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Culn,Ga,_,Se, %5 K FHfE HL 1th BT 385 BH 5 F b L KA 2
Ak, KR AAAY RKIHRE b ARJE AL T2
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B AR SR Bk 2 SR R AT LAAE—
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HeA TP B ALE] . S p-nZh 1 IT % B R AR T
EAARL, BREMASGIR A TFH o e T E,. Pk, W HI%E
AR H 2 AR T DLZE AR BRI 6 L I 55 1R T 58
HWz s K BHBE GG BE 5, 7T LAY A 0 L AT
TR TEZS A IX, A B Shockley-Queisserdlits
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WA, PR L. B AIBiFeO 855k 4k Hi &
/R BT, = 830°C. En~22eV, BUALILERR
W, ©R—F AT R A AR R, Sk
FRER . PRIRER AL S A R BR i A L, BRIR B 5
RS ERT Y W A AR E5 £k (solid solution  perovs-
kite)}, T > 400 KA9fb2d i 2s mlge R, ARF
HUA (trade of f)SE IS AR T BE 5 % IR BR HEAH SRR
Bt EAR. i, ABESEEIBIFeO, Bk FL AR Jy [H7%
SR B, JIMn® . Co™ SEmEMERs A8, 1
PAF T —RINE~0.9 e VIR IR A K. S8t 504
ESHEPER FARTAE . wir/re REBRTF (s ry Ml
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(1) FERLHIE. AHEIER P SO i [ AR B H
Piige T. 2125 42 BiFeOs R [E VA VR BT BEAE St BT
B HAERE F: Bi,05(99.975%, Alfa Aesar). Fe,O,
(99.945%, Alfa Aesar). BaC04(99.95%, Alfa Aesar).

SrC05(99.0%, [EZY). CaC04(99.0%, ACROS). PbO
(99.9%, Alfa Aesar). La,05(99.99%, [E#)). TiO,
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(99.9%, Alfa Aesar). Nb,05(99.9%, [EZ4). CoCO;
(99.5%, “ZTit 1) FIMnO,(97.5%, EZ). AHF5E 4wk
[ ARAS AR £9350.50BiFe0;-0.25A,MnO5-0.25A, TiO,
(A, = Ca. Sr. Ba, A, = Sr. Ba. Pb). 0.49BiFeO;-
0.26BaTi0;-0.25Sr(Co;3Nb,3) 05 FIMnIB 4%(0.1%EE /R 1
43 1) 490.49BiFe0;-0.26BaTiO5-0.25(Sry Bag 4)(Co, -
Nb,3)O05. X T ARG SR A E ALY, AR A fRTFR W2 1,
#ltn, 0.50BiFe05-0.25CaMn0;-0.25BaTiO; i FX Hy
BF50-CM25-BT25. 0.49BeFe0;-0.26BaTiO;-0.25(Sry ¢
Bay 4)(Co,3Nb,3) 05 i Bk A BF49-BT26-S3B2CN25. 4
PR AL S B 2 o4 A2 b Ee A T TSR
R, (D HSIER HLINTJGK L BEF TAFEE2 h. LA
BHET00°C R Fikes h, Ftke s Ape I AR i i1
W2 h, 7E780°C T #EA 745 IR UHES h. PHIK UG5 1)
MR FER AT RS, N AR LI BERE S Ak . 1
250 MPa T /8 545 10 mmfK R Fr. 600°CHER2 hlEZh.
XIS [E12H 4343 BIAE900~1100°C PN S F 53 (115 B 44T
B4k, BRI e S CE TR A W A LSRR N, bedh e
FEMBE V).

(i) SEHAMERERAE. RFID/max 2550VAIX B2k
TS Fin Via-Reflex B4 & B AU g B At ah Y
P IARZER AT AR, SR FHUV-3600%1 45 4h- 1] JL-3T 2T 4
T ASOGT B A A b A W B AT I, I
F200~1400 nm. HL2APEREMA AT, X% 2 i
6. AR . ZEEL IR TR 600°C IR 10 min. BlYA A
RAHIM3563RILCR A M & - 11 5 b % 78 = i
100~2 MHZA51 53 [ N 19 A B BRI B AR AT
K651 7BEIE HFHHE40~150°C I B B A il 4 Fi L
(R), Il idp = RS/MTE AR, Hodp. SHIAG 5 Kb
TR EBHER . AR

