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Abstract: Recently, many lead-free piezoelectric materials have been investigated for the replacement of
existing Pb-based piezoelectric ceramics because of globally increasing environmental interest. There has
been remarkable improvement in piezoelectric properties of some lead-free ceramics such as
(Bi,Na)Ti03-(Bi,K)TiO3-BaTiO;, (Na,K)NbO3;-LiSbOs;, and so on. However, no one still has comparable
piezoelectric properties to lead-based materials. Therefore, new lead-free piezoelectric ceramics are required.
BiFeO; has a rhombohedrally distorted perovskite structure at room temperature and a very high Curie
temperature (Tc= 1,100 K). And a very large electric polarization of 50 ~ 60 uC/cm2 has been reported
both in epitaxial thin film and single crystal BiFeOs Therefore, a high piezoelectric effect is expected also
in a BiFeO; ceramics. The recent research activities on BiFeO: or BiFeOz-based solid solutions are
reviewed in this article.
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1. M B

BiFeO:= A&l A 7ZF+44 (ferroelectricity) @ Wk
7424 (antiferromagnetism)e] &Alol velts o7
A (multiferroic) EA& & A#Ho] &% (T ~
830C, Tn ~ 370TC)E 7HA 1 99, HZ MAH L=
2o #BAL w3 9} [1,2]. BiFeO; &A1& o] &%
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ol FulEuk oYzt RS JHPY vRe L £
HEZYA 47 A7 AN Fo FHELE 4 e
2 S8 A9 Jgx U AYPHn g
[1-3]. =3, ¥ 38 W= A (F 21 eV)F 712
7=z 23t ¥4 AR (photovotaic devices)Y 7}
244 E429 $8% AEHT 3l [45]

Wang 52 ©23% 7|2 9o H& HolA FIY
o7 AAE oyH€A BiFeO; gtZtelA 60 pC/cm®
ol 4o =& TF (remanent polarization) #t2
ZA4s9o, ols 1 Mo RagE dAAH #IF

= e ¥
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Fig. 1. Properties of a BiFeO: epitaxial thin film: (a) a
ferroelectric hysteresis loop, (b) pulsed polarization AP
versus electric field, (¢) a small signal dw, (d) a
summary of the thickness dependence of out-of-plane
lattice parameter, polarization, and dw. [3)].

EFH 108 ooz vj$ 2 Frol ot [3].

£ o] BiFeO; dr9e] tA ¥ AF (dw
+ 80 pm/V o]A& zZtegia B udglon, o]
BiFeOs 7} 74 44 A2z 389 F U= 75X
S AAF Aot [3] (Y 1). o] F BiFeO; A&
A4, AR, A71A7] A8 &3 (magnetoelectric
coupling effect) Tol td &3, &8% #4lo] %
a7] A&, HZos BiFeQ; wreriint ojuz} cjek
3 2o Y Yzt e A7t BusiA AgE
At [6-12]. 53], BiFeO; Yx A= @A Aon}
Azt A8 F9 ¥a iAo g8 542 7Hxx
Agol A Qlof, B A7 A9 Ao
i gl 924 713 9ol AFE BiFeO; 2Huto)
A #ZE 60 uC/lem’ ol4de] £ 7 £33 27
ol= 71#3e] ARG Afolo] oF A W 9
g Ao oo, o F o2 A ;I U
Z8te [13] BiFeOs AME7F 7H {9 E49e] ¥
37 b} 9ok E=3 HZ BiFeO; G2 A TollA o
Ead A9 dAEE =& B3 ol A [14]
ol & Sl AT (29 2).
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Fig. 2. A ferroelectric P-E hysteresis loop of a BiFeO;
single crystal [14].

