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Part 2-6: Carbon nanotube-related products —

FOREWORD

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

od

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to pramote interndtional

cd-operation on all questions concerning standardization in the electrical and electronicields. To this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as EC Publication(s)").
preparation is entrusted to technical committees; any IEC National Committee intergésted 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

THe formal decisions or agreements of IEC on technical matters expres§,/as nearly as possible, an interng
cdnsensus of opinion on the relevant subjects since each technical committee has representation frdg
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N
Committees in that sense. While all reasonable efforts are~made 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 theirhational and regional publications. Any divergence be
anly IEC Publication and the corresponding national'or regional publication shall be clearly indicated in the

IE[C itself does not provide any attestation ofconformity. Independent certification bodies provide conf
agsessment services and, in some areas,\access to |[EC 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.
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members of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
expenses arising out of.the publication, use of, or reliance upon, this IEC Publication or any othe
Pyblications.

Attention is drawn te_the Normative references cited in this publication. Use of the referenced publicati
indlispensable for_the correct application of this publication.

IEC draws attention to the possibility that the implementation of this document may involve the use
pdtent(s). IEC/takes no position concerning the evidence, validity or applicability of any claimed patent rig
reppect thereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s),
may be.required to implement this document. However, implementers are cautioned that this may not rep

liability shall attach to IEC ornits directors, employees, servants or agents including individual experjs and
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[atest information, which may be obtained from the patent database available at https://patents.iec.c

shallnot be held responsible for identifving anyv or all such natent rights
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IEC TS 62607-2-6 has been prepared by IEC technical committee 113: Nanotechnology for
electrotechnical products and systems. It is a Technical Specification.

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

Draft Report on voting

113/823/DTS 113/845/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.
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language used for the development of this Technical Specification is English.

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 titlte Nanomanufacturing
— Key control characteristics, can be found on the IEC website.
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INTRODUCTION

Vertically-aligned carbon nanotubes (VACNTSs) possess array structures, in which nanotubes
are oriented in the perpendicular direction to a substrate surface. Chemical vapour deposition
(CVD) is one of the common methods for the synthesis of VACNTSs, 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. VACNTs are promising as thermal interface
materials in electronics assembly owing to their high thermal conductivity, desirable mechanical
properties, and good stability. Thermal transport properties in VACNT films really depend on
their distribution and alignment behaviours of individual nanotubes, disorders such as defects
and impurities.

Thermal diffusivity is one of the key parameters that govern thermal transport propertieslin solid
matgrials. Flash method is a well-established, standard technique for measuring.the thgrmal
diffugivity. Originally, flash method was applicable to homogeneous monolithic\(single layer)
samples. In fact, some previous works reported thermal diffusivity measurements for [self-
stanfling VACNTs that were peeled off from the substrates after the CNF growth. However,
VACNT films will be tightly connected to solid substrates in possible practical applications such
as thermal interface materials. This means that flash method can notibe simply appligd to
VACNT films grown on solid substrates. Hence, there is a need for new reliable protocols bpsed
on flash method for evaluating thermal diffusivity of VACNT films ‘on solid substrates.|This
document specifies standardized protocols for measuring thermal diffusivity of VACNTs gfown
on solid substrates with flash method, where the specimen is<a-bilayer of the VACNT film and
the qubstrate.
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Thermal diffusivity of vertically-aligned carbon nanotubes: flash method

1 anpp

This

—

[ ]
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A lig
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part of IEC 62607 specifies a protocol for determining the key control characteristic

hermal diffusivity

prtically-aligned carbon nanotube (VACNT) films grown on solid substrates by
ash method.
Nt pulse from a flash lamp or a laser is irradiated onto the front sturface (substrate sid

ACNT film on solid substrates. Then, the temperature change of the other side o

specimen is monitored in real time after the pulse irradiation,, The thermal diffusivity o

VAC

NT film can be analysed from the time variation of this‘temperature change.

— Tlhis method is applicable for evaluating the thermaltransport properties of the VACNT

tihat can be used as thermal interface materials ipy electronics assembly.

2 Normative references

The
cons
For
ame

IEC

ollowing documents are referred to inithe text in such a way that some or all of their co
titutes requirements of this documeént. For dated references, only the edition cited apy
undated references, the latest~edition of the referenced document (including
ndments) applies.

