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Abstract

Lead zirconate titanate PbZrxTi;«03 (PZT) films with different Zr/Ti gradients were prepared on
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Pt(111)/Ti/SiO./Si(100) substrates via sol-gel method based on spontaneous ion diffusion effects.
The effects of lanthanum doping on the crystal orientation structure, microstructure, dielectric
properties, ferroelectric properties, and fatigue properties of the films with different gradients
were studied. X-ray diffraction (XRD) shows that both single-layer films and gradient-free films
exhibited (100) orientation, while random orientation is observed in gradient-enhanced films.
Scanning electron microscope (SEM) analysis detected dense perovskite structures in the samples.
Gradient-free film shows the higher dielectric coefficients, which are also improved significantly
by doping, reaching 1196.2. Moreover, the better ferroelectric properties with a residual polariza-
tion strength of 26.21 pC/cm? and a coercive field strength of 44.4 kV/cm are obtained in the gra-
dient-free film. The fatigue test results show that the fatigue performance of the doped gra-
dient-free film has been significantly improved.
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1. 5|15
PbZr,Tiy,Os(PZT)ITFERZE] T T 12 R FUMRIE, Fal R 0 FA S IE R PZT i,
NHAR S A R, NEFHEE N2 [1] [2]. Huang N A8 FH & 40 3 2 6] 25 ok 28 XRD AR H &

T PZT MHEIMTEAILTE, XT PbZros,TipasOs MHIT ML, I BARMHIIES:, MWEAHBINU A, A
BT 3NN REESILAEB]. B XA E AL, PZT MM ER IG5, A e BRI S v 15 3
WaR[4]. Rk, EEASEL RIS SIYEAENL F R R I P AL R R A 2 OC LA 5] [6] [7].

TE IR UTR R I DL, BRI SR AT R RN, 8 e AT O A i 2 M2 [8] . FEAL
DU Bz A A K A2, BT PO TiOs Al PoZrOs AR A% RS, Zr/Ti L i) 2E Rotefs 25 il s 52 1 Fr A2 4k,
T ARAY, o TRl B2 kD> 1 S B e vEE [ TR 3 PR ) R AR AR, 2o/ T b il 58 LBk ik £ [5] [6] [9]. Calame
GNWPFGE RERH, A LR AT 90 A AT AR 20 5 T S5 35 2 v JR B R L[] [10] [11]. X AEfS%EA PZT
VHE A PR o) 380 4 R T AH B IR AS HE R

TR, SIANBIE T PZT MR 2 7. A% @S2 Mn. Gd. Sm. Nd. La.
Nb 254 )@ 02 [1] [2] [12] [13] [14] [15] [16]K Skt PZT i, M PZT M A AL . La* il LA
HURAB R v 1 PO B, PR AL, YA AR AR T BEREE S, TR T PZT S
PERE[L17]0 (EZBIFTT La 15 40 AN )3 P A0 2 1) e MBS 0 L A2 TG o P TR P 0t 052> o« AR SCRI T AT SRR Ze/ T
ARFEFIAA R Ze 8 R Ti s 7 IO9 . SR TR EEAMER i, #1147 ARIR R PZT
A PLZT M5, BFFT T La B4 xd AN [RIR BEBA BE S (0 Il . GIOWTES. A s BRI K P PR R M
2. SRR

AFETIERRBIGE R % PZT 5, —/KEHEHH(Pb(CH,COO),-3H,0)~ ARHLIY T HE(CroHas04Ti)
AN KR 55 (Zr(NO3)4-5H0) 434 PZT BT SRBILAE AT 10 Po> . Ti*'y Zr*™, b 2 R H1#(CsHg0,)

