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IEC technical committee 47: Semiconductor devices. It is an International Standard.

eration on all questions concerning standardization in the electrical and electronic fields. To this
lition to other activities, IEC publishes International Standards, Technical Specifications, Technical
Cly Available Specifications (PAS) and Guides (hereafter referred to as AEC Publication(s
ration is entrusted to technical committees; any IEC National Committee interested in the subject ¢

mprising
rnational
end and
Reports,
"). Their
ealt with

articipate in this preparatory work. International, governmental and non-governmental organizations liaising

he IEC also participate in this preparation. IEC collaborates closely with“the International Organiz
ardization (ISO) in accordance with conditions determined by agreemeéent-between the two organiz

brmal decisions or agreements of IEC on technical matters expres$; as nearly as possible, an inte
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The text of this International Standard is based on the following documents:

Draft Report on voting

47F/414/FDIS 47F/417/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.
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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 62047 series, published under the general title Semiconductor
devices — Micro-electromechanical 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 reconfirmed,
e withHdrawn,
. replaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of this-document indicates|that 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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SEMICONDUCTOR DEVICES -
MICRO-ELECTROMECHANICAL DEVICES -

Part 42: Measurement methods of electro-mechanical conversion

characteristics of piezoelectric MEMS cantilever

1 Scope

This pprt of IEC 62047 specifies measuring methods of electro-mechanical con
characferistics of piezoelectric thin film on microcantilever, which is typical structure’o
micro sensors and micro actuators. In order to obtain actual and precise piezoelgctric cog

of the

to determine the characteristic parameters for consumer, industry or any other applica
piezoelectric devices. This document applies to piezoelectric thin films< on microca

fabrica

2 Normative references

There &

3 Te
For the

ISO an
addres

e |EC
e ISO

31
unimot
micro-s
typicall

Note 1 td
piezoele
top and

iezoelectric thin films with microdevice structures, and this document reports the s

ed by MEMS process.

re no normative references in this document.

rms and definitions
purposes of this document, the following'terms and definitions apply.

d |IEC maintain terminological database for use in standardization at the fo
5es:
Electropedia: available at(https://www.electropedia.org/

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

ph microcantilever
cale cantilever composed of piezoelectric thin film and non-piezoelectric m
y thin siliconayer

entry: \The piezoelectric thin films are deposited on bottom electrode. Top electrodes are preparg
trie thin films and input voltage are applied between top and bottom electrodes. Platinum is often

L/ersion

actual
fficient
chema
ions of
htilever

llowing

aterial,

td on the
used as

ottam electrodes for piezoelectric MEMS devices. The thickness of both top and bottom electrodd

s should

be thinn

eT—thram—that—of prezoetectric—thim—fitmm—amd—Ton=pirezoetectrictayer—of microcantitever—hrtase

of direct

piezoelectric measurements, output signal is measured between bottom electrode and sensing top electrode as
described in 5.4.

3.2

converse transverse piezoelectric coefficient
transverse piezoelectric coefficient of the piezoelectric thin film calculated from strain or stress

caused

3.3

by electric field or voltage

direct transverse piezoelectric coefficient
transverse piezoelectric coefficient of the piezoelectric thin film calculated from generated

charge

or voltage caused by strain or stress
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4 Test bed of MEMS piezoelectric thin film

4.1 General

These measuring methods of the transverse piezoelectric properties apply to the unimorph
microcantilevers.

4

IEC

a) converse piezoelectric effect

/

Key \l‘\o
1 electfode '\\C)
2 piezdelectric thin film . Q

3 non-piezoelectric layer @ )
Figure G est bed of piezoelectric MEMS unimorph cantilever

Symbols and d ations of test bed are given in Table 1.

