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Waveguides Q°

Fig. 1.1. Schematic device structure of EO waveguide modulator.
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Fig. 1.2. Waveguide loss dependence on the surface roughness of KNbO3 films of various thickness deposited on
MgALO4 substrates calculated by Wessels et al[17].
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Table 1.1. Linear electro-optic coefficients in matrix notation, Curie temperature 7¢, and refractive index n for
typical bulk materials at room temperature and A = 633 nm. (T) and (S) express constant stress and constant strain,
respectively. In addition, (Cal.) denotes calculated values by F. Wang[41]. SBN = Sr,Ba;—Nb>Os and PLZT =
(PbiLai-y)(ZryTii-)O03 (100x/100y/1—100y). The data are extracted from Ref. [3], [39]-[44].

. T
Material Sym (KC) s r33 r412) I5(1)2 le3 Ie n
KH2PO4 - 123 m M-10.5 ni=151
(KDP) 42m 8.6 r41 (8)8.8 Ne= 1.47
KDPOs 299 M (M26.4 ni =151
(KD'P) 42m 8.8 Fa1 ©)24 nz=1.47
KHZASO4 - 97 (T) (T) n]_ = 1.57
(KDA) 42m 125 ra 10.9 Nz 1.52
KHsHPOs 148 M M-8.5 n=1.53
(ADP) 42m 24.5 ra1 (8)5.5 N = 1.48
M108
. 395 Mg M105 M1300 ' m=241
BaTi0;  4mm ©102  ©406 "™ ©730 Fosg) =236
. ©)8.8 ni=2.67
©) (Cal.), 1
PbTiO3 4mm 765 13.8 59 n3=2.66
KTaoeNbozOs (M-40 M400 M 5300cay N1=2.32
(KTN)  4mm 330 fs1 50 1120 n;=2.28
SBN 4mm m m m O790ca) m=231
(x = 0.75) ~330 67 1340 42 L1090 ng=2.30
SBN 4mm 400 ®)180+30 ©)35+3 ©180cay n1=2.31
x = 0. x=0. x=0. ) N3 = 2.
(x = 0.5) (x=0.46) (x = 0.46) 205 227
SBN 4mm M M ©
(K2 03) ~570 113 266 66 2.32
. M72 ni=2.28
m (Cal.)s 1
KsLisNbsO1i5  4mm 693 8.9 78 ns=2.16
29
- 1470 ™10 G M32 M21,  ny=2.29
LiNbOs ~ 3m 3.6 (3?3%(')?8 o1 ©)28 19  ng=2.20
. Mg.4 M30.5 M28, ni=218
LiTaO:  3m 890 o303 O ©22  ng=218
M34car),
48 M92 M90 ni=2.32
U (S) S
BaNaNb:Oys mm2 833 15,07 g3 75  ©gg 3 =221
24.3
ni=2.28
476 M28 (T)84(c 1)y M380 M105 _
N3 = 2.17
PLZT (D150
(12/40/60) ~420 canlog 24
PLZT (D1100
(8/65/35) ~400 e 612 2
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Fig. 1.3. Photonic:(a)~(e) and plasmonic:(f)~(i) EO devices by Abel et al[46].



1.2 AHEOBE L o HIY 7

1.2 K OBIE L D HIWY

Hlmfrbt&ﬁ:ﬂbfxﬁﬁ%f E(DICHR L TR DA 2, BREQR) KOG Xt
TIFERDOB) E (O EFRE LT,
(A= B H & 2 Y VR EA O BESS
FEXF GO IEMITIL, MgO 23R L=, LLTFIZ MgO JEMR DR 2 ik < 5

MgO X2l C . JEITRIN/NE NI & (n=1.71 @ L= 15952 nm) [S0]°~ 1 7 1
JE B $5 F I THDOBIR N DN 2 & D (6210, tand=~5x10°@ 10.48 GHz) [51].
F 2 —F TIINFBA-ONFEIE OIS E L Ef RO — > THh D, FEEIZ, MgO %
mmtEO%&%EO?ﬂ%xmﬁwi@ﬁ%iénfwéﬁwu5mr@o%WLf
TEX Xy VEREZGEDT2OICE, —RICEWVEBBES EZ MNE &3 5[53]-[54], F£72.
%E@%ﬁﬁmﬁﬂ%ﬁﬁﬁﬂk%% 2AvyFNRREL, BmBEbRRLTD, &
SN KREL RV T L, FETEMEREEL RS2 2 LIIRETH 5,
(A)DHFFERI G DR EHZIZ, (Ba, Sr)TiO; (BST) & (Pb, La)(Zr, Ti)O3 (PLZT) %R L7, LA
TIZBST & PLZT O A&~ %,

