IEC TS 62607-6-4:2024-02(en)

IEC TS 62607-6-4

TECHNICAL

S

PECIFICATION

Edition 2.0 2024-02

™
Qv
»¥
b/
Q' .

colour

(bQ “ inside
SV
<2
O
NG
. .. O
Namomanufacturing — Key control characteri t‘@s -
6-4: Graphene-based materials — Surf onductance: non-contact

Pa
mig

rowave resonant cavity method \\§\



https://iecnorm.com/api/?name=1d267edb2f506142c2b2d8eddb63152c

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2024 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or
your local IEC member National Committee for further information.

IEC Secretariat Tel.: +41 22 919 02 11
3, rue de Varembé info@iec.ch
CH-1211 Geneva 20 www.iec.ch
Switzerland

Abouf the IEC

The Ipternational Electrotechnical Commission (IEC) is the leading global organization that prepares and, ‘puljlishes
Internptional Standards for all electrical, electronic and related technologies.

About IEC publications
The tgchnical content of IEC publications is kept under constant review by the IEC. Please makessure’ that you haje the
latest jedition, a corrigendum or an amendment might have been published.

IEC puyiblications search - webstore.iec.ch/advsearchform IEC Products & Services Portal =products.iec.ch
The apvanced search enables to find IEC publications by a Discover our powerful searchi‘ehgine and read freely fall the
variety of criteria (reference number, text, technical publications previews, gtaphical symbols and the glgssary.
comm|ttee, ...). It also gives information on projects, replaced  With a subscription yot'will"always have access to up fo date
and withdrawn publications. content tailored to your needs.

IEC Juist Published - webstore.iec.ch/justpublished Electropedia - Wwww.electropedia.org

Stay yp to date on all new IEC publications. Just Published  The world's Jeading online dictionary on electrotechrjology,
detailq all new publications released. Available online andonce  containing more than 22 500 terminological entries in English

a month by email. and French, with equivalent terms in 25 additional langfiages.
. Also"knewn as the International Electrotechnical Vocgbulary
IEC Clstomer Service Centre - webstore.iec.ch/csc (IEVYonline.

If you ish to give us your feedback on this publication or need
furthe assistance, please contact the Customer Service
Centrg: sales@iec.ch.



mailto:info@iec.ch
https://www.iec.ch/
https://webstore.iec.ch/advsearchform
https://webstore.iec.ch/justpublished
https://webstore.iec.ch/csc
mailto:sales@iec.ch
https://products.iec.ch/
http://www.electropedia.org/
https://iecnorm.com/api/?name=1d267edb2f506142c2b2d8eddb63152c

IEC TS 62607-6-4

Edition 2.0 2024-02

TECHNICAL
SPECIFICATION

“ colour
inside

Napomanufacturing — Key control characteristics —
Part 6-4: Graphene-based materials — Surfage’conductance: non-contact
migrowave resonant cavity method

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

ICS 07.120 ISBN 978-2-8322-8317-2

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission


https://iecnorm.com/api/?name=1d267edb2f506142c2b2d8eddb63152c

-2- IEC TS 62607-6-4 © IEC 2024

CONTENTS
O T T 1 I PP 3
LN I 2 1 1 L O 1 PN 5
1 1T o 1= S 6
2 NOrMative referENCES .. o 6
3 Terms and definitioNs ... 6
3.1 GraPNENE LAY IS ..iuiiiii e 7
3.2 Measurement terminOlOQY ... e ettt 8
Microwave cavity testing structure ... e 9
TSt SPECIMEN LN e 9
Measurement ProCeAUIE .........ie i e W e ...10
61 N o o 1= =1 (U - R ...10
62 Calibration ... N s ...10
643 MeasuremMeNts ... ..o e A ... 11
6.3.1 General ..o Lo e ... 11
6.3.2 EMPLY CaVvity .o ... 11
6.3.3 SPECIMEN L.oniiiiiiice e T ... 11
6.3.4 Repeated proCedure ... ..o e ... 11
6.3.5 Substrate ... ... 12
7 [Calculations of surface conNdUCIANCE........oceuii N ...12
8 L= 0 Lo o S P 12
9 JAcCUracy CONSIAEIatioN . ... ... e ettt 13
Anngx A (informative) Case study of surface conductance measurement of single-
ayer and few-layer graphene ... .. .8 ... 14
Al1 GENETAL . s ... 14
Al2 Cavity perturbation procedUre ... ... ... 14
Al3 Experimental ProCeAURE .........oui e ...15
Al4 RESUITS e e ... 15
Al5 Surface condugtance of single-layer graphene and few-layer graphene ............] ...16
Al6 ST L0 a T = LV 0 PPN .17
BB D GraP Y ... S ...18
Figufe 1 — Microwave cavity test structure ............coooiiiiiiiii e 9
Figufe 2'—=Microwave cavity testing fiXture ... ...10
Figu eA 11— S21 magnitndp of the resonant peak TF4|03 as a function of frpqupn(‘y at