D
&
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Table 1 — Symbols and designations of test bed

Kind of properties Symbol Unit Designation
/ m length of microcantilever
w m width of microcantilever
Dimension of W m width of sensing top electrode
cantilever specimen
hy m thickness of non-piezoelectric layer
hp m thickness of piezoelectric thin film
esq ¢ C/m?2 effective transverse piezoelectric coefficient
ed31 ‘ C/m?2 effective transverse piezoelectric coefficient|(direct
’ effect)
6031 ‘ N/Vm effective transverse piezoelectric coefficient
' (converse effect)
Electro{mechanical €31 ¢Vin o) N/Vm extrapolated effective transverse piezoelectiic
A . 31,f' "in, L
conversglion properties coefficient at 0V (COHVGFSG effect)
6631 ¢Vin min/ N/Vm minimum effective tran§verse piezoelectric
' ' coefficient (converse'effect at the lowest 7}
ey (V: ) N/Vm maximum effective transverse piezoelectric
31,f' 7 in,max ..
coefficient (converse effect)
dy, m/V transverse piezoelectric coefficient (d-form)
C F capacitance between sensing top electrode and
battom electrode
Oout C autput electric charge
Electricpl properties Vin \% input peak-to-peak voltage
tan & dielectric loss
rad/s angular frequency
N/m? Young’s modulus of microcantilever
1 m# area moment of inertia of microcantilever
p kg/m?3 density of microcantilever
m tip displacement at x1
Eg N/m?2 Young’s modulus of non-piezoelectric layer
Mechanjical properties vy Poisson’s ratio of non-piezoelectric layer
Ep N/m?2 Young’s modulus of piezoelectric thin film
Vo Poisson’s ratio of piezoelectric layer
o ®m position-of neutral planeof theunimorphcantilever

from the bottom

sB s By m2/N elastic compliances of piezoelectric thin film
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4.2 Functional blocks and components
4.2.1 General

Figure 1 provides typical structure of the specimens consisted of piezoelectric unimorph
microcantilever fabricated from a PZT (lead zirconate titanate (Pb[Zr(x)Ti(1-x)]O3)) thin film on
a Si(Silicon) or SOI (Silicon On Insulator) wafer. For the converse piezoelectric measurements,
the surface of the unimorph microcantilever is covered by single top electrode where actuation
voltage is applied (Figure 1 a)). Width of the top electrode is almost same as that of
microcantilever. On the other hand, for direct piezoelectric measurements, top electrode is
divided into three parts so that the bending vibration is generated by applying actuation voltage
on two actuation electrodes, and simultaneously output voltage or charge by direct piezoelectric
effect is.measured from the centre Qpncing electrode (Figurp 1 h))

Details|of the functional blocks or components named as the keys are provided in 42.2 tp 4.2.4.

6

m

IEC

Key
1 blectrode 5 power amplifier
2 biezoelegctric thin film 6 oscilloscope
3 hon-piezoelectric layer 7 laser Doppler vibrometer
4 unefion generator

Figure 2 — Setup for measurement of converse piezoelectric effect
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5 7 8
| |
6 9
I:I o |\ Vout o 0ceele @ o

ol o

4 I

15C

Key
1 hctuation electrodes 6 powek, amplifier
2 sensing electrode 7 oscilloscope
3 biezoelectric thin film 8 laser Doppler vibrometer
4 hon-piezoelectric layer 9 current amplifier
5 unction generator

Figure 3 — Setup for measurement of direct piezoelectric effect

4.2.2 Displacement meter

Displadement meter measures the tip displacement of the cantilever. Laser Doppler vibjometer
can be|used for this measurement.

4.2.3 Power source

In megsurements of both converse and direct piezoelectric effects, actuation voltage for
bending microcantilever is applied between top and bottom actuation electrodes by| power
source] Input sinusoidal signal from function generator is amplified by power amplifier.

4.2.4 Electric measurement instrument

In measurements of direct piezoelectric effect, the piezoelectric thin film of microcantilever
under test generates electric output between sensing top and bottom electrodes by bending
motion of microcantilever. Electric measurement instrument (i.e. voltmeter, charge meter,
ammeter, current amplifier, oscilloscope, or lock-in amplifier) measures the generated voltage,
charge or current synchronizing with the bending motion of the microcantilever generated by
applying actuation voltage on the top electrodes.
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5 Microcantilever under testing

5.1

General

Top surface of piezoelectric unimorph microcantilever is coated with single or three-separated
top electrodes to measure converse and direct piezoelectric coefficients, respectively, as shown
in Figure 1. As for converse piezoelectric effect, input voltage is applied on the single top
electrode and output tip displacement is measured. On the other hand, as for direct piezoelectric
effect, output voltage, charge or current is measured from the bending deformation of the
unimorph microcantilever driven by actuation electrodes.

