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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 8-3: Nano-enabled metal-oxide interfacial devices —
Analogue resistance change and resistance fluctuation:

Electrical resistance 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 t6\pfomote 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(AIEC 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-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with the International Organizati
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati
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THe formal decisions or agreements of IEC on technical matters express,”as nearly as possible, an interngtional

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

IE[C Publications have the form of recommendations for interpational 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 divergence be
arly IEC Publication and the corresponding national or regional publication shall be clearly indicated in the

IEC itself does not provide any attestation™of conformity. Independent certification bodies provide conf
agsessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fd
sgrvices carried out by independent cettification bodies.
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IEC draws \attention to the possibility that the implementation of this document may involve the use of

(a) patent(s). IEC takes no position concerning the evidence, validity or applicability of any claimed patent

rights
nt(s),

https: //patents iec. ch IEC shaII not be held respon3|ble for |dent|fy|ng any or aII such patent rlghts 7

3qy not
ble at

IEC TS 62607-8-3 has been prepared by IEC technical committee 113: Nanotechnology
standardization for electrical and electronic products and systems. It is a Tech
Specification.

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

Draft Report on voting

113/743/DTS 113/767/RVDTS

nical

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

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

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

Saaaiay &S - € Fe—€ Rts-of-this—doeument-wil-rematnurehanrgeduntl the
lity date indicated on the IEC website under webstore.iec.ch in the data related ‘t9 the
spedific document. At this date, the document will be

e transformed into an International standard,
e reconfirmed,

e withdrawn,

[ ]
-

bplaced by a revised edition, or

e amended.

IMRORTANT - The "colour inside" logo on the cover page of this document indic3ates
thaﬁ it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Nano-enabled metal-oxide interfaces, such as an oxide nanolayer sandwiched by metal
electrodes, are the essential components of 10T devices for computing. Nano-enabled functions
derived from the nanoscale metal-oxide interface and the oxide nanolayer appear, such as a
significant change in electrical resistance. The analogue resistance change is the typical
characteristic which possesses the large potential for non-von Neumann information processing.
More concretely, the metal-oxide interfacial device is an indispensable element in the product-
sum circuit that records the learning process as the analogue resistance change. In the
research community, however, the analogue change and the fluctuation of the resistance have
not yet been systematically investigated. The reason why systematic research and development
is nojt progressing is that the measurement protocol of these characteristics is not quantitative.
The |bottleneck impedes not only the electrotechnical evaluation of the device-‘but|also
developments for various applications.

This|document offers a measurement protocol of the analogue resistance cghange and the
quantitative index to evaluate the linearity of the analogue resistance change in nano-engbled
metgdl-oxide interfacial devices.
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NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 8-3: Nano-enabled metal-oxide interfacial devices —
Analogue resistance change and resistance fluctuation:
Electrical resistance measurement
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;I:terfacial device, for example, productssum circuits, which record the learning proces

Terms; definitions, acronyms, and abbreviated terms

Bcope
part of IEC 62607, which is a Technical Specification, specifies a measurement pro

termine the key control characteristics

bsistance fluctuation

bno-enabled metal-oxide interfacial devices by

bgue resistance change as a function of applied voltage pulse is measured in metal-g
acial devices. The linearity in the relationship of thewariation of conductance and the p
ber is evaluated using the parameter fitting. Thesparameter of the resistance fluctuati

his method is applicable for evaluating computing devices composed of the metal-g

e analogue resistance change.
Normative references

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

B0004-1, Nanetechnologies — Vocabulary — Part 1: Core vocabulary

tocol

xide
ulse
on is

xide
s as

htent
lies.
any

3.1

T | definiti

For the purposes of this document, the terms and definitions given in ISO 80004-1 and the
following apply.

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

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

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

device under test

DUT

sample attached to an apparatus for evaluation of a specific physical property such as electrical

resis

3.1.2

tance or I-V behaviour

DC, qualifier
pertaining to time-independent electric quantities such as voltage or current, to devices
operated with direct voltage and current, or to quantities associated with these devices

Note
curref

[SOU
delef

3.2

3.2.1
anal
cont

Note
devic

Note
like a

3.2.2

resigtance fluctuation

least

3.3
SMU

4 Measurement of resistance

4.1

The
diag

example phatos showing how the DUT is set onto a sample stage.

to entry: The notation "DC" is preferred in English to the notation "d.c." which is an abbreviation of '
t".

