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Part 1: Bending test method for conductive
thin films on flexible substrates
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FOREWORD

ternational Electrotechnical Commission (IEC) is a worldwide organization for standardization c|
tional electrotechnical committees (IEC National Committees). The object of IEC /is to|
htional co-operation on all questions concerning standardization in the electrical and’electronic
hd and in addition to other activities, IEC publishes International Standards, Technical Speg
ical Reports, Publicly Available Specifications (PAS) and Guides (hereafter, referred to
ation(s)”). Their preparation is entrusted to technical committees; any IEC National Committee

subject dealt with may participate in this preparatory work. International, governmental

mental organizations liaising with the IEC also participate in this preparation. IEC collaboratg

nent between the two organizations.

rmal decisions or agreements of IEC on technical matters express;yas nearly as possible, an int
hsus of opinion on the relevant subjects since each techni€al committee has representatiol
tted IEC National Committees.

ublications have the form of recommendations for international use and are accepted by IEQ
ittees in that sense. While all reasonable efforts are made to ensure that the technical contq
ations is accurate, IEC cannot be held responsible~for the way in which they are used 9
erpretation by any end user.

er to promote international uniformity, IEC National Committees undertake to apply IEC Py
arently to the maximum extent possible intheir national and regional publications. Any d
bn any |IEC Publication and the corresponding national or regional publication shall be clearly in
ter.

elf does not provide any attestation>of conformity. Independent certification bodies provide (
Ement services and, in some areas; access to IEC marks of conformity. IEC is not responsib
bs carried out by independent Certification bodies.

ers should ensure that they have the latest edition of this publication.

bility shall attach to IEC\er 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
ses arising outy 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 for-the correct application of this publication.

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

pmprising
promote
fields. To
ifications,
as “IEC
nterested
and non-
ks closely

he International Organization for Standardization (ISO) in accordamnce_with conditions deteqmined by

ernational
from all

National
nt of IEC
r for any

blications
vergence
dicated in

onformity

e for any

perts and
amage or
fees) and
pther IEC

cations is

bubject of

International Standard IEC 62951-1 has been prepared by IEC technical committee 47:
Semiconductor devices.

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

FDIS Report on voting
47/2369/FDIS 47/2384/RVD

Full information on the voting for the approval of this International Standard 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.
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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 publication will remain unchanged until
the stability date indicated on the IEC website under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
+ amended.

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

IMPORTANT - The 'colour inside' logo on the cover page of this pubilication indicates
that it contains colours which are considered to be useful’ for the gorrect
understanding of its contents. Users should therefore print_this document using a
colour printer.



https://iecnorm.com/api/?name=2ef560e74b8170fd5358ae75de4b6060

IEC 629

51-1:2017 © IEC 2017 -5-

SEMICONDUCTOR DEVICES - FLEXIBLE AND
STRETCHABLE SEMICONDUCTOR DEVICES -

Part 1: Bending test method for conductive
thin films on flexible substrates

1 Scope

This paft of IEC 62951 specifies a bending test method to measure the electrome
propertigs or flexibility of conductive thin films deposited or bonded on flexible non=co

substrafes. Conductive thin films on flexible substrates are extensively used in
electronfic devices and flexible semiconductors. Conductive thin films inelude any films

deposit
transpa
behavio

d or bonded onto a non-conductive flexible substrate such ,as’thin me
ent conducting electrode, and thin silicon film. The electrical and me
urs of thin films on flexible substrates differ from those of'freestanding fil

substrafles due to their interfacial interactions and adhesion between‘the film and su

The obj
the eleq
The ben

2 Nol

The foll
content
cited ap

pct of this standard is to establish simple and repeatable, test methods for ey
tromechanical properties or flexibility of conductive thin“films on flexible su
ding test methods include outer bending test and innernbending test.

mative references

pwing documents are referred to in the dext in such a way that some or all
constitutes requirements of this document. For dated references, only the

any ame¢ndments) applies.

IEC 620
Tensile

IEC 620
Electron

3 Ter

47-2:2006, Semiconductordevices — Micro-electromechanical devices -
testing method of thin film.materials

47-22:2014, Semiconductor devices — Micro-electromechanical devices —
nechanical tensile~test method for conductive thin films on flexible substrates

ms, definitions and symbols

3.1 Terms and definitions

’khanical

ductive
flexible

al film,
chanical
ms and
bstrate.
aluating
bstrate.

of their
edition

plies. For undated references, the latest edition of the referenced document (ipcluding

Part 2:

Part 22:

For the

urposes of this document, the following terms and definitions apply.