S 62607-2-5:2022, Nangmanufacturing — Key control characteristics — Carbon nand

matdrials — Mass density of vertically-aligned carbon nanotubes: X-ray absorption methoq

ISO
Detel

3

18755:2022, Fine’ ceramics (advanced ceramics, advanced technical ceramic
rmination of thermal diffusivity of monolithic ceramics by flash method

Terms;.definitions and abbreviated terms

e) of
f the
f the

films

htent
lies.
any

tube

For the.purposes of this document, the following terms and definitions apply.

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

addr

esses:

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

e |SO Online browsing platform: available at http://www.iso.org/obp
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3.1
3.1.1

Terms and definitions

carbon nanotube

CNT
nano

tube composed of carbon

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

3.1.2

verti

cally-aligned carbon nanotubes

VACNTs

carbpn nanotube bundle grown in the perpendicular direction to a substrate surface
[SOUYRCE: IEC TS 62607-2-5:2022, 3.1.4]

3.1.3

thickness

h

dimegnsion of the test specimen in the direction of heat transfer medsurement

[SOURCE: ISO 19629:2018, 3.3]

3.1.4

mas$ density

P

at a|given point within a three-dimensional domain of quasi-infinitesimal volume dV, sgalar
quantity equal to the mass dm within the domain\divided by the volume dV

p = dm/dV

[SOURCE: IEC 60050-113:2011, 113-03-07, modified — The formula has been moved to a[new
line.]

3.1.5

spegific heat capacity

C

heat|capacity divided(by*mass

[SOURCE: IEC.60050-113:2011, 113-04-48, modified — The formula and Notes have peen
delefed.]

3.1.6

volumetric heat capacity

heat capacity divided by volume

3.1.7

thermal diffusivity

a

thermal conductivity divided by the volumetric heat capacity
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3.1.8

thermal conductivity

k

density of heat flow rate divided by temperature gradient under steady state condition

Note 1 to entry: Thermal conductivity is calculated by using the equation & = apC.

[SOURCE: ISO 18755:2005, 3.2, modified — Note 1 to entry has been added.]

3.1.9
thermal effusivity

b
heat|transport property given by the product of volumetric heat capacity and square) ro
thermal diffusivity

3.1.10
thermal diffusion time
T
squdre of thickness divided by thermal diffusivity

3.1.11
max{mum temperature rise

ATmex

diffefence between the steady temperature before therpulse heating and the maxi
temperature of the rear face of the specimen after the pulse heating

[SOURCE: ISO 18755:2022, 3.10, modified — Note:\1 to entry has been deleted.]

3.2 | Abbreviated terms
CVvD chemical vapour deposition
SEM scanning electron microscope

4 Measurement of thermalldiffusivity of vertically-aligned carbon nanotubes$

on solid substrates with flash method

4.1 General

Flaslh method prevails as a well-established, standard technique for measuring the thg
diffugivity of solid-materials [1]1. A light pulse from a flash lamp or a laser is irradiated ontd
side jof a monalithic planar specimen under adiabatic conditions. Then, the temperature ch
of the other'side of the specimen is monitored in real time after the pulse irradiation. The the
diffugivity of the solid can be calculated from the time variation of this temperature chang

ot of

mum

rmal
one
Ange
rmal
e. In
ase,

this document, flash method is applied to VACNT films grown on solid substrates. In this ¢
the Sooci . G . L o . A

that

the measurement protocols for the transient temperature curve are based on 4.2 to 4.7. Case
studies of measuring thermal diffusivity of VACNT films grown on Si substrate are provided in
Annex A. In addition, rough estimation of thermal conductivity of VACNT films from the

measured thermal diffusivity values is described in Annex B.

T Numbers in square brackets refer to the Bibliography.
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4.2 Measurement principle

Figure 1 presents the schematic diagram of the flash measurement for the VACNT film grown
on a solid substrate. A short light pulse is irradiated onto the front surface (substrate side) of
the specimen and the energy of the light pulse is absorbed by the substrate. Successively, the
heat conduction toward the VACNT film occurs and the resulting temperature rise in the rear
surface (VACNT side), which is denoted as AT, is observed as shown in Figure 2.