Aetd 444 Aage F4 AF7 288 P-E o F
4 (polarization—electric field hysteresis loop)& H
ojAY vj§ vt AF{F BF s ZEed, a1 4908
A A FANA HAFAY AT FHER QA%
B8 4o 44 2 Be ole A% WMoz A
7l Agel Wy wEolgtn waHI o [15-25,
4 dol BiFeO; A& AeE Axd}7] 5o
AJeo 2 B8 4% A8 ¥y (15), 5 A%
AW [16-19], 292 F=v} 22y [20], 885
08 Y% Y YAE o83 22 [21-23] F
gt Wy Eol ; !
(rapid liquid phase sintering)2 S&% 4bo] A=
= A HASA AojstEA FAld HuA e A
d A2 UL F UE 7MY £9HQ wgeg ¥
nE 3 e [16-192627]. =3k Rogac 5&

2] g o] gste] WrEAe] g E Yk YAE A

Zstal, o] W JdEE ALEEY =L HA AFY
I S5 ZFH4 € A 548 A BiFeO; A

g As dodrkn Bg vp 9ok [28].

BiFeO; Aletdl Az B8 4o AL o3
I, A7 4EAE FHANE F e E g dye
2 PbTiO; 53 & d& HzHAIE 3383
o] ngA A T La Ti Mn 59 #H7}7h &3
Holgtn Hux 3 9l [16,29-33]. BiFeO; -PbTiO;
aEA Aggse A 2 4A A5 2L AAo]
SEg 72 dew, 71E9 Ph(ZnTi0s (PZDA
Fd AeaEd &7 f8 B4Ud g o] v
Aol glo] neg %M Axel HgH: Youh,
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A8 e o] e FRAL Qo 18 Az
2Rttt HZ, BiFeOs-BaTiO; &4 A2ty
29 A A, du’b 100~150 pC/NL2 H 1 Eof
P A Az HeAde Be FAG [3233]

B E=8o|AE F2 BiFeO; Al2ha29} BiFeOs-ABO;
L&A Az ZHd 2 H E4d B H2 A
T A7E AEsT, o|2HE FA A AE2 ¢4
Ve e ks Bzt gk

rr 2

2, MY Wy
2.1 BiFeO; Mi2}gja
2.1.1 BiFeO; M22| = ¥ ALY

BiFeO; 242 1Y 33 Zo] 7 719 v EY
2B XAF0E ZAAo] A4 dZAd @&, F 111>
dakoz dZdso] THAAY gy 4& HAe 24
FZolt}h. o] FRAA 111> Wz AZHY F
e Ax BEAE <111> WFE Fo= 747 A4
uhakal wk AlA wEFo R +138° wHE A Ee e
o, Fe o] Ata #HAe FAAM 2 24 %
ggko 2 of (0.135 A 9F olFsHe] I [34]. A
AL FeOs ZRAAC digh Bi o2 2 ¥4
(displacement)oll ©]3te] debdrt, 294 BiFeOs
AAE S9HAA (rhombohedral) +ZZ 7hA9 (H
& R3c), M2BAF0E Fxo| 9 AL AAA
F7F 3965 Aolw, izt z+e 89.3-89.4°¢]x, A
A EF 4Fe 1llkeoowic®l o SR S9 49
A2 (a=b=c)E 563 Aold, FHA 7zt (a=B=y)
& 596°0|t}.

w3 39 48 Sy (hexagonal) 72 R T
T den, S$uA c-Fo| HIBAFE YA
Mz HEste, SHA AAGTE ane= 558 A,
chex= 1390 Aolt}. BiFeOst ¥ 3(d)AA 2 F 3
T AAYE G-3 ARG A L, 4Ho] % (neel
temperature)= < 673 Kold, 7|7} oF 620 A<l
Aol ERol= 29 7] F2E 7HA L .

olg|g 2®W FxE HAAFAS Bx ¢goq
(incommensurate), 9722144 vl FH= o
Bi:03-Fe;0; 24 27)1¢] AeH=E 23 49 29 [35).
BiFeOsi= 1204 &% £22l Bi0s:¢t FeO:2 o
Al Balg 4 ok =3, 28 40N B F e
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Fig. 3. (a) Structure of BiFeO: shown looking (a) down the
pseudocubic-[110], (b) down the pseudocubic-[111]-polarization
direction, and (c) a general three-dimensional view of the
structure, (d) the magnetic structure of BiFe(; showing
G-type antiferromagnetic ordering [34].

