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Abstract: Theoretical background for the meaning of various piezoelectric properties can be easily found in a number of
textbooks and academic papers. In contrast, how they are actually measured and characterized are rarely described, though this
information would be the most important especially to the researchers who just started working on the field. It follows that this
report was intended to provide a practical guidance for measuring basic but essential properties of ferroelectric-based
piezoelectric materials. The discussion begins with how to measurement dielectric properties such as dielectric permittivity and
loss (dissipation factor), followed by piezoelectric properties such as piezoelectric constants, electromechanical coupling factor,
and quality factor as well as ferroelectric features, i.e., electric field dependent polarization hysteresis. Though our discussion
here is limited to the techniques that are already well-standardized, it is expected to make a seed to be developed into more

challenging and creative ones.

Keywords: Dielectric properties, Piezoelectric properties, Ferroelectric properties

£ Wook Jo; wookjo@unist.ac.kr

Copyright ©2021 KIEEME. All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



302 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 34, No. 5, pp. 301-313, September 2021: Kang et al.

1.M 2 of Buste o] ulgAlsiet. wfaby SAgLe &
R&(e)z2 mAISEAL, AA/G9 QA A7 7IAZY
B R 5442 shel AAsA Hof dish AoiAel 2 A(kp)9] A2 FEE= 54 Fob(f), ¥4
o O Ut dgo|nz dARN oz AR oA SO ()= 2 AR Eo] tieh Foby a2 AlA
U s s S0t ARAd2 AR AV o 5t Zol &
& Qo] ArEZ=(spontaneous polarization)o] @ B FRA 5449 7|22 fA S4dol2z R4 e
el I APEE =] U o A7 ofs) vt AgE 542 7|28z fA/d0 Zisteity & &
= 5 e 58S A oF A7 ok AR At &, FRY R ARAES FRAEHEY B4
B30 WS Ul 4 Qb FIAOR A B ol shsche ojujolch webA A ¥ QHA
A A2t 20N e F75] 2 7 A7 1S A7tshs= el 5744 w2 7o r JuHsof 7]gkeh {41
Zd(poling)o|d 345 &l YAELS 7= = £ #As A= o a7 A B AR
oict. wfebd A Meteolatt gof AL ojol s 4 UbE A9, 5% Fuh U eEo] 02 dnua
g 2R R E4E 7R AL leS Yol &olA LerAQl SR AR tHE A5S Hol7]
m PZTO o] 14 wo] HREL 40A AR £ 51 2o, o] F&sto] AA R ARl ojF 14 £
el (1-x)Pb(Mgi/sNby/3)Os-xPbTiOs  system & RIS =&6tal, 9 R ARA 544 240 Eatd
x=0.325¢%1 0.675Pb(Mg1/3Nb3/5)03-0.325PbTiOs 7t 54 S &85t 2 Aol it 22 E4
(PMN-0.325PT) Al2t2}o] £/ Hiigt oS Table 1 A =25 4 Aot Z7he] 4ol gish #&etd &
off AAlstRATE [1]. 7 ohetulEl et sty 441 7t A dAE 11
m Qudoz Aol S ghe tiy AR Jster 1o mAlskect.
F H Aot T o2 FteHnormalized)st
Table 1. Dielectric, piezoelectric and ferroelectric properties of PMN-PT [1].
N N 833 i
Sample Df p Zr t Za A k Q d33 Ve Stram Smax/Emax Pmax Pr P
name | | %] | (Hzem] 191\ [Hem)| Q] | Y] K| 9 oy ,[I";NJ Ca | tomV] Jlkclomr] | [uClom /o’
PMN- | 53| 102] 20475 (84| 1197 | 14,167 294 | 05413 | 1323 | 302 |19.78 0137 | 4566 | 3128 | B0 |0
0.325PT | ™ N ’ ’ T ‘ " (ot 3kVimm) | Gat 3K V/mm) | ot 3K/ | GTCLPO0
Dielectric properties
( . . . N\
Dielectric permittivity (¢) & loss (DF) Plezoelectrlc propertles
at1kHz Piezoelectric charge coefficient, d
Free dielectric constant, &7 —]- !
—Piezoelectric voltage coefficient, g
Clamped diel % & [l
Figure of merit for energy
lemp harvesting, d*g
dependent Temperature dependent
dielectric constant, &(7)
Strain, § — 4"
Resonance & antiresonance El hanical
frequency, f, & f, L coupling factor, k?
Mechanical quality factor, 0,
J

Fig. 1. Schematic diagram of ferroelectric piezoelectric material properties that can be measured experimentally (because ferroelectricity is a
special case of piezoelectricity and piezoelectricity is a special case of dielectricity, it is reasonable to proceed in the order of dielectricity, pie
zoelectricity, and ferroelectricity for actual measurement).
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Fig. 2. (a) Measurement system for dielectric permittivity and (b) schematic diagram of sample with wire.
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Fig. 3. Impedance measurement pictures (a) and (d) and measurement examples: (b) before poling, (c) after poling, (e) resonant/anti-resonan
ce waveforms expanded from 180~270 kHz, and (f) impedance waveforms with oscillation mode interference.