LT v

VACNT film PeNTs CoNTs deNT I
Temperature of VACNT film surface 7'= Ty + AT
(T): Initial temperature)

Substrate

hsyg

psuB: Csus: %suB

hent

IEC.

Key
p mass density

C specific heat capacity
o thermal diffusivity

h  th|ckness

Figure 1 — Schematic diagram of flash“method for VACNT film on substrate

T=Tp+ Al

ATIAT ¢

Normalized/temperature rise
on VACNT film surface

[ B ey 1 -

Time (ms)

— O

~
n
S

IEC

Figure 2 — Typical transient temperature curve for VACNT film on substrate

In Figure 2, an example of temporal variation in normalized temperature rise (AT/AT,,,y) is given.

The origin of the horizontal axis is the time of light pulse irradiation onto the substrate. The
baseline of the measured transient temperature curve corresponds to the initial temperature of
the VACNT film surface, denoted as Tj. AT, is the maximum temperature rise after the pulse

heating. The thermal diffusivity of VACNT film can be calculated by utilizing an analytical model
considered for the bilayer sample structure.
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4.3 Thickness and mass density measurement for VACNT film

For measuring thickness and mass density of VACNT film grown on solid substrates, it is
desirable to use non-destructive (non-contact) methods for each specimen in order to avoid any
mechanical damage to the specimens. In this point, IEC TS 62607-2-5:2022 shall be applied.

4.4 Coating substrate surface

When a flash lamp or a laser is used as a light source in the flash measurement for VACNT
films on substrate, a possible fraction of the incident light transmitted through the substrate can
cause an undesirable heat transfer in the specimen system of measurement and result in
meagurernent erors. Siticom wafersare widety usedas substrate for VACNT fitmgrowtim with
CVDJtechnique. Care should be taken for the possible transmission of incident light threugh the
silicgn substrate because silicon is considerably transparent for infrared light.

Therefore, when the substrate is transmissive for the incident light, coating the front sufface
(subsgtrate side) with metal (for instance, gold and aluminium) is essential. The’thickness ip the
rangg of several tens of nanometres is sufficient in the case of metal coating, which can cut off
the fransmission with a negligible influence on measurement results -with flash method.
Additional coating of highly absorptive material on the substrate such.as’black spray contajning
carbpn particles is useful for enhancing incident light absorption @fthe substrate. The cdrbon
layerl shall be as thin as possible in a manner such that the effect of the carbon layer on the
physjcal properties of the substrate can be ignored.

For gbtaining an appropriately coated substrate surfaces ]SO 18755:2022, 5.3 shall be applied.

4.5 | Incident light pulse

The furation of incident light pulse should be less'than 1 % of the thermal diffusion time gf the
sample. Otherwise, the centre of light intensity distribution should be identified as the stdrting
poin{ of time.

The prea covered by the incident lightion the front surface of sample is sufficiently larger|than
the grea at which the temperature*measurement is made.

The distribution of incident light'intensity over the front surface of sample should be as spatially
as uniform as possible, so that one dimensional heat flow is ensured to take place in the sample.

It shpuld be possible te change the incident light pulse energy to evaluate the dependengy of
measured thermakdiffusivity on the incident light pulse energy.

To appropridtely determine the conditions of the incident light pulse, ISO 18755:2022, 6.6 shall
be applied:

4.6 L Temperaturemeasurementattherearsurfaceofsample

The response of the thermometer should be faster compared with the thermal diffusion time of
the sample.

An infrared radiation thermometer should be used for the measurements of the rear surface of
sample.

The bare surface of VACNT film usually looks black in the visible and the emissivity is close to
unity in the infrared as well. Therefore, any coating on the rear surface of VACNT film is
unnecessary for infrared radiation thermometers.

It is not recommended to use a thermocouple attached on the rear surface of sample because
the response is usually too slow for typical VACNT films to be measured accurately.
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Measurement environment

Measurements for VACNT films can be conducted in air, under vacuum, and in an inert gas

atm

osphere. The measurement atmosphere will not give a significant effect on

the

measurement results for VACNTSs, because they comprise highly-oriented nanotubes and have
high thermal diffusivities. However, it is recommended to give care to the measurement

env

5

5.1

ironment for reliable assessment of the thermal diffusivity.

