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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 6-5: Graphene-based materials — Contact resistance and sheet
resistance: transmission line measurement

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 pr
infernational co-operation on all questions concerning standardization in the electrical and electronic fiel
th|s end and in addition to other activities, IEC publishes International Standards, Technical Specificg
Tgchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter/referred to as
Pdblication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inte
in| the subject dealt with may participate in this preparatory work. International,{ governmental and
gqvernmental organizations liaising with the IEC also participate in this preparations |IEC collaborates ¢
with the International Organization for Standardization (ISO) in accordance~with conditions determin
adreement between the two organizations.

rising
bmote
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ested
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THe formal decisions or agreements of IEC on technical matters express, @s,nearly as possible, an interngtional

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

IE[C Publications have the form of recommendations for international use and are accepted by IEC N3
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 fg
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 national and regional publications. Any diver
bdtween any IEC Publication and the corresponding. hational or regional publication shall be clearly indica
the latter.

IEC itself does not provide any attestation pf-conformity. 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 comnittees 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.

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

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

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subj
pdtent rights. [EC shall not be held responsible for identifying any or all such patent rights.
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The text of this Technical Specification is based on the following documents:

Draft Report on voting

113/677/DTS 113/709/RVDTS

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

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part1 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 TS 62607 series, published under the general 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 until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specijfic document. At this date, the document will be

. pconfirmed,

—

e Withdrawn,

—

bplaced by a revised edition, or

e amended.

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

Technical Specifications for contact resistance and sheet resistance of two-dimensional
materials provide a proper definition of contact resistance and sheet resistance measurement
and an electrical characterization of two-dimensional materials. This document includes
recommended conditions for a sample preparation and recommended method to measure
contact resistance and sheet resistance of two-dimensional materials under test in the
referenced background research results. Here, the transmission line measurement (TLM) is
used which had been used to measure both contact resistance and sheet resistance for
conventional bulk semiconductor devices including silicon devices. TLM devices are formed
with various spacings between contacts from which contact resistance and sheet resistance
are determined from voltage measured. Thickness of the atomic thin 2D materials cann
defined clearly when the layers are ultrathin near monolayer, and therefore it is difficl

expr

pss the thickness-dependent electronic resistivities of the devices fabricated bydsin

matgrials. TLM is used conveniently to determine contact resistance and sheet(resistan
2D materials since it does not require thickness of tested materials to be(igcluded in
calcylation procedure.

The

o

a)
b)

= »

c)

d)

- D T O

bbjectives of this document are to

efine the contact resistance and sheet resistance of two-diméensional materials;

pecify the methodology for contact resistance and sheet-resistance measuremen
vo-dimensional materials using transmission line measurement (TLM);

rovide a contact formation method for two-dimensieonal materials with ohmic co
roperty which is an essential prerequisite;

stablish units for the quantitative characteristics of contact resistance and s
bsistance for two-dimensional materials;

e) provide relevant case studies;
P

rovide relevant references.

document is meant to be a general document that can be applied to two-dimens

matgrials and their applications. li(is the intent of this document to be compatible with
work]in conjunction with the performance standards defined in the IEC TS 62607 series.
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ntact
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NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 6-5: Graphene-based materials — Contact resistance and sheet
resistance: transmission line measurement

1 Scope

This
char

e cpntact resistance, and

(7))

forg

—

The
cons
mea

contact resistance can be calculated.

e T

2

Ther

3

For

ISO
addr

part of IEC TS 62607 establishes a standardized method to determine the key.(¢g
hcteristics

heet resistance

raphene-based materials and other two-dimensional materials by a

ansmission line measurement.

method uses test structures applied to the 2D material(by photolithographic met

sting of several metal electrodes with increasing spacing’between the electrodes.
surement of the voltage drop between different pairs of electrodes, sheet resistance

he method can be applied to any other two-dimensional materials which are subje
lectrical metal contact on top of the materials;

he method provides accurate and reproducible results, if the electrical contact fo
tween the two-dimensional material>and the metal electrodes provides ohmic co

ormative references

are no normative references in this document.

