. IEC is not responsible fq
sgrvices carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

m all

tional
f IEC
r any

htions
ween
atter.

brmity
r any

N¢ liability shall attach to IEC or itsidirectors, employees, servants or agents including individual experts and

members of its technical committe€s*and IEC National Committees for any personal injury, property dama
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feeg
eXpenses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any othe]
Pyblications.

Attention is drawn to the,'Normative references cited in this publication. Use of the referenced publicati
inflispensable for the corfect application of this publication.

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

ge or
) and
r IEC

bns is

atent

logy

The text of this Technical Specification is based on the following documents:

Draft Report on voting

113/674/DTS 113/696/RVDTS

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

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC 62607 series, published under the general titte Nanomanufacturing —
Key control characteristics, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specijfic document. At this date, the document will be

. pconfirmed,

—

e Withdrawn,

—

bplaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside” logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a-colour printer.
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INTRODUCTION

Vertically-aligned carbon nanotubes (VACNTSs) are array structures, in which nanotubes are
oriented in the perpendicular direction to a substrate surface. VACNTs are useful in many
electronic device applications such as field-emission devices, gas and biological sensors,
thermal interface materials, supercapacitors, and so on. Chemical vapour deposition (CVD) is
one of the common methods for the synthesis of VACNTs, where CNTs can be grown in the
presence of metal catalysts, via thermal decomposition of hydrocarbon sources such as
methane, ethylene, acetylene, ethanol, and so on.

In th|s context, an X-ray absorption method is proposed as a standard protocol for evalugating
denglity of VACNTs. X-rays can transmit through-the film parallel to the substrate surface| and
the ttansmitted X-rays are detected by a high-resolution X-ray imaging apparatus. The obsgrved
X-ray projection images can enable the substrate, VACNT film, and air regions to be identified
easily. The film density can be calculated\from the measured X-ray transmittance of the|film.
This|method is an effective and versatile) technique of nondestructive analysis for VACNT| film
dengjity.
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NANOMANUFACTURING — KEY CONTROL CHARACTERISTICS -

Part 2-5: Carbon nanotube materials — Mass density of vertically-aligned

1

This|part of IEC 62607 specifies the protocols for determining the mass density of veftig

alig
exp

to VACNT films with thickness larger than several tens of micrometres. There areo limita
in materials for substrate.

2

The

consfitutes requirements of this document. For dated references, only the edition cited apy

For

amendments) applies.

There are no normative references in this document:

3 Terms, definitions, and abbreviated terms

3.1 | Terms and definitions

For the purposes of this document, the' following terms and definitions apply.
ISO pnd IEC maintain terminological databases for use in standardization at the follo)
addrgsses:

o |[EC Electropedia: avaitlable at http://www.electropedia.org/

e |$0 Online browsing platform: available at http://www.iso.org/obp

3.1.1

carbjon nanotube

CNT

nandtube.composed of carbon

[SO

3.1.

carbon nanotubes: X-ray absorption method

Scope

d carbon nanotubes (VACNTs) by X-ray absorption method. This document, ouf]
rimental procedures, data formats, and some case studies. These protocols are|applid

Normative references

ollowing documents are referred to in the text in such a way that some or all of their co

undated references, the latest edition of the referenced document (including

ally-
lines
able
tions

htent
lies.
any

wing

URCE: ISO/TS 80004-3:2020 [1], 3.3.3, modified — Note 1 to entry has been deleted.]

2

single-walled carbon nanotube
SWCNT
carbon nanotube consisting of a single cylindrical graphene layer

[SOURCE: ISO/TS 80004-3:2020, 3.3.4, modified — The term "single-wall carbon nanotube" and
Note 1 to entry have been deleted.]
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3.1.3

multi-walled carbon nanotube
MWCNT

carbon nanotube composed of nested, concentric or near-concentric graphene layers with

inter

layer distances similar to those of graphite

[SOURCE: ISO/TS 80004-3:2020, 3.3.6, modified — The term "multiwall carbon nanotube" and

Note

1 to entry have been deleted.]

3.1.4

verti
VAC
carb

3.2
CvD
SEM

4 Measurement of mass density of vertically-aligned carbon nanotubes with

Y
y

4.1

X-ra

inspgction of various materials. In addition, the absarption (transmission) rate of every ele

has

when the elemental composition of the materiakiis' known, the density of the thin film ma

can

4.2

Figu
The

wher

atterjuation cogfficient of the material , p is the mass density of the sample, and [ is the
Ienglh of X-ray) i is a physical parameter as a function of the X-ray energy (E) and the elem
composition(Z2).

cally-aligned carbon nanotubes

NTs
bn nanotube bundle grown in the perpendicular direction to a substrate surface

Abbreviated terms
chemical vapour deposition

scanning electron microscope

K-ray absorption method

General

is well known for its high penetrating power and-has been widely used for nondestru
peen extensively studied for a long time and.tabulated with very good accuracy. Heq
be calculated from the measured transmittance of X-rays in a nondestructive way.

