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FOREWORD

ternational Electrotechnical Commission (IEC) is a worldwide organization for standardization ¢
onal electrotechnical committees (IEC National Committees). The object of IEC is to promote int
eration on all questions concerning standardization in the electrical and electronic,fields. To thi
tion to other activities, IEC publishes International Standards, Technical Specifications, Technical
ly Available Specifications (PAS) and Guides (hereafter referred to as “[EC- Publication(s
ation is entrusted to technical committees; any IEC National Committee interested in the subject
brticipate in this preparatory work. International, governmental and non-govetnmental organizatio
e IEC also participate in this preparation. IEC collaborates closely with(the International Organ

rmal decisions or agreements of IEC on technical matters expresss. as nearly as possible, an int
hsus of opinion on the relevant subjects since each technieal ‘eommittee has representatiof
tted IEC National Committees.

ublications have the form of recommendations for interhational use and are accepted by IEQ
ittees in that sense. While all reasonable efforts are ‘made to ensure that the technical contg
ations is accurate, IEC cannot be held responsible_for the way in which they are used o
erpretation by any end user.

er to promote international uniformity, IEC National Committees undertake to apply IEC Py
arently to the maximum extent possible in their\national and regional publications. Any divergenc{
C Publication and the corresponding natiomal or regional publication shall be clearly indicated in

5elf does not provide any attestation of-conformity. Independent certification bodies provide (
Ement services and, in some areasy'access to IEC marks of conformity. IEC is not responsib
bs carried out by independent certification bodies.

ers should ensure that they havethe latest edition of this publication.

bility shall attach to IEC or its”directors, employees, servants or agents including individual ex
ers of its technical committees and IEC National Committees for any personal injury, property d
damage of any nature\whatsoever, whether direct or indirect, or for costs (including legal
5es arising out of-the publication, use of, or reliance upon, this IEC Publication or any
ations.

on is drawn-to.the Normative references cited in this publication. Use of the referenced publi
Ensable forthe correct application of this publication.

on is drawn to the possibility that some of the elements of this IEC Publication may be the subjec
IEC(shall not be held responsible for identifying any or all such patent rights.

pmprising
Ernational
5 end and
| Reports,
)’). Their
dealt with
hs liaising
zation for

brdization (ISO) in accordance with conditions determined by agreement,between the two organigations.

Prnational
from all

National
nt of IEC
r for any

blications
b between
the latter.

onformity
e for any

perts and
amage or
fees) and
bther IEC

cations is

of patent

es. It is

51-9 has bheen prnpnrnd h‘,’ |IEC technical committee 47 Semiconductor devid

an International Standard.

The text of this International Standard is based on the following documents:

Draft Report on voting

47/2781/FDIS 47/2791/RVD

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 International Standard is English.


https://iecnorm.com/api/?name=2c46a53f9825a6a559340f9b223fc85e

-4 - IEC 62951-9:2022 © |IEC 2022

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/standardsdev/publications.

A list of all parts in the IEC 62951 series, published under the general title Semiconductor
devices — Flexible and stretchable semiconductor devices, 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
specific document. At this date, the document will be

e recopfirmed,
e withdrawn,
e replaced by a revised edition, or

e amepded.

IMPORTANT — The "colour inside" logo on the cover page of this.document indicates that it
contairTs 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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SEMICONDUCTOR DEVICES - FLEXIBLE AND
STRETCHABLE SEMICONDUCTOR DEVICES -

Part 9: Performance testing methods of one transistor
and one resistor (1T1R) resistive memory cells

1 Scope

This part of IEC 62951 specifies the test methods for evaluating the performance of)ynipolar-
type ong transistor one resistor (1T1R) resistive memory cells. The performancetest methods
in this document include read, forming, SET, RESET, endurance and retention. (This dgcument
is applidable to flexible devices as well as rigid resistive memory devices without any limitations
prone tq device technology and size.

2 Norfmative references

There afe no normative references in this document.

