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Fig. 1. Schematic illustration of the pyroelectric effect in ferroelectric materials.
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Fig. 2. (a) Phase diagram of the BZT-BCT system; (b) the pyroelectric coefficient of the 0.5Ba(Zrj4Tiyg)03-0.5(Bagy;Cag3)TiO;
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Table 1. Pyroelectric properties of BT-based lead-free ferroelectric ceramics.
BRI wERENL TR OBR whc BwVY RmACT Fyupa S
BaTiO4 2.00 1200 120 80 0.0080 4.20 (28]
Bay 95Cag 05 Ti0; ~2.00 113 [29]
Bayg 99S1¢.10Ti03 4.70 1088 0.016 108 0.0173 (30]
Bag g9Sr).99TiO3 4.20 1419 0.018 7 0.0118 (30]
BaSng 45Ty 4505 4.32 2520 0.029 77 228 0.0100 820  [35)
Porous BaSn ¢5Tij 9503 5.57 2180 0.035 / 355 0.01800 22.00  [35]
BaZr( 95 Ti0.0705 7.50 105 (36]
BaCey.19Tig.9003 7.82 83 339 0.0110 10.39  [37]
0.5Ba(Zry 5 Tiy 5) 03-0.5(Bag -Cag 3) TiOs 5.84 93 32]
(Bag s5Cayg 15) (Zrg 1 Tip 9) O5-1 wt%Li 8.60 2590 0.033 79 407.6 0.0150 15.80  [43]
(Bag.g5510.15) (Zry 1 Tip9) O3 14.00 4691 0.041 46 600 0.0150 14.50 [45]
(Bayg 54Cayg 15570 01) (21,09 Ti9.9510.01) O3 11.70 4200 0.020 83 479 0.0130 18.10  [44]
Modified PZT 3.80 290 0.003 230 152 0.0600 58.00 [15]
Modified PT 3.80 220 0.011 255 152 0.0800 33.00 (15]
PMN-PZT 3.56 218 0.007 226 142 0.0741 59.30 [12]
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Fig. 3. Phase transitions of BNT lead-free material from
low temperature to high temperature.
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Fig. 4. Phase diagram of BNT-BT solid solution/®.
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5y 52 B R ) AR FL IR . 7 BNT AR RN
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H F, F,, Fy 5B EN T %80T MPB 4 BNT-
BT P& 100, pv4b, i i 48R40 (NaNbO,) ok 48 iR
B4H (Ko 5Nag;NbOs) —JGlE A, BNT-BA [#)
PR HLMEBE AT AR A5 B & Ak, 19140 Peng?: 69 7
BNT-BA-NN =JC & 14k T 454 PR AL PR REAH
MLy (p = 7.48 x 10* C/(m2K), F, =
8.07 x 102 m?/C), LR BWALIRIEA 155 «C,
FoMs fH7E % i & 80 °C WHEH: T R iF iy E#4
SENE, BRI 5 7. Lin 25 67 78 KNN gt
0.97(0.99BNT-0.01BA)-0.03KNN =JC&F3RE T
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10 C/(m*K), (HiEMALIREE T, FREZEZ) 70 C.
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Fig. 5. Pyroelectric figure of merits (a) Fj, (b) F,, (¢) Fy and (d) dielectric constant as a function of temperature within 20—80 C

of 0.98BNT-0.02BA-2NN ceramics!66.
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% 2 BNT JETCHYBRHL MR O BB HLPE RS R