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

address

e |EC
e |[SO

3.1.1

es:

Electropedia: available at http://www.electropedia.org/

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

bending radius of curvature

-
radius o

f curvature that the test piece shows in bending test


http://www.electropedia.org/
http://www.iso.org/obp
https://iecnorm.com/api/?name=2ef560e74b8170fd5358ae75de4b6060
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bending radius

bending radius at which the electrical resistance starts to exceed a predefined limit, and/or

fracture

Note 1 to

3.1.3
nomina
e

strain in

Note 1 to

3.1.4
flexible

substrafe with flexibility onto which conductive thin films will be deposited, bonded or 3

3.1.5

gauge flactor

Gk
ratio of
the und

Note 1 to
deformed

[SOURCQE: IEC 62047-22: 2014, 3.1.1, modified —%The word "engineering" has been 1
by "nomiinal bending" in the definition.]

3.1.6

outer bending test

outward

face-ouf bending test

convex
test, wh
outward

3.1.7

inner bending test
inward bending test

face-in

concave bending test

test, wh
an inwa

3.2 S

of the film caused by delamination or initiation of the cracks occurs

entry: It is the minimum bending radius that conductive thin films can tolerate.

| bending strain
the center of the bent test piece in the bending direction

ntev_Goenerallv it is referred to the strain-at-the top of the bent film-on-flexible substrate
Y 4 *

substrate

the change in electrical resistance divided by the originaltesistance (r,, resis

pformed configuration) to nominal bending strain (e)

o’

entry: Gauge factor is expressed as G = (R — R,) Rgé, Where R is the electrical resistan
configuration.

bending test
bending test

ere the test piece is bentiinto a convex shape (n) which may also be considersd
bending test, face-eut-bending test or convex bending-test

bending(test

ttached

fance in

ce in the

eplaced

d as an

ered as

Ere the test piece is bent into a concave shape (uU) which may also be consid

ymbols and designations

The shape of the test piece and symbols are presented in Figure 1 and Table 1, respectively.
The overall shape of the test piece is similar to the shape shown in 3.2 of IEC 62047-22:2014
for tensile tests. But the shape of the test piece can be rectangular or square. The test pieces
has a flexible substrate and the conductive thin film deposited on the flexible substrate.
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< | f2 | |+ ’ .
| ! |
!. : .!
IEC
Figure 1 — Shape of a test piece
______  Table1 - Symbols and designations of a test piece
Symbpl Unit Designation
l mm Gauge length for strain and resistance change measurements
Iy mm Overall length
h, pm Thickness of the conductive thin film
h pm Thickness of the flexible substrate
b mm Width
4 Test piece

4.1 Design of test piece

In order] to minimize the influence of geometrie'size the test piece shall be reasonably similar
to the fipal product. In particular, the size effect of the thin brittle films on failure is su:l;stantial
due to the randomly distributed cracks or.defects on the test piece. Therefore, the dimension
of the test piece should be as much as possible of the same order as that of the gbjective
device pomponent. The shape of altest piece is shown in Figure 1. For uniform strain
distribufion, the shape of the test piece is a rectangular or square strip.

4.2 Plreparation of a test piece

The tegt piece shall be_prepared using the same fabrication process as the real device
fabricated for flexible electronics and flexible semiconductor devices, because the meg¢hanical
and eleftrical properties depend on the fabrication processes. Both the film thickngss and
substrafe thicknessshould be uniform and small compared with the lateral dimensigns. The
flexible pubstrate-and film have also the uniform material properties. Thin conductive fllm shall
be cargfully prepared to prevent formation of cracks or flaws and delamination ffom the
substrate.

4.3 Measurement of dimensions

The thickness and width of the conductive thin film and flexible substrate shall be accurately
measured respectively, because the dimensions are used to determine the mechanical and
electrical properties of test materials. Each test piece should be measured directly. Both the
dimension of the test piece shall be specified within the maximum error of £+ 1 % for the
thickness and + 5 % for the width, respectively. Thickness measurement shall be performed
according to Clause 4 and Annex C of IEC 62047-2:2006. There can be some combinations of
thin film and substrate where it is difficult to fulfil the tolerance of thickness measurement. In
this case, the average and the standard deviation of the thickness measurement should be
reported.


https://iecnorm.com/api/?name=2ef560e74b8170fd5358ae75de4b6060

-8- IEC 62951-1:2017 © IEC 2017

4.4 Storage prior to testing

In the case of conductive thin films, the storage environment can affect the electromechanical
properties of the film. For example, oxidation on the test piece surface will deteriorate the
electrical and mechanical properties of the test piece. If there is an interval between final
preparation and testing, particular care should be taken in storing the test pieces, and the
specimens should be examined by appropriate means to ensure that the surface has not
deteriorated during the storage period. If any deterioration is observed that was not present
after the specimens were prepared, testing shall not be performed. However, if the damage
was introduced during the preparation processes, the test shall be performed.