3 Terms and definitions
For the purpose of this document, the following terms”and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the fpllowing
addressles:

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

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

3.1
programming transistor
semicorjductor device used to amplify, limit or switch electronic signals and electrical gower

3.2
source |voltage
Vs
bias applied\to the source terminal of the programming transistor

3.3

gate voltage

Vs

bias applied to the gate terminal of the programming transistor

3.4

drain voltage

Vb

bias applied to the drain terminal of the programming transistor

3.5

resistive memory

two terminal device, based on reversible formation and rupture of filament within active layer,
defining low and high resistance states, respectively
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3.6
forming voltage

VForm
high voltage applied across the active layer to induce defects within the active layer to for a
filament or conduction path initially

3.7
resistance of low resistance state

R Rrs
resistance of memory device in SET state

3.8
resistarllce of high resistance state

Ryrs
resistanice of memory device in RESET state

3.9
trip poinht resistance

R1rp
intermediate reference resistance between Ry grg and R| g

Ryrs > Rtrp > R Rs

3.10
step voltage

VSMp
ramp of|voltage intervals applied to resistive memory

3.1
read voltage

VRead
specific|voltage for measuring the'resistance of resistive memory, Rg

3.12
read cufrrent

IRead
specific|current value at Vg, for measuring the resistance of resistive memory, Rg

3.13
resistar||ce of resistive memory
Rr
resistance value at Vgg,4, defined by the following formula

RRZZE%ead
Read

3.14
SET voltage

VseT
voltage required to switch resistive memory to R| grg after forming process
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3.15
RESET

VRESET
voltage

3.16

voltage

required to switch resistive memory to Ryrg

SET time

ISeT

time required to switch resistive memory to R| rg

3.17
RESET

IRESET
time req

3.18
prograr

Von
voltage

3.19
delay ti

tDeIay
required

3.20
pulse W

R
elapsed

4 De\

Figure 1
resistivd
Vg and
cell. Th
biases 4

time

uired to switch resistive memory to Ryrg

hming transistor on voltage

required to turn on programming transistor

me

time between Vg and Vg for stable operation

idth

time between the rising and falling edges of a single pulse

fice under testing (DUT)

a) shows the equivalent circuit of 1T1R resistive memory cell. The top electrog
memory, the saurce, gate and drain of the transistor are defined as terminal

Vp, respectively/ Figure 1 b) shows the schematic diagram of 1T1R resistive

b resistive-memory is integrated on the drain-side of the transistor. Different
re applied‘to each terminal during forming, SET and RESET operations.

e of the
Vs Vs,
memory
voltage
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IR
Transistor
A
VG f S N Resistive
Vs y G VD memory cell
‘Dielectric
. BE
Vs VR
"b
IEC
IEC
a) Equivalent circuit b) Schematic diagram

Figure 1 — 1T1R resistive memory cell

Resistivie memory is composed of an insulating oxide materiaksandwiched between two metal
electrodes. The bottom electrode (BE) of the cell is connected.fo the drain of transistor| The Vg
is applied on the top electrode of the 1T1R resistive aneémory cell with Vg grounded. The
transistor limits the current during the forming and SET \Operations by the gate voltage| V.

5 Test method

5.1 General

Test prgcedures for 1T1R resistive memory cells are performed as shown in Figure 2. First,
1T1R resistive memory cell (DUT) istmounted on a test fixture, and its electrical charagteristics
are megsured by varying voltagej current and temperature. For measuring and charagterizing
these de¢vices accurately, ultra-high accuracy sensors shall be employed.

5.2 Test equipment and tools
5.21 General

A variety of experimental approaches have been employed to test 1T1R resistive memqry cells.
Semiconductor, parameter analyzer is a test instrument that integrates multiple measurement
and andlysis-Ccapabilities to perform the current-voltage (I-V) and capacitance measufements
(C-V (capacitance-voltage), C-f (capacitance-frequency), and C-t (capacitance-time)) bf 1T1R
resistive memory cells. The semiconductor parametric test is a fundamental measurement to
determine the characteristics of a semiconductor device and its manufacturing process.