RCE: IEC 60050-151:2001, 151-15-02, modified — Notes 2, 3 and 4 to entry have
ed.]

Terms specific to this document

pgue resistance change
nuous variation of resistance as a function of applied voltage pulse

to entry: When a voltage is applied to a metal-oxide interfacial device, for example, a resistive m
e, the resistance increases or decreases in an analogue manner based on the sign of the voltage [1].

P to entry: This kind of resistive device can be used to mimi¢ a neural synapse wherein the resistanc
weight that modulates the voltage applied to it [1].

-squares error obtained during parameter fitting of analogue resistance changes

Abbreviated terms

source measure unit

General

reliable test protocol of analogue resistance measurement is standardized. A scher
am of the)typical resistance measurement is shown in Figure 1. Figure 2 is a s

direct

pbeen

Emory

b acts

natic
bt of
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Voltage pulses

M Data analysis

SMU Data input

=10 nm

interfacial devices

Forwa

4.2

Repd
inter
such

Top metal electrode
DUT:
Oxide layer metal-oxide

Bottom metal electrode
=100 nm
- ——

Figure 1 — Example of the experimental schematic diagram for the resistance
measurement

IEC

rd (Fwd) and backward (Bwd) eontacts are shown.

Figure 2 — Photos of the sample stage

Method for processing and fabrication of DUT

rt the stacking structure of DUT, such as the material and the thickness of the metal-g
acial device. In addition, the fabrication process information is important to be repo
as the_method of deposition, the shape of the DUT, and the electronic contact to SM

xide
rted,
U.

In Or-h:\r toavoid racicstanca maacuramant artifactes thao alantric racictanca nftha cithotrata
g e+—toHota+HesStstahiceH HtaHtHaet5—thHe-ere8etHeHeSiStah et e-StHoState

reaoutrere

Rsub)

should be higher than that of the DUT (Ry,;). The parallel current path in the substrate becomes
smaller with the ratio of Ry/Rg,. This value should be smaller than the error bar of the data.
The electronic contact resistance, for example between the contact pad and the probe, should

be m

4.3

inimized.

Experimental procedures

e Step 1. Recording of measurement conditions: temperature, humidity, and measurement
setup, such as the probe specifications.

e Step 2. Sample setting: the DUT is mounted on the stage to connect to SMU electrically.
e Step 3. DC I-V measurement: from the result of DC /- measurement, the ranges of current

a

nd voltage sweeps are decided.
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e Step 4. Pulse measurement: the resistance change as a function of the pulse height is
evaluated with the different pulse width.

e Step 5. Initial measurement: with the targeted pulse height and width, the analogue
resistance change as a function of the pulse number is measured.

e S

tep 6. Repeated measurement: step 5 is repeated.

e Step 7. Post-measurement characterization: the DC [-V curve is measured to make sure
there are no electrical changes in the sample.

e Step 8. Recording of measurement conditions to confirm the stable measurement

environment.
NOTH For Step 3, in some resistive switching devices, the DC /- measurement can cause excess cufre
damage the device. One possible way to avoid damage in the DC /-V measurement is to gradually jncreag

voltag
detery

Tabl
step

Tagble 1 — Measurement sequence of analogue resistance changé’and its paramete

e applied to the pristine device. By this protocol, the voltage at which the resistance change oceurs ¢
hined. Normally, a slightly higher voltage pulse would be used in Step 4.

b 1 summarizes the measurement sequence and the parameters to be,récorded in

t and
e the
An be

each

Step

Parameter 1

Parameter 2

Parameter 3

Recording of measurement
conditions

Temperature

Humijdity

2 Sample setting DUT is mounted on th'e stage to connect to SMU electrically.
3 DC /-V measurement Ranges of current Voltage sweeps
4 Pulse measurement Voltage sweeps Voltage step Pulse width
5 Initial measurement Voltage sweeps Voltage step Pulse width
6 Repeated measurement Number of
repetitions
7 Post-measurement Ranges of current Voltage sweeps
characterization
8 Recording of measurement Temperature Humidity
conditions
5 Reporting data
e Jample description.
o Measurement conditions shown in 4.3.
e iV measurement configuration.
e Hesistance or conductance as a function of pulse number.