Measurement principle

e 1 presents the principle for measuring density of VACNT film by X-ray absorption me
bbsorption of X-rays by the-VACNT film is expressed as follows: [2]'

1= loexp|-u,(E.Z)pl ]

ctive
ment
nce,
erial

thod.

(1)

e Iy and [ are”incident and transmitted X-ray intensity, respectively. Hy is the fass

path
ental

1

Incident X-ray ']0 Transmitted X-ray : /
i
M il \l
CNT & S
|n mn |
Substrate T

IEC

Figure 1 — Measurement principle of X-ray absorption method

Numbers in square brackets refer to the Bibliography.
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4.3 Description of measurement equipment and apparatus

In order to measure absorption of the VACNTSs, the incident X-ray should be completely parallel
to the substrate and the spatial resolution of the measurement should be high enough to detect
transmitted X-ray signals separately from substrate, VACNT, and outer surface areas [3]. The
spatial resolution of the present method 4z is determined by the convolution of beam

divergence factor and spatial resolution of the X-ray detector as follows:

AR = \/[58 (l+dSD):|2 +R2 s (2)

where dg is the X-ray beam divergence, / is the path length of the sample, dgp the!distance

from|the substrate to the X-ray detector, and R is the spatial resolution of the X-ray, detdctor,
as depicted in Figure 2.

1 d )
SD
- > =q‘/C
D
VACNT film .
g (h+ dgp)
Detector

IEC
Figure 2 — Parameters determining the spatial resolution of X-ray absorption methjod

4.4 | Sample preparation

VACNT films are usually prepared by using a variety of chemical vapour deposition (CVD)
metHods such as plasma-enhanced-CVD [4], thermal CVD [5], water-assisted CVD [6], and so
on. At first, metal catalyst nanoparticles are deposited onto a substrate by physical vzlpour
depgsition methods (e.g. sputtering, thermal deposition, and electron-beam deposition) or
chemical processes including-reduction of metal oxides or oxides solid solutions. After that, the
subsfrate is put into a CVB chamber and heated to a certain CNT growth temperature of seyeral
hundred degrees Celsius, followed by the introduction of hydrocarbon sources (e.g. metHane,
ethylene, acetylene( or-alcohols) and process gases (e.g. nitrogen, hydrogen, or ammonia) into
the eaction chamber. Then, VACNT films are grown in the presence of metal catalysts via
thermal decompaesition of hydrocarbon sources. An actual example of VACNT film preparation
using CVD is_given in Annex A.

4.5 | . Thickness measurement with X-ray absorption method

Figure 3 shows an X-ray projection image of VACNTs grown on Si substrate, which is a
representative result obtained with X-ray absorption method. Three regions can be clearly
recognized: substrate, VACNT film, and air. For example, the thickness of the VACNT film
presented in Figure 3 can be measured to be approximately 120 um from the image. Specific
stripe patterns can be seen along the air—film interface in Figure 3, which are derived from
refraction of X-ray photons near the edge of the film surface due to the difference in X-ray
refractive indices between VACNT and air.
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100 pm

Air
VACNT film

Si substrate

IEC

Figure 3 — Example of X-ray projection image of VACNTs grownon’Si substrate

4.6 | Density measurement with X-ray absorption method

A transmitted X-ray intensity profile obtained from Figure 3 is shown in Figure 4.

Surface of
the film
60 004} |
55 000 - |
i Io = 51000
S i o N -
= = 3 50000 \ 1
; - 2 <
e o ©
& < & A.J»yﬂw‘ Y /-46600
(' 45000 |
(-)O ﬁ 40 000 i
% 3
3
35000 F . 1 ]
0 100 200 300

Distance, pm
IHC

Figure 4 — Example of transmitted X-ray intensity profile for VACNT sample

The absorption of the film can be calculated by comparing between intensities of the incident
(Zp) and transmitted X-ray (/). Then, the X-ray absorption amount (x) of the VACNT film can be

obtained as follows:
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x =y (obs) -1

IEC
Figure 5 — Example of calibration result for non-monochromatic incident X-ray

h monochromator devices are not used for X-ray source, the incident X-ray beam incl
rption signals shall be conducted beforehand, to obtain correct density from
measured by the non-monochromatic X-ray (x) and monochromatic characteristid

CuKaoa) (v) with changing the thickness of the carbon plate (the path length of X-ray
, the following relation can beiobtained for x with respect to y, for pure carbon samplg

y=C1x+C2x2,

e C, and C, are the parameters obtained by least-squares fitting. Finally, the film de
bn be evaluated from the x value obtained with Equation (3), namely,

y _C1X+C2X2

p:

udes

bnly characteristic, but continuous radiation. In this case, calibration of the meagured

-ray

rption method. Figure 5 shows an example of obtained relation of absorption for a cqrbon

line

o).