YENE AR, LBEFRH(CsHgO ) N4 &7, 2R VEH . HBEIZ (CHaNO) FH SR $& i Bk 1) 28 14
PLBS 1E7EAT 18 KB P2 A 2440, 36% 1) £ R (CHCOOH) SRR T I pH 18 . 255 okIE Sk B [ 25 4[4
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A pE, SR NS TR KA, Pb &R 2x L PO IR NREMEHIER MG HE R, FrbiARC it &
20%[1) Pb BEATHECEEL . 23 0 i) 2% T ARFR 7 N PbyaZrossTioa703(PZT53)« Pby 2Zr0.40Tioe003(PZT40)
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Pb 18L.80.00Z0.60 Ti0.4005(PLZTB0) ] PZT HIK . Xt T-FrA mIwifE, 1EH Pt(111)/Ti/SiOn/Si AL, JEREE
4351245 200 nm, 50 nm, 200 nm, 300 um. XIFRArA M La B2, 5 0e/ERR BIeREE N 90 nm
(I(PLZTS3) A1 )2, TS ) Sk T7 1. 1%Rh 12 DMIKE 600 r/s, ik 2500 r/s BT HELR,
LA 450°C T #4f# 5 min, 600°C T #4iF 7 min. KA H—[1) Pby 1gla9,02Zr0.53Tip.470s(PLZT53) Rl YR fill % T B2
JZ (SL(La)) # B, T Z AR A M T JE %% 77 AR A o A PbyiglageeZroanTioe0Os(PLZT40) £l
Pby 16L-80.02Z10 60 Ti0.4003(PLZTEO0) ) PZT iy Xy FH T+ il £ 456 F5% 184 5im e JEE (G E (L) ) A G Aok 2 v B (G (L))« M
T AR R AL, 73 7304 Py 1sla0.00Zr0.40Tio.6003(PLZTA0) A Py 16la0,60Zr0.60 T 4003(PLZTEO) K Ik
ITWEER, IFEAT 450 CHIE, HRJEER—IRAZ LT 600°C HEATIR K& dn, RAT 1 16 F5E 104 o 1) v e
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Figure 1. Diagram of the preparation method of gradient-free film, gradient enhanced film, and single-layer PZT film

1. RHEEE, BEEEE, RBE PZT REIEREE

PZT oI ) 5 171 45 K RN R A0 B ) 38 - X-ray 7759 4X (D8 Discover, ##[E BRUKER ‘A #l), 7E % iRATL
AN 20°~60°, KK 0.35 1% N Cu-Ka SFHEBEAT /04T PZT AR (111) & I (340 B 17 o] LA
K A (L) FRAE:

laayy = any) / { l oot + 1100y + Naa0) '(111)} ()

HA oy s Naooyr Taony s Naoy Ny AMFR(002), (100), (101), (110), (111) & [ FRTSRFIEHEE . i
T(101) T 3 FEAE R 2 H0FE i (1) XRD Hm] DLZBEAN T, BRUTE T 5l s A5 R AP . 53
RS FLB% (SUB220, Hitachi, Japan)Wi%¢ PZT F HELVE BRI IE S . 1 FRS 25 BT M1 (4294 A, %
FERRHA R AR, RE)NE PZT KoM/ s HO A AR, WA =i, 1V iE,
RN 0.1~100 kHz. d F Bk ity Sawyer-Tower HLERAE PLZT T FfL o ik B M it
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3. &R 5vHe
3.1. PZT BEAN R E R AL IRFRE
2 ANEIREERL SR PZT HEEAN PLZT MY XRD EiE. ME 2 thaf LUK, B RES IR

48.7%. IRYEERARKTREFLIL, (100 [ A=K BT 75 (1 Bi% e S A1 T A 5t 1) () A% e B, 7E iR ot
FEHET, (100) & ) AR KTl oz KT HAb I AR, Bl PZT R I (100) Bt Ml [18]. Rk, &K
B8 PZT IR DN (L00) A EL A, 10 La 5420 SL 8 I ) [0 B 1 FE FAAIG, SR AR 1T La® £ TR AR AE
FrAb, SR IEE K. GE W I WL BE LR, 100, 110, 200 I 13 a4, JFH. La
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Figure 2. XRD patterns of (a) SL; (b) GE; (c) GF; (d) SL-La; (e) GE-La; (f) GF-La thin films
& 2. (@) SL; (b) GE; (c) GF; (d) SL(La); (e) GE(La); (f) GF(La)#A%AY XRD [Elif