several specimen iNSertions (/,) ........ooooeeiiiiiiiiii 16

Figure A.2 — Plots of 1/0, = 1/Qq as a function of the normalized specimen area (why). ....... 16


https://iecnorm.com/api/?name=1d267edb2f506142c2b2d8eddb63152c

IEC TS 62607-6-4 © IEC 2024 -3-

1)

2)

3)

4)

5)

6)

7)

8)

9)

INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 6-4: Graphene-based materials —

Surface conductance: non-contact microwave resonant cavity method

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote interng
cd-operation on all questions concerning standardization in the electrical and electronic fields. To this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
Pdyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEE~Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dea
may participate in this preparatory work. International, governmental and non-goverimental 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 agreemenht\between the two organizati

THe formal decisions or agreements of IEC on technical matters express; as/nearly as possible, an interng
cdnsensus of opinion on the relevant subjects since each technical €emmittee has representation frg
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N4
Committees in that sense. While all reasonable efforts are made to ensure that the technical content d
Pyblications is accurate, IEC cannot be held responsibl€ Sfof 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(hational 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 of‘conformity. Independent certification bodies provide conf
agsessment services and, in some areas,*decess 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.
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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 to the Normative references cited in this publication. Use of the referenced publicati
indispensable for the*correct application of this publication.

IEIC draws att€ntion 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 betequired to implement this document. However, implementers are cautioned that this may not rep
latest’ information, which may be obtained from the patent database available at https://patents.iec.cH

liability shall attach to IEC or_its,'directors, employees, servants or agents including individual experjs and

ge or
) and
r IEC

bns is
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hich
esent
. IEC

shalknot be held responsible for identifying any or all such patent rights.

IEC TS 62607-6-4 has been prepared by IEC technical committee 113: Nanotechnology for
electrotechnical products and systems. It is a Technical Specification.

This second edition cancels and replaces the first edition published in 2016. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) changed the document title to better reflect its purpose and application:
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old title: Graphene — Surface conductance measurement using resonant cavity

2024

new title: Graphene based materials — Surface conductance: non-contact microwave

r

esonant cavity method.

b) replaced former Figure 1 with new Figure 1 and Figure 2, to better illustrate the method’s
fundamentals and its implementation for a non-technical reader.

The

Full

the gbove table.

The

This

accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, avai
at w|

A list of all parts in the IEC 62607 series, published under the general titte Nanomanufactur

Key
The

text of this Technical Specification is based on the following documents:
Draft Report on voting
113/756/DTS 113/809/RVDTS

nformation on the voting for its approval can be found in the report on voting indicat

anguage used for the development of this Technical Specification is English.

document was drafted in accordance with ISO/IEC Directives, Part;2;and develop

control characteristics, can be found on the IEC website.

committee has decided that the contents of this decument will remain unchanged unt

bd in

ed in
able

Www.iec.ch/members_experts/refdocs. The main document types ‘developed by IEQ are
described in greater detail at www.iec.ch/publications.

ng —

| the

stability date indicated on the IEC website under sebstore.iec.ch in the data related t¢ the

specific document. At this date, the document wilkbe

—

e withdrawn, or

e amended.

pconfirmed,

tha
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IMBORTANT - The "colourinside" logo on the cover page of this document indic3

[ it contains colours which are considered to be useful for the correct understand
ks contents. Users'should therefore print this document using a colour printer.
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INTRODUCTION

The microwave cavity test method for surface conductance is non-contact, fast, and accurate.