Data analysis

Bit rtreatmoded

Trangient temperature curves measured for bilayer structures are analysed by employing a

mathHematical solution of conventional, one-dimensional heat diffusion equation
Clauge A.3). The example of the bilayer analytical model and its mathematical_solutior
provided in Clause A.4.

5.2

As seen in Clause A.4, the analytical solution of temporal variation in-AT/AT,,, includes va
parameters such as mass density (pgyg and pcnt), specific heat capacity (Cgqyg and C

thic
phy

obta

Afterl the data other than acy1 are substituted into the physical parameters in the analy
formpla of the transient temperature curve, the agf 1 value shall be evaluated by least sqy
fitting method. In this calculation procedure . th€ reliability of the data analysis shall be che

by examining if the measured temperature’ change is well fitted to the theoretical ¢
Attention should be paid if a large difference between the measured curve and the fitting r
is foyind.

6 eporting

All items listed in Table t.shall be reported, where the table format is an example. Addition
it is ecommended to-show transient temperature rise curves measured for VACNT film

sub

If thgre are deviations from this document, give detailed procedures used and their justificg

Evaluation of thermal diffusivity of VACNT film

khess (hgyg and icnt) @and thermal diffusivity (agyg and<agnT) for each layer. Henc
srcal parameters except for the thermal diffusivity ofthe VACNT film (acynt) Shoul
ned before analysing the transient temperature curyes.

sftrates.

(see
are

rious
ENT)
e, all
d be

tical
ares

cked
irve.
esult

ally,
s on

tion.
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Table 1 — Example table format for reporting

Item

Data

Parameters used

Preparation method of the VACNT sample: [

Type of the substrate: [ ]
Lateral size of the substrate [ ] mm x [ ] mm
Thickness of the substrate: [ ] mm
Type of metal coating and thickness: [ 1, [ ] nm
Mass density of the substrate [ ] kg m™3
Specific heat capacity of the substrate [ 1J kg™ K™
Thermal diffusivity of the substrate [ ] m2s~1
Initial temperature [ 1K
Meapurement results | Thickness of the VACNT film [ Jum £ [ ] om
Mass density of the VACNT film: [ Tkg m=3 + ] kg niC8
Thermal diffusivity of the VACNT film: [ Im2s '+ Jm2s™!

Measurement atmosphere: [ |
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Annex A
(informative)

Case study of thermal diffusivity measurements for vertically-aligned

carbon nanotubes grown on Si substrates

A.1 General

In this Annex A, case studies of measuring thermal diffusivity of VACNTs grown on Si substrate

baseld on the flash method are described. The density and thickness measurement with
absagrption method were also performed as complementary assessments for VACNTSs:

A.2 | Sample preparation for VACNTs

VACNT films were prepared by using chemical vapour deposition (CVD) method. VACNT
were grown from Fe nanoparticles with an ethanol precursor [2]. SiO,(300 nm) on Si w

with p size of 10 mm x 10 mm were employed as substrates without any-surface treatment

-ray

films
afers

The

thickness of the wafers was 0,5 mm. 20-nm-thick aluminium layérs“were deposited ont¢ the

subsftrates by radio frequency (rf) sputtering. After air exposurge of the substrates, 2-nm-
Fe films as metal catalysts were deposited by rf sputtering.{dhen, the Fe-loaded subst
wergl put into an encapsulated reaction chamber of a mini €VD system. The partial presq
of the nitrogen and ethanol vapours in the reaction chamber were controlled to be 10 kP4
40 kPa, respectively. Next, the catalyst precursor heating unit using heated filament
switghed on in order to generate activated radicals’ and accelerate CNT growth. Then
subLSJl‘rate was heated up and maintained at the temperature of the VACNT growth for se
minutes or several tens of minutes. The growthitemperature was controlled in the range
650 C to 750 °C. Three VACNT samples withdifferent thicknesses were prepared and nz
as Spmple A, Sample B and Sample C. Cross-sectional scanning electron microscope im
of these samples are presented in Eigure A.1. These SEM images were obtained

conducting the measurements of both flash method and X-ray absorption method.