3SR FIVR BERAEE (1) PZT AN PLZT WA R i . MBI aT BUR I, PZT 2HRH
B AR AR GE M, H AT CARA B i TR ZoTi LB KPR E 8. S8 3 LEH, 5
KRB PZT EEAHLL, JUHZ GF(La)fl GE(La)#ifi, B A1 RIS A Lt f, HORESH R,
JRIK TR R BA B T ARG A K. b4h, 7 GE. GF. GE(La)fll GF(La)i# i, " LAMZZRHA
A Zr/Ti LEIB K 5] E ARG
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Figure 3. XRD patterns of (a) SL; (b) GE; (c) GF; (d) SL-La; (e) GE-La; (f) GF-La Cross-sectional SEM image of the film
3.(a)SL; (b) GE; (c) GF; (d) SL(La); (e) GE(La); (f) GF(La)H & m R E

3.2. PZT EEA /T B BEFRAE

4 SEANRIAR PR P V) PZT FECRT PLZT o5 P AF G A B BORN A L FE 0 Bl AT R AR AL T 28 . MK 4(a)
HR] DU PZT B AR ARG A H i A I XA = (0 3 i o8/, 3% 2 A F DRI B AR M . AR IR
W, SR A Z RIS, WAl dgs . BT R B AR A A AR I HUAR B K
IHEHG SURIGM, R, A EECN 4], ARTARER, wE 4b)Fs, s
T A A R 3G N AN B, UL GE AN SL R, S BB FEE G N, JE DR T B AR O AR AR
WilE, La 5440 PZT MERSBEANR MG INZENg, I HBFAR TR B0 PZT M, XAl g T La® X8
s i (A £ F

MIE 4(a) ERTLAEH, 76 La 2410 PZT #EH, GF M A S RIIAXA H %, GE #iFAH
XA HCEHOR /N 1E La B0 PZT #ifisirh, GF ¥t SLAHLL, AT #aim 1 8%, #xtT GE
R, A A LR AU AN T 21%. MIFE TSI 4410 PZT I, GF MERRAN SL HAT AL AN A i 4
RIZEIE KT ARAB 2% 1) GE AR, 12 PR g /i PR S8 1) 184 5t 94 75 P58 0 B T AR i 4 6 B2 RO R P55 < S8 25 MPB
140 18 53 A8 A T R 2 BELAS AADE 1) FRAR AR AR ELAE A% GE RIS L —FF. AHR, GF 1 SL i EA
JERIPER VU A 25 TR LT, A F e SRR Tk SR, GF B AR o SRFFTE B B2 MPB
FIAL, PRI GF FIE A i Hms v T SL TR [19]. La 45241 PZT i, AT RIBI4H PZT i,
GE JH R A/ HL B8N 7 21%, 2T SL R 7%, #T GF MR 21%, 7T LU 57850 GF
A1 GE JRLHR TR, MR A SN E B T L BUR T Po™, PRARAREL, BSR4
fRfS T WEEER S E), SRS RIS, RSN, AR T R, S A [ 20] [21].
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Figure 4. Dielectric properties of PZT films and PLZT films with different concentration gradients: (a) Dielectric constant;
(b) Dielectric loss
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[k, M SRS PZT Wi, Lai5241 GF. GE Fl SL F 1 4 WAL a0 B Pr A5013% 5% Ec 15
GEE R, EEXARESR T E. K1 B SEENRBERSH, 6% L TUER, Hhsk
Xt GE Al SL L BN IR, X GF f2made N, SL s E A 5 infh 2 ik itk fg . SRR TR
B2 PZT MR SR R P RERARIREE La (19 PZT W42 & 7 PZT MBI SR, S 1 SR & i) 5 1k
N cla L NS SR RES BIER . bAh, 5 SL WA GE HIEAH L, GF 35 )i [0l 265 %5 5 1
BB A e, AT AR GF SR AL AN A1 m[22], BRI 2Pr JAF] T 26.21 pClem?, HiiizmiE Ec
N 44.4 kVicm.
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Figure 5. Variation curves of polarization intensity of PZT films and PLZT films with different concentration gradients as a
function of electric field intensity
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Table 1. Ferroelectric performance parameters of PZT films and PLZT films with different concentration gradients
1. TEIREREER) PZT SEARFN PLZT SEARSKEB M RES