It is well suited for standards development, research and development (R&D), and for q

uality

control in the manufacturing of two-dimensional (2D) nano-carbon materials. These sheet-like

or flake-like carbon forms can be assembled into atomically thin monolayer or mult

ilayer

graphene materials. They can be stacked, folded, crumpled, or pillared into a variety of nano-

carbon architectures with the vertical dimension limited to a few tenths of a nanometre.

Many

of these 2D materials, and their derivatives, are new and exhibit extraordinary physical and
electrical properties such as optical transparency, anisotropic heat diffusivity, and charge
transport that are of significant interest to science, technology, and commercial applications

(11, (2T, 13T

Depe¢nding on particular morphologies, density of states, and structural perfection, the 'Sufface
conductance of these materials can vary from1 S to about 1073 S. Conventional direct cufrent
(DC)| surface conductance measurement techniques require a complex test”vehicle| and
interconnections for making electrical contacts to such materials, which affect-and distort the
measurement, thus, making it difficult to resolve the intrinsic properties of the'material from the

artifgcts associated with the electrical contact formation.

In cgmparison, the resonant cavity measurement method is non-contact, fast, and avoids the

artifgcts associated with the electrical contact formation. Thus, it isswell suited for use in

R&D

and |manufacturing environments where the surface condu¢tance is a critical functjonal
parameter. Moreover, it can be employed to measure electrical characteristics of other nano-

size ptructures without the need for establishing electrical contacts or sample thickness.

T Numbers in square brackets refer to the Bibliography.
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Surface conductance: non-contact microwave resonant cavity method

1 anpn

This| part of IEC 62607 establishes a standardized method to determine the key |edntrol

char@cteristic

e surface conductance
for fiijms of graphene and graphene-based materials by the

. non-contact microwave resonant cavity method

The [non-contact microwave resonant cavity method monitors Cthe microwave resdnant

freqyency shifts and changes in the cavity’s quality factor during the insertion of the spec
into the microwave cavity, as a function of the specimen surfacejarea. The empty cavity
air-filled standard R100 rectangular waveguide operated af<one of the resonant frequ
modes, typically at 7,5 GHz [4].

men
s an
ency

— The method is applicable for graphene materials which are synthesized by chemical vgdpour

flom reduced graphene oxide (rGO), or mechanically exfoliated from graphite [5].
— This measurement does not explicitly depend on the thickness of the nano-carbon |
1

dimensions are uniform over the specimen area.

NOTH In some countries, the R100 standard waveguide is referenced as WR-90.
2 Normative references

The following documents arereferred to in the text in such a way that some or all of their co

deposition (CVD) on metal substrates, epitaxiakgrowth on silicon carbide (SiC), obtgined

hyer.

he thickness of the specimen does notineed to be known, but it is assumed that the Igteral

htent

consttitutes requirements of this document. For dated references, only the edition cited applies.

For |lundated references) the latest edition of the referenced document (including
amendments) applies!

ISO/I'S 80004-13,"\Nanotechnologies — Vocabulary — Part 13: Graphene and related
dimensional (2D)-materials

3 Terms and definitions

For the.purposes of this document, the terms and definitions given in ISO/TS 80004-13 an

any

two-

d the

following apply.

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

addresses:

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

e |SO Online browsing platform: available at https://www.iso.org/obp


https://www.electropedia.org/
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3.1 Graphene layers

3.1.1

graphene

graphene layer

single-layer graphene

monolayer graphene

single layer of carbon atoms with each atom bound to three neighbours in a honeycomb
structure

Note 1 to entry: It is an important building block of many carbon nano-objects.

Note 2 to entry: As graphene is a single layer, it is also sometimes called monolayer graphene or single-layer
graphene and abbreviated as 1LG to distinguish it from bilayer graphene (2LG) and few-layer graphene (FLG)|

Note B to entry: Graphene has edges and can have defects and grain boundaries where the bonding is disrup{ed.

[SOUYRCE: ISO/TS 80004-13:2017, 3.1.2.1]

3.1.

bilayer graphene

2LG

two-flimensional material consisting of two well-defined stacked graphenge layers

Note [l to entry: If the stacking registry is known, it can be specified separately, for example, as "Bernal sthcked
bilaygr graphene”.