erms and definitions

e purposes 0f'this document, the following terms and definitions apply.

ntrol

hods
By a

and

ct to

med

htact

nd IE€C-maintain terminological databases for use in standardization at the following

SSes:

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

3.1
3.1.1

General terms

detail specification

DS
spec

Note 1 to entry:

ification based on a blank detail specification with assigned values and attributes

The properties listed in the detail specification are usually a subset of the key control

characteristics listed in the relevant blank detail specification. The industrial partners define only those properties

which

Note 2 to entry:

are required for the intended application.

will be involved only if there is a general need for a detail specification in an industrial sector.

Detail specifications are defined by the industrial partners. Standards development organizations
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Note 3 to entry: The industrial partners can define additional key control characteristics if they are not listed

blank

detail specification.

3.1.2

grap
grap
sing

hene
hene layer
le-layer graphene

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

in the

structure

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

Note P to entry: As graphene is a single layer, it is also sometimes called monolayer graphene or singletlayer
graphgene 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 disrupted.
[SOURCE: ISO/TS 80004-13:2017, 3.1.2.1]

3.1.3

bilayer graphene

2LG

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

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

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

3.1.4

few-|ayer graphene

FLG

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

[SOU

RCE: ISO/TS 80004-13:2017,.3.1.2.10]

2D
matg
neig
nand

Note
on bo
mater

3.1.
twol}imensional material

aterial

hbouring atoms~in the same layer, which has one dimension, its thickness, in
scale or smaller and the other two dimensions generally at larger scales.

to entrys The number of layers when a two-dimensional material becomes a bulk material varies deps
th the material being measured and its properties. In the case of graphene layers, it is a two-dimen

aren

rial, consisting-of_one or several layers with the atoms in each layer strongly bondg¢d to

the

nding
sional
hterial

allup to 10 layers thick for electrical measurements, beyond which the electrical properties of the m

pt distinct from those for the bulk (also known as graphite)

Note 2 to entry: Interlayer bonding is distinct from and weaker than intralayer bonding.

Note 3 to entry: Each layer can contain more than one element.

Note 4 to entry: A two-dimensional material can be a nanoplate.

[SOURCE: ISO/TS 80004-13:2017, 3.1.1.1]
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3.2
3.2.1

Key control characteristics

key control characteristic

KCC

material property or intermediate product characteristic which can affect safety or compliance
with regulations, fit, function, performance, quality, reliability or subsequent processing of the

final

Note 1 to entry:

product

procedure with known accuracy and precision.

The measurement of a key control characteristic is described in a standardized measurement

Note
correl

3.2.2
she¢g
mea

Note
showr

Note
the of

3.2.3

P to entry: It is possible to define more than one measurement method for a key control characteristic|
ption of the results is well-defined and known.

t resistance
sure of the resistance of a thin film that is nominally uniform in thickness

to entry: Sheet resistance can be measured together with contact resistance by FLM for 2D materig
in Figure 2.

P to entry: Sheet resistance is one of a material’s properties. The S| unit'ef measure of sheet resista
m per square (Q/sq.).

contact resistance

mea
that

Note
showr

Note 2

cond(

ell

3.3
3.3.1

sure of the contribution of the contacting interfacgs to the total resistance of thin
are nominally uniform in thickness

to entry: Contact resistance can be measured together with sheet resistance by TLM for 2D materig
in Figure 2.

to entry: Contact resistance is a property that exists between a metal and a semiconductin
cting) material. Contacts need to supply neegssary electrical current.