2 HRGihe

L5 1 AL S AR R LR AR 0 J2 e A 4
SRk, 1 v BEL 3R AR AR SR S 6 IRk L A A 1 Se R S
HIALM A H FEAR T2kl A IR Y R LR IR0, AT
JRAT R TE L SOR BRI g i, T ZE IR L AR i ARy
i BED/INET ZUAMBE B, O R R M BR b Ve T B
(A P A B4R AE300~1350 nmoGiE i B, AH Y
P FAREAT R EE~0.9 eV, TR E 48 S ALY A5 sk
th, SRR I EA T E e i BAL 4 R B T d i 1
Kok . ABLES TR M L m] Lz Horp,
3d° Fe' AL IE,~2.1 eV, Ti3d" Mn*', 3d°
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F 1 RBREREBRSHKT EEERBEBIERSBICER
Table 1 Summary of structural and physical properties of BiFeO;-based solid solution perovskite ceramics
R TS (ON) AR TEREE(eV) IR REE,(eV) 1B A(Q cm)@40°C
BF50-SM25-BT25 3.935 0.95 0.61 4.27x10°
BF50-SM25-ST25 3.928 0.92 0.51 0.80x10°
BF50-CM25-BT25 3.958 0.89 0.53 5.07x10°
BF50-SM25-PT25 3.933 0.77 0.46 2.24x10°
BF50-BM25-PT25 3.977 0.76 0.43 0.98x10°
BF49-BT26-SCN25 3.984 0.92 0.50 0.37x10°
BF49-BT26-S3B2CN25 4.013 0.92 0.54 0.85x10°

Mn*'\ 3d° Co™\ 3d" Co’ EMLMET IUE,<1.1 eV.
AT ST R, HMnE FEMABiFeO; I Fe
T Cops FRCPOTIOL B TS 72T AT LAYs /)N ]
RS ERE IARAT S,  E /N SRACMREE B UIA G,
SR PR L T 1 5 1R A AR AR A BRI S A P 85
RO E Y[R, BRHAR AR f5 BLIRLRE T AR MR AIG, iy
T SRS T UL B o o rp R EFAIIRAT AL OC R
AT S e R A B T Ak B T A Ak R
R TARFHESIRUL b FEARM T, kb=
78, BiFeO;HE AT Mn. Col T AN E Al
25%(JRFEH A H);, 5 oA, BiFeOs3t —Jt
AR R AR BB 2R e PE T w0 R, AT
Vet A e A B A BB T LA R 2 I Rk
FEERHAH.

SR AAIE

R FH e 1 61 A4 S b L B T2, AR il &
T RITR—FRYBiFeO; R [E R BB P B b, 78
PR T 26T, SR R XS AT S 45 2R =
B, SXEORE OB R — P ES R G5 A, R
FyscEe s R E R, NETHERATTLIES], 5Bi-
FeO; M Z il =77 i AN, X SEERIARESERT 7E20 =
20°~40°3 [l N Y — AT ST TR I R i 70 4, &
By 22 B AR X R R B B AT TR IE S 7 fds. ©
BiFeO,J T = 830°C. PbTIiO;HIT. = 490°C. BaTiO,
B Te = 120°C. SrTiO;fYT. = —236°C, MjA,MnO;. (Sr,
Ba)(Co,3Nb,)O 554k Lk A, FH Vegard ML £k
PRI ARG B 1 7R B S AR B R AR AR AR TR . &5
REW, ENMTAR R T=IR, BIUBF50-SM25-ST25
[ 5 AR 45 8K B 1 Te~240°C . BF50-CM25-BT251)
Tc~210°C+ BF50-SM25-PT25(/ T~329°C. BF49-

21

BT26-SCN25/Tc~209°C. it —% BT 5HACE Tk
JE 8pcr o /1 R AR AT B AR L 5 2P, Vegard LI
A B T A — A i AN I 15%, [RIIE, 6 1T R 45 [
IREBERE B T AR o T 0.