[SOURCE: ISO/TS 80004-13:2017, 3.1.2.6]

3.1.

trilayer graphene

3LG

two-dlimensional material consisting of three well-defined stacked graphene layers

Note [l to entry: If the stacking registry is known, it canrbe specified separately, for example, as "twisted tfilayer
graphene".

[SOUYRCE: ISO/TS 80004-13:2017, 3.1.2.9]

3.1.4
few-|ayer graphene
FLG
two-flimensional material consisting of three to ten well-defined stacked graphene layers.

[SOURCE:ISO/TS 80004:13:2017, 3.1.2.10]

3.1.5
graphene oxide
GO
chenpically modified graphene prepared by oxidation and exfoliation of graphite, causing
extepsive-oxidative modification of the basal plane.

Note | to\entry: Graphene oxide is a single-layer material with a high oxygen content, typically characterized by
C/O atommicTatios ofapproximmatety 2;6dependimygomthe methodof symthesTs:

[SOURCE: ISO/TS 80004-13:2017, 3.1.2.13]

3.1.6

reduced graphene oxide

rGO

reduced oxygen content form of graphene oxide

Note 1 to entry: This can be produced by chemical, thermal, microwave, photo-chemical, photo-thermal or
microbial/bacterial methods or by exfoliating reduced graphite oxide.

Note 2 to entry: If graphene oxide was fully reduced, then graphene would be the product. However, in practice,

some oxygen containing functional groups will remain and not all sp3 bonds will return back to sp2 configuration.
Different reducing agents will lead to different carbon to oxygen ratios and different chemical compositions in reduced
graphene oxide.
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Note 3 to entry: It can take the form of several morphological variations such as platelets and worm-like structures.

[SOURCE: ISO/TS 80004-13:2017, 3.1.2.14]

3.1.7

graphene-based material

GBM

graphene material

grouping of carbon-based 2D materials that include one or more of graphene, bilayer graphene,
few-layer graphene, graphene nanoplate, and functionalized variations thereof as well as
graphene oxide and reduced graphene oxide.

N t to-onter: "Cranhonn mataerial" 1o o chae
ote fe-entry: rapherematerialis—a-shot

3.2 | Measurement terminology

3.2.1
surface conductance
shegt conductance

chargcteristic physical property of two-dimensional materials describing thé\ability to corlduct
elecfric current.

Note | to entry: The Sl unit of measure of o is siemens (S). In the trade and industrialliterature, however, sigmens
per square (S/square) is commonly used when referring to surface conductance. G =/1/U = o - (W/l).

Note ® to entry: The surface conductance (s ) can be obtained by normalizing\cognductance G to the specimen(width
(w) and length (/).

3.2.2
electrical conductivity

oy

chargcteristic physical property of 3D materials describing the ability to conduct electric cunrent.

Note [ to entry: The electrical conductivity can be obtained from surface conductance dividing it by the conguctor
thickness (¢), with o, = o /t. The unit of measure of ¢,,i§ siemens per metre (S/m).

3.2.3
surface resistance
shegqt resistance

Ps
recigrocal of surface conductanee, o

Note | to entry: Sheet resistance measurements are commonly made to characterize the uniformity of condpctive
or sermi-conductive coatings for quality assurance. The Sl unit of measure of p_ is ohm (Q). In the trade and indystrial

literature, however, ohm-per'square (Q/square) is commonly used when referring to surface resistance. Thig is to
avoid|confusion between.surface resistance and electrical resistance (R), which share the same unit of measufe.

3.2.4
microwave cayity

radi¢ frequency cavity
RF gavity

specialtype of resonator consisting of a closed metal structure that confines electromagpetic
fieldsTn The microwave region of the spectrum.

Note 1 to entry: The structure can be filled with air or other dielectric material. A cavity acts similarly to a resonant
circuit with extremely low loss at its frequency of operation.

Note 2 to entry: Microwave cavities are typically made from closed (or short-circuited) sections of a waveguide.
Every cavity has numerous resonant frequencies (f,) that correspond to electromagnetic field modes satisfying the

necessary boundary conditions, i.e. the cavity length is an integer multiple of half-wavelength at resonance.