2

L

(4)

nsity

(5)

,upxl_ ty 1

Here, Hy is the mass attenuation coefficient of carbon against monochromatic X-ray. The carbon

mass attenuation coefficient can be found in the International Table of X-Ray Crystallography
[7], [8] for the required X-ray energy. For instance, the value of Hy for CuKa radiation is

4,51 cm?2/g. In the case of film density measurements, / is identical to the width of the substrate,
which can be easily measured with a good accuracy.

5 Appropriate data formats

An example of possible data format for mass density measurements of VACNT films is given in
Table 1. Items regarding measurement and sample conditions and results shall be included in
this format. Additionally, X-ray projection images and transmitted X-ray intensity profiles of
VACNTSs should be shown.
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Table 1 — Possible data format to be given together with
density of VACNTs obtained with X-ray absorption method

Item Data

Measurement and X-ray source employed for the measurement: [ ]

| diti
sampie conditions Calibration of the X-ray source: Yes | ] No| ]

Preparation method of the VACNT sample: [ ]

Material of the substrate: [ ]

Thickness of the substrate: [ ] mm
Meapurands THICKNESS of the VACNT Sampie [ T Tm

Intensity of the incident X-ray: [ 1x1[ ]

Intensity of the transmitted X-ray: [ 1x1[ ]

Mass density of the VACNT sample: [ 1x1[ ] g/cm?3
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A1

Annex A
(informative)

Case study of mass density measurements for
vertically-aligned carbon nanotubes

Overview

In this Annex A, case studies of measuring mass density of VACNTs grown on Si substrate

basé€
anal

expe
metHh

A.2

VAC
were
300-

alum
air €
sputt

d on the X-ray absorpfion method are described. The mass gain measurement and

sis were also performed as complementary assessments for VACNTs. A serig
rimental results in this Annex A reveals the effectiveness and versatility of X-ray-absor
od as a nondestructive analysis for density of VACNTs [9].

Sample preparation for VACNTs

NT films were prepared by using chemical vapour deposition (CVD) method. VACNT
grown from Fe nanoparticles with an ethanol precursor. 1 cm4 1/cm Si wafers coated
hm-thick SiO, were employed as substrates without any surface treatment. 20-nm-|

inium layers were deposited onto the substrates by radie’ frequency (rf) sputtering.
xposure of the substrates, 2-nm-thick Fe films as meétal catalysts were deposited
ering. Then, the Fe-loaded substrates were put inte an’ encapsulated reaction chamb

ami
cha

heat|ng unit using heated filament was switched on.in order to generate activated radicals

ni CVD system. The partial pressures of the nitregen and ethanol vapours in the rea
ber were controlled to be 10 kPa and 40 kPagsespectively. Next, the catalyst prec

EM
s of
btion

films
with
thick
After
by rf
er of
ction
irsor
and

acce]erate CNT growth. Then, the substrate was.heated up and maintained at the temperature

of the VACNT growth for several minutes. The growth temperature was 700 °C. Two VA

sam

A3

Clau
direg
chan
mea

nangd

quasji-parallel X-ray beam with a divergent angle of less than 0,3 mrad. It means that the &

spre
0,01
surfs
while

les with different thicknesses were prepared and named as Sample A and Sample B

Confirmation of X-ray incidence parallel to the substrate surface

5e A.3 describes how to aligh the sample surface direction to be parallel to the X-ray K
tion. It can be carried\out to collect a certain number of X-ray projection images
ging rotation angle, w- of the sample as shown in Figure A.1 a). To make this

surement feasiblea-high spatial resolution X-ray camera with a pixel size of a few hun
metres was used:-A microfocus high brightness X-ray source was also employed to ach

ads only 3~um with travelling 10 mm through the film. The images are collected at ¢
in steprand several typical images are shown in Figure A.1 b). w = 0° is defined whe
ce plane’is parallel to the beam direction, and X-ray beam irradiates the sample su
w/is_a minus value. The bright stripe in the images of w is equal to -0,13° and -0,0

is cgused by reflection of incident X-rays at the substrate (Si) surface and overlapped o

CNT

eam
with
-ray
dred
ieve
eam
very
h the
face
4°. 1t

h the

transmitted X-rays and resultant intensity is increased. When the sample surface is correctly
aligned parallel to the beam direction, the thickness of the film on the image shows maximum
value (at w = 0°) and it becomes thinner again when w is increased.
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X-ray camera

Substrate

IEC

a) Experimental setup of X-ray absorption measurement for VACNT samples

A.4

Clau
trans

Figu
Sam
the (
was

93 u
abso
trang
was

the

%

b) X-ray projection images obtained at variés conditions of w

Figure A.1 — Schematic drawings of b@ﬁ alignment procedures
for X-ray absorption @ surement