AA 8 BiFeO;e oA EA ¥H-§ (peritectic
reaction) 2 443} BiFe Qoo #aj=v, o
dAle] ¥4 dkgo] EASH, 7+ 4l £ 2%
= 830C 2AoA 900C o] 374 BisEHE F =7
itk M2 GReA] Fa o] AW A4 ey
Aoz Aady [36] £8, BiFeO:= §4€ Fok
Bi =& Bi0:¢] 3l ¢]sle BiFe Oy 522 YF
87t 2As7] dEo] d9e8Hoz A 4o
HAE AAE7)7 6L P =3 Bi0s% FeOs
2 &9 482 Aged n2dA FAsE duby
A Ay FAANE FT JFFER  BinFeOu,
BizFe,00 5°] 9A AAEHZ, o]82 ¢ £& 2k
A BiFeOsde #Aeol A g4ad Folx 43
At A ga BEE2 dol vt dEA U

Z BiFeO; 42 273 fAdA Eehdzt 34
dhg-olu} m2oMe] Hl AR 20] F Fo| ofstd o
# 7}A] BAEE A (parasitic phases)o] A AA
g, o3 4Eo| BiFeOsd 3 &7 EAls7] 4ot

AEs vie} Zo) E¢E Ho] EAEA Y 9
4] BiFeO; Agtd 215 47] A o W
o] | Al =] 1t

WA, BiFeO; € A4 F oA F2 AAoz A
213l B0y 5 E¢E 3e AAs dd H9
BiFeO;& A&2% + Ad [15]. 233 EFep=v 422
We ol ©d 4o BiFeO; Algtd £AE
Az 4 g Basx g [20].
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Fig. 4. Binary phase diagram of Bi:0:-Fe:0; [35).

T O uyleze FAY EA4Y, FE84Y F
4 33t (wet chemical method)o2 gAF
dg A9 Yx JAAE 2FFd dd e
BiFeO; AlgtY] A& A Z3E o] Aoks]ln ¢
o [20-23]. &A%, H7H FHe] $55n, 443t
FHoA 7 2 B$He F5 94 2FY
(rapid liquid phase sintering)2 ©]&38}= Zolt}
(16-19]. &4 A& 22 ¢ E242 BuOs%
Fe:0: #%& o] &3, Akl M9 Mz 54
3= 924 BiFeOsde 4 A dtax 3HE
Agstn, 9 24L& AYstd vz 2%, o
b, 528 = F FUYE (O)Z u$ w4 &z,
A2ALENAMY FRANNE F & oY §td, &2
FA A BiOs7t WEA &F=Ho] 248 3 A7
g AYE 2ZAE HEEA FA6 BiFeO:d §
Aol dojdd, EJ, & £x7 waEn 44 Az
of #7] A& BFE 4 L o] A AA4e] A
o] wAElz] grevn RausEm ok gukHgl A7)
ZoAH N £% (52 30T/E, dzh 100T/H)
2 Ao x ol A}t AL 43 7
3 Adg 7HA AgY a7t Azddes B i g
[27]. &#, oA YL o]gslo] 7|A S A ubg
A& A & BiFeO; Y= 22 §A4stz, o v
£F 20 Fwo] AAEHA] P R 25 760TA
A 6AIZ 2AA H71H Aol 5% ©d 49
Ad Megtgdag dojdda 2aug v o (28]

22 Zwd % oM 8Y

A25¢ A9Z pp. 692-701, 20124 9H: HHE & 695

B

BiFeO,8] Z## B & #HZHAFINE g
Aol oizbd Wk [111]elth 1960 Tl 70 ol
BiFeO; WA A9 ZFHAde] HIEHYLH,
Teague %2 BiFeQ; 9249 #F 3] % 6
C/em” e+t B.3abgdch 20039 Sciencel BiFeO; ©
24wk 2Ad A o 2 FF0 HuEHoH,
BiFeO; #tate] & 32 Hgol: 3F &89 9
g Azte] WYl og Aolegtm AU [3). 3
AlRE 1 F <kAe] BiFeO; ©2A A AolA (001)e
A wako 2 60 pC/em’e i £330l A HY
onf o]y I &9 [111leoeuhic HFOZ FHaatd
100 pC/em’l si@sts ol$ 2 oo [14]. =3
A A Y E o] &3t o]2F A4ke] AIE BiFeO;
o] o] HAHoR uf$ 2 2 (90~100 pC/em’)
& 7HAY, Az W] A AFE X gedn
HaE A [13]