The thickness of the base material of the unimorph microcantilever shall be reduced, t
less thgn 50 pum, to release the internal stress of the piezoelectric thin films.

NOTE1
testing.

NOTE2

their piezoelectric characteristics. Short-time application of larger voltage (AC or DC) thantcoercive voltad
is deternjined by polarization-electric field hysteresis curves, is enough for the polingdreatment of piezoelg

films.

5.2

In gengral, effective transverse piezoelectric coefficient of, piezoelectric thin film is def
Formulgs (1) to (4).

Effectiye transverse piezoelectric coefficient of converse piezoelectric effect (€€
calculajed as follows.

C
€ 31f

Position of neutral plane y_ is calculated by the formula (3),

3
= — 4D ES{(hs_yC)3+yc3}+Ep{(hp+hs_yc) _(hs_yC)s}+3hp(hp+h5)[hs+h—p_

pically

Generally, the thickness of the electrodes are much smaller than that of the piezoelectric thin fi

In case of ferroelectric thin films, a poling treatment is usually done to align the polar direction and 1

Measurement principle

dgy
e31f = E
STt S12

3Vl (hy +hy) 1-v, 1-v 2(s5; +55,)

o 2

m under

haximize
e, which
ctric thin

ned as
(1)

1,f) IS

j (2)

B +2E R+ EhS
Yo =

2(Ephp + Eshs)

3)

Effective transverse piezoelectric coefficient of direct piezoelectric effect (ed31‘f) is calculated

as follows. In this case, the frequency of input voltage shall be resonance frequency of
mechanical vibration of microcantilever.

I(sinhAcosi —sinicoshi) Ephy + Eshs Qg
A -sinhAsind Eghg (hp + hs) D

d
€31f =

(4)
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where 1 of the first resonance is 1,875.

NOTE 1 Converse piezoelectric effect of some piezoelectric thin films shows strong dependence on the input
voltage due to extrinsic piezoelectric contribution. Therefore, three transverse piezoelectric coefficients of

e°31,f(Vin,min) and e°31’f(Vin’maX) and e°31,f(Vin,0) are defined from the results of the converse piezoelectric
measurements.
NOTE 2 ec31’f(Vinymax) is the lowest value of e°31yf, while ec31,f(Vin,min) is the highest value of e°31’f in the

Vin,min Y

) is lower than one-fifth of the input voltage 7; of e’ inmax).

measurements. Input voltage 7, of e’

31,f( 31,f(

NOTE 3 &%, «( 31
relationship between e°31’f and 7,,. The equation of the extrapolation curve can be determined by the examiner, but

Vin o) is the value e’ ¢ atinput voltage 7; = 0. It can be obtained from the extrapolation curve of the

H H H H ‘o o S + 4
it is indigated-the-testreport

NOTE 4 | Resonance frequency and Q factor is measured by frequency response of the displacement of the yinimorph
microcantilever. Q value can be determined by half-power bandwidth of the frequency response of the tip
displacement.

NOTE 5 | Relative dielectric constant and dielectric loss is measured by LCR meter or impedance analyser,|typically
at the frdquency of 1 kHz.

NOTE 6 | Because the elastic compliances of piezoelectric thin film, 3511 and SE12, are-difficult to be measurgd, those

of bulk material from the literature can be used. In case of PZT, the elastic compliances sE11 and sE,_ are|typically

12

13.8 x 1472 and -4.07 x 10~'2 m2/N (Bibliography [6] 1), respectively. Poisson&rétio of piezoelectric thin filn is also
driven frgm these values.