O
Thickness and mass density mea@sh'ements with transmitted X-ray
intensity profiles QA

N

5e A.4 reports the thickness QJ% density measurements for VACNT samples
mitted X-ray profiles. (@)
X
L&

e A.2 shows X-ray pll"gi\sg?on images and transmitted X-ray intensity profiles for
ble A and Sample B. T hickness of the VACNT parts can be evaluated from the wid
NT region in the t@smitted X-ray intensity profiles. The obtained thickness for Sam
147 uym and for ég ple B was 95 uym, which are comparable to the values (140 um
m) measured (r the cross-sectional SEM images shown in Figure A.3. The

rption amounts (x) of these samples were calculated by using Equation (2) ang
mitted Xg%ktensity values shown in Figure A.2. The calculated x value for Samg
0,081 for Sample B was 0,109 0. Then, the VACNT film density was evaluatsg

using Eqﬁ# n (3) with the experimentally determined parameters listed in Table A.1. Fin

density was determined to be 0,021 5 g/cm3 for Sample A and 0,029 2 g/cm

Sam

IEC

with
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K-ray

the
le A
d by
ally,
3 for
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Additionally, the VACNT density of Sample A and Sample B was evaluated with the conventional
(destructive) mass gain method after the completion of the X-ray absorption measurements,
resulting in the density of 0,028 8 g/cm3 for Sample A and 0,033 0 g/cm3 for Sample B. Thus,
the present X-ray absorption method is quite promising as a nondestructive method for
measuring thickness and mass density of VACNT films.
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b) Measurement results for Sample B

Figure A.2 — X-ray projection images and transmitted X-ray
intensity profiles observed for two VACNT samples
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40 ym

Figure A.3 — Cross-sectional scanning electron microscope
images of two VACNT samples

Table A.1 — Parameters obtained from the transmitted
X-ray intensity profiles for two VACNT samples

A{
IEC ) |EC

a) Sample A b) Sample B

Spmple Thickness Transmittance, T x = -log(7T) y / p
(um) (cm) (g/lcm?)
147 0,922 0,081 0 0,096 0 0,987 0,021 5
B 95 0,897 0,109 0 0,130 0 0,986 0,029 2
A.5| Measurement results for a VACNTAfilm with a thickness of several hundred
micrometres
Clauge A.5 reports the thickness and~density measurement for another VACNT sample with a
thickness of several hundred micrometres.
Another VACNT film was @also prepared by using CVD method. Many of the preparation
conditions are similar to, those explained in Clause A.2. The different points are growth|time

and
was
After
temp
was

Figu
Sam
in th

heated up to thelgrowth temperature of 750 °C and maintained at 750 °C for 10 min

that, only the catalyst precursor heating unit was switched off, and the sub
erature wasifurther annealed at 750 °C for 30 minutes. The sample prepared in this m
hamed as:Sample C.

e Al4) shows an X-ray projection image and transmitted X-ray intensity profiles

emperature. Heregafter the catalyst precursor heating unit was switched on, the subsjtrate

Ltes.
trate
nner

5 for

blelC. The thickness of the VACNT parts can be evaluated from the width of the CNT rg

gion

e transmitted X-ray intensity profiles. I'he obtained thickness Tfor sample C was 560

um,

which is comparable to the value (340 um) measured from the SEM imaging shown in Figure A.5.
The X-ray absorption amount (x) of this sample was calculated by using Equation (2) and the
transmitted X-ray intensity value shown in Figure A.4. The calculated x value for Sample C was
0,052 4. Then, the VACNT film density was evaluated by using Equation (3) with the
experimentally determined parameters listed in Table A.2. Finally, the VACNT density for
Sample C was determined to be 0,013 3 g/cm3, which is lower than that of thinner Sample A
(0,028 8 g/cm3) and Sample B (0,033 0 g/cm3). Although the annealing process of the sample
is effective for increasing the thickness of VACNTSs, higher temperature can simultaneously
cause deterioration of metal (Fe) catalysts and decrease the growth rate of carbon nanotubes
gradually. This phenomenon can result in the lower VACNT density as observed for Sample C
in this case study.
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Figure A.4 — X-ray projection image.and transmitted X-ray
intensity profile observed for a'thicker VACNT film
Q
IEC
Figure A.5 — Cross-sectional scanning electron microscope
image of a thicker VACNT film
Table A.2 — Parameters obtained from the transmitted X-ray
intensity profile for a thicker VACNT film
Sample Thickness Transmittance, T x = —log(T) y / P
(Hm) (cm) (g/cm?®)
c 360 0,949 0,052 4 0,061 3 1,020 0,013 3
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