BiFeOs°] #3 W@ ol2XAd AL @3
BiFeO; o3 wotst 9dd ArdA FHE &5

#e A4 4 A2 FE AEHR Y= PIT &
o 2 #eZ BiFeOs& 49 ¢4 Aty A2 §
| 7 U= 7FedS HoFn g d=3 uiet
o] PFM (piezoelectric force microscope)2 ©] &3}
of BiFeO; @274 o¥] wiuto] I Moz AN E
Helo] #AsAL, A ¥, dw’t & 80 pm/VY
o] 45 At A9 BiFeO; M3 ARAME Fe
HA A Sl 9std 4 SA gigt Bavt A
o] glom, HI o 714 Az WHE o] §3id ©
Y el 1AF BiFeO; Mzt AE alxsta o]d
s A 2971 2us3 Qo

H4 94 &4 (rapid liquid phase sintering)® &
o] &3ted | x3 BiFeO; Metelxe] 3¢ 22 =2
o wel ZHHd EAe F HAAE B 12 FoA
2 £58 0C/Re2 F4 94 279 (100C/
Z o)) Ho: AR dybHQl AF BT/ 9
shis 84 34 3 ¥H3g 35 444 244e
2 A Z2F At aaN 5% AR

T n?';l OJI_. = O
o] Byl ub vk [27). 21F 594 B 5 gl5o]
F 23 (P)e] 10 pClem® A& ol 2 3e B
ol 4% ARHA oly¥FHol dojFen, 100
KV/em eol4e =& HA7#E <7lse 2

(poling)3t & W °F 45 pC/Ne| A A4 (dw)7h
ol Ao o] e Ay AAYPeR AxH
BiFeO; Algt2l 2 FollA 7F3 & gkelw, =3 90 p
C/m’Ke] ity 2 24 A4 (pyroelectric coefficient)

LA
H =
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Fig. 5. Ferroelectric P-E hysteresis loops of BiFeO,

ceramics prepared by a modified rapid liquid phase

sintering method [27],

7} FAEHAY. =g, a0z YE o] L3l 7
gy Bke- S A 3} FUS °|‘§'“6P°3f H| 292 %
o] 3|l @ 800T olsle] e

| Z3% BiFeOy AlgtelAys 2 4
A 2

EAlS
=

[28]. atolu] 2] L& o] &3l whEAS ;

S 760Col A AZ3% BiFeO; Mgtu] 29 ZHid &
e 3—% 6ol et 24 F ’?—7@‘?} 2HA
olgF AL A7 Fo] 0 H2NA E£Fo] HAAHE
Al wek (pinched shape)& Ko uk Q()OC"HH
dxeld F Gt AHE 2894 B F e
Al o) Z wdd o|YF M o ‘20 uC/em’el Uﬂ
$ 2 #AF 838 voFa Qo £33, a9 74
2 F e AAY nAgedA EF39E o, Ho
oF 41 pC/N9 d A4 (dp)E Beoli, 60 KV/ecm
o] A7]ZE A7tstdE W, oF 0.06%°] ¢4d AP S
24 F AT 7€ FAYPLE F4 T BiFeO; ©
d A ELE AL FH7dA 248HE, ¥2 4

A8 (1.37x10" Q-:em)E 7}A BiFeO, AﬂE}a! 27 9
ot Eagd v g [37]. o] AMEANA HPFAHY
o] 2eke] /b WE-A7 A o|¥F M (strain-electric
field hysteresis curve)e] dojHod (19 8), S-E =+
Ao 718712588 T3 A AT (dwe o 45 pC/N
o8 o] Wk $4g ol &g AlHH v g
< 20 [37]

o]} o] #43% BiFeO; ¥ Afe ¢A 45
£ ool3 o ¥4 b 2A9) vlwste] a2 oy,

non-quenched

E (kV/cm)

Fig. 6. Ferroelectric P-E hysteresis loops of BiFeQO;
ceramics prepared with high-energy-milled powder [28].
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Fig. 8. A ferroelectric S-E hysteresis loop of the BiFeO,
ceramic sintered in nitrogen atmosphere [37].