5 Testing method and test apparatus

5.1 General

The test is performed by bending a test piece. The bending strain induced by.the tensile load
shall bg uniform in a pre-defined gauge section in the elastic region of the” substrate or the
thin conductive film. To measure the change in electrical resistance aleng’with the change in
mechanjcal strain, carefully select the gauge section. The gauge'’section for megasuring
mechanjcal strain shall be coincident with or scalable to that fer measuring €flectrical
resistance. There are several types of bending test egquipments to measlire the
electromechanical property of conductive thin films. It is not nec€ssary that a certain| type of
bending| test method be preferred. As an example, X-Y-6 bending test equipment is d¢scribed
in Annex A.

5.2 Test apparatus

As shown in Figure 2, the bending tester includ€s the test piece holder to place a tegt piece,
and corftrol system in which separation distance is controlled by an actuator or motor{ Use of
an optidal microscope is recommended to ebserve the existence of cracks on surface of the
test piece during the test. The control system regulates the moving distance and|moving
speed while testing. One holder is fixed, and other holder is free to move using an gctuator.
For a material sensitive to stress conecentration and local plastic deformation such gs brittle
films of|inorganic and thin silicon(film, it is recommended that the film should not bge tightly
clamped in order to prevent thé |ocal stress concentration in the clamped region. The stress
concentration in the clamped region will generate the cracks or any damage on the film,
resulting in film failure.

Thin film

Holder — Teeo--T
I +— Substrate

AL LA R RLA LA LA AR LA AL ALLY T T

Motor

 Moving jig  Fixed jig

IEC

Figure 2 — Bending test apparatus

5.3 Measurement of electrical resistance

Since the change in electrical resistance is related to strain or stress, the electrical resistance
shall be measured in a region of nearly uniform strain. To measure electrical resistance,
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attach lead wires to the conductive thin film of the test piece. The electrical measurement
circuit can be a 2-wire or 4-wire method depending on the magnitude of the electrical
resistance of the test piece. For a test piece with an electrical resistance greater than 1 kQ, a
2-wire method can be utilized for ease of measurement. For a test piece with an electrical
resistance less than 1 kQ, the 4-wire method (Kelvin method) shall be utilized to eliminate
contact and lead wire resistance. In a bending tester to measure the electromechanical
property of conductive thin film, change rate of electrical resistance during/after the bending
test is more important than the absolute value of the resistance. Therefore, 2-wire method is
acceptable if the contact and lead wire resistance do not significantly influence the test results.

5.4 Test procedure

The tes pluuch|c ts—as—foltows:

a) Plade the test piece into the holder. The longitudinal direction of the test piece shall be
aligned with the actuating direction of the test apparatus, and the deviation' angle ghall be
less|than 5°. In case of outer bending test, the sample is facing upward ‘to apply tensile
stress, and in case of inner bending test, the sample is facing downward to apply the
comppressive stress.

b) Meapure the electrical resistance of the test piece.

c) The [test piece is bent with a decreasing bending radius by confrolling the moving distance
from| flat surface to a designated bending radius. The test.is' performed under a ¢onstant
bending stroke speed depending on the material system'of the test piece and thg actual
usage condition of the customer. Change in electricaltesistance should be measured in
real time at different bending radii.

d) Unldad the test piece when electrical failure occurs in the test piece or when fracture of
the film caused by initiation of the cracks or delamination occurs.

NOTE I conductive thin film on flexible substrate, electromechanical property of outer bending test is|generally
different from that of inner bending test. That is, the cfitical outer bending radius is different from the crifical inner
bending rpdius for the same test piece. The difference is attributed to the internal residual stress, micrdstructure,
and adhepgion property of the film. Therefore, the outer bending test and inner bending test will be performed
separately to determine the electromechanical property of the film.

5.5 Qbservation of cracks in:test piece

It is recommended that the existence of cracks in the surface of test piece shall be mpnitored
in real time or periodically-with an optical microscope. Observation of the cracking on the
surface [during the test-is_important. In some cases, cracking of the film during the pending
test do|[not lead to the/electrical failure of the film. The difference between the ploints of
cracking and electfieal failure is attributed to existence of the conduction path when film
debris gnd overlapping film due to the fracture of the film form the conduction path in the film.
Therefofe, theelectromechanical property of the film should be evaluated not only by the
electricagl résistance change but also by actual occurrence of cracking, becayse any
mechanrcal failure of the film can significantly deteriorate the real device performance.