A —P; (nC/ecm?) +P, (uC/em?) 2P, (nC/cm?) E. (kV/cm)
SL -12.90 19.20 32.10 41.1
GE -10.12 14.52 24.64 33.2
GF -10.07 15.72 25.79 36.6

SL(La) -16.86 18.91 35.77 49.4
GE(La) ~12.48 16.58 29.06 436
GF(La) ~13.06 13.15 26.21 44.4

3.4. PZT BENEFH RS 4T

RIBAAIB R TR PZT SR 55 FRE i 2R s R A0 R 6 fim . 7E 10 kHz B IE 5% 3
PRIEAE25 V5 AF TR T MRS 3 URE AT 5 S R 55 AT 0, I R ot P MR L I 2 IR B P B8 i 4 30
WAk FER IOl FELIT 10° MK S %% I TG A HH B I 5 AR A A BkE s 28 RS LA L AT PO T 98 55
Y. EIEIR 10° )5, RIBAH) PZT MRS IR AR T B AVIUATE ) 43.2%, La B2%M PZT Hi s
SR B R 63.1%, X FERMTIINEEN La¥ 5, La¥ Bt P®, IEHAFR N, 4y fothn,
By AT R, O T oS PZT MR IR AL S L e 71[23].
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Figure 6. Fatigue characteristic curves of undoped and doped ungraded PZT films

6. RIERMBIROTHEE PZT FIEAVE FZHFEdhZ

4, 4Eig

ASCR B RIEAE. PH(111)/Ti/SiOL/Si(100)5: 8 b, I H & BB T3 BUSN ) 4 1 AN R B2 1)
PZT VL, [FIES A 50 T 445 A X PO [F) B 2 B R R A 1Y) XRD it SEM B A%, e
FRRE L HRLTAT [ R 5 pH 2R s B 8 AT L b, 45 R XRD NG 2 7 5 2 FERT TG Ao P58 3 i 52
PL(LOOYH [Fy, T Aofs 48 S v 8 2 B AL 1), L 45 4% FRAIR 7 S [R) 3k P of P VML P (LO0) L [ &, SEM 45
BT R IIRE SN SE A A AR S5, FE AT LA SEM EUEE B 10 I 20 )2 . OB R R L T 1

DOI: 10.12677/ms.2022.125049 471 PR R


https://doi.org/10.12677/ms.2022.125049

ki 2

TRk BERREER) PZT M, HAESKA AR, BREHERS T B R, A% 7 1196.2, FRMil
SRS R, 2PrikE] T 26.21 uClem?, BRI HIFFIIZSE Ec N 44.4 KViem, HET 1264 5 58 W S5 (IR
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63.1%, 524 HITCHR B I 57 MR/ B T I B G . TR, TOB R RS AR R AN B T AT T IR e SR T
Bk F L GRORY DR 2 45 R0k AT it 2% S T T LR A

&5k

(1]

(2]

(3]

(4]
[5]
(6]

(7]
(8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

Xin, H., Ren, W., Wu, X., et al. (2013) Effect of Mn Doping on Structures and Properties of Chemical Solution Depo-
sited Lead Zirconate Titanate Thick Films with (100) Preferential Orientation. Journal of Applied Physics, 114, Article
ID: 027017. https://doi.org/10.1063/1.4812226

Prabu, M., Shameem Banu, I.B., Gobalakrishnan, S., et al. (2013) Electrical and Ferroelectric Properties of Undoped
and La-Doped PZT (52/48) Electroceramics Synthesized by Sol-Gel Method. Journal of Alloys and Compounds, 551,
200-207. https://doi.org/10.1016/j.jallcom.2012.09.095

Huang, N., Liu, Z., Wu, Z., et al. (2003) Huge Enhancement of Electromechanical Responses in Compositionally
Modulated Pb(Zr(1,) Tix)Os. Physical Review Letters, 91, Article ID: 067602.
https://doi.org/10.1103/PhysRevL ett.91.067602