thick
ates
ures
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Figure A.1 — Cross-sectional scanning electron microscope images
of vertically-aligned carbon-nanotube films on Si substrates

Result of flash measurements for VACNT samples

se A.3 reports flash measurements for VACNT films specimens (Samples A, B, an
Fe performing the flash measurements, a thin gold layer with a thickness of several te
metres was sputter-deposited on the front surface (substrate side) of all the test specin

that, spray coating of carbon onto the front surface was performed. In fact,
surements without carbon spray coating were not successful because the resu
erature rise_in.the VACNT side was too small to be detected.

e A.2 shows normalized transient temperature curves for three different samples that
sured in an argon atmosphere. The initial temperature in the normalized transient cU
room-temperature for all the measurements. In addition, the VACNT film thickness ang

mas#

i C)

ns of
nens.
flash
Iting

were
rves
film

r‘lpncify were also evaluated hy )(-rny nhcnrpfinn method as Qpnr‘ifinr‘l iNIEC TS 626(

7-2-

5:2022. All experimentally-determined parameters are listed in Table A.1. Here, literature
values of specific heat capacity for silicon (718 J kg=! K1) and graphite (710 J kg1 K=1) were

used

for Si substrate and VACNT film, respectively [3].

The temperature change measured for Sample A is well fitted to the theoretical curve based on
the bilayer of VACNTs and the substrate. Therefore, the reliability of the measurement can be
confirmed. On the other hand, the temperature change measured for Sample B and Sample C
can not be completely fitted by the theoretical curve based on the bilayer of VACNTs and the
substrate, probably due to the low mass density of carbon nanotubes (13 kg m~3 for Sample B
and 14 kg m~3 for Sample C).
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The values of thermal diffusivity of VACNT films in this case study are in the same order
(1075 m2 s~1) of magnitude as the values reported for supergrowth single wall carbon nanotube
forests (4,7 x 107°m2s~1 to 7,7 x 107> m2 s~! for approximately 1-mm-thick samples [4]).
From these results, it was confirmed that the flash method can be used for VACNT film grown
on Si substrates with a thickness from 100 ym to 500 pm.
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Figure A.2 — Normalized transient temperature curves measured
for vertically-aligned carbon nanotube films on Si substrates
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Table A.1 — Physical parameters obtained from VACNT samples

Thickness,hCNT Density,pCNT Thermaldiffusivity,aCNT
Sample
(um) (kg m~3) m2 s~
Sample A 101 36 1,1 x107°
Sample B 150 13 2,6 x 1075
Sample C 410 14 1,6 x 107°
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Analytical solution of transient temperature rise for bilayer sample
measured with flash method

conduction in a bilayer material (as shown in Figure 2) with light pulse hedting, whi
ar to the measurement system of flash method, is theoretically formulated and analyse
hg the heat diffusion equation [5], [6], [7], [8], [9]-

ming some conditions; one-dimensional heat flow, no heat losg_from the sample sur
ermal contact resistance between layers, and uniform heat/input over the front sur
ormalized transient temperature curve on the VACNT sample surface (AT/AT is g

max )
llows [5], [6], [7], [8]:
4(bSUBM +bCNT\/a)eXp[— TCNZT z]
P =TT

zﬂ

©

2
" bsus + bent ) (vrsus + W)cos([

=1+

suB

TCNT TCNT

e AT, ax i the maximum temperature rise after the pulse heating, and z, is the n-th sol

b following characteristic equation:

[—bSUBHjsin [SUB 11|, +(bsﬂ—1]sin [FSUB 11z |=0
boNT TCNT benT TCNT

ch is
d by

face,
ace,
iven

A.1)

Lition

A.2)

In thgse equations, bg g, 75y are thermal effusivity and thermal diffusion time for the substrate,
respectively, and boyT, 7onT a@re thermal effusivity and thermal diffusion time for the VACNT
film, [respectively. The parameters of thermal effusivity and thermal diffusion time can be given
as follows:
bsus = PsuBCsus@suB> DeNT = PeNTCONTVACNT (A.3)
2 2
h h
rqug = U8B _ leNT (A.4)
2suB OCNT
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