BST

BSTIE, ZNF CEEEIEDT 2 —F TR FMEE LTEL O RN RSN TE M
B CTh DN, HfEEAROBEHE T I v 7 2OERNEEE = & )5 [55]-[56]. EO 734
ARERE L CHEER ST ehodz, — T, EEIZEBW T Pb SMEHCI RS &
EX X VEDNRES T, U T 7 —REREEEARD PLZT &38R 7 0 2R mEE IR T
LMD, EEMENESR SN D EO TAA AZHEATE L AREMERSH S, L, MgO
B EICB W TE I Em O IEIRE 2 LB L L, R CHRREO RV e 2o v L
2 SEBL9 2 DILR S TIER W [57],

PLZT

PLZT IZE W EO B8 Z2 R 92 &b, 27« HIRE B IS BOMIENFEL, EO T
N R E L TOIHANEE STV B[5], [44], [58]-[59], UL, 55 5 = CTREL il
% K 91T Pb REFEMITERE LT < SFETRiBMEO ST B F 2y LR %
FHT 2013 —RICHEETH 5[60]-[61], €T, ZDOBIRKEZIHIT D FIEEHET
LN D D,

MgO ET(A-1)BST & (A-2)PLZT DOFiFD-2Dm WO EaetED = % % oy Wil 4 EBL T 5 72
IZZENENDOMENCK L T FOFEERE L,

(A-1) H—JEFJEHIE : 84 F)

N7 AT A MEEDOEEE MgO DS TRV X —DBLED G | HIR O YRR 1 A

HEd 5 2 & TR R A ER T 5,




(A-1) 2 BERERRIBNE © (55 5 &)
ELHOFEFIBRETEIRME LT, REHINERKTHZ L2 THEL, KIETEADE
MEEZHAL, ZORERTTEXY XU v VR EZIT 9 2 & THEREREZER T 5,

VIE2SODFHEIZ LY MgO it E T X & v VR BAN A HESL T D T & 23 ABFFED
L OHOAMTH D, 2BHROERIT VA L —F 4R (PLD) #£T{T-72[62], PLD i
IR SFEHEREE D —FE T, BT R AXF— L —HF—2 UL 2RI B L, BERY —4 v
FREICEBEICRNT 52 LTy NEBRHEMICEB SO BETH S, PLD ED
B & LTI, 7OV A TRIR SN D 72 DR OBIRHIEA Lo 2 & R8EIMRO = 1L
F—ZLoTNL7DF =Ty FEMET OMBORRIEICEASNIIS W & =Ty
RO TN RN LR ERET NS, L. Z—Ay hOFEESREE T
FoTHZ—=7 Y FbREKT L2 Fey 7Ly FEFFHINDE pum UL EOKFET 5 Z
&R S/ N S Wz O B pEALSRIERRIZIEIE L TR W72 EDOREDFET D,

(B)ZEZ7° EO Zh A MIF TR BOMGE : (5 2 )

AWFFETIE, BAD BEO BRI KITTHEBEZI ST 572012, TGO EIEMEHT
3L BSOS S BT FIV R AL D BST 28R L AT D 2 SDEREZIT - 71-,
(B-1)ZEAH BEO W52 2 OB TH: (55 2 ¥ 2 )

SRR S 7o B W TR RIS BT D E R & oo R S | WIKIK EO
R E KR OTFE 2B LB GmET VEEL T, EAHD EO FriElch x5
WEEHRD,
(B-2)FE A28 EO R 5% % 8O FEBRGE: (5 2 & 3 i)
R A2 B S5 LT, BADRR D BST WA ER4 25, RICEADR2 2 BST
D BEO WA JE L, (B-1)DOFER & L A1T 9,
(C) BRBEME R A A » 7% EO BRI RIT T B OMGE : (5 5 &)