5.6 Data analysis

To obtain the bending radius and bending strain, several compensations may be required
depending on the bending test apparatus. As an example, the calculation of bending radius
and bending strain for this bending test method are described in Annex B. The actual bending
radius also can be measured by fitting circles to images taken using an optical camera
mounted.

5.7 Test environment

It is recommended to perform a test under constant temperature and humidity. As the
environmental conditions such as temperature and humidity affect the electrical and
mechanical properties of thin films, the testing temperature and humidity shall be monitored
during testing. Fluctuations in temperature during the test shall be controlled to be less than
+ 2 °C. Flexible substrates made of certain polymeric materials can be sensitive to humidity;
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thus, the change in relative humidity (RH) in the testing laboratory shall be controlled to be
less than =5 % RH for such materials. When the tests are completed, the environmental
conditions should be recorded.

6 Test report

The test report shall contain the following information:

a) Mandatory
1) reference to this international standard;
test piece identification number;

test piece material and substrate material;
test piece preparation procedures;
rultilayered structure of the test piece;
test piece dimensions and their measurement method,;
description of the testing apparatus;
rmeasured properties and results: critical bending radius and bending strain at failure;
gdauge factor, change in electrical resistance versus strain.(or bending radius) clurve.
b) Optipnal

1) internal residual stress;
urface roughness of test piece;

S
3) fpilure mechanism of the test piece.
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Annex A
(informative)

X-Y-0 bending test method

In the X-Y-8 system as shown Figure A.1, the test piece is clamped in a flat position between
a fixed plate and a co-planar plate mounted on top of a stack of two linear and one rotary
motorized actuator. These actuators control the spatial coordinates of the specimen end in
X-Y-0 space in such a way that the specimen end is positioned on the coordinates of a
circumference. The details on the test method can be found in [1]1. The angle 6 is defined as
the angle between the tangent to the test piece end and the X-axis. In order to have the

specime

nhaentta a radinie » tha caoordinates of tha maovina end-is deseribed-in Eiaure
H—-o-eHt+to—<a—+aetds—+—+tHe-6 Feriate st e-HoViRg-eRea15—a8seHse e 1R—+igtH

A.2, and

the bending radius (r) of the test piece is calculated as follows:

where §
distance

0= Lo/‘r

X = (L/08)sin(0)

Y = (Lo/6)[1 — cos(6)]

is the bending angle, L, is the length of the sample that is being bent or th

between the clamps.

IEC

Figure A.1 — X-Y-0 bending test method

1 Numbers in square brackets refer to the bibliography.

(A.1)

(A.2)

(A.3)

e initial
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(X4, Y1, 0°) (X2, y1, 0°)

/I

(x4, yo, 180°)

IEC

Figure A.2 — Schematic of the bending geometry
in X-Y-0 system
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Annex B
(informative)

Data analysis: Calculation of bending radius
and bending strain

B.1 Calculation of bending radius

This bending test is closer to a buckling case. The radius of curvature in the specimen is not
constanf;thusthecomnditiom of uniformcurvature canmot be avaitabteas strowm i Figure B.1.
Here, the configuration of the buckling beam of the film is regarded as a sinusoidal sHape [2].
No volume change during bending is assumed. Therefore, the actual bending radius (f) of the
center df the bent specimen can be approximately calculated using Equation (B.1) [3].

Figure B.1 — Geometrical shape of bent test piece

r= L (B.1)

dL 2h?
1212

where [{and dL/L{denote the initial length of the specimen, rate of change of the length, and
h is the |summation of the film thickness, h;, and the substrate thickness, h,, respectively. The
formulalhas been extensively used in the literature to calculate the bending radius ddring the
bending| test;

B.2 Calculation of bending strain of the film

In case of stiff film on a more compliant substrate, the strain at the top of the stiff film
deposited on the substrate can be calculated by Equation (B.2) [4].

gtop:(h1+h2](1+277+;mz) (B.2)
2r ) (1+nX1+ 2n)

where n = h,/h, and y = E,/E,. E; is Young’s modulus of the film, and E, is Young’s modulus
of the substrate.
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In case where the film thickness is much smaller than the substrate thickness (h; < h,), which
is the common case of transparent conducting electrode and any metal film deposited on the
flexible substrate, Equation (B.2) is approximately described as follows.

h+hy hy

B.3
2r 2r (8-3)
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