6 Data analysis and interpretation of results

6.1

General

From the measured raw current and voltage, the conductance G is calculated as follows:

G=17,

where [ is the current and V is the voltage obtained by SMU.

NOTE Conductance G is the reciprocal of electrical resistance.
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6.2 Parameter fitting

The variation of the conductance (AG) as a function of the normalized pulse number p is given

by Formula (1) [1]7, [2], [3]:

1—e 4P

AG(p)= AGmax P

(1)

whe:l:: AG(p) = G(p) = Gpin @nd AGax = Gmax ~ Gmin- Gmax @nd Gp,in, represent maximum

minimum values of G in the range of the measurement, respectively. A least-squaresmeth
utilized for the fitting with the parameters of 4 and AG,,,,-

Aften performing the fitting on the graph, AG, plotted as y-axis, is normalized as AG/A
against the x-axis of normalized pulse number (p). The least-squares method shows the g

estimate the fitting error.

NOTH When metal-oxide interfacial devices are used in memory and Al devices, the stochastic fluctuation als
a larde impact on device characteristics, so it is important to standardjze’indices for evaluating this stoc
fluctuption. However, the stochastic behaviour that appears as noise, for example, is subject to academic reg
becayse it varies with its origin [4], [5]. Therefore, the evaluation methed is standardized when those studig
maturg.

6.3 | Interpretation of results

Parameter 4 obtained by the fitting is utilized toevaluate the linearity of the relationship
and p in the analogue resistance change behaviour. As the absolute value of 4 becomes ¢
to zero, the more linear dependence on p is shown regarding the value of G. AG, is expre
as Parameter B and applied as the range-of normalization of AG during curve fitting. The |
squdres error obtained as the chi-square value in the fitting process is denoted by Paramet
which shows the degree of resistance fluctuation. A typical example of the analys
measgurement results is described.in Annex A.

and
od is

-
M max
ame

valurx of A. The least-squares error (or chi-square value) should be rec¢orded to quantitatively

o has
hastic
earch
s are

of G
oser
ssed
past-
er C,
s of

T Numbers in square brackets refer to the Bibliography.
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Annex A
(informative)

Case study

A.1  Measurement of the analogue change and the fluctuation of the resistance

A.1.1 General

Anal-\nnr\ rocictanan Al s AnA A raciotanan Fliiatiiati s e AvaliiataA Tt oA T~ g Ith a
P CTCoTotamCC— Sttt T CorstartCCTraCtootorm—ar S varoatc O —trc—Sar ey

strugture of TiN/Ta-oxide/TiN.

A.1.2 I-V measurement of TiN/Ta-oxide/TiN

IEC

Figure A.1 — Transmission electron microscopy image of TiN/Ta-oxide/TiN

The measurement sequence.is summarized in steps as described below. Recorded parameters
of eqch step are shown inTable A.1. For clarity, the graphs in The red line is a guide to thg eye
showing the increasesof\the pulse height. The blue arrows are also guides to the eye showing

how fto decide the pulse height.

Figure A.3 to‘Figure A.5 are shown using the conductance, because conductance iy the
recigrocal of\electrical resistance and the positive-negative behaviour is the same as thjat of

current.

Step’1- Recaording of measurement conditions

Temperature, humidity, and measurement setup such as the probe specifications were
recorded before conducting measurement. In this case study, the Kelvin probe arm and the
tungsten probe with the tip radius of 5 ym were utilized for the precise measurement.

Step 2: Sample setting

DUT, a sample to be measured, was mounted on the stage. The sample structure is TiN/Ta-
oxide/TiN as shown in Figure A.1.

Step 3: DC I-V measurement

The arrows in the figure show the directions of the voltage sweeps. The blue and red lines
indicate the current behaviour which corresponds to the conductance increase and decrease
processes, respectively.

Figure A.2 shows DC /-V curves. The I-V curves were measured to investigate the range of
the pulse voltage height applied to the following measurement step.
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500 x 1075 [ E

400 | .

300 f :

urrent (A)

h
L

200 |

100 |

-2 -1 0 1 2
Voltage (V)

IEC

The dqrrows in the figure show the directions of the voltage sweeps. Fhe blue and red lines indicate the clrrent
behaJiour which corresponds to the conductance increase and decr€ase processes, respectively.