KEBRZITH BIEL, B)YDERN L TV KA AL U HEEOEBICET 5 LD TH > 7278,
BN LS TE~ITF RAAL > (RFME R A A V) BEENLEIT 506 Th D, WIS
DOFEMBRSEHNTIL, R A A HEEIZ OV THRATHISE D EE 72 Pb(Zr, Ti)Os (PZT)Z IR L, Al
72 RAA DI THERL S35 (001)EL M PZT #E & 24l T/ KA A & H T 5 (11DEW PZT
MDD BEO FHED B Z T o7z, AT 2B ROKRE S EE(MLEEHZET, RAAL VAL
v F 2 7 EO RICKIETHEBERD,

LI ED®B), (O LV, AWFFED 2 5 H D HENIESRRL KA A 25 EO IR KIET 2% I
LENZTHETH D,




1.3 AW O 9

1.3 XD

PLED 12 BiOFHANS . AFFEOME % Fig. 1.4 1R Uiz, A SCE4a 6 o LR S
TW5, 1 BIZBW T, 8B EIARHEBED EO 7 /3 ZA~D ST 2 BROFREIZ OV Tl
ZOERR & U CE TR & LT STO AR L2\ T TEASL R AL V3 EO ZRICKk
ETREBLZFAOLMNIT DI &) SRR L LT MO FR B2 T [T R & BY
KT HZ & ZARUIEOEE LTz,

E2EICBWTIL, ¢ RAAL (O0DEHDT X 3 4L BST #fEAZF L LT, 7L
R A A ATHBWTELD EO FEICEH 2 552 B0 MEm Tl & FEBRIRGEIZ DUV TR 7z,

B3 EICBWTIL, BAEIHOEZ 2 S SITRESY, PZT A2 E LTERICL ST
GE LT~V TF RAAL Vv (BREPE R A A ) 25 EO FiPEIC 5 2 5 B E 7, Rk B A A
VD RAAL AL T TIZED BEORERR ETE B Z L AR,

W4 EICBWTIL, B EFREHRIE L2 STO/TIO Ny 7 7 —f@DEAZIRE L, MgO Lk
BST WD R ECRHEIC ED X 9 g B% 5 2 2 0B ab =,

55 BIZBWTIE, MgO Ed PLZT D BRRAR 2 303 2 72 012 2 BepE i)t & 142
L. #HE O 1 BRI A TR O R AmIRIEN & O X 5 I T D E ik~ T,

%6 EIZBWTIX, AMPEFEOFIMEOKEEZITV, fin M O4 % OBEIC OV TS
L7,



10 FH1E i

| Chapter 1 Introduction |

, , [ ]
Basic research on SrTiO, [im P . ffoct |
{ Impact of strain on EO effect }

(Ba, Sr)TiO4 Pb(Zr, Ti)O;-based

Chapter 2 Impact of strain on electro-optic Chapter 3 Impact of ferroelastic domain on electro-
effect in ferroelectric (Ba, Sr)TiOj, thin film optic effect in ferroelectric Pb(Zr, Ti)O4 thin film

Material: Cubic (Ba, Sr)TiO4 Material: Rhombohedral Pb(Zr, Ti)O4
Method: change in film thickness Method: change in substrate orientation & dynamic field
For single-domain For multi-domain
. 1. Theoretical estimation . . Equivalent domain E i Non-equivalent domain E
Rl ~apiylutiy uon SrRUO,/SrTiO4(001) ! .on SrRuO4/SrTiO4(111) !
Comparlson ______________________________________ '
""""""""" Comparlson

__________________

Construction of EO measurement set-up: Electric field modulation ellipsometry

Advanced research on MgO
: Novel fabrication technique for epitaxial ferroelectric film on MgO I—

Chapter 4 Introduction of epitaxial buffer Chapter 5 Suppression of island growth

layer by the first atomic layer control by two-step growth technique

Material: Cubic (Ba, Sr)TiO, Material: La-doped Pb(Zr, Ti)O,

Method: first atomic layer controlled Method: two-step growth technique

SrTiOy/TiO, buffer layer | - T------————---- PRV . \
___________________________ ' One-step '\ 1 Two-step !
'Wlth BL : I*SrRuOS/SrT|O3(001) | *STRUO,/SITiO4(001) !
1on SrRuO3/SrT|O3/T|02/MgO(001) ! *STRUO,/MgO(001) | | *SrRuOS/MgO(OOl) !
tCompanson Comparison