RCE: Schroder [1], Pages 127;y131]

Terms related to the_ measurement method

transfer length

Ly
mea
matg

[SOU

suring distance“ever which most of the current flows from a semiconductor (or condu
rial) into a-metal or from a metal into a semiconductor (or conducting material)

RCE=xSchroder [1], Page 140]

3.3.

if the

Is, as

hce is

films

Is, as

g (or

cting

transmission line measurement

TLM

measuring method to determine sheet resistance of a layer and contact resistance between a
layer and an applied electrode by the formation of a set of electrodes and a measurement of
the voltage drop between the electrodes

Note 1 to entry:

the same technique as the transmission line measurement.

[SOURCE: Schroder [1], Pages 139-141]

In some cases, TLM is used as abbreviation for transfer length measurement, but this represents


https://iecnorm.com/api/?name=0f6dad3c3979b8b8b3e8030ef4442b72

-10 - IEC TS 62607-6-5:2022 © |IEC 2022

4 General

4.1 Measurement principle

TLM involves making a series of contacts separated by various distances. See Figure 1 for
TLM pattern structure. Probes are applied to pairs of contacts, and the resistance between
them is measured by applying a voltage across the contacts and measuring the resulting
current. The current flows from the first probe, into the metal contact, across the metal—
semiconductor junction, through the sheet of semiconductor, across the metal-semiconductor
junction again into the second contact, and from there into the second probe and into the
external circuit to be measured by an ammeter. The resistance measured is a linear
combination (sum) of the contact resistance of the first contact, the contact resistance.df the
second contact, and the sheet resistance of the semiconductor between the contacts.

Metal electrodes

TN

&%‘O - :
O
< \@ \i

L1 L2 L3 L4 L5

- -
— I

A
Y
A
Y

y
A
A
Y

IEC
Figure 1 — TLM(pattern structure

If seyeral such measurements are made-hetween pairs of contacts that are placed at different
distgnces, a plot of resistance against’contact separation can be obtained. If the coptact
separation is expressed in terms of-the ratio L/W — where L and W are the length and width of
the grea between the contacts —;stch a plot should be linear, with the slope of the line Qeing
the gheet resistance. See Figlre 2 for determination of contact resistance (R;) and gheet

resistance (Rgp).
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T A
2
54
Slope
= RSh I w
~ l

IEC

Figure 2 — Determination of contact resistance and sheet resistance

NOTH 1 Transfer length (L;) is defined as the distance over which voltage drops to "1/e" compared to the voltage

at the|edge of the metal contact. That is, electron flow between metal and channel preferentially occurs at the edge
of thel metal contact and is reduced exponentially inside the metal in a way to minimize total resistance (R,,,|)- [2],

[3]1 Rarticularly, L, can be very small for 2D-material-based devices due to its ultra-thinness. L, is approximately
charafterized by

R LW

Ly = (1)

Rch

wherg R is the contact resistance and R is the channel resistance.

NOTH 2 Channel lengths, L,, L,, ..., can be determined by availability of device dimension and capabifity of
lithogfaphy technology.

NOTH 3 The edge roughness and inhomogeneity-of the 2D material can give rise to error of the data.
4.2 | Recommended sample preparation method

The TLM pattern shall be designed and implemented by lithography for device fabrication| For
example, a graphene channehwidth (W) of 30 um and a channel length (L) in the range [from
10 ym to 50 ym, in increments of 10 ym, can be fabricated. For comparison, other patferns
with|L =5 um, 10 ym, 15.uym, 20 ym and 25 ym can be fabricated at the same time. These
dim1nsions need to be determined by trial and error to ensure reliability of data, dependirlg on

the parasitic resistances of a tested device and the thickness uniformity of the 2D material
sample. For example, if L is too small, the error range is large. In contrast, if L is too large,
the non-uniformity of the sample can cause deviations from linearity.