3.2.5

quality factor

dimension-less parameter describing the ratio of energy stored in the resonant circuit to time-
averaged power loss of the cavity, or equivalently, a resonator's half power bandwidth, (Af)
relative to the resonant frequency (f,)

Note 1 to entry: QO = f/Af


http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Frequency
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3.2.6

microwave scattering parameter

S-parameter

Sl-j

factor that quantifies how RF energy propagates through a microwave multi-port network.

Note 1 to entry: Subscript (i) indicates the detecting port. Subscript (j) refers to the source (input) port. Accordingly,

S,, quantifies microwave energy that is transmitted from port_1 to port_2. In comparison, S, quantifies microwave
energy that is sourced and detected at port_1 and it is often referred to as a reflection coefficient.

4 Microwave cavity testing structure

Figufe 1 a) illustrates geometry of the waveguide resonating structure (cavity) with the_yave
proppgating along vector k,. The waveguide is short terminated on both ends with nearjzero
impedance walls. This allows excitation of standing waves (TEy, modes) at specific Tesgnant
freqyency, where the subscript » indicates the longitudinal mode number excited along the
cavitly length. Insertion of a specimen in the centre of the cavity [Figure 1'b)] causeg the
resopant peak to shift to lower frequencies in proportion to the specimen(dielectric constant,
whilg the resonant peak area decreases in proportion to the specimen ceonductivity.

25 A
m

o °
E ™

=30
S My
« > -

Afy
-
-35
1 . ‘
Is Jo
Frequency
IEC. IEC]
a) Waveguide terminated with.hear-zero b) Specimen insertion into cavity causes the
impedance walls. When implemeénted using R100 resonant peak to shift towards lower frequencies
starjdard waveguide with dimenhsjons « = 24,6 mm, and a decrease in its area, in proportion to
=10,16 mm, / = 135 mm; the structure can specimen conductivity.
opefate as a resonator in_the frequency of 6,5 GHz
to 13\GHz.

Figure 1 — Microwave cavity test structure

5 Test specimen

The [test(specimen consists of a graphene layer coated on or bonded to a non-condufting
rate. The substrate provides mechanical support for handling and positioning the graphene
i s i : A the
measurement, the substrate material should exhibit low conductivity and low dielectric
permittivity. The recommended substrate for graphene obtained from CVD, exfoliation or other
synthetic routes is 200 um to 250 um thick electronic grade fused silica wafer. The graphene
material to be tested should be transferred onto the substrate surface using a process that
preserves the structural integrity and purity of the graphene layer, while minimizing the
possibility of contamination. The method requires measuring both the coated and uncoated
substrate. The typical size of test specimen is 3 mm x 20 mm.

Epitaxial SLG can be grown by heating the SiC single crystal in a high vacuum or in an inert
gas atmosphere [6]. The SiC surfaces after graphene growth contain Si- and C-terminated
faces. On the Si-face the process stops at the homogeneous SLG. A few-layer graphene (FLG)
can be grown with a controlled number of layers on the C-terminated face. Epitaxial graphene
grown on silicon carbide (SiC) may be tested directly on the native substrate after removing
either the Si- or C-terminated face. The carrier mobility reaches as high as several
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thousand m2vV-1s~1. On the C-face, twisted bilayer graphene can be grown. From the
application point of view, graphene on SiC can be the platform used to fabricate high-speed
electronic devices [7].

NOTE From the application point of view, graphene on SiC will be used as a standard reference graphene material
and the platform used to fabricate high-speed electronic devices and dense graphene nanoribbon arrays, which will
be used to introduce a bandgap [2], [3], [7].

6 Measurement procedure

6.1 Apparatus

Figure 2 illustrates an example of testing fixture that consists of a R100 waveguide (2), with
recommended voltage reflected standing wave ratio (VRSW) of 1,04:1 or less, and the insgrtion
loss |0,5 dB/m or less. The waveguide operates in the microwave frequency range of. 6,5|GHz
to 13,0 GHz. The walls terminating the cavity on both ends are implemented using) coaxfal to
R100 waveguide couplers (4), which are near-cross-polarized (0 = 87°) with respect tg the
waveguide electromagnetic field polarization, £ and H. The resonant frequency ofl the
fundgmental modes excited along the propagation direction is determined\ by the elecirical
length (/) of the cavity. For an air-filled (empty) waveguide with the relative-permittivity ¢. 3 1,0,

I = 1, which is used as reference in this measurement.