' Without BL :
' on SrRuO,/MgO(001)

| Chapter 6 Conclusion |

Fig. 1.4. Thesis overview.
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Fig. 2.1. Change in optical indicatrix (a) before and (b) after an electric field application. The optical axis is in the
z-axis direction where polarization exists. A light passes through the medium from the y-axis and the electric field
is applied parallel to the-z axis.
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Substrate

n, // [100]

Fig. 2.2. Schematic image of the system considered in this calculation. A (001)-epitaxial and single c-domain BST

thin film is grown on a thick cubic substrate. n; denotes the refractive indices. An electric field E3 is applied parallel
to the direction of spontaneous polarization Ps .
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Table 2.1. Coefficients for BST thin films used in the calculation in SI units (temperature, 7, in K). The values for
x =0.5 and 0.7 were interpolated by using the values reported for BTO and STO except for a;.

BST (x=1.0) BST (x=0.7) BST (x=0.5)

a1 (105 m2 N/C?) 31 4.69(T-381) 4.86(T-310) 5.31(T—250)
ai1 (10°m° N/C%) 0122 3 60(T-175)  2.52T+69 1.80T+535
a2 (108 mé N/C¥) [201. [22] 4.90 7.54 9.30
ai11 (10° m?® N/CS) 201 122 6.60 4.62 3.30

s11 (1022 m2/N) [0 [23] 8.30 5.92 4.33
S12 (10712 m2/N) [201. 123] —2.70 -1.92 -1.37
Saq (1022 m2/N) (201, 23] 9.24 6.70 5.01
Qu (M*/C?) 231131 0.11 0.092 0.080
Q12 (M*/C?) 1231 [32) -0.045 -0.035 -0.029
Qus (M?/C?) 1231.132] 0.029 0.026 0.024
51111 (M*/C?) 1281 [33] 0.150 0.149 0.148
051133 (M*/C?) 181 1331 0.0380 0.0381 0.0382
pP1111 81 B4 0.370 0.304 0.260
pP113s 181 B34 0.110 0.106 0.103

gc B 5.760 5.731 5.712
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Fig. 2.3. Temperature—misfit strain phase diagrams of a single-domain (001)-oriented BaTiO; (a) originally
reported by Pertsev et al. and (b) developed by Kvasov et al. taking into account high-order electromechanical
couplings[27].
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Fig. 2.4. Temperature-misfit strain phase diagrams of a multi domain (001)-oriented BaTiOs by Koukhar et al.
[28].
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Fig. 2.5. Domain structures in (1) a single domain state and (2) a multi domain state corresponding to Fig. 2.3 and
Fig. 2.4. Allows in the figure denote the direction of spontaneous polarization and areas highlighted in gray show
the domain boundary[25], [28].
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Fig. 2.6. (a) Out-of-plane spontaneous polarization, Ps3, (b) electric susceptibility, x33, and (c) effective
piezoelectric constant, df;, at 300 K as a function of compressive misfit strain, u,,, for c-domain BST (x = 0.5,

0.7, and 1.0) thin films.
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Fig. 2.7. Temperature—strain map of the linear EO coefficient, 7333, for c-domain BST (x = 1.0 (a), 0.7 (b), and

0.5 (c)) thin films.
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Fig. 2.8. The linear EO coefficient, 1333, as a function of misfit strain at 300 K for BST (x = 1.0 (a), 0.7 (b), and
0.5 (¢)) thin films. The solid circle in (a) shows experimental data for a bulk single crystal taken from Ref. [36].
The contributions of intrinsic EO and elasto-optic effects are indicated as meshed and hatched areas, respectively
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Table 2.2. Contribution of the elasto-optic effect to the linear EO coefficient, 1333, for BST thin films. The values
measured for predicted for STO thin films by first-principles calculations[9] and unclamped BTO bulk single
crystals[36]-[37] are also listed in parentheses.

Composition x Contribution of elasto-optic effect to 7333
1.0 0.141 (0.613 [36], 0.787 [37]%)
0.7 0.106
0.5 0.0846
0 (0.076, 0.122) [9]

2 Value is for the contribution to r.
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BST J#5 S OV T #B AR SrRuOs (SRO) (&, STO(001)Hijifdfh AR EIZ PLD IAIC L W /FRLL
Teo 72721, BST OMBUIFHEERBIRE LM FEBZZE L T x=0.5 Z @R L7, B HN
722 =4 MiE, BSTIZOWTIE, Hilid BTO ¥y Rk & STO ¥k (& HIZ8YLE:) % Ba/Sr kb
28 x=0