Figure A.2 — DC -V measurement

°
C

tep 4: Pulse measurement

he resistance change as a function of the-pulse height was evaluated as shown in The¢ red
he is a guide to the eye showing the increase of the pulse height. The blue arrows are|also

= —

guides to the eye showing how to decide the pulse height.
Higure A.3. For the conductance,increasing process, the pulse height was determingd as
2V.
260 x 106 T T - —
240F
D)
© —
2 220t S
8 [0}
g 2
g 2
(@]
200}
{-2
180 | 15
0 40 80 120
Pulse number
IEC

The red line is a guide to the eye showing the increase of the pulse height. The blue arrows are also guides to the
eye showing how to decide the pulse height.
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Figure A.3 — Pulse measurement

e Step 5: Initial measurement

With the targeted pulse height and width, the analogue resistance change as a function of

the pulse number was measured by switching cycles. Figure A.4 shows the result of the
measurement of this case study.

180 x 106

170

160

Conductance (S)

150 1

0 20 40, 60 80
Pulse humber
IEC

Figure A.4 = Initial measurement

(0)]

tep 6: Repeated measurement

|

epeat Step 5. In this study;the measurement cycle was repeated six times (Figure Al5).

180 x 106
170
160

150 F

140

Conductarjce (S)

130 |

120

110

0 100 200 300 400
Pulse number
IEC

Figure A.5 — Repeated measurement
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behaJiour which corresponds to the conductance-increase and decrease processes, respectively.
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Step 7: Post-measurement characterization

IEC TS 62607-8-3:2023 © |IEC 2023

DC I-V curve was measured again to make sure no electrical changes occurred in the
sample in consequence of the measurement sequence. The arrows in the figure show the
directions of the voltage sweeps. The blue and red lines indicate the current behaviour which
corresponds to the conductance increase and decrease processes, respectively.

Figure A.6 shows the result of the measurement of this case study.

500 x 10-6

Current (A)

D

400

300

200

100

Voltage (V)

tep 8: Recording of measurement conditions

Figure A.6 —Post-measurement characterization

IEC

At the end of the sequénce, room temperature and humidity were recorded to confirm
the stable measurement environment was maintained.

Table' A.1 — Measurement sequence of analogue resistance
change and its parameters (case study)

lrrent

that

Step Parameter 1 Parameter 2 Parameter 3
Recording of Temperature Humidity
measurement
241 °C 639
conaftions "

Sample setting

DUT was mounted

on the stage to connect to SMU electrically.

DC I-V measurement

Ranges of current
Current compliance
Reset: 1 mA

Set: 250 pA

Voltage sweeps
Reset: 0 Vto -2 V
Set:0Vto2V

Pulse measurement

Voltage sweeps
First half: 0 Vto 3V

Second half: 0 V to -3,5
\%

Voltage Step: 0,05 V

Pulse width: 1 us
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15—

Step Parameter 1 Parameter 2 Parameter 3
5 Initial measurement Voltage sweeps Voltage Step: 0 V Pulse width: 1 ps
First half: 2 V
Second half: -2,6 V
6 Repeated measurement | Number of repetitions: 6
7 Post-measurement Ranges of current Voltage sweeps
characterization .
Current compliance Reset: 0 Vto -2V
Reset: 1 mA Set: 0Vto2V
Saot: 20N A
Set—250-HA
8 Recording of Temperature Humidity
measurement R o
conditions 253°C 66 %
A1.3 Data analysis
The AG and p were plotted and the results were fitted using following {fitting function basgd on
Formula (1):
fix) =B x (1 - exp(—4 x x))/(1 — exp(=4)),
wherte 4 is a fitting parameter, B is AG,,,5, and also a fitting-parameter, and x is an indeper{dent
variible (namely p). The fitting results are shown in&igure A.7 and Figure A.9. The obtgined
valugs of the parameters are summarized in Table A{3.
AG was normalized in the range of the computed Parameter B. Curve fitting of the normalized
AG was performed (Figure A.8 and Figure AX10) and the results are listed in Table A.3. Armhong
the gbtained values, the least-squares error (or chi-square value) is expressed as Parameter C

show

ing the degree of resistance flugtdation and can be also used as a quantitative i
comparable to other results to estimate the fitting error.

30 x 10-°

25

20

ndex

G4 Gmin (S)
o

00
0

0,2 0,4

0,6 0,8

Normalized pulse number (p)

The result of the parameter fitting is shown in the solid line.
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