he fabrication of 2D material TLM pattern, 2D materials formed by mechanical exfoligtion
or chémical vapour deposition (CVD) are used. To fabricate TLM patterns, the use of

deg 5 the

global back gate electrode, the gate insulator, and the substrate is recommended. The wafer
is ultrasonically cleaned in acetone and rinsed in isopropyl alcohol to remove chemical
residues before using. The TLM pattern was defined by the general photolithography process
as in the field effect transistor (FET) device fabrication. However, in the case where 2D
material samples are too small for patterning by the general photolithography, electron-beam
lithography (EBL) is commonly conducted using spin-coating of an electron-beam resist layer
onto the 2D material sample. The TLM patterns are formed as rectangular shape by
lithography to define the electronic transport channels in the pattern. This is often referred to
as the channel definition patterning process. Figure 3 a) and Figure 3 b) show optical
microscopy images of a graphene and a MoS, TLM pattern, respectively. The metal

electrodes are deposited via electron beam evaporation to form TLM structures.

T Numbers in square brackets refer to the Bibliography.
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It is recommended to check if the 2D material has been degraded before measurements. One
possible way of checking the degradation of 2D material of the TLM pattern is to find out the
significantly deviating measured points in Figure 2 where the slope line consists of measured
points resulting a linear behaviour. When there is a significantly deviating measured point
from the linear slope line, this indicates that in some parts the 2D material underneath the
metal electrode has been degraded.

IEC

a) TLM patterns on graphene

b) TLM patt%mgqn Mos,

Figure 3 — Optical microscopy pictures of rectangu pJLM channels
and differently spaced TLM electrodes defined by electron beam lithography

4.3 | Recommended measurement equipment and appé(}tus

Metal electrodes Q
QO

2D material
&
A
. S
Y
C}\c‘}‘
Ly Ly o L3 Ly Ls

OQ‘® ‘ 0 IEC
Key é
\ (&Eé r

| ammeteT

Figure 4 — TLM structure and its equivalent circuit of two-point
probe (2PP) TLM for contact resistance and sheet resistance

Figure 4 shows TLM pattern and its equivalent circuit of two-point probe (2PP) measurement
for contact resistance and sheet resistance. The electrical measurements setup typically
includes a probe station combined with a temperature controller, as shown in Figure 4. The
device under test shall be placed and probed inside the chamber. Since 2D materials are air
and moisture sensitive, it is recommended to measure KCC in a vacuum chamber. For more
general measurement of contact resistance and sheet resistance, a temperature-dependent
test can be performed. In this case, the temperature inside the probe station is controlled by a
heater for heating and liquid N, source for cooling. This setup shall be connected with the

two-point probe system. Before electrical measurements, the equipment, device under test,
device handling equipment such as tweezer and human being should be properly grounded to
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avoid burning of sample due to electrostatic charges. Note that metal leads resistance also
contributes to total resistance in addition to the contact resistance, but it is usually much
smaller than contact resistance since conducting lead metals are thicker than 2D materials
and interface resistance at the contact is much larger. In the case where leads resistance is
large, it needs to be separated from contact resistance.

It is worthy to note here that the TLM result of contact resistance and sheet resistance
measured using four-point probe setup (see Figure 5) is the same as that of the two-point
probe setup. This is demonstrated by the simulation results comparing the two-point probe
measurement result and the four-point probe (4PP) measurement result shown in Annex A
(simulation of various TLM setups). However, in the case of four-point probe measurement,

nonu

oute

unds

mea

Key

surement error.

Metal electrodes

AT e

ol Ml el | e 3 ol |< L4 ol < Ls .
oltmeter
bmmeter

Figure.5.-)Schematic view of four-point probe (4PP) TLM pattern
for'measuring contact resistance and sheet resistance

IEC

niform current conduction can take place due to inner electrodes present between two
most TLM electrodes. That is, current flowing through the TLM channel can berdiverted
r the inner electrodes which are used for measuring voltage drop, and this~can chuse
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Figure 6 — Experimental setup for contact resistance
and sheet\resistance measurements

All the electrical measurements are conducted using a semiconductor parameter analysef and
a probe station, as shown jaNFigure 6. It is recommended to maintain gate leakage cufrent
measured from tested devices at less than 10710 A,

