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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 6-4: Graphene — Surface conductance
measurement using resonant cavity

FOREWORD

1) THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comgrising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
infernational co-operation on all questions concerning standardization in the electrical and €lectronic fields. To
thls end and in addition to other activities, IEC publishes International Standards, Technical Specificqtions,
Tdchnical Reports, Publicly Available Specifications (PAS) and Guides (hereaftéer referred to as| “IEC
Pyblication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inteqfested
in| the subject dealt with may participate in this preparatory work. International, governmental and| non-
gqvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cjosely
with the International Organization for Standardization (ISO) in accordance with conditions determingd by
adreement between the two organizations.

2) THe formal decisions or agreements of IEC on technical matters express,”as nearly as possible, an interndtional
cdnsensus of opinion on the relevant subjects since each technical committee has representation frgm all
inferested IEC National Committees.

3) IEC Publications have the form of recommendations for intérnational use and are accepted by IEC Ndtional
Committees in that sense. While all reasonable efforts are¢made to ensure that the technical content qf IEC
Pyblications is accurate, IEC cannot be held responsible for the way in which they are used or fgr any
m{sinterpretation by any end user.

4) In|order to promote international uniformity, IEC.National Committees undertake to apply IEC Publicgtions
transparently to the maximum extent possible *ins their national and regional publications. Any divergence
bgtween any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IE[C itself does not provide any attestation® of conformity. Independent certification bodies provide confprmity
sessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fqr any
rvices carried out by independent¢ertification bodies.

6) All users should ensure that theyshave the latest edition of this publication.

7) N¢ liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical_ committees and IEC National Committees for any personal injury, property damgge or
other damage of any mature whatsoever, whether direct or indirect, or for costs (including legal feeg) and
eXpenses arising out ‘of the publication, use of, or reliance upon, this IEC Publication or any othef IEC
Pyblications.

8) Attention is drawn“to the Normative references cited in this publication. Use of the referenced publicatipns is
inflispensable\for the correct application of this publication.

9) Attentionsisadrawn to the possibility that some of the elements of this IEC Publication may be the subjgect of
pdtent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The 0 G 3 0 ba ational—Sta
exceptional circumstances, a technical committee may propose the publication of a Technical
Specification when

e the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

e the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical Specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62607-6-4, which is a Technical Specification, has been prepared by IEC technical
committee 113: Nanotechnology for electrotechnical products and systems.
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text of this Technical Specification is based on the following documents:
Enquiry draft Report on voting
113/295/DTS 113/324/RVC

2016

Full information on the voting for the approval of this Technical Specification can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

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

The committee has decided that the contents of this document will remain unchanged unt|l the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the-data relatgd to
the gpecific document. At this date, the document will be

e transformed into an International Standard,

e reconfirmed,

e Withdrawn,

e replaced by a revised edition, or

e 3gmended.

A billngual version of this publication may be issued\at a later date.

IMPDRTANT - The ‘colour inside' logoe“on the cover page of this publication indicptes
that| it contains colours which \vare considered to be useful for the conrect
understanding of its contents, Users should therefore print this document using a

colqur printer.
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INTRODUCTION

The microwave resonant cavity test method for surface conductance is non-contact, fast,
sensitive and accurate. It is well suited for standards, research and development (R&D), and
for quality 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
multilayer graphene materials, which can be stacked, folded, crumpled or pillared into a
variety of nano-carbon architectures with the lateral dimension limited to a few tenths of a
nanometre. Many of these materials 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 [1, 2]1.

Dep
con
currg
and
maki

In cq
well

nding on particular morphologies, density of states and structural perfection, the su
uctance of these materials may vary from 1S to about 104 S. Conventional g
nt (DC) surface conductance measurement techniques require a complex*test ve
nterconnections for making electrical contacts, which affect and alter the_measuren
ng it difficult to decouple the intrinsic properties of the material.

mparison, the resonant cavity measurement method is fast and\non-contact. Thus,
suited for use in R&D and manufacturing environments where the surface conductan

a ciitical functional parameter. Moreover, it can be employed to measure elec

char

bcteristics of other nano-size structures.

face
irect
hicle
hent,

it is
ce is
rical

1 Numbers in square brackets refer to the Bibliography
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NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 6-4: Graphene — Surface conductance
measurement using resonant cavity

1 Scope

This|part of IEC 62607 establishes a method for determining the surface conductance "of
dimgnsional (2D) single-layer or multi-layer atomically thin nano-carbon graphene struct
Thege are synthesized by chemical vapour deposition (CVD), epitaxial growth on si
carblde (SiC), obtained from reduced graphene oxide (rGO) or mechanically{exfoliated
graphite [3]. The measurements are made in an air filled standard~R100 rectan
waveguide configuration, at one of the resonant frequency modes, typicallyat 7 GHz [4].