Table 2. Pyroelectric properties of BNT-based lead-free ferroelectric ceramics.
Sl o 1 R REL " - . Bl . o
PRI /101 Com 2K 1 SR AU SR BRI /C T/ F/pm-V! F /m>C?' Fy/uPa'/? ik
(Biy 5Nag 5)TiO; 2.50 320 200 [49]
0.94BNT-0.06BT 3.15 396 0.0436 115 112 0.0210 9.080 [50]
0.94(Bi 5pNag 55) TiO4- .
0.06BT 6.99 55 250 0.0470 16.630 [50]
0.94BNT-0.06BT- . .
0.005Lat0.002Ta 12.92 671 0.0472 40 461 0.0780 2.760 [54]
0.94BNT-0.06BT-0.005La 7.42 69 265 0.0480 1.400 [52]
0.94BNT-0.06Ba; ¢, TiO4 3.54 85 124 0.0095 8.300 [51]
0.80BNT-0.20BT 2.42 209 0.0268 15.300 [55]
0-93BNT- 5.70 87 203 0.0220 10.500 56
0.07Ba(Zr 05510 045) O3 ’ ’ ’ [56]
0.93BNT-
0.07Ba(Zry 55 Tig o15) O 6.10 ~300 72 217 0.0230  12.600 [58]
0.00125Mn
0-94BNT- 27.20 1462 0.0460 300 38 0.0750 57
0.06Ba(Zrg 25T 75)O3 ' ' ’ 157)
0.95(0.95BNT-0.05BKT)-
0.05BT 3.25 853 0.0278 1945 0.0260 13.430 (52]
0.95(0.94BNT-0.016BLT- - -
0.05BKT)-0.05BT 3.60 858 0.0294 221 0.0290 14.750 [52]
0.82BNT-0.18BKT-0.008Mn 17.00 605 0.0160 ~350 ~150 65.600 (53]
0.88BNT-0.084BKT-
0.036BT 3.66 933 0.0235 301 165 215 0.0260 15.408 [61]
0.98BNT-0.02BA 3.87 330 0.0110 ~300 190 138 0.0471 23.300 (66]
0.98(0.98BNT-0.02BA)-
0.02NN 7.48 372 0.0110 300 155 266 0.0807 42.200 [66]
0.97(0.99BNT-0.01BA)- .
0.03KNN 3.70 512 0.0290 282 118 132 0.0289 11.500 [67]
0.98(0.98BNT-0.02BA)-
0.02KNN 8.42 880 0.0400 280 303 0.0390 17.200 (68]
|4 _ _ | _
0-TI5BNT-0.225T-0.0658T 6.80 734 0.1430 157 / 0.0370 8.850  [65]
0.4 wt%glass
0.98BNT-0.02BN 4.42 465 0.0080 195 171 0.0382 27.400 [64]
0.97BNT-0.03BNN 5.60 549 0.0090 143 217 0.041 30.100 (64]

Santos 4 P F 5 T# £I0 %K (La*t, Nd*+, Gd**)
BZRI1 Sty 61Bag 39NbyOg P& TE VLI (—233—
173 °C) WAHZRAT A AE L PR, 34 30— )]
AR AR R, LA AR 0 ) E R O A% 8, Horh
G B F B2 e = DL FIRTS R e I RE i
ZE (2 2.3 x 10* C/(m>K)). Yao %[BT Ky
TR T 1 mol% M £IC &R Y3+, La’t, Ce’t,
Pr3+, Nd*, Sm?+, Eu**, Gd**, Tm?*, Dy+, Er’+
X} St 50Bag 50NbyOg B % L 2F MR A2, 455
7 YW B TAE Prit 2 TRB e Sl B R RO
I, 7E Sm 2 J5 W2 i i BUAIR, PR e
(25 5 SCRk [72, 74) —EK, B GA3HB 24 ] B i3
5 SBN AURRBEHL RN, 16 & G B4 AT FE i
B R B S 2 AR B 3 5L L, [FIHE
MZARAE Fy WA AL,

Fo i P T A 25 A TO A P AT — R
Sl e SBN A MG A4 JE K+, Nat4F g
FHARC A i Sr**, Ba> il -4 )@ 25+, i TR
e EE AR B T — MR SR T,
WS BURA ) A 723 LR 38T B e Rl 45
XA PR M R, AE VRS FEL AR B T T
A R AZ B e . Rao 5 PIFSE T (Bay ,Sryy,)s
NaNbsO 5 721 Y 1F 52 5 75 5 25 14 2k i Bl 25 110 4
FEHLAN, IR R BRI R S, HE RAR R R
B SBN KRR — ML) . Yao % 19 &3t
T Na, K 32241 (K 5Nag 5)0,(Sro6Bag.)s Nbig
O3y (KNSBN) P &R R, o BUE N 0.24—1.15, )
53 F 20T WL R G A A3 n, P e R AR LG TTB
S AR B sk O B S O RS SR A TTB 2544, J&
HURBE To SRR AR BE 4T, HORE L RN P < [
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{[iS (ﬂllﬁ—] 7), BALH sy (Ko.5Nag 5)2.5(Sr9 6Bag 4)3.85
NbyoOso JE B To = 227 C, i F AR,
ZHp =211 x 10* C/(m2K).