P RS HL IR S T, 2 ] s S TN AR i 2
BB AROGR A B AR S b, A S SR bR
BRI 1 BB 56 T ey it AR P 2 ] s S TR
FefivhsE ™ 52 1, FRATAT LI 7 TR po R e i v
TR 2R ] B O PR R . 2R,
X T8 7 7 10.69BiFe0,-0.27BaTi0;-0.04Bi(Zn, 1 T, 1)
O5(BF69-BT27-BZT4)[E AL ek g e, i
P2 U AE 185 286+ 500, 6531775 cm UL
FUSAEO 0. MRAERL 2 B G R R W T A,
3.7 BF69-BT27-BZTA85 8K fb (7 = IR I A 25 [a]
O BE X FRERAE, 5 BiFeO MR, J& T3m S #F. 5BF69-
BT27-BZT4454k# #H b, BF49-BT26-SCN25HIBF49-
BT26-S3B2CN25454kH™ (X 7E270+ 5101672 cm ' £71E
3NHLSTIE, BF50-SM25-PT25. BF50-BM25-PT25.
BF50-SM25-BT25. BF50-CM25-BT25FIBF50-SM25-
ST258E 4k (U AE~509F1~672 cm ™ FELE2 M HiLTIE. /iy
7 22 RO G 3 486 2 U R S 3l 7 2 B B e B
A, FTUFRAXEM . Co™ B+ LBiFeO, 2 &
FERESER FE T 23 A0 OB X RR B ER, JE TS
BF69-BT27-BZT4E5EKM AN [A] (1) b A s e, W ZEVE R
S, 5 E R R AR A H, DARRIOE R R
HL R AR B R A R R S Rk R R 4 G AR

ﬁ%[23,24,30]
VA .

2.2 WO ARG R E

Xt T EBEAS - SR, Ridley™ sy T2 SR ]
TEERITE WM AR B () SR SR Z T R A
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Figure 1 Powder X-ray diffraction patterns recorded at room tem-
perature for BiFeOs-based solid solution perovskites. (hkl) are Miller
indices of pseudo-cubic lattice
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Bl 2 BiFeO, & W AESEL0™ 1 2= A 2 UG, B
532nm. R TS, W4 H T BF69-BT27-BZTAR A 4 A54kH™ 1)
ML
Figure 2 Raman scattering spectra obtained at room temperature for
BiFeOs-based solid solution perovskites. The wavelength of excitation

line is 532 nm. The result for BF69-BT27-BZT4 solid solution
perovskite was also presented for comparison

E(1+m/mey) (m, 32
“:O‘OgT[TH] E-E,, M

£, 0y = 8.77x10° m ™ eV'"? m = 9.109x107" kgl F
L TR, me kSt LRI 28 /XA AU i (1
A M), nJe RIS R, ENJETRER.
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SE b, ATLAE A S AR-1] WL -3 2D A R G I 1 AR
PR REAR R A G, Rk IR SR
JCIRUSCRE ). B3 ()7 2 3R TR it 1) 25 T RO BE 0 o
SRS X AR S, OB Fl Taue o
R (0EY «(E-E) P RASAEAETERE, THFLLESANIEI3(b) BT
N, HIAREIE LR L. AE3 ()R, M UBiFeO,
B AR ] L5 T 21 40 ik Bt L CoBR X BiFe O, 114 &1
REATRAWILEE ), IR FMnE TRk ERT
CoB FRCH S ; 5 BF69-BT27-BZ T4 A A 454k
(Eg~1.95 eV)MEE!Y, Mns 780 1##40.50BiFe0;-
0.25A,Mn05-0.25A, TiO;[E A FE K5 1£300~1300 nm
0 F A B S SR OGSO BE T, EATTINE<1.0 eV.

FAL iy 5 A% AR 0o U 4 B A K AR il S e o
V4 8 B T HUE T dEUEE S5 O p il 2440 T iy,
T RM S AR, PR TS - dpuE
522 dFUE S SO0 W B AR BN, TSR T
dFER FIEAEORR, S 5E S dEE S E A
AL AR SR RN BiFeOs & HL ML RS R 1
HE B AR, B A BT 2 S i R iR
WEE T2y, E A HVEKHGEf i ) se
JRUSL A G B/ R E T AR KR PG
WS, M p-nZs K FHBEHL LAY PCE S E /Y 5C 5 T A,
A PAFEHNE,=1.10~1.45 eVIFPCE=30%""". M\ #1
W LAEH], S5BiFeO 854 AL, Mn*'. Co™ B THAL
Fe' "B T-HAR 1 VA AR AR JE 1, AR B T
FITi* AR E, B i L . RS SR — I 7B
P U 4R B R A TS e R i R ARk B
TR 3k 4 T SR AL D S R R A5 M 5 AR v ok
EHER. H5AEYL-THL 505 CH;NH,PbI(E, =
1.53 eV)RI ™Y, Mn*'. Co™ B BiFeO, £ [ 1A 4k
W HAESERDEIERIRE J1, M EESMEI AT ULIF AR
TIELLAMGIE I B