Aol vi¢ £7] wEol HEEHA F

ARZ 48357 AAE o SAel 4 9 ¥
T 279 Adel Adsielor & Aoz Mzud

stA R BiFeOs; Mz~ §4 A7 100 ez
o) 7] Wi A AA %M ol =] & u AE
22} 5 e FAATE Lo 3= Folo Ay
oz Hed 5 & AHoR 7IEH'1=IL}.

3. BiFeO; ~ABO; TE#| MzjxAa

&g ule} o] BiFeO; & ?M
o2 4 AMetelxe vwsH ¢ e Holi 9l
o} SA|YE, FHAMA AAHFZE 7P~ BiFeO;+=
ARTXE 7 g2 ARH2AdlolE {8 L%

54| PZT &

Ag JI4E 4% 2454 4744 (morphotropic phase
boundary, MPB) ZAol4] & ¢d 5A4& vy A

o2 7|gEy, A WA (rhombohedral) 2%
ZE 7F4 BiFeOsol AWA (tetragonal) 24 +-%2
PbTiO; & 2-&A7]H, o 0.3PbTiO; =AM AAF
Z7F TN A ow vy A7 A (MPB)
7} EAsla, o] 23 FANA & dH S54SR
o= Aol =AUt [3839]. BiFeOsoll 7187 %<l
o 33HEQ SmFeO;, BaTiOy 539 ng&A4=
A BEdE £448 BiFeO; 248t 2 oA
Ag Holg ol FHAAY [323340], ©}F
(K,Na)NbOs, (Bi,Na)TiOs & & 59 b4 Ay
of 2] X3t glof, 2L nE&AH A EE 3
g H7hAlel o3t A o] Wasdi.

!}' 4 o

3.1 BiFeO; - (Bi,K)TiO; 2123

wA, w257 AIE pp. 692-701, 201241 9% HAEF & 697

@ g - ©
| T er=0.5
x=05 e
XRD)— - o o
T | EReR g o | xe048
| - 5 | 8 . JIox=0
i ;-___L._Jt j l ok _l A =_| — — i
3 | 3 | ! meutron <
= e o~ 5 x=043
%‘* x=04 g & é,_JLﬁ
B (XRD) =& n:;_ac: -
% 9inm) x=04
- \._L_—LA_.-L__&__«_ e — il
3 ¢! neutron |
&8 g ¢ . x=038
x=03 E L X B ol
(XRD) To22 _ozr '.m_ ! 03
p— ¥—J—Jl—J\—Jl_¢L-n_A_." _:_';-:/\; A .
10 20 30 40 50 60 70 80 38 _ 39 40 4
20(deg., CuKa) 26(deg., CuKa)
Fig. 9. (1-x)BiFeO;-x(Bi, K)TiO; solid solution: (a) X-ray

and neutron (insets) diffraction patterns, (b) X-ray and
neutron diffraction patterns of 26= 38"'~41" [42].

20 30 40 50 60
xin xBKT-(100-x)BFO

Fig. 10. Compositional dependence of Si/Ene and low
field piezoelectric constant (du*) in (1-x)BiFeO,-x(Bi,K)TiO,
solid solution [42].

(Bi,K)TiOs+= Aell Al A¥FA (tetragonal) 24T
ZE 717 HREAFO|E F3Eoln, Abxo] &%

(Te)7k 380TC A2tz €A o [41]

R, WA AEYs Az FHoRE 1UE
o] ttdd A8 7] 3 EY, hot press 2 11 & 9]
Metel 28 Az 2 #diEs, A77A28A5

(ky), S+d *L%'“—(d{VF ztzk 222 uCl/em®, 028, 70
pC/N 2t ®iiso] lof [41], WA AY+xE
7} BiFeO:%t MPBE #43td], 58 44 54 &
B2 7bsAel & FH EAo|t. Matsuo 52 FCM
Ho R 100 nm 2712 (1 x)BiFeO; x(Bi,K)TiO; 3t
£4 g @A, olE adste nwwe Az
zstgon, 19 99 o] (Bi,K)ITiO:9 %

A2
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o] o 40 mole% <A ZAoA ARTFZI THA
Ao A 2JAYWA (pseudocubic) &2 AHdo| 7} A
goda HEHAG [(42].