306

Fig. 4. Density measuring equipment depending on (a) weight buoya
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(b)

ncy measurement kit and (b) gas displacement method equipment.
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Fig. 6. (a) Photo of usual piezoelectric coefficient (ds3) measurement, (b) photo of reference specimen, (c) photo of measuring tip, and (d) ph
oto of high-performance piezoelectric coefficient meter model.
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Fig. 7. (a) Schematic diagram of poling process and condition profile, (b) DC poling, (¢) field cooling poling, and (d) AC poling.
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£(A.C. poling)2 78 7(d)e}t Zo] A7 thAl W& 29o] ¥el A2fS 12fste] 4 nmolA 4 um A7
2 Qfsto] AEe B3 AATH A BAprh2 Qo] o] ke DAY LVDTE AHgafof sttt
Al Aol @l APJA] kil AF2oA o]fojM= T m ZF ]S o] &g 54 A9 A2 1" 9(a), (b)e}
=40] Al B3R} ot Aol ek ovl, w2k 33 9(0)o) AeMoR mAE el AR
=AY Eol gigh odo] #&stil 541 =21 o] #=(polarization) 3= &£757] 3t Sawyer-
o AFeTAlol oigt B o] Yol gtk BAPE  Tower 82910 polarization 577 strain 57
o] AA| Ak ol Al A& X] Zshal Qlot. DF DAY IVFE 2a g sh7] ol 23 9(c)et
2ol 2719 Az AZE o]&sll polarization}
2.2.2 W 2|(strain) straing EA]o] £45tH= Zio] dutd oy HolA 7t
m A A2 WSS UF dxoole A& A AR AWL ol8F Al stran 37 AU oA
e 52 45 At 4ebAQl HA oA gl W polarization® straing FAlo] F7sttt. shA|gt
3 A2l EA 1 mmY A nm B S um AAY polarization®] &% WAl Sawyer-Tower BA10]
o]7] fizo AAl W A& F4st7] YsliAl= Ul ofd 4 o o] th3 FollA AFAIs] th& Zloltt.
S AUt 574 A7t g e st B HYPE2 AC AYloll: 29 10(a)l= 7}0}@1 57
B 3R Wo] AFR &)= w2 Michelson interferometer o}t bi-polar straini} AHztmbg QAo =
= o]}}.s]- Hdo g ix—l 7HL:IE£ A=Y 8( )9]. ﬂq ( )]% 017}3}01 ix% 8}5 uni-polar strain &+ 7}
obd AA}o]| A Qto] 0171%] 1 ¥do] wrAislH A2 o] A] &27} 9ltt. Bi-polar strain® 44 &89 715
9y ARjerE ols e olth vl Fubgol g W A WL B3 452 BHY 4 9l uni-polark A%
sk Qlsl Hd /ol dojutal o] & Edl H=9 ° ofolE] A& A] 15 WA MA HPES FHAT
£7R12 AAE 2 Atk A2 oA 2 AIH & itk 44 el Ax Mgl Arbd A9 1
o A W9} sty ] Tl Alal] HIE EF 10(b)QF o] 1-2-3-4-5 A &2 HYPo] Loju] o] &
AlLtol 7Hsste. o] e A A7), 5571, @ virgin curvez} gttt 2| & A<4o] VMY & Mg
O] 50| Qloj& Fupgo] 32 o8k A ALt Hliﬂ} 27] gizoll A2y A.C. AYZ A7t
So] sxje) 2AS st AL Fote Washyl B st 22 10(c)et 2 Tefm HERS wolt dgfx
ol ALA oA AR A AFSE7 = ol Tt =2 o}:% Eﬁ.ﬁ’l A dR AR e Tz @
m C}2 "hAale ¥ Q] AlA(linear variable displacement Fo= mlo ¥4 AR (anti-ferroelectric
transducer, LVDT)S o] &3t 7102 T3 §(b)e} 2 materlals) = x7] ¢A  AR(incipient
o] LVDTE AlHoll AA FHFAIZ]12L AlHo] A4S piezoelectric materials)?] 73-¢- th& FEfCQ] T
Qrbstol WAISHE WS SASIE Zolck A Al 5 Qg 4= Aok A7 Al B4 owof uet Wagt
(@ (b)

>

Laser
interferometer AU

-

Ground Ground

Fig. 8. Schematic diagram of measurement system for Strain through (a) michelson interferometer and (b) linear variable displacement trans
ducer (LVDT).