The key measurement component of the parameter analyzer is a source measure unit (SMU).
The SMU is a measurement module that combines the capabilities of a voltage/current source
and a voltage/current meter into a single module. Because the source and measurement
circuitry are closely integrated, one can achieve far better accuracy and higher resolution with
less measurement error than using various independent instruments to make the same
measurement. To perform ultra-fast (transient) [-V measurements, the pulse generator unit
(PGU) provides ultra-fast voltage waveform generation and signal observation on different
channels of integrated sourcing and measurement. Hot chuck is also an important tool to be
used together with a prober for evaluating temperature characteristics of 1T1R resistive memory
cells.
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DC sense | Probe station

SMU3 DC force ———

DC sense A m
SMu2 DC force f—

Semiconductor
device analyzer

Switch
Chuck
DC sense | ;i
SMU1 DC force —— matrix
Trig out 9
PGU Trig in
ch.1 Ei Hot chuck
Ch.2
controller

IEC

Figure 2 — Block diagram of the measurement setup of 1T1R resistive memory cells

5.2.2 Read

Figure 3 a) corresponds to the circuit diagram and Figure 3 b) corresponds to.the volta

ge-time

graph tq exhibit the read operation of 1T1R resistive memory cell. The current value, Jrgaq IS

measured to calculate the resistance of resistive memory, Rg, when Vg 4-With pulse wig
is appligd across the resistive memory.

th IRead

Figure 4 shows the exemplary cumulative probability distributien”of HRS and LRS of 1T1R

resistivg memory cells with intermediate resistance trip point resistance, Rqgp.
considefed as an application for the field case, Ryrs/R g4 in Figure 4 should be eqd
greater than 2.

Voltage
VRead

-
-

E4)

GND

IEC

GND

To be
al to or

e GND/Floating

Vs GND/Floating

A

——a)—Circuitdiagram by—Vottage-timegraph————

Figure 3 — Read operation of 1T1R resistive memory cell

TRead Time

IEC
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Figure 4 — Cumulative probability distribution of HRS
and LRS of 1T1R resistive memory cells

5.2.3 Forming

Figure § a) shows the circuit diagram and Figure 5 b) shows the voltage-time graph t¢ exhibit
the fornfing operation of 1T1R resistive memory cell.\As shown in Figure 5, Vg, is applied on

the top glectrode of 1T1R resistive memory cells;;As soon as the filament is formed gt Vig,p,»

electrically connecting the two electrodes, the' current limit is fixed by the programming
transistjr which stops the permanent breakdown of the dielectric layer between fthe two
electrodes. The programming current level’is modulated by the gate voltage, V5. 7k of the

»}
programming transistor is grounded during the forming operation.

The simulation test flow chart in~Rigure 6 shows that before applying the forming voltage, the
pristine resistance Ry of the devic¢e is read; if it is in the Ryrg, the forming operation is |initiated
to achiejve the SET state.
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a) Circuit diagram

Read

b) Voltage-time-graph

Figure 5 — Forming operation of 1T1R resistive memory cell

) 4

Yes

Vv

SET

End

N

Increase Ve,

A

Forming
program

aSET state is achieved? : Measured resistance of resistive
memory cell at the read voltage is lower than the
reference resistance (trip resistance, Rygp)?
SET program: switching resistive memory to low
resistance state

IEC

SA 13
(o)) =
[0}
- &z \
Yy,
VR L]
/ GND
\
P4
Re)
—_—
e ] GND
s GND
1EC
o Y R Flaating
. lForm o Time
IEC

Figure 6 — Simulation test flow chart of the forming process

5.2.4 SET programming

Figure 7 a) shows the circuit diagram and Figure 7 b) shows the voltage-time graph to exhibit
the SET operation of 1T1R resistive memory cell. 1T1R resistive memory cell (DUT) is
programmed with Vg grounded and Vg applied to the TE of the resistive memory. For SET

operation, Vget is applied across the resistive memory having pulse width g and gate is biased

with Vg of pulse width rggt to obtain the R| gs.

ISET <Ip
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For the stable SET operation of the DUT, voltage ramp across the gate Vg is applied after some
time span 7pg|,y @s shown in Figure 7.