5 Measurement of’'sheet resistance and contact resistance

5.1 Recommended measurement procedure

In order to~apply the TLM method, L should be much larger than the carrier mean free path.
As shown-in Figure 2, the contact resistance is extracted from the y-intercept point, ancIi the
sheet reSistance is derived from the slope of the curve

L
Riotal = Rsn W + 2RC (2)

Designed TLM patterns are formed on a 2D material sample as shown in Figure 1, by
conducting electrode metal deposition, etching, and lithography processes. Two-probe
electrical measurements are performed between any two metal electrodes as shown in
Figure 4. If several such measurements are made between pairs of contacts that are
separated by different distances, a plot of resistance against contact separation can be
obtained. When the total resistance is expressed as a function of separation between two
electrodes, a linear line is expected to result from connecting the data points, with the slope
of the line being the sheet resistance time with width of the channel. See Figure 2 for
determination of contact resistance and sheet resistance.
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During contact resistance measurements, very low probe voltages — for example 1 V between
two probes — are recommended, because the extracted contact resistance value is highly
sensitive to applied voltage conditions. If too high a voltage is applied between two probes,
Joule heating and impact excitation in 2D materials can be induced and faulty resistance
values are extracted. Therefore, low probe voltages usually below several volts shall be
applied for accurate measurements. In addition, if substrate voltage (gate voltage equivalently
in transistors which is used for modulating carrier concentration) is applied, carrier density in
the channel changes due to doping effect and resistance is changed correspondingly. That is,
substrate voltage shall be applied if doping-concentration-dependent resistance values need
to be measured.

5.2 | Suggested /- measurement to ensure ohmic contact
Sincg the TLM method proposed here is applied mainly to ohmic contact devices; linear
outpyt curves drawn for total current as a function of voltage applied across_thé sp4cing
between TLM electrodes need to be obtained to ensure the ohmic contact property of the
testgdd devices as shown in Figure 7.
0x 106{ 1% r 20 x 106 258 20 OF -
~ iz K . e
0x 1081 : 2% - 101061 .2 105104 . 5
2 = 60 A z = 60 ¥ 2 38 o
= 0 "‘i* = 0 4 :“__,:. < o | .;_r,-,
N_0x10'6f c;-;:;. "*_10)(10_6_ ” N_10X10_6_
B0 108 1 pm -20 x 106 | 2 um Tum
. . . . : -20 x 106
-0,01-0,005 0 0,005 0,01 -0,01-0,005 0 0,005,0,01 _0‘01_0‘005V 0(\/)0,005 oqt
Vas V) Vas (V) o EC
IEC IEC
) TLM electrodes spacing b) TLM electrodes spacing c) TLM electrodes spacing
of 1 um of 2°um of 3 um
The different colours in the panels show various back.vgate biases (Vgs) applied across 285-nm-thick SiO/. The
numbegrs in the legends indicate the different gate bias voltages applied to the FETs in volts (V).

Figure 7 — Output curves drawn for'total current (I4.) as a function of voltage appljed
(Vhs) for different spacings between electrodes from a bilayer graphene TLM pattgrn
On the other hand, the linear output characteristics are not obtained for Schottky coptact
deviges as the contact resistance at the metal-semiconductor interface changes as a funftion

of valtage applied, as_shown in Figure 8.
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b) Spacing between TLM electrodes of 4,0 pm

A back gate bias of 20 V is applied across 285-nm-thick SiO,. The legend shown as -20 indicates -20 V of gate

bias voltage.