Surface conductance measurement by resonant cavity involves<monitoring the resg
frequency shift and change in the quality factor before and after-insertion of the specimern
the ¢avity in a quantitative correlation with the specimen surface area. This measure
doeg not explicitly depend on the thickness of the nano-carbon layer. The thickness o
specimen does not need to be known, but it is assumed that the lateral dimension is un
over|the specimen area.

2 ormative references

The [following documents are referred to in\the text in such a way that some or all of
contént constitutes requirements of thist"document. For dated references, only the ed
cited applies. For undated references, the latest edition of the referenced document (inclu
any amendments) applies.

IEC 0153-2, Hollow metallic waveguides — Part 2: Relevant specifications for ord
rectgngular waveguides

3 Terms and definitions

For the purposes.of this document, the terms and definitions given in IEC 60153-2 and
folloywing apply,.

ISO pnd.HEC maintain terminological databases for use in standardization at the follg

two-
ires.
licon
from
jular

nant
into
ment
f the
form

their
ition
ding

nary

| the

wing

addrgsseés:

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

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

3.11

graphene

single-layer graphene

1LG

single layer of carbon atoms with sp2-electronic hybridization bound to three neighbours
honeycomb structure

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

in a


http://www.iso.org/obp
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[SOURCE: ISO/TS 80004-3:2010, 2.11, modified.]

3.1.2

bilayer graphene

2LG

two-dimensional material consisting of two well-defined stacked graphene layers

Note 1 to entry: If the stacking registry is known it can be specified separately, for example as "Bernal stacked
bilayer graphene”.

3.1.3

trilayergraptene
3LG
two-flimensional material consisting of three well-defined stacked graphene layers

Note | to entry: If the stacking registry is known it can be specified separately, for examplecas’"Bernal stpcked
trilaydr graphene" or "twisted trilayer graphene”.

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

3.1.5
nangplate
nand-object with one external dimension in the namoscale and the other two external
dimensions significantly larger

[SOURCE: ISO/TS 80004-2:2015, 4.6]

3.1.6
nangsheet
nandplate with extended lateral dimensions

3.1.7
graphene oxide
GO
chenmically modified graphene prepared by oxidation and exfoliation of graphite that is
accompanied by extensjve oxidative modification of the basal plane

Note | to entry: Geraphene oxide is a single material with a high oxygen content, typically characterized by C/O
atomif ratios less(than 3.0 and typically closer to 2.0.

3.1.8
reduced\graphene oxide

rGO

graphene oxide that has been processed to reduce its oxygen content

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 sp® bonds will return back to sp? configuration.
Different reducing agents will lead to different carbon to oxygen ratios and different chemical compositions in
reduced graphene oxide
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3.1.9
graphene material
nanomaterial based on graphene

Note 1 to entry: Examples of graphene material are multilayered graphene (less than about 10 layers), chemically
modified forms (GO, rGO), and materials made via another precursor material or process such as chemical vapour
deposition (CVD) [3].

3.2 Measurement terminology

3.21

Os

surface conductance
characteristic physical property of two-dimensional materials describing the ability to"eonduct
elecfric current

Note | to entry The SI unit of measure of o, is siemens (S). In the trade and industrial literature, however,
siemgns per square (S/square) is commonly used when referring to surface conductance. This,is to avoid confusion
betwegen surface conductance and electric conductance (G), which share the same unit of-measure:

G =1IU = o (wll).

Note P to entry: The surface conductance (o) can be obtained by normalizing\conductance G to the spefimen
width|(w) and length (/).

3.2.2
G
electric conductance

measgure of how easily electric current flows along a‘certain path

Note || to entry: The Sl unit of electric conductance is siefgens (S).

3.2.3
Oy

volume conductivity
chaEF:teristic physical property of three-dimensional materials describing the ability to
conduct electric current

Note || to entry: The volume conductivity can be obtained by dividing the surface conductance by the conductor
thickness (¢):

o, = o lt.
The upit of measure of, g, is siemens per metre (S/m).