2.3 HAAPEIR

PR R AT B BH 2%l 25 58 B e, AT LA
Hp = poexp(Ey/ 2k T)IHATHITR; AN HL BH A o i |
B OE, AP A SE R E N B POBTE REE I
B T L, R SR AAE H B2 AR AR L LR,
logp#B 5 /TRZM R, WRBPRAT LI ARIERE. WA
A, AR K T B A i E A R SR R
40~150°CYLFEIN, logphifi1000/TLe ARk, 40°CHT it H,
FHR 51 M TS G BRE S0 S 4s T3R8 X Fa—4l
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Figure 3 Optical properties of BiFeOs-based solid solution perovskites. Room temperature absorbance obtained with ultraviolet-visible-near infrared

spectroscopy (a) and Tauc plotting to obtain bandgap (b)
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Figure 4 Temperature-dependent measurements of resistivity for
BiFeOs-based solid solution perovskites

S VRS ERT, E, < E,, DI EERE S 14 HL B SR
SEARAHE B, SHES P RO BE B TIARC. X TMn*,
Co” B UBiFeO; & [H 1A 4G5k, 40°CH L FHR Ny
0.37x10°~5.07x10° Q cm. HRPEIIEREE,=0.43~
0.61 eV, HHIEE ZIRHEFLAR<10" Q cm. WD, X
seMn* . Co” iR BiFeO, R E ALY F £k 11 5 1L 5
R T CH;NH; PO L R 5 L TR, A R TR 3R
F (%, 7EBF49-BT26-SCN25& &, BaZiftSr)5 it
RN BB 55 B (B AR Ak, MndB 28l K T S g
L BH R,

A I 45 R R B, 7E0.50BiFeO;-
0.25A,Mn0;-0.25A,TiO5(A, = Ca. Sr. Ba, A, = Sr.
Ba. Pb)#10.49BiFe0;-0.26BaTi0;-0.25(Sr,_Ba,)(Co, -
Nb,3)O5(x = OFN0.4) R ZEAE it RRULI 21—~ B 5k 1)

JBRIETISRRNE, S5 LIS, ERRAs R, BT
B R SRR A e A AL A SRR A T
BEIEIES, MniF. Cof F AR i) DL FRAIG AR 25 i1
pEl 2N g s =00, 0.50BiFe05-0.25A,MnO;-
0.25A,TiOy(A, = Ca. Sr. Ba, A, = Sr. Ba. Pb)Hl
0.49BiFe0;-0.26BaTi0;-0.25(Sr, Ba,)(Co,/3Nb,3)05)
(x = OFN0.4) I AAREEERE™ b 1) s BR B AR 25 7. DA
FEIEA B PT 0, AN[RIZH 430 A ARG AR B A fE 5t 75
BT ANTR], 2% B s Sl o T A 1) A A58 5 Wk 3 A A 2
St 2R PR, AR R R 5 5 IR A E A £ G AT
MY, Co” B EBIFeO; 2 [ B IR E 6k Fy s rh A7
TE B, BATRAEAAE R S

2.4 AN REER PR LAY

ERT A (b FRABOS) T AR VR A 711
AL I BEAR, Hob /4 N R ] B BH &5 5
i NHRFER A E BB AR B 7 5 5. i TAFIBES
TR, A BRE™ 12 B A R A RS I Z
T4 RS R BRI, T ) e e T
T, BB R E R A TS [R]AR X R B0,
1T ARL/BA B 2145 Wy /g W] LU 11 480/ THIAR B9 2514
WIAE, 3 IR wocr o g VE AL TR AT T LA i
BEERH B AR SE RIS . YuRTtoh 3 i i i
B poxr o rp e ARG BRA™ A AL Bk AR A o LI R 11—
APURIARSE, I T & W R R Bk A AR i B i3
i FRATESE T A BBk S5 5 1 14 S 40 K
i, Phpocrp/rg REFMBFTE T XA, LSS TS E oY
WL ARPR R, AERIE TR, WA SZ AR
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Figure 5 Frequency-dependent dielectric properties recorded at room
temperature for BiFeO;-based solid solution perovskites. The peak
position for defect relaxation are marked by Pn
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(1) LR TN )ZdE 5SSk
B E 5 4AE. LaM> O5(M™ Ry 3did I 428 B 1)
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Ni*". Zn®". A", (RiIBRBF ) H fir s A% 750 [ i (A 45 4k
H1Y, HE P BT H3E R FUAE, Eq~20eV, 5
AFeO;(A=Bi. Y. La)fii 458k E,~2.1 e VAL,
(0.75-x)BiFe0;-0.25BiCrO;-xPbTiO;(BCF-PT) &l i 1445
PR B Crg 7Y dHL T R0RE (Eg~1.63 eV). BUARY
S EE R KM, BCF-PTREIRAPCrE FALEME T
3P IR TACE 05(A=Y . La)fE,~3.5 eV.