4

IEC

The specimen (1) is inserted/into the cavity (2) through a narrow slot of 1 mm x 10 mm), precisely machined through
both Walls of the waveguide in the centre of the cavity, where the electric field (E) attains a maximum valuge odd
modep TE,, , wherewm'=1, 3, 5, ... The specimen is attached to a stage (3) that controls and measures the spetimen

area Inside the_ cavity. The fixture is connected to ports P1 and P2 of a vector network analyser by using ¢ross-
polariged coaxial fo R100 waveguide couplets (4).

Figure 2 — Microwave cavity testing fixture

The measurementrequires—an—automatictwo-port-vestornetworkanalyser (MNA}operating in
the frequency range that covers the frequency band (6 GHz to 13 GHz) with the capability of
measuring the microwave scattering parameters S, or S, transmitted between P1 and P2 of
the VNA. Connections between the test fixture (Clause 5) and the VNA should be made using
high quality coaxial cables and appropriate adapters. The dynamic range of the measurements
should be within 70 dB. The instrument should be equipped with an IEEE 488 I/O interface or
equivalent, for transferring data between the VNA and a data collection unit.

6.2 Calibration

Calibration is required only at the coaxial ends connecting the VNA to R100 couplers. Two-port
full calibration for S,4 and S, should be performed in accordance with the VNA manufacturer’s

specification using an appropriate short-open-load calibration kit.
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6.3 Measurements

6.3.1 General

Connect the empty test fixture to the vector network analyser (VNA). Set the VNA to measure
S,4 magnitude with 800 data points or more. Select the frequency span to 2 GHz and the centre

frequency to 8,5 GHz. Several resonant peaks should appear on the VNA screen, each with the
S, peak value of about -20 dB and the S,4 minimum value (noise floor) in the range of -60 dB

or less. Identify the resonant frequency (f;) of the third resonant peak TE,y3, for which the
electric field of the standing wave attains its maximum value in the middle of the cavity.

NOTE The electric field inside the cavity attains a maximum value in the middle of the cavity where the specimen
et g i - - R M - below

uses
cavity
hcies,

while the resonant peaks corresponding to even modes (n = 2, 4, 6, ...) remain intact.
6.3.2 Empty cavity

Set the centre frequency to f; and the frequency span to about 2Af' (10 MHz)or less), such that
|S,4l|peak height is about 5 dB. Determine the half power bandwidth, Af5{f, - 4|, where f3 and
f1 are frequencies of the resonant peak, 3 dB below the |S,4| maximum. Determine the qgyality
factdr Q, of the empty cavity from Formula (1).

Qo ="~ (1)

6.3.3 Specimen
Insernt the specimen into the cavity in steps (x), while measuring the length of the insertion (4,)
pertyrbing the cavity volume. Record thejarea (4,) of the sample inside the cavity at each|step
(h).

A, = wh ()

whene w is the width of the test specimen. When the cavity is perturbed by the specimen|, the
freqyency peak position (f,) of the resonant peak should move to lower frequencies and the

IS51lmax valug/should decrease when 4 increases. Adjust the centre frequency ang the
freqyency span as in 6.3.1 if necessary. Record the resonant frequency f,, half power bandyidth
Af arjd the corresponding quality factor O, (Formula (1)).

NOTE™The active Tength (%) perturbing the cavily volume corresponds 1o the portion of the specimen mside the
cavity). The typical value of O, is about 3 200, which can be measured with uncertainty AQ + 5,0 [4]. Therefore, the
minimum insertion & which causes the quality factor to change from its initial value Q, can be determined
experimentally from AQ.

6.3.4 Repeated procedure

Repeat the steps in 6.3.2 recording O, and 4,, until 2, < 10 mm (4, < a) or when in the case of
highly conducting samples the value of O, decreases to about 100 (Q, = 100 ) or the resonant
peak height, |S,4|,,ax, decreases to about 10 dB above the noise level.