3.2.4
Ps -
surface resistance
shegt\resistance
reciprocal of oy

Note 1 to entry: p, is a characteristic property of two-dimensional materials. The S| unit of measure of p_ is ohm
(Q). In the trade and industrial literature, however, ohm per square (Q/square) is commonly used when referring to
surface resistance or sheet resistance.

3.2.5

microwave cavity

radio frequency cavity

RF cavity

resonator consisting of a closed metal structure that confines electromagnetic fields in 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. Microwave cavities are typically made from


http://en.wikipedia.org/wiki/Resonator
http://en.wikipedia.org/wiki/Electromagnetic_fields
http://en.wikipedia.org/wiki/Microwave
http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Frequency
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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.

3.2.6

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,
relative to the resonant frequency (f,):

0 =4IA

(A1)

3.2.7
Sij
microwave scattering parameters

S-parameters

factgrs that quantify how RF energy propagates through a microwave multi-port network.

Note || to entry: Subscript (i) indicates the detecting port. Subscript (j) refers to, the sourcing (input)

Accordingly, S,, quantifies microwave energy that is transmitted from port_1,to “port_2. In comparisor,

quant|fies microwave energy that is sourced and detected at port_1 and it is{often referred to as a refl
coeffigient.

4 Microwave cavity test fixture

The ftest fixture is shown in Figure 1. It consists of @ R100 (WR-902) waveguide (1), hg
the mominal load impedance of 50 Q, such that the Voltage Reflected Standing Wave
(VRS$W) is 1,04:1 or less, and the insertion loss_0;5 dB/m or less. The waveguide operat
the microwave frequency range of 6,6 GHz_to- 13,0 GHz. The waveguide dimensions
a=10,16 mm, b = 24,6 mm and its length A=134 mm. The waveguide is short terminate
both|ends. The walls of the cavity are implemented via coax to R100 (WR-90) waveg
couplers (2), which are cross-polarized (6 = 87°) with respect to the waveg
electromagnetic field polarization, £ and H. The resonant frequency of the fundamental m

port.
$11
pction

ving
ratio
S in

are
d on
uide
uide
bdes

excited along the propagation direction is determined by the electrical length (/) of the cavity.

For an air filled waveguide with the relative permittivity s, = 1,0, /, = /.

The ppecimen is inserted into the cavity through a narrow slot (3) (1 mm x 10 mm), prec
machined through both.walls of the waveguide in the centre of the cavity, where the elg
field|(FE) attains a maximum value. The specimen (4) is attached to a stage (5). The sta
used to control and’measure the specimen area inside the cavity. In the case of |
samples the entire*test fixture in Figure 1 may be reoriented to perform the measureme
the gpecimen-in horizontal position.

isely
ctric
je is
quid
nt of

2 |n some countries the R100 standard waveguide is referenced as WR-90.
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Couplers rotated 87°
(cross-polarized)  §* £

IEC

Key

N

waveguide
cquplers
slpt for specimen insertion

sgecimen

a A W N

spgecimen holder

Figure 1 — Microwave cavity test fixture

5 Test specimen

The |test specimen consists of a graphene layer coated on or bonded to a non-condufting
subsftrate. The substrate provides mechanical support for handling and positioning the
graphene materials inside the test fixturewdn order to minimize effects of the substrate on the
measurement, the substrate material“should exhibit low conductivity and low dielgctric
pernjittivity. The recommended substrate for graphene obtained from CVD, exfoliation or ¢ther
synthetic routes is electronic grade-fused silica wafer, 200 um to 250 ym thick. The graphene
matgrial to be tested should be transferred onto the substrate surface using a process| that
preserves the integrity and/purity of the graphene layer, while minimizing the possibiliry of
|

contamination. The method™ requires both the coated and uncoated substrate]The
recommended size of test specimen is 3 mm x 20 mm. Epitaxial graphene grown on sificon
carblde (SiC) may beltested directly on the native substrate after removing either the Si- pr C-
term|nated face.