Figure 8 — Output curves drawn for total current (I4.) as a function of voltage applied
(V4s) for different spacings between TLM electrodes from a MoS, TLM pattern
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5.3 Constraint in using TLM for Schottky contact devices

Although the TLM method in this document is intended to be used for ohmic contact devices,
it can still be used for Schottky contact devices, if constant-current TLM (technique to apply
constant current between two probes) is employed. Constant-current TLM is free of errors
caused by the non-linearity of I-V curves since voltage drop at the contact is consistent
regardless of channel lengths. Therefore, constant-current TLM can be used for both ohmic
and Schottky contacts of TLM pattern electrodes. However, constant-voltage TLM (technique
to apply constant voltage between two probes) gives rise to erroneous results from non-linear
I-V curves. In the case of ohmic contact such as graphene FETs, constant-voltage TLM is
commonly used in which constant current is obtained from the voltage drop between the two
metal-electrodes—dividedby—sheetresistance—Hewever—ihrtheeaseof- Seheottiareontaetsuch
as MoS, devices, introduction of only constant current gives rise to correct results, for-whjch a
consftant-current source is required.

6 Results to be reported (case studies)

6.1 Measured results of the contact resistance and sheet resistance of graphene

6
1200.'153(30V) Py PR |
A 155 (-30V) E sl
1000F ® 45s(30V) C‘, L _
m 455 (-30V) < 4f L3719
F 800 g $ 3,03
I SCYY 2,55
S 00} GV [ & =
B e oL
400 g | o
s 1r 1,10
200 ¢ O I 4
i i i s s O T T T T T T
0 10 20 30 40 50 60 15 25 35 45 55 65
Channel length (um i i
gth (um) P Time of processing (s) d
a) total resistance measured b) contact resistance measured

SOURCE: Reproduced from D.W. Yue et al. (2014) [2], with the permission of the Royal Society of Chemistry.

Figure 9 —Resistances of graphene measured by TLM

To obtain TLM results_for graphene, two-probe electrical measurements are performed.[ The
obtalned current is ‘plotted as a function of channel length. Total resistance (R;y5) incregses

as L|increasesyas shown in Figure 9 a). Contact resistance (R.) is extracted directly from the
y-intgrcept . 0f) the R, plotted against L curve, in accordance with Formula (2). A

recojmmended contact formation process is as follows: after TLM patterning photolithography
processs an additional plasma pre-treatment is conducted for forming a cleaner edge coptact
to graphene or 2D materials And the metal electrodes of TI M pattern are formed lafter
plasma pre-treatment. Change in contact resistance as a function of plasma treatment time
are shown in Figure 9 b): a large reduction in contact resistance value as the plasma
treatment time increases as much as 45 s. At a plasma treatment time of 55 s or longer, the
contact resistance value increases because of reduced contact area due to over-etching
during the plasma treatment. The cross-sectional schematic view of edge-contacted graphene
and the optical microscopy images of TLM patterns are shown in Figure 10 a) and b). Table 1
shows the data of contact resistance and sheet resistance with different pre-treatment
processing times.
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b) optical microscopy images of the TLM patter%Q)

jraphene
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hannel lengths from L, to L are 10 ym, 20 pm, 30 pm, 40@%nd 50 uym, respectively. The channel w
As the metal electrode, Cr—Pd—Au (each layer thickness of 1 nm—15 nm-50 nm) was deposited.

and optical microsgeﬁpy images of the TLM pattern

CE: Reproduced from D.W. Yue et al. (2014) [2], \A‘thhe permission of the Royal Society of Chemistry.
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Table 1 — szjé’resistance and sheet resistance of graphene,
obtained’'from different plasma etching conditions
\ *
N .
Plasma process@e Contact resistance Sheet resistance
(s) o (Q-pm) (kQ/sq.)
k\‘
P 3,79 7,58
25 2,55 4,59
N 3 1,3 2,21
\v 45 1Y1 ’)“21
55 2,44 5,61
65 3,03 6,96

SOURCE: Reproduced from D.W. Yue et al. (2014) [2], with the permission of the Royal Society of Chemistry.
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6.2 Measured results of the contact resistance of MoS,

For a 2D material of MoS,, see Figure 11 on fabricating TLM patterns and the measured total
resistance from the TLM patterns.