The simulation test flow chart in Figure 8 shows that before SET operation, the resistance state
of the device is read; if it's in the R gg, the SET operation is initiated by applying the voltage

VsgT to the TE of the resistive memory to achieve the SET state.

SA
ﬂ
)
>
Y
o
L Rz
R GND
jmommm s : . A R o
i PGU < >
N %I
v, K
l G Vs =Y GND
' ' i lDeIay
Vs GND
IEC
L6 I Ao N S Flgating
B ISET Time
IEC
a) Circuit diagram b) Voltage-time graph

Figure 7 — SET operation of 1T1R resistive memory cell

Read <

5 No SET
Set? program

Yes

End

IEC

Figure 8 — Simulation test flow chart of the SET operation of 1T1R resistive memory cell

5.2.5 RESET programming

Figure 9 a) shows the circuit diagram and Figure 9 b) shows the voltage-time graph to exhibit
the RESET operation of 1T1R resistive memory cell. For RESET operation, Vreget is applied

across the resistive memory having pulse width 7g and gate is biased with 75y of pulse width
IRESET to obtain the RHRS'

IRESET < IR
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For the stable RESET operation of the DUT, voltage ramp across the gate V5 is applied after
some time span fpg,, @s shown in Figure 9.

The simulation test flow chart in Figure 10 shows that before RESET operation, the resistance
state of the device is read; if it's already in the R rg, the RESET operation is initiated by

applying the voltage Vrgggt to the TE of the resistive memory to achieve the RESET state.

S A mn
£ g
p 5
y
Fr 6ND
A R
\gﬂ
Vg =) GND
------------ 1
SMU\ > Delay
Vs GIND
IEC
Lo ) R O S Flpating
B RESET Time
IEC
a) Circuit diagram b) Voltage-time graph

Figure 9 — RESET operation of 1T1R resistive memory cell

Read

N

, Yes RESET
Set? program

No

End

IEC

Figure 10 — Simulation test flow chart of the RESET operation
of 1T1R resistive memory cell

Figure 11 shows the exemplary cumulative resistance distribution after the SET and RESET
programming of 1T1R resistive memory.
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Resistance (Q)
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Figure 11 — Cumulative resistance distribution of 1T1R resistive memory

Endurance

distingujshable, capability of the memory cell to reproduce its high and low resistan
over a dourse of continuous pulses typically until 108 cycles.

Memory

the applied pulses (e.g. pulse amplitude, pulse width, rise/fall times, etc.) depend on

devices

programming pulses are controlled by PGU that can send and control the pulses. Aft

progran
is meas

Ohm's
RESET
the cycl

law by averaging all the’/current measurements that have been acquired. If

ng endurance opération is adjourned. To be considered as an application for

case, endurance in Figure 13 should be equal to or greater than 103,

e memory can be switched between Ry rg and R grg, but each operation can introduce

ent damage, normally referred to as degradation. Endurance, also called electri¢ fatigue,
umber of set/reset cycles that can be endured before HRS and LRS are no longer

Ce state

devices are programmed by the application of voltage pulses. The characterjistics of

the test

(e.g. the oxide material, electrodes materials, active layer thicknesses, etf.). The

Br every

ming pulse, a read operation-is performed. The current flowing through the memory cell
ured at several points duting the read pulse. The resistance is then calculated using

SET or

state of the device _remains on applying the reverse operation for 3 consecutive pulses,

the field
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n=0
x=0,y=0
Read <
5 No SET
Set? program
Yes
N
RESET x=0
program y=y+1
y
- Yes
n=n+1
x=x+1,y=0 _<>1b
No
y
Yes
Yes X <> {3?
No No
v
End €

IEC

Figure 12 — Simulation test flow chart of the endurance test
of 1T1R resistive memory cell

g O
808
C
)
@ .
§ 107k = B R Lnls Sl =
HRS
106
10°
LRS
104F o8 oo 20000000 0 Soteetortne
103 ! L L 1 »
103 104 10° 106
Number of cycles (#)

IEC

Figure 13 — Exemplary endurance data of a 1T1R resistive memory cell
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