DA T 40 45 /) P 2 AR FRL ARV 1Y) ) — EL L
FBi i 5 | AH AL R 25 H 4 T8 i 2 o0 R %
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Fig. 6. (a) Dielectric constant, (b) Curie temperature, (¢) P-E hysteresis loops, and (d) pyroelectric constant as a function of tem-
perature for SBN ceramics with different Sr/Ba ratio (30/70-50/50)".
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Fig. 7. The dependence of (a) dielectric constant and (b) pyroelectric coefficient on temperature of (KgsNag 5)2,(Sro6Bag4)s Nb1gOsg

(KNSBN) ceramics!™.
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Fig. 8. Phase diagram of CaNb,O4SrNb,Og-BaNb,Oy tern-

ary system. The grayish area marks the stability field of
CSBNI™L,

£ (p = 3.61 x 10* C/(m*K), F, = 0.021 m?/C).
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Fig. 9. Pyroelectric figures of merits (a) F, (b) F
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Fig. 10. (a) Pyroelectric coefficient as a function of temperature of CSBN (z) ceramics; (b) the ratio of piezoelectric constant meas-

ured at different temperatures (dsgr) to room temperature piezoelectric constant (dsspr) of ceramics and commercially PZT ceram-

ics. The inset shows the depoling results for CSBN (z).
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Fig. 11. (a) Dielectric constant and loss as a function of temperature for the Srj¢3Bag3;NbyOg ordinary sintering (0.S) and hot for-
ging (H.F) ceramics (1. H.F//; 2. 0.S; 3. H.F 1); (b) hysteresis loops for the Srg;Bag3;NbyOg H.F ceramics at room temperature

and 50 Hz; (c) pyroelectric coefficient as a function of temperature for SBN textured ceramics; (d) figure of merit Fj as a function of
temperature for SBN textured ceramics®.
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2, BRI T peai At i, 2 MR R4 p AN
0.71 x 104 C/(m>K) ¥z 2.38 x 104 C/(m>K),
LRI RAR(E F, = 1.89 x 102 m2/C.

324 RiF kB EE

PR HR BN KNN P 25 th ot — 2 B2 (1) JC gk
HLARE. H 2004 4F Saito %5 01 5% FZUR £k AR 5
Wit hlg 1w AR KNN & LUR, I+
AR X AR e TR A T T KR A s A T
PAEIESE TAR, (B A RREf 5 T A 0 FH AR 5 8
AT B KNN 5 BT A, AU EA HRES
KA S5 AL, T HLAE R I A AR v ) AR A S R A —
FE, g 0 7 3 J7 -V 77 (435 °C). 47 -1E &8
(225 °C) MIEAE-=J7 (-10 C) =/MAHAS ik #. 4fi
KNN Fij & i F 3 0 i BUREE T sgm, =8
PR RHUL 1.4 x 10* C/(m*K)¥, Lau 55 62

S 2A
)2

XFI T Ta, Li, Sb %5 A/B it £k KNN F
%5 BNT B & Bt ge, Phfb)s Mg i i
B RBOAS] T 1.9 x 10* C/(m2K), HEWS
BNT W& AE7E W] W 2285, Jiang %5 93 76 Mn 2k
i) 0.97 KNN-0.03 BKT Fa % I £5 $4B fL R 50k
2.2 x 10* C/(m*K), R THRALK-. HGE
RS, KNN MR = oA AR 5 R an e & BF]
X B A FR I ARORE LM BE — o KR AR, A
Zhang %5 94 7£ J8 % K /Na i[RI B 5] A LiSbO,
W 1 2SO 5 SR FL AR A TRLEE AR R 35 <C, iR A
ARSI EE] 15 x 104 C/(m2K), WEHFH AR
Xl AR LR RE M A M. Bt Zhou 55 199991 i
5% T KNN ¥ G NaNbO; P & 1) B LRV,
T NN Jr U BUIL, 38 A Mn/Bi &1 F5IA
i BKT G F Bk T R . 5 KNN