NOTH Epitaxial~gtaphene can easily be grown by heating the SiC single crystal in a high vacuum or in ar} inert
gas afmosphere.-The SiC surfaces used for graphene growth contain Si- and C-terminated faces. On the Si-face,
homopenepus,and clean graphene can be grown with a controlled number of layers. The carrier mobility repches
as high_as.several m2vV~'s™! although this is reduced by the presence of the substrate steps. On the Clface,
althoydhthe number of layers is not homogeneous, twisted bilayer graphene can be grown, which is expecfed to
be the—techmiqueof Thoite tomodify theetectronic structure of graphene.From the—appticatiom point—of view,
graphene on SiC will be the platform used to fabricate high-speed electronic devices and dense graphene nano-
ribbon arrays, which will be used to introduce a bandgap [5].

6 Measurement procedure

6.1 Apparatus

The measurement requires an automatic two-port vector network analyser (VNA) operating in
the frequency range that covers the frequency band (6,6 GHz to 13 GHz) with the capability of
measuring the scattering wave parameters S, or Sy, transmitted between ports 1 and 2 of
the VNA. Connections between the test fixture (Clause 4) and the network analyser should be
made using high quality coaxial cables and appropriate adapters. The dynamic range of the
measurements should be within 70 dB or greater. The instrument should be equipped with an
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IEEE 488 I/O interface or equivalent, for transferring data between the network analyser and a
data collection unit.

6.2 Calibration
Calibration is required only at the coaxial ends. Two-port full calibration for S,4 and Sy,

should be performed in accordance with the network analyser manufacturer's specification
using an appropriate Short-Open-Load calibration kit.

6.3 Measurements

6.3. General

Connect the empty test fixture to the vector network analyser (VNA). Set the VNA to._megsure
S,4 Mmagnitude with 800 data points or more. Select the frequency span to 2 GHz and the
centfe frequency to 8,5 GHz. Several resonant peaks should appear on the VNA'screen, pach
with the S, peak value of about =20 dB and the S, minimum value (noise/leor) in the range
of -0 dB or less. Identify the resonant frequency (fy) of the third resonant peak TE,q4, for
which the electric field of the standing wave attains its maximum value'in the middle of the
cavi

NOTH The electric field inside the cavity attains a maximum value in the middle of the cavity where the spefimen

is insprted for odd fundamental TE, , modes, where n = 1, 3, 5, .... The first resonant mode, TE, ;,, may fall
within| the waveguide cut-off frequency, below 6,5 GHz, |f the caV|ty is ‘elettrically too long. Therefore, thp test
methqd recommends to use modes 3, 5, 7, .... These modes can be easjly identified. Inserting the specimen into

the cavity causes all the resonant peaks corresponding to odd modes to decrease in magnitude and shift to|lower
frequencies, while the resonant peaks corresponding to even modes(n = 2, 4, 6, ...) remain intact.

6.3.2 Empty cavity

Set fhe centre frequency to f; and the frequency span to about 2Af (4 MHz or less), such that
|S24]| peak height is about 5 dB. Determine'the half power bandwidth, Af = |f, — f4,, whire /o
and [f; are frequencies of the resonant peak, 3 dB below the [S,4] maximum. Determing the
quality factor O, of the empty cavity fromy Formula (1).

_Jo
QO_Af (1)

6.3.3 Specimen

Inseft the specimen:into the cavity in steps (x), while measuring the length of the insertion (4,)
pertyrbing the eavity volume (see note 1 to 6.3.3). Record the area (4,) of the sample inside
the davity ateach step (4,).

=w-h

x (2)

X

where w is the width of the test specimen. When the cavity is perturbed by the specimen, the
position (f,) of the resonant peak should move to lower frequencies and the [S,4],4x Value
should decrease when 4, increases. Adjust the centre frequency and the frequency span as in
6.3.2, if necessary. Record the resonant frequency f,, half power bandwidth Af and the
corresponding quality factor O, (Formula (1)). (See note 2 to 6.3.3).

NOTE 1 The active length () perturbing the cavity volume corresponds to the portion of the specimen inside the
cavity (see Figure 1). The typlcal value of O is about 3 000, which can be measured with uncertainty AQ ~ 10 [4,6].
Therefore, the minimum insertion 4, which causes the quality factor to change from its initial value Q, can be
determined experimentally from AQ.

NOTE 2 The operating menu of a typical automatic 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 stored
macro program for automated calculation of Q after each specimen insertion step.
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6.3.4 Repeated procedure

Repeat the steps in 6.3.2 recording O, and 4,, until 2, > 10 mm (4, > a) or when the resonant
peak height decreases to about 10 dB above the noise level.