5.3 Measuring procedures of converse transversepiezoelectric coefficient

Measullement setup is shown in Figure 2. Unimorphxmicrocantilever under testing hag single
top ele¢trode where the actuation voltage is applied~Following steps are measuring procedures:

a) megsure the ambient temperature and relative humidity;

b) apply unipolar sinusoidal voltage to the;uhimorph microcantilever with single top electrode
under testing to vibrate the cantilevers"Application voltage is the same direction ag poling
tregtment if poling treatment is done to the specimen. Frequency of the sinusoidal joltage
shall be far lower than resonance frequency of microcantilever;

c) medgsure input voltage to the\piezoelectric thin film under testing;
d) measure displacement of‘the tip of the cantilever;

e) inpyt voltage sweeps-more than three times, and the final sweeping data are used|for the
evajuation of ¢34 {.

5.4 easuring/procedures of direct transverse piezoelectric coefficient

Measullementsetup is shown in Figure 3. Unimorph microcantilever under testing has three top
electrofles,“Fwo top electrodes except for centre are the actuation electrodes to g¢nerate
resonapce*bending vibration of the microcantilever, while the centre top electrode is the sensing
electrode to measure direct piezoelectric effect. Following steps are measuring procedures:

a) measure the ambient temperature and relative humidity;

b) apply unipolar sinusoidal voltage to the unimorph microcantilever with three top electrode
under testing to vibrate the microcantilever. The frequency of input voltage shall be
resonance frequency. Application voltage is the same direction as poling treatment if poling
treatment is done to the specimen;

c) measure displacement of the tip of the microcantilever;
d) measure output voltage of the centre electrode.

T Numbers in square brackets refer to the Bibliography.
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6 Test report

Test report shall include at least the following information:

Mandatory
a) length, width, and thickness of the unimorph microcantilever
b) composition of the piezoelectric thin film under testing
c) material and its properties of piezoelectric and non-piezoelectric layer
— Young’s modulus, Poisson’s ratio, thickness and crystal orientation in case of single
crystal
d) Electric properties of the piezoelectric thin film under testing
- capacitance, relative dielectric constant and dielectric loss of sensing electrdde
e) resonance frequency of microcantilever
f) fest environment (temperature and relative humidity)
g) lest conditions of converse transverse piezoelectric coefficient
- Input voltage, waveform and operating non-resonance frequency applied| to the
microcantilever under testing
h) lest conditions of direct transverse piezoelectric coefficient
- Input voltage, waveform and operating resonance’frequency of two actuatjon top
electrodes, and tip displacement of microcantilever
i) poling treatment conditions
- voltage
- poling direction
- temperature
- waveform
- poling time
- time from the poling to.the measurement
j) lestitems
B €d31,f
= €°316(Vin,min)
- %31 f{(Fimmax)
Optjonal
a) microfabrication process including deposition process of piezoelectric thin film
b) poling treatment conditions (Opposite poling direction to the mandatory)
— voltage
— temperature
— waveform
— poling time
— time from the poling to the measurement
c) testitems (piezoelectric thin film treated by opposite poling direction)

d
- €731 f

- e°31’f(min)

- 6C31’f(max)
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d) extrapolated converse transverse piezoelectric coefficient at 0 V
- %31(0)

— Q factor

An example of test results is described in Annex A.
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Annex A
(informative)

Example of measuring method of piezoelectric MEMS cantilever

A.1 General

Annex A describes an example of measuring method of piezoelectric MEMS cantilever to obtain

direct and/or converse piezoelectric coefficient of microfabricate
Clauses A

A.2 easurement procedure

A.2.1 Structure of piezoelectric microcantilevers

.2 to A.4 summarize the sample preparation procedures, poling treatment con

d piezoelectric thin film.
ditions,
edures

&

b(J/ .
/\ 4

Q

Piezoelectric microcantilevers are prepared by MEMS microfabric tigh process. Structlyire and

picture|of the piezoelectric microcantilevers under testing is sh}ﬁ)

tilevers have three separated top electrodes of act

piezoelectric measurements.