(2) TEPbTIO;-xBi(Co,/3Nb,3)05(PT-Co)+ (Big os_-
La, ¢s)FeO;-xAMnO;(A=La. Sr; BLF-Mn)% VA ARES
B, BAEREENE R F(Co Mn)dHL T U %
PRESERTE e 2, BRI, E RS
WD, FEPT-ColfliE &k, EM32eV(x = 0.0)%E[#%]
2.60eV(x = 0.1). ZEMF2.26eV(x = 0.4)*. ZEBLF-
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Solar energy is a clean and renewable source of energy. Various solar photovoltaic (PV) cell technologies have been
developed, out of which perovskite PV cell technology is growing rapidly. Using organometal halide perovskite as an
optical absorption component, the power conversion efficiency (PCE) of heterojunction solar PV cells increased from 3.8%
in 2009 to 25.5% recently. Nonetheless, the bottleneck for CH;NH;Pbl;-based solar cells entering into commercial market
is their poor stabilities relating to environmental, thermal, and ultraviolet light influence. In contrast, transition metal oxide
perovskites are thermodynamically and chemically stable enough for solar cells’ commercialization, with more advantages
such as bandgap (£,) adjustability from 0 to 6 eV, processing being compatible with transparent conducting oxides, and
ferroelectric bulk PV effect. Owing to a wide E,, traditional ferroelectric perovskite oxides exhibit poor visible optical
absorption, low electrical conductivity, and thus extremely low PCE.

As an alternative to p-n junction PV effect, ferroelectric bulk PV effect provides a new separation mechanism for photo-
excited carriers, which is closely related to spatial inversion symmetry breaking and its resulting spontaneous electric
polarization. Different from p-n junction, the active space for photo-excited carrier separation spans the whole ferroelectric
body, and thus an above-£, open-circuit voltage is produced. By narrowing E, while maintaining ferroelectricity of oxide
perovskites, ferroelectric semiconductors become available to monolithically integrate the p-n junction and ferroelectric
bulk PV effects, which could, in principle, go beyond the Shockley-Queisser theoretical PCE limit of conventional p-n
junction solar cells.

Bismuth ferrite (BiFeOs) has been experimentally demonstrated to exhibit ferroelectric PV effect. Meanwhile, it has a
high ferroelectric Curie temperature (7¢) of 830°C and an intermediate £, of ~2.2 €V, providing a large chemical space for
solid solution perovskite oxides to trade off both target properties of narrow E, and 7->400 K. In this report, 0.50BiFeO;-
0.25A;Mn0O;-0.25A,TiO; (A, = Ca, Sr, Ba, A, = Sr, Ba, Pb) and 0.49BiFe05-0.26BaTi05-0.25(Sr,_,Ba,)(Co,3sNb,;3)O5 (x =
0 and 0.4) ferroelectric semiconductors with £, of ~0.9 €V were created by substituting Fe'' with Mn* or Co”" in BiFeOs;-
based solid solution perovskites. Ceramic samples were prepared using a refined solid-state reaction electroceramic
processing. X-ray diffraction measurements showed them crystallized in a single pseudo-cubic perovskite phase, while
Raman scattering characterizations illustrated a breaking of spatial inversion symmetry at room temperature. Optical
absorbance measurements found that these Mn*'- or Co”"-substituted BiFeO;-based solid solution perovskites have a direct
bandgap in a range of 0.75—1.0 eV. Compared with CH;NH;Pbl; perovskites, their optical absorption reaches near-infrared
band of solar spectra. Temperature-dependent resistance measurements showed their resistivity on the magnitude of order
of ~10°Q cm with thermal excitation energy (E,) of ~0.5 eV. Combined with observation of frequency-dependent
dielectric properties, A-site vacancies were proposed responsible for electrical conduction and dielectric relaxation.
Through data-mining causal relationships between E, and the filling number of d electron of B-site cations, uxr,/rg
ensemble descriptor of oxide perovskites (u, 7, and rg are the reduced mass of primitive cell, A-site cation radius, and B-
site cation radius, respectively), a physical model was proposed to predictively design chemical compositions of
ferroelectric semiconducting oxide perovskites with £,~0.9 eV for applications of solar PV cells. This essay provides an
opportunity for developing novel solar PV cells to integrate monolithically p-n junction and ferroelectric bulk PV effects,
with PCE beyond the Shockley-Queisser theoretical limit.

oxide perovskites, bandgap, ferroelectric semiconductor, solar photovoltaic materials
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