Kornev, I.A. and Bellaiche, L. (2003) Unusual Thermodynamic Properties and Nonergodicity in Ferroelectric Super-
lattices. Physical Review Letters, 91, Article ID: 116103. https://doi.org/10.1103/PhysRevL ett.91.116103

Calame, F. and Muralt, P. (2007) Growth and Properties of Gradient Free Sol-Gel Lead Zirconate Titanate Thin Films.
Applied Physics Letters, 90, Article ID: 062907. https://doi.org/10.1063/1.2472529

Brooks, K.G., Reaney, I.M., Klissurska, R., et al. (1994) Orientation of Rapid Thermally Annealed Lead Zirconate Ti-
tanate Thin Films on (111) Pt Substrates. Journal of Materials Research, 9, 2540-2553.
https://doi.org/10.1557/JMR.1994.2540

Choi, T. and Lee, J. (2005) Structural and Dielectric Properties of Artificial PbZrOs/PbTiO; Superlattices Grown by
Pulsed Laser Deposition. Thin Solid Films, 475, 283-286. https://doi.org/10.1016/j.tsf.2004.07.024

Zhang, R., Wang, X., Zhang, S., et al. (2021) Effect of Dy Doping on the Crystal Orientation, Microstructure, and
Electrical Properties of PDZT Thin Films Prepared by Sol-Gel Method. Journal of Materials Science: Materials in
Electronics, 32, 3612-3620. https://doi.org/10.1007/s10854-020-05108-6

Ledermann, N., Muralt, P., Baborowski, J., et al. (2003) {100}-Textured, Piezoelectric Pb(Zry Ti;)O3 Thin Films for
MEMS: Integration, Deposition and Properties. Sensors and Actuators A: Physical, 105, 162-170.
https://doi.org/10.1016/S0924-4247(03)00090-6

Kwok, C.K. and Desu, S.B. (1993) Low Temperature Perovskite Formation of Lead Zirconate Titanate Thin Films by a
Seeding Process. Journal of Materials Research, 8, 339-344. https://doi.org/10.1557/JMR.1993.0339

Muralt, P. (2006) Texture Control and Seeded Nucleation of Nanosize Structures of Ferroelectric Thin Films. Journal
of Applied Physics, 100, Article ID: 051605. https://doi.org/10.1063/1.2337362

Mohiddon, M.A., Kumar, A. and Yadav, K.L. (2007) Effect of Nd Doping on Structural, Dielectric and Thermody-
namic Properties of PZT (65/35) Ceramic. Physica B: Condensed Matter, 395, 1-9.
https://doi.org/10.1016/j.physb.2006.09.022

Shannigrahi, S.R., Tay, F.E.H., Yao, K., et al. (2004) Effect of Rare Earth (La, Nd, Sm, Eu, Gd, Dy, Er and Yb) lon
Substitutions on the Microstructural and Electrical Properties of Sol-Gel Grown PZT Ceramics. Journal of the Euro-
pean Ceramic Society, 24, 163-170. https://doi.org/10.1016/S0955-2219(03)00316-9

Ranjan, R., Kumar, R., Behera, B., et al. (2009) Effect of Sm on Structural, Dielectric and Conductivity Properties of
PZT Ceramics. Materials Chemistry and Physics, 115, 473-477. https://doi.org/10.1016/j.matchemphys.2009.01.017

Sun, H., Zhang, Y., Liu, X., et al. (2015) The Effect of Mn/Nb Doping on Dielectric and Ferroelectric Properties of
PZT Thin Films Prepared by Sol-Gel Process. Journal of Sol-Gel Science and Technology, 74, 378-386.
https://doi.org/10.1007/s10971-014-3608-x

Shannigrahi, S.R., Choudhary, R.N.P. and Acharya, H.N. (1999) X-Ray, SEM and Dielectric Studies of Gd-Modified
Sol-Gel-Prepared Lead Zirconate-Lead Titanate Solid Solution. Materials Letters, 39, 318-323.
https://doi.org/10.1016/S0167-577X(99)00027-0

VA, 2, EF R, & Bk PZT MRS & MRAL]. HLEEOR, 2017(4): 76-79+85.
Yamaguchi, S., Ueno, A. and Morishima, K. (2012) Stable Ejection of Micro Droplets Containing Microbeads by a