Bottom ¢lectrode Top electrode

<
Cross-sectio@f microcantilever
3 um

20 pm
K
O

o

-

150 pm

Device layer (20 pm)
PZT (3 pm)
Pt top electrode

Pt bottom electrode

IEC

U IEC
S&r/@ﬁe (top view) b) Structure (cross section)
N\

microcan or sensing which a
for direft piezoelectric measurements, while lower three microcantilevers are used for cg

br three
e used
nverse

n Figure A.1. Uppgq

IEC

c) Photo image

Figure A.1 — Structure and photograph of piezoelectric microca

A.2.2 Microfabrication process

Microfabrication process of piezoelectric microcantilevers are shown

ntilevers under testing

in Figure A.2.
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A.2.3

1. PZT deposition on SOI by sputtering

2. Pt top electrode deposition by sputtering

3. Pt top electrode etching by RIE
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5. Pt bottom electrode etching by RIE

6. Si device layer etching by RIE

4. PZT etching by RIE

Side view Front view

Mechanical properties of each la
piezoelectric coefficient ezq¢ T

B s [ Jsio2 [Pzt [ Pttop Q&de B Pt bottom electrode

Figure A.2 — Fabrication proces@g’piezoelectric microcantilevers

Mechanical properties of pies’c@)lectric and non-piezoelectric layers

Tableb& Mechanical properties of piezoelectric layer

8. Si02 BOX layer etchlng

\<</

Side G Front view

5\0 IEC

are used for the calculation of direct and cgnverse
ness and elastic properties of piezoelectric and non-

piezoelectric layers are showr@%able A.1 and Table A.2, respectively.

\Md of properties

Mechanical properties

Q~\ Material composition

Polycrystalline Pb(Zr, 5,Tig 44)04

3 um

.é Thickness
) E

Elastic compliance 5=,

13,8 x 10712 m2/N [6]

Elastic compliance sE,,

~4,07 x 1012 m2/N [6]

Young’s modulus Ep (1/ s&,,)

72,5 x 109 Pa

; , ; _.E E
Poisson’s ration Vo (=5=45 5544)

0,29
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Table A.2 — Mechanical properties of non-piezoelectric layer

- 17 -

Kind of properties

Mechanical properties

Material (100)Si single crystal
Crystal orientation of length <110>
Thickness 20 ym

Young’s modulus E

169 x 10° Pa [5]

Poisson’s ration Vg

0,064 [5]

A.2.4

For the| calculation of direct piezoelectric coefficient ed, ¢, capacitance of sensing.eléc

needed for the calculation using Formula (4). Electric properties of piezoelectriclayer are
in Table A.3. Note that the capacitance includes the area of lead line and conta
Measuilement is conducted at resonance and resonance frequency is negded for Form
Resongnce frequency of each microcantilever for direct piezoelectric measurements is
in Table A.4. Frequency response of each microcantilever is shown in.Figure A.3.

Electric properties and resonance rrequency ot microcantilever

Table A.3 — Electric properties of microcantilever

Length of microcantilever

Kind of properties

Electric properties

Capacitapce 166,5 pF
500 pm Relative dielectric 205
constant
Dielectric loss 3%
Capacitance 222,7 pF
1 mm Relative dielectric 251
constant
Dielectric loss 3%
Capacitance 291 pF
1.5 mm Relative dielectric 304
constant
Dielectric loss 3%

Table A.4 — Resonance frequencies of microcantilever

Length of microcantilever

Resonance frequency

rode is
shown
ct pad.
ula (5).
shown

500 um 102,2 kHz
T mm 26 kHz
1,5 mm 11,7 kHz
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Figure A.3 — Frequency response of tip displacement
of each piezoelectric microcantilevers
A.2.5 Input displacement of microcantilever for direct piezoelectric coefficient ed31,f
For dirgct piezoelectric measurements, mechanical stress or strain is applied to a piezoglectric
layer. Ip case of the piezoelectric microcantilevers as shown in Figure A.1, actuating voJtage is
applied on two side acfuating electrode and tip displacement is measured by laser Doppler
vibrometer. Input signal is unipolar sine wave of the resonance vibration frequency with the
same direction of electric field as polarization. Applied voltage, frequency and maximum tip
displacement for‘direct piezoelectric measurements are shown in Table A.5.
Table A.5 — Input displacement for direct piezoelectric coefficient ed31,f
Length of Operation frequency Maximum tip
microcantilever (Resonance) displacement
500 ym 102,2 kHz 2 um
1 mm 26 kHz 4 ym
1,5 mm 11,7 kHz 6 um
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