6.3.5 Substrate

Optionally perform the steps in 6.3.2 and 6.3.3 for bare substrate.

7 Calculations of surface conductance

Equa3tion (3) correlates the specimen surface conductivity with the measured quality*-factor
and the specimen surface area [4]:

L L2 (why) 3)
0r Qo neg foVo
where
Oy is the specimen surface conductance;
wh, | is the specimen surface area inside the cavity;
0, is the quality factor of the specimen;
0, /b, are the quality factor and resonant frequency ofithe empty cavity;
14 is the volume of the empty cavity, Vy = abl (see Figure 1);
& is the permittivity of free space.

Since for a given cavity 7, Oy and f; are caofnstant parameters, Formula (3) can be rearrapged
into Formula (4), which can be fitted to a_straight line.

1 o kwhy) (@)

whelle:

k= 2/(7'Cé‘of0V0).

Thug, oy can be.solved from the slope of a linear portion of plot (1/0, — 1/0,) vs (kwh )|(see
Figufe A.2),

8 Report

The report shall include the following:

e Preparation procedure and dimensions of the specimen.
e Values of ¥y, Oq and f;.
o Table of £, O, and i, for the sample specimen with graphene layer.

e Plot of 1/0, - 1/0q) vs (kwh,) for the sample specimen containing graphene layer on the
substrate.

e Table of f, O, and & for the specimen of bare substrate having nominal width w same as
the sample specimen.

e Plot of 1/0, — 1/Q,) 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_m-

e Measured surface conductance for specimen of bare substrate, og -

e Surface conductance, og, for the graphene layer: og = o5 = 05 gyp-

The typical surface conductance value of graphene materials can be between 1 S (for FLG
and/or doped graphene) and 10-% 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, that is o5 ~ o,. If the o, value is comparable to o, _,, but o is
larger than o, . by at least one order of magnitude, subtract o, ., from o, to obtain o;. When
the {iTm consists of a Semi-continuous NEIwork of graphene nanoplates, o, can be. fuch
smaller than 10-° S. Similarly, o, can decrease rapidly with increasing concentration of cgrbon
sp?® defects, for example, after chemical functionalization or incomplete reduction-eH rGp. In
the ¢ase when the measured surface conductance is comparable to surface conductange of
the qubstrate, results from the simple subtraction formula may be unreliable. dn-Such cages it
is recommended to use the data correction model described in reference [6}

9 Accuracy consideration

Sevgral uncertainty factors such as instrumentation, dimengional uncertainty of the| test
specimen geometry, roughness and impurities contribute to<dhe”’combined uncertainty of the
measurements. Adequate analysis can be performed, however, by using the partial derivptive
technique for Formula (3) or Formula (4) and consjdéring the instrumentation and| the
experimental errors. The standard uncertainty of S»f can be assumed to be within the
manyfacturer’s specification for the network analyser,vabout +0,01 dB for the magnitudg and
+0,57 for the phase. The resonant frequency can be determined to within a few kilohertz when
collecting 800 data points over the frequenéy’ span of 2Af. The corresponding relative
uncertainty of the Q, factor is then typically<below 0,5 %. The combined relative standard
uncertainty of the measurements is typically-better than 6 %. Further improvement in accyracy
can be achieved by fitting the resonant peak data to a damped oscillator model, which utilizes
both| the magnitude and phase of _the measured complex scattering parameter S, [6].
Comparison of calculation techniques for quality factor influenced by the measurement
uncertainty of the network analyser-is given in reference [7].

Additional limitations may.  arise from the systematic uncertainty of the particular
instrumentation, calibration‘standards and the dimensional and structural imperfections of the
actually implemented test specimen.
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Annex A
(informative)

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

A.1 General

In thls case study surface conductance of commerC|aIIy ava|lable smgle Iayer and few- Iayer

' ) f ’ The
the
caviy, more data points for fitting and overall better accuracy. The measurements| are
referenced to resonant frequency in air.

A.2| Cavity perturbation procedure

The [cavity perturbation by a specimen, having relative complex permittivity & =¢ - jq', is
givem by Formulas (A.1) to (A.3), where (A.3) accounts for non-uniform fields [4, 6].