NOTE The operating menu of a typical automatic vector network analyser includes functions for finding the peak
maximum (resonant frequency), calculating the half-power bandwidth, quality factor, and for adjusting the centre
frequency and the frequency span. These functions can be executed either manually or invoked from a programme
for automated calculation of the quality factor after each specimen insertion step.
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6.3.5 Substrate
Optionally perform the steps in 6.3.2 and 6.3.3 for bare substrate.
7 Calculations of surface conductance
Formula (3) correlates the surface conductivity of the graphene specimen with the measured

quality factor and the specimen surface area [4]:

1 1 2
S % (wh
O, D 7 neg folo (ko) 3)

where

is the specimen surface conductance;

(w h)) is the specimen surface area inside the cavity;

0, is the quality factor of the specimen at insertion 7 ;

(o5 is the quality factor and resonant frequency of the empty cavity;
Jo is the resonant frequency of the empty cavity;

7 is the volume of the empty cavity, ¥y = abl (see Figure 1);

g is the permittivity of free space.

Since for a given cavity 7, Oy and f; are constant\parameters, Formula (3) can be rearrapged
into Formula (4), which can be fitted to a straight\ine.

1 1
—H5—=o0s k(wh 4
Qx QO S ( x) ( )
where
3 2
TCSOfoVO .

Thug, o can bexsolved from the slope of a linear portion of plot (1/Q0, - 1/Q,) versus (kHwh,)
(see|Figure A=2).

8 Report

The teport-shal-nclude-thefollowing:

e preparation procedure and dimensions of the specimen;

e values of Iy, Qg and fy;

e table of f, O, and h, for the sample specimen with graphene layer

e plot of (1/0, — 1/Qy) versus (kwh,) for the sample specimen containing graphene layer on
the substrate;

o table of f, O, and &, for the specimen of bare substrate having nominal width w same as
the sample specimen;

e plotof (1/0, - 1/Qg) as a function of (kwh,) for the bare substrate;
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e measured surface conductance for specimen containing graphene layer on the substrate,

os;
e measured surface conductance for specimen of bare substrate, og,;

e surface conductance, og, for the graphene layer: og = o5 = 051

NOTE The typical surface conductance value of graphene materials can be between 1 S (for a multilayer and/or
doped graphene) and 1075 S (for SGL). Such conductance values are much larger than the typical surface

conductance of fused silica substrate and therefore the effect of substrate can be neglected in most cases.

When

the film consists of a not percolated semi-continuous network of graphene flakes, o, can be much smaller than 107% s,

Similarly, o, can decrease rapidly with increasing concentration of carbon sp® defects, for example, after chemical

functiona ation or incomplete red on-o Q. Inthe case when the me ed e cond nce omp

to sufface conductance of the substrate, the measurement results can be unreliable. In such cases a corr

ique for Formula (3) or Formula (4) and considering theCinstrumentation and
rimental errors. The standard uncertainty of S,; can be ‘assumed to be within

uncertainty of the measurements is typically better than 1 %. Further improvement in accu
can be achieved by fitting the resonant peak data.to ‘a damped oscillator model, which ut
both| the magnitude and phase of the measured complex scattering parameter S,

Comparison of calculation techniques for,guality factor influenced by the measure
uncefrtainty of the vector network analyser,is-given in reference [9].

Addifional limitations may arise from:~the systematic uncertainty of the instrumentd
calibration standards, the dimensional, and structural imperfections of the actually impleme
test gpecimen.
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Annex A
(informative)

Case study of surface conductance measurement
of single-layer and few-layer graphene

A.1 General

In this case study, surface conductance of commercially available single-layer and few-layer
graphene from the CVD process was measured using non-contact resonant cavity. The
impI “““ dpartiat-spectmentnserton S i Sjme A < ea1A -Vity,
morg data points for fitting and overall better accuracy. The measurements are reference¢d to
resopant frequency in air.

TTOwW v, O O10 cl v, cl cl

A.2 | Cavity perturbation procedure

The gavity perturbation by a specimen, having relative complex permittivity e: =¢g +&g, IS given
by Fprmulas (A.1) to (A.3), where the complex integral, C,, given by Formula (A.3), accqunts
for npn-uniform fields [4], [8].