310

C

Temp. controller

1 Computer amplifier
Sample hojdler P =
(Thin filnf)

Sample holder
(bulk)

©

Function
generator

Laser interferometer
Controller

High voltage Amp. —%

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 34, No. 5, pp

High voltage

. 301-313, September 2021: Kang et al.

omputer

Piezo sample

Reference
capacitor

\

| Computer

L

Fig. 9. Equipment photos by strain measurement method. (a) Michelson interferometer application method, (b) linear variable displacement t

ransducer (LVDT) application method, and (c) a circuit diagram of sawyer tower.
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Fig. 10. Applied voltage waveforms (a), (d), and (g) for measuring piezoelectric characteristics and strain curves (b), (c), (e), (f), and (h) by

waveform. Bi-polar strain (a)~(c), uni-polar strain (d)~(f), small signal ds3 (g)~(h).
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J s A7) Yol A oty Aol [ofshof sty Ag Bt RF woof et &y, &, k2 LFERE S 9l

B AW AR /AR ] AEoolE 3§ A] AA| AE 17F O k;©] ofelf AAb= oFAl A9gst g A4, g9 of
2 38 10(c)ollA] Tz 1AFEHO] PHAY 1110l 7] 2ff A} ojojet FUsict. I AME Folohe 4
20l Smax 2= BFOO]H EJE g & |4, figure of merit (FOM)2 £X|9F 2314} £,0]
ot Fakst E42 T8 10(d) Z2 G Azt AFSRIETE O =0t o= 4A ARfE AAs iR
= 5ol Z7slof sttt SRS AZmtE 4R Axfof o] £3oJA £ 1 mm o|st, A]§ 10 mm 37]9]
Q7tstd zfzo] AT Wggo] Uojuf XQo] 002 oy ga3az g4F 548 st A A
Sotete Aol Qs 27| E &, 002 S0tQA] 9] ©]7} 10:1 o]Ate] Ui FEoA = Y 5
et Almo] ©PEo] 002 Fote7] sl vt 2 E(radial mode)7} @A517] tfolct. 7t A5 @
fggdo 2 JMAS A7tk AE AT Gl AdH £ A7) 71A A Alee 545 sX50ke8) gt
oAl 47 AJZto] X|upof shal o] AJZH2 ARjOtct Cf A Fatps Foff At 4 ot FEst 32 of
20 o]+ relaxation §/d¥t ¥=do] qlct. 2 10 (d) YA|QE ZtestAl okl Alub o] Aard 4 ik
oF 2 A4 oS Q7F Al Al -2 relaxation 743 [14,15].
o7 e AH, HYE 0% =o7tA] 2t e
HY A RLE 2|t AP A7 28 10(e)o] w7 \/7 (4)
J XY HPHct AA G AFofo]g = AT 0395/r+05744]
719t A4-5=to] Akgto] met AMS-E 22 uni-polar
22 Sy, TE AFOAIEl) 1YY WY E2 A w f o (mh =R\
St Ao g Woldurt A SAFsl= ol Xofo]E|7} ks = {1+[ ° tan ( p )] }
=l =) - 2 fp 2 f
*271]% 4 Qlet, whetba] Aghof] faksHAl AR AEE
2 Q)= uni-polar HYE &2 7 10(f)et Zo] Xt&
WAL JHOE AL HABYS RAAOF Y Ky = J%-Etan (’;f fS)

B Small signal dise 3 7(g)%t 28 14 ML 9l G e

7fotel 54 4 9lrt. ol large signal 271 A _ T <Efp—fs>
271 23] Zatd 5 ol WY AESI small |2 f
signal®] A4 37]= x5 A A(coercive field, E) eT -E2 _ 5. 2
1 1 1 1
9] 1/10 &&0=2 ol7}eflof QY & iH(extrinsic kis = |
effect) 9/o] Y¥ & 3Hintrinsic effect)¥t &4 &~
Qlc}[1,13]. m o), £t AY ZXAD
B (41 (fa—fr)QE Artsl e £
+ ¥go] gl JHEiolA e 1 U /a4 4 A
A9 relaxation®.ch W2 Al Q] oF A1 MHz
Zups thelolqel Sste] EAR o ® vER

223 M I 7IA EE A+
B 7] 71A 2 Alee €A Age JA7)A oA}
1A ol qA] 71e] ¥gtg &8 UYEY= Ale2 of

il

2 = 1y
ARl R B AR . JURPA S S
[16.17]. el = 71414 &30l Sl JeiollAe] 74 3

k” = Mechanical energy converted to electrical 22 Ao Aol 23S 3] 45}817] 980 oF 1 kHz
energy / Input mechanical energy 250] Zmuobsp tfdofA &4 of st} [15]. 2 &4