# 3 SBN AETCHYEKHL M B RIPVREHLIERES
Table 3. Pyroelectric properties of SBN-based lead-free ferroelectric ceramics.
BRI ﬁfﬁ%ﬁ% ) QZ’} %ﬁi %E%C F/pmV ! F,/mC ' Fy/pPa 12 30k
Sry.5Bag sNbyOg 2.00 84 [71]
Gdy 01570 515820 47ND2Og 2.85 2480 149 45  [74]
(KosNag 5)2 3(Sro,6Bg 4)3.85Nb19O30 2.11 ~1600 227 14.1 [76]
Cag.15(Sr0.5Ba0.5)0.55Nb20g 3.61 933 0.0270 ~90 172 0.0210 115 [80]
Srg 525Ca0 125B20.35NDb204 2.37 ~50 [81]
Cay 551, Bag ;Nb,y,Og 1.24 217 60 0.0203 6.1 [82]
Srg.53Bag47NbyOg HEF( L) 5.10 980 0.0180 ~105 230 0.0281 18.7 [84]
Srg 53Ba9.47NbyOg HF(//) 4.00 468 0.0050 ~115 189 0.0456 40.6 [84]
Sry53Bag 47 NbyOg TGG( L) 2.90 770 0.0360 148 [86]
Sy 5Bag ;Nb,Og O.F 0.71 491 0.0469 163 34 0.0078 24 [90]
Sty 5Bag ;Nb,Og H.P(200 MPa 1) 2.38 676 0.0534 163 113 0.0189 6.3 [90]
# 4 KNN R PR L RE S
Table 4.  Pyroelectric properties of KNN-based lead-free ferroelectric ceramics.
BRI RN TR B e i BAmYR/miCY Ey/ubat i
KNN 1.40 472 410 [92]
0.97KNN-0.03BKT+0.8 wt%MnO 2.21 1277 0.031 ~350 90.07 0.0080 4.81 [93]
0.97KNN-0.03BKT+2 wt%MnO 2.18 980 0.035 ~350 99.4 0.0114 5.71 [93]
O'QGé%ZiljFﬁ)éi%i%z)o3' 1.65 1230 0.018 1235  0.0110 8.82  [62]
0‘gﬁéi‘lil?gﬁgz’%Zig%;ig“(gz)03' 1.90 1520  0.018 93.1 0.0070 598  [62]
0.95(Kg 45Nag 55) NbO4-0.05LiSbO; 15.00 891 35 (94]
NaNbO04-0.01Mn0-0.005Bi,04 1.85 270 67 0.0333 5320 [96]
0.15Ba2§‘;’31111;2?5’0.4Ti03 3.11 1151 0.016 110 104 0.0102 810  [95]
0.95AgNbO3-0.05LiTaO3 3.68 252 0.022 130 138 0.0602 19.70  [97]
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5 BLSF $kH P B VR P B S 3R

Table 5. Pyroelectric properties of KNN-based lead-free ferroelectric ceramics.
(NaBi)Bi Ti,015+1 wt%MnCO3(O.F) 0.560 140 0.0029 658 18.70 0.015 9.88 (102]
(NaBi)BiyTi,O15+1 wt%MnCO3(H.F) 1.300 149 0.0032 660 43.50 0.033 21.1 [102]
(NaBi) g5Cag 5Bi,Ti;O015+1 wt%MnCO3(O.F) 0.820 148  0.0016 680 29.10 0.027 63.5 [102]
(NaBi)95Cag 05Bi, TijO5+1 wt%MnCO3(H.F) 1.000 134 0.0017 665 35.20 0.032 78.4 (102]
Sry 1Biz g Tiz gTag1015+0.5 wt%MnCO3 1.300 190  0.0010 ~520 0.030 40.0 [100]
CaBi,Ti,Oq5 0.359 145 0.0080 790 14.74 0.012 4.6 [99]
CaBiyTi3.5Nbg 05015 0.440 136 0.0060 790 18.07 0.015 6.7 [99]
CaBi;T14015+0.2 wt%MnO, 0.582 130 0.0050 790 23.90 0.021 10.0 [99]
CaBiyTi3 gsNby 05015+0.2 wt%MnO, 0.844 99  0.0020 790 34.65 0.040 24.4 [99]
BiyTiy gW(,0,5-0.04%Mn 0.571 147 0.0030 655 [101]

ZERZEUY) AgNDO3 S8k HL B R () FARE L 000
ST RS B AY24HR, Li % 07 % H] LiTaO, 76
AgNbO; FERHFF IR T [ 8- (AFE-FE) 4
Bt AR LI T HEsR AR N, IR T p =
3.68 x 104 C/(m2K), F, = 6.20 x 102 m?/C, i
WA 214 130 C.