L0 I (g ). 2 —p A1)
Jo ' Voo, -
L R 4__2b A.2)
Qr QO VO
szrEodV
Lk _ A.3)
Cyp=—l—— —b +b
’ [ER
Yo

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

volume of the cavity; ¥, V, << V;, and the sample permittivity does not depend on V. In the

rangp of O, and ¥, values where (b, + b,) = constant, Formulas (A.1) and (A.2) are lineaf and
can pe solved’for ¢ by measuring Oy, Os, fy and f, as a function of ¥, [4]. Inserting| into
cavity, tuned’at the resonant frequency f;, a low loss substrate, having permiftivity
Eeub F Esub 7Yésun - thickness rg,, and volume Vg, = w tg,, 4, causes the resonant frequthcy
shift|to<lower frequencies from f, to f,,, Which is proportional to &,,. The corresporjding
quality factor decreases from Q, to Og,,, Which depends on &, . Similar experiments with

nominally the same substrate coated with a conducting layer of graphene material, having
thickness ¢ and volume Vg = w tg, h, causes the quality factor to decrease from Q; to Og_g,p:
due to combined losses of the substrate and the graphene layer, ¢ + &,,. The dielectric

loss and surface conductance are related by Formula (A.4):

. oG
&G =—— A.4
" 2na0fola AD

Assuming that the dielectric loss of graphene is much larger than that of the substrate
&lup + €& ~ &, Formula (A.2) can be simplified and rearranged into Formula (A.5) as shown in

reference [4]:
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1 1 og 2wh,

—_— = —2byq (A.5)
O, O meofo o
where
o5 is the surface conductance of the graphene layer;
& is the permittivity of free space;
wh, is the area of the graphene layer specimen inserted into the cavity;
0, is the quality factor at insertion 7 ;
fO’ o and | arethe resonant frnqnnnr\y, qnalify factor - and volume of the nmpfy c Vity,
respectively.
NOTH Formula (A.5), from which oy is determined, does not depend on the thickness of the grapheéne laygr but
on its|area, wh , which can be determined with much higher accuracy than ¢ [4].
A.3| Experimental procedure
Single-layer graphene (1LG) and few-layer graphene (FLG) from(ca” CVD process ere
obtajned from a commercial source and transferred on to 200 uym thick fused silica wafers [8],
from|{which 3 mm x 20 mm specimens were extracted by dicing.
The [cavity test fixture design shown in Figure 1 employs.a-134 mm long R100 waveguide
operpting in the frequency range of 6,6 GHz to 13 GHZ. [4]. The specimen area insid¢ the
cavitly is controlled by partial insertion. The fixture is gonnected to a network analyser (Agilent
872(0D3) with semi-rigid coaxial cables and coaxialktovR100 adapters. The walls of the cavity

are implemented via R100 couplers, which are cress-polarized (¢ = 87°) with respect t¢ the

wave
calib
each
betw]
proc

Op =

A.4

Figu
FLG
increg
relat

guide polarization. The system is calibrated\at the coaxial ends using a Short-Open-
ration kit. The resonant frequency f, and half power bandwidth Af, are determine
TE, g3 to TE g9 0dd resonant modes;-from the measured scattering parameter p
een 6 GHz and 13 GHz. The test fixture, instrumentation and the measure
pdure are described in Clauses_4to 8. Here, f; of the TE,y3 peak = 7,3191125
3 000 and ¥, = 33,491 cm3.

Results

e A.1 shows the-magnitude of S,,, at the TE,y3 resonant peak measured for 1LG
as a functiop of the specimen insertion into cavity. Figure A.1 a) shows that

vely unchanged indicating a low conductivity of the substrate, therefore confir

validity of simplifying assumption in Formula (A.5). In comparison, Figure A.1 b) shows
the height-of the resonant peak of 1LG decreases considerably with increasing spec
inseftion\due to much higher conductance of the graphene layer. The conductance of FL
larggrithan that of 1LG, as evidenced by the rapid decrease in the height of the resonant

_oad
d for
eaks
ment
GHz,

and
with

asing insertion;” the height of the resonant peak of fused silica substrate remains

ming

that
men
Gis

peak

shown 1n Figure A.T C). In addition 1o the decrease in height, this resonant peak shiits o lower
frequency considerably, indicating a large dielectric polarization, likely at the boundaries

betw

een grains in the FLG sample.

3 Agilent 8720D 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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