DOI: 10.12677/ms.2022.125049 472 PR R


https://doi.org/10.12677/ms.2022.125049
https://doi.org/10.1063/1.4812226
https://doi.org/10.1016/j.jallcom.2012.09.095
https://doi.org/10.1103/PhysRevLett.91.067602
https://doi.org/10.1103/PhysRevLett.91.116103
https://doi.org/10.1063/1.2472529
https://doi.org/10.1557/JMR.1994.2540
https://doi.org/10.1016/j.tsf.2004.07.024
https://doi.org/10.1007/s10854-020-05108-6
https://doi.org/10.1016/S0924-4247(03)00090-6
https://doi.org/10.1557/JMR.1993.0339
https://doi.org/10.1063/1.2337362
https://doi.org/10.1016/j.physb.2006.09.022
https://doi.org/10.1016/S0955-2219(03)00316-9
https://doi.org/10.1016/j.matchemphys.2009.01.017
https://doi.org/10.1007/s10971-014-3608-x
https://doi.org/10.1016/S0167-577X(99)00027-0

I

[19]

[20]

[21]

[22]

[23]

Piezoelectric Inkjet Head. Journal of Micro-Nano Mechatronics, 7, 87-95. https://doi.org/10.1007/s12213-012-0047-z

Bastani, Y. and Bassiri-Gharb, N. (2012) Enhanced Dielectric and Piezoelectric Response in PZT Superlattice-Like
Films by Leveraging Spontaneous Zr/Ti Gradient Formation. Acta Materialia, 60, 1346-1352.
https://doi.org/10.1016/j.actamat.2011.11.030

Sahoo, B. and Panda, P.K. (2013) Effect of Lanthanum, Neodymium on Piezoelectric, Dielectric and Ferroelectric
Properties of PZT. Journal of Advanced Ceramics, 2, 37-41. https://doi.org/10.1007/s40145-013-0039-z

Tong, S., Narayanan, M., Ma, B., et al. (2013) Effect of Lanthanum Content and Substrate Strain on Structural and
Electrical Properties of Lead Lanthanum Zirconate Titanate Thin Films. Materials Chemistry and Physics, 140, 427-430.
https://doi.org/10.1016/j.matchemphys.2013.03.067

Griggio, F. and Trolier-Mckinstry, S. (2010) Grain Size Dependence of Properties in Lead Nickel Niobate-Lead Zir-
conate Titanate Films. Journal of Applied Physics, 107, Article ID: 024105. https://doi.org/10.1063/1.3284945

Chen, D., Wang, X., Zhang, R., et al. (2019) Effects of Pr Doping on Crystalline Orientation, Microstructure, Dielec-
tric, and Ferroelectric Properties of Pby .1 sxPr«Zro s, Tig 4803 Thin Films Prepared by Sol-Gel Method. Journal of Mate-
rials Science: Materials in Electronics, 30, 20816-20822. https://doi.org/10.1007/s10854-019-02448-w

DOI: 10.12677/ms.2022.125049 473 PR R


https://doi.org/10.12677/ms.2022.125049
https://doi.org/10.1007/s12213-012-0047-z
https://doi.org/10.1016/j.actamat.2011.11.030
https://doi.org/10.1007/s40145-013-0039-z
https://doi.org/10.1016/j.matchemphys.2013.03.067
https://doi.org/10.1063/1.3284945
https://doi.org/10.1007/s10854-019-02448-w

	La掺杂对不同Zr/Ti梯度锆钛酸铅薄膜性能的影响
	摘  要
	关键词
	Effects of La Doping on the Properties of Different Zr/Ti Gradient Lead Zirconate Titanate Thin Films
	Abstract
	Keywords
	1. 引言
	2. 实验步骤
	3. 结果与讨论
	3.1. PZT薄膜的晶向及微观形貌表征
	3.2. PZT薄膜的介电性能表征
	3.3. PZT薄膜的铁电性能分析
	3.4. PZT薄膜的疲劳性能分析

	4. 结论
	参考文献