T3 A AA 24 24U x= 04904 # dgd
A o]y Aol EAEAoH, I7 1004 B F
Ae AAH GAEF (dw)7t 130 pm/VE H] 23 2
Zol ZAFAY. E£F, S-E FAHAN A" F&E
GAGF (dp)e 230 pm/VE 2AYJANA | 2 3
B =8 A ZA 24 (x= 04) 2o (BiK)TiOs
7t 82 49 JAYRA FxE MY, B 4
2 @n 7 A2 RE YA A 71Ad Y A
719 FA F% FHAA FHAde] EAEH, o
o 2ol 4 &3} A% (relaxor dielectric behavior)
< Yehdttn 2a9 b Qo [4243]

atA| vk BiFeOs-(BiK)TiO; L&A+ 1A 9H&H
S o] g3 dwrH]l AZYi2E Aol AdYPm, &
T3 A714 EAE 97 dEY HZ Cheon T2
e YE o] 83l YWl AMRYs Ax FEL
2 (1-x)BiFeO;—x(Bi,K)TiO3 Aete2E8 273,
x= 049 ZAAA Yk YAE o] &3 A=
BiFeOs-(Bi,K)TiO; 184 Aetel =9 A 24
2l gtd 5L dud 2 Bud 8 o [44].

3.2 BiFeOs -BaTiO; 1 E#|

BaTiOse A2olA AWA (tetragonal) 2R3 +x5
7HA sl2B AglolE g§HEeln, ZF{ ¥ ko] 26
pC/em’e 2 4% 24 2 4d EAS A ¢
T lEHY 4A Azold. A, FAo] 2E (To)
7b 130T A2 7] g &&o] Aot u
A THAA Fxold, dHe] 2E7F 80TE vt
2 ZF4AA BiFeO;ste] &A= FHo] 257t
1, 5% 4d 548 71E ZAeE 7ddEd
BiFeO3;-BaTiO; &A1 ATz Z4F4d4 2 #
Aol &3 dFte vny o AFH AFHUALY,
A7 A& A WA A g gl [29-32].

a8 11@elAM £ F U+ AAE Kumar 52
(1-x)BiFeO;-xBaTiO; &4 BaTiO:el %, =
x7} Z7h3tel Wl x= 033904 & AAF=7}
THAANA Aoz HoldH, x= 0927} HH
thA] AR o g Adolgctn Hag vl glt}h. Kim &
& FA42 A deg& FYssq x < 0490 =4
Aol THAZSE EZ3n, 05 ojio] =4
HAME AdAde g EAfgn FFsA ek [31).

G no —
? %08 BiFeO,-BaTi0, o 15
20.0 solid solution system .
s :,:_. - 420
"o ;-—
885 - 418
1 ie i
8.0 ]
?. “04 e "ﬂlb &
o~ o 1 x 410
< am - - 4
< 3% - 405
% 396 - x |
I L
E | 4
380+ e rreyg T
80 50 40 3 20 W0 0
mole % ol BiFeO,

5. BF-BT Transition temperature
soo(b) .. ]
2 ,
700 'L. PE "
9 600 - r:.* ............... J
g 5004 o ]
Og O
o C
E 400+ Ric : 'o‘
: >
E 300 . -
1 @ mndoped (7)) ; :
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Fig. 11. Phase diagram of BiFeOs;-BaTiQOs; solid solution
presented by (a) Kumar et al. [30] and (b) Leontsev et
al. [32].
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Fig. 12. Properties of BiFeQ;-BaTiOs solid solution: (a)
remnent polarization (P;) and coercive electric field (E.),
and (b) piezoelectric constant (dy) [32].
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Fig. 13. Piezoelectric constant (ds;) and electromechanical
coupling coefficient (k) of BiFeO;-BaTiO; solid solution [33].
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