BV coating ‘ Heat and PMMA ! E ! EBD and lift off ‘

IEC

a) MoS, FET fabrication process using benzyl viologen polymeric interlayer

— 57 [
1S
3
€ 10}
Io
2 -
= 5F 1,3 kQ um
1 2 3 4
Gap (um)
IEC
b) schematic view of the MoS, FET c) TLM result which was used to obtain the conjtact
resistance of 1,3 kQ-pm
Key
2D two-dimensional material S source
PMMA  poly-methyl-methacrylate D drain
EBD electron-beam deposition p-Si p-type Si

SOURCE: Reproduced from D. Yue et al.(2018) [3], with the permission of Wiley-VCH.

Figure 11 — Contact resistance of MoS, device fabricated by forming
benzyl viologen (BV) polymeric interlayer

6.3 | TLM patterns for the bilayer graphene and the results obtained by the four-pojnt
probe method

With|the bilayer graphene, TLM patterns with the transistor structure of a global bottom |gate
werg fabricated to measure the total resistance at different gate bias voltages from —-60[V to
60 V] as(shown in Figure 12 a) and b). The detailed application cases of TLM patterns tp the
two-peiat probe measurement setup and the four-point probe measurement setup are st||own
in AnNex A.
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ilayer graphene TLM pattern with the transistor
structure of a global bottom gate

The rgsults are obtained from the experimental measurements at Sungkyunkwan University%gb Devices Processing

Figure 12 — TLM patterns for the bilayer ﬁphene and
the results obtained by the four-poin%\p{@b
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Measurement results and the simulation results from various setups

Values of contact resistance and sheet resistance are obtained differently dependent on the
various measurement setups of TLM and conventional four-point probe methods. The device
shown in Figure 12 a) was used to demonstrate different results obtained from the various
measurement setups. In addition, values of contact resistance and sheet resistance were
obtained by the simulation of the various measurement setups. In this context, the following

are added In this Annex A:

I'able A.T on experimentally measured contact resistance results

by uging TLM and four-point probe methods, Table A.2 on experimentally measured cohtact

resi
com
resu

four-point probe methods.

The
Sung

results

in Annex A tables are obtained from the experimental
kyunkwan University, Nano Devices Processing Laboratory.

Table A.1 — Contact resistance measurement by TKM and conventional
four-point probe methods based upon the case{study of Figure 12

ance results by using TLM and four-point probe methods, Figure A.1 on-'schematic
arison of TLM two-point probe and four-point probe setups, and Table A.3.on Simulation
ts of contact resistance and sheet resistance obtained from TLM two-point probe

and

measuremenfs at

TLM TLM TLM Conventional [Conventional [Conventjonal
two-point two-point | four-point four-point four-point four-p¢int
probe probe probe probe probe pro
I-V curves |Output curve| Transfer Transfer
curve curve
Measurement | Channel 1,5 ym 2,0 ym 2,5 um
metTods and length
variables -
Applied Vis =10 mV | 7, \=10 mV
voltage
Applied I, =20 pA | [, =20 pA I =20 pA | I =20 pA
current
Measured et Iye AV AV AV AV
value
-40V 208 Q-um 268 Q-uym 289 Q-um 169 Q-um 134 Q-uym 180 Q-um
M atsa“;‘:d -30 V¥ 265 Q-um | 295Q-ym | 180 Q-um 122 Q-pm 181 Q-pm
vari UsbPack =20 V 118 Q-um | 282 Q-pm | 377 Q-um 199 Q-um 119 Q-um 210 Q-um
gate bias
20V 667 Q-um 323 Q-um 351 Q-um 167 Q-um 302 Q-uym 128 Q-um
bg ©OF
v g_ Vi) 30V 323 Q-ym 357 Q-um 178 Q-um 260 Q-um 153 Q-um
9
40V 474 Q-uym 325 Q-uym 364 Q-uym 183 Q-um 236 Q-uym 167 Q-um
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