Jo—Js _ 0 2
%:(83—1)705_bx A1)
11 47
I n__b
0, o Y A2)
2[ EgEqdV
V.
CV =bX +by =SJ.T A3)
0
"

High|frequency/structure simulator (HFSS) software was employed to solve Formulas (A1) to
(A.3) numerically under the assumption that the specimen volume, V, is small comparegd to

volume daf the cavity, ¥y, (Vy << V) and the sample permittivity does not depend on 7. In the
rangp of’Qg, and Vg values where C,, = constant, Formulas (A.1) and (A.2) are linear anq can
be solved for & by measuring Oy, O, fo and f; as a function of Vg [4]. Inserting into cavity,

tuned at the resonant frequency f;, a low loss substrate, having permittivity ey, = &bub — Jémub
thickness ¢, and volume 7, causes the resonant frequency shift to lower frequencies from
Jo to fsup» Which is proportional to &,,. The corresponding quality factor decreases from Qg to
Ogup» Which depends on ¢, . Similar experiments with nominally the same substrate coated
with a conducting layer of graphene material, having thickness 75 and volume V5 causes the
quality factor to decrease from Qg to Qg, which includes combined losses of the substrate and

the graphene layer. Since the dielectric loss of substrate is much smaller than that of graphene
and can be neglected, ¢, ~0, Formula (A.2) can be re-rearranged into Formula (A.4) as shown

in reference [4]:
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1 1 og 2wh,

LI _2p,
O, G mefo W

where:

oG
€0

wh

is the surface conductance of the graphene layer;

is the permittivity of free space;

iIs the area of the grnphnno I::\Jlnr cpnnimnn inserted into the pn\/ify;

q (A.4)
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is the quality factor at insertion 4 ;

h and ¥ are the resonant frequency, quality factor and volume of the empty c3
respectively.

Formula (A.4), from which o is determined, does not depend on the thickness of the graphene layer
a, wh_, which can be determined with much higher accuracy than the graphene thickness ¢, [4].

Experimental procedure

e-layer graphene (1LG) [6] and few-layer graphene (FLG)(from a CVD process [10]

h 3 mm x 20 mm specimens were extracted by dicing.

cavity test fixture design shown in Figure 2 employs a 134 mm long R100 waveg
hting in the frequency range of 6,6 GHz to 13 GHz'{4]. The specimen area inside the ¢
ntrolled by partial insertion. The fixture is ¢onnected to vector network analyser?)
-rigid coaxial cables and coaxial-to-R100 adapters. The walls of the cavity are implems
R100 couplers, which are cross-polarizéd (¢ = 87°) with respect to the waveg
ization. The system is calibrated at the‘coaxial ends using a short-open-load calibr
he resonant frequency f, and half power bandwidth Af, are determined for each TE;

o odd resonant mode, from the measured scattering parameter peaks between 6 GHZ

5es 4 to 5 Here, f; of the TEjg3 peakis 7,319 112 5 GHz, Oy = 3 000 and 7, = 33,491

Results

e A.1 shows the magnitude of S,,, at the TE 33 resonant peak measured for SLG
as a function-/of the specimen insertion into cavity. Figure A.1 a) shows that

anged indicating a low conductivity of the substrate, therefore confirming validi

vity,

ut on

were
from

uide
avity
with
nted
uide
ation
b3 to

and

Hz. The test fixture, instrumentation and the measurement procedure are describgd in

cm3.

and
with

asing inserfion, the height of the resonant peak of fused silica substrate remains relafively

y of

ifying.assumption in Formula (A.4). In comparison, Figure A.1 b) shows that the heig

ht of

the nesofant peak of 1LG decreases considerably with increasing specimen insertion ddie to
muclh Higher conductance of the graphene layer. The conductance of FLG is larger than that of
1LG,%WWWWW ; ; i n in

Figure A.1 c). In addition to the decrease in height, this resonant peak shifts to lower frequency
considerably, indicating a large dielectric polarization, likely at the boundaries between grains
in the FLG sample.

2 Agilent N5225 is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of this product.
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