= Electrical energy converted to Mechanical 2 JdoEA #A47] £ LCR O]HE o] &3t &

energy / Input electrical energy BE3 %"P% St A 3l
= T cot (1) (3 W PABY 5 A ARG AI/HARE AR A3
fa o \2fq Wzt o] Zotof ot | FERR S0l LHEO] ¥
Foll = Jefolof stet FA o] WA| 7L} Che 1E
m ohA et vhel o] Al axile I FHjof Wt o o] @7 =¥ 215 R o 7Hdo] Yot Al U ut
Fer A RES 7HAAL Q7] Wil A7) 7IAl 2" 37 Fukprt e 2] giwol ATt e 54
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& £ ot EgH ARRIIZIE UiRgo OE m Aol 230 4t JEE Ft Cerd AY(Vie)S
calibrationg A3 & FAslof Z=st Y A2 &+ QARAF IOl X ZHo]Eo) X&sto] 575t
ATt QoA Zo] = AU 2= AAof 24X 7=
R71742 574s5h7] Yol LARAF Lo} 18 Fefo]
224 EXAS Eof &5t A% o] ALt AsHQW &
B e+ AR EAASL 7IAA EAASRE Y g Al29] dimensiong Fofl o|FFAHS EHT 4
' 20 fAA FAALE 2 JHEEY 24 .
< UEPE o AR&s5ty A& (tand)e] 42 A4t m Sawyer-TowerH3 o] &3t 5742 B]-8AQ1 SH|
& 5T A E4E AMEShe 4R ARTOlA = 7] A ZgEst oldE ZHR AL 9l de]vt tdsto]
AR A= olUA] HgtugolA e &4 Jeg 5 2 Ao 22y FAARIT sl e =
Botols A BR = 382 AR AlHe] Zopg 9 R a8 4 nxnge] W FHAYE do] 574
AoHEA 5S4 ol AL 2 Aot 71AA 287 = Al%=351A| &=t, reference capacitorof] £15}7}
e ME eEA o]l Rl 2 eo U5k A AR S50 w8 £70] o8& 4 9o ol
Al 57 Al #Fo]7} Q7] ol Agm o] mpe} of2 WSt d B3 540 ddT2 A 2 Ao R
BAEF W2 Aol 3= Aol £oh A dEAc=z 7] g 4% =o

é
reference capacitoro] £HAE AsHE
Qm = {ans-Zm-Cg (f’?_fsz)}_l (5) ot o]E F&s] 488ctA] S 742 reference
capacitorZ} Zdst= 2471 A2 4 Qi)
B Shunt¥-2 sawyer-Tower 3] 20|A] 7|& capacitor
2 7% M@ (shunt A2 hAlste] RS 54
She WAoot FRAlAlol - F HATE 7IeiA o, &

2.3.1 23 (Polarization) S 4 AA A SAsH= B2 ubR A 27} shunt & 5ol A]
B ApEES2 259 Fol A9 mHo] ©e HAY o] Mot stz el =g, olg] EAEL M2
Aotel o= Fod. Als R Aot 528 o) A7ke 1S A2 o] ARslo] 24A o2 T
7l 9 geescld A AR 59 A deol A 9 =R 2 9t}
AAJA 570 g0l FRA olF =49 542 S5l
MR oz 54t SRz AHEEHE AR o Q=[Idt (7)
o 54 YO 2= saywer-tower 1t shuntH
ol sl B Sawyer-Tower¥9] 7|%& capacitor®] 7|5 H
" Sawyer-Towertie 4% S HEA A2 A1 goct shunt Age 3T Wt B8 3R 572
22 28 AFAYS Gol FAN TSN DA g 1zmme AR 4 Aok B0l Ut 2eiy
= Ade 5780t [18]. 82+ Al= capacitor [ shunt Agto] 2712 Meist mo] &8 Ao
& 9(c)9] piezo sample, C,|9} A7 &S 0] & capacitorol T8} 2% =u}amtx] 1ok sict. &
Q)= reference capacitor, Crt 2709] capacitor®@ X mupash Z7FsEAZ shunt A afo]A o] At 7)st
dElo] AT CreOll A EASHE A 57 Cofl A9 7} 27}e1A Elo g EA A|AEIS 14 mo] o o
T goran B AES Cu G SANNEN o 2r0) qaye pulsiel 2 el 2 AFS T
= capacitor= A& 2 g]o] it} o]of what, Creol] & o} 219 xIsysfof aic}
A= Aot Coll 345 = dstgat o] ol
ot ol 8 ta AlS &5l UEWH th3at Zot
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