G AR 25 F Bk L, BLSF AR — AR A 1R i Y
JE LR, [RIA ELAT AR A IR R ik
RRAEAR AT, T AR IR S AT B A LA Ry i
St. T BLSF B % 0% /5 Ja B B ek, JA Rl
RE— A, plan A Y CaBiyTi, 05 (CBT),
(NaBi)Bi,Ti,0,; (NBT) HIBi, Tiy gW; 015 (BITW)
W) 5 1) S LR 0 )3k 3] 790, 660 A1 652 °C, 1H
PR 2505 R 0.359 x 104, 0.56 x 104 Fll
0.393 x 10* C/(m>K). SZERIER, Mn, Nb, Ta,
W S50 3 PG R0 208 Ak 2 R Ak o W 8 1 e 2
PEFIAR Ak B, S 1 okt R RS FL PR i 195100,
OBT P %24 Nb/Mn 85 AR H RETHR T =
0.844 x 107" C/(m>K), M_E3ARA AN HLH 4L (99)
FIFE (0.002), ifkJa CBT Wi il 3 I R A
Fya[ik3] 2.44 x 10° Pa V2, HZ L T8 25545k
W2 A F Bl e 1990, L AP 2 X Bt s, BLSF g
BEANRIE H R AR, B A TEREAS ) e, A &k
FEAE b N, BIILFHIGE 4% SPS. #Y%
3 B A ) L R SRR AR K L DA R i AR Ty T
BLSF Fi %21k 4k 102107 n] 76 K 7 1] 345 44 5
R RL N, A Takenaka F1 Sakatall02:103) 3% Fj
PR TR T R B Y NBT B, fEaEET
PRI RT3 T 1.3 x 104 C/(m>K) 3R,

2B, B E B AR 2.3 1%, K358 T
SBN HETCALk HL P e KNN 42k B Jeg % f1 BLSF
Sk H, P s OB L M

4 RAES5RED

YR A H 25 ™ 0R 1 BR R [ EURN 45 [
AR H 15 B 72 R A 0 SRR pL R0 P TE Ak H
P e S FHAR R th 1 3 VDR K. AR SO FH A7 BE
K, %R T BT, BNT, SBN, KNN, BLSF 4 -3
TCHYEK L P e A IR FRL KON A SR i i . AR AE TG
BV H P e P AR FELALN T TETHF R TR RS, O
B TR (H BT R & IR R AIRR e P
857 T A TR A B BT AL B B M RE KT, HEREAS AT
S P e W TCH B A Ak

1 12 FE] 13 AN [l 44 5 Bk r B s i P RE Ha
A R RLE F, 5B BRI AR B 2
KZ, AT UL, BT Fi & fn SBN B g K & B S AIE, Pk
RERL BT O A BR, RIS i 00K, o e AR
BAR; BLSF B & iy e o B S i R B, FARE e
FREORTER R 7 L (B 34550, X DA AE B R
PRI A5 )32 W ; KNN B 25 i HAORe Ha M e A
H IR A RMITAA —E 2500, (B Tizik R kg
BN S 1 Ak T ke 20 B B, L LR RS &7, A ER R
it — D Re . (A5 CERJE, BNT &2
PE] Hh B RS R PR BBV B 5 7 Ak F P s I AR FE A AR
FYPE— TCHT AR R, AR A2 R FH A% 0 [ A 5 0 2 1l
M5 T BNT Sk rY a5 46 BNT-BT {£ % . BNT-
BA KRS, Y10 o THBERME REMMTZ
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Abstract

Due to the excellent pyroelectric properties, ferroelectric ceramics containing lead element are widely used
as sensitive materials in pyroelectric infrared detectors at present. The research and development of lead-free
ferroelectric ceramics for this kind of detector has become a hot research spot in the areas of dielectric physics
and materials in recent years. In this article, the recent research progress of the pyroelectric effect in series of
important lead-free ferroelectric ceramic systems is reviewed, including barium titanate, sodium bismuth
titanate, potassium sodium niobite, barium strontium niobite, etc. The methods of enhancing the pyroelectric
effect are summarized, including doping modification, phase boundary design, process improvement, etc.
Through comparative analysis of the relationship between pyroelectric properties and depolarization
temperatures of different systems, it is concluded that bismuth sodium titanate based ceramics are the most
potential lead-free materials in the future. The prospective research work of lead-free ferroelectric ceramics for

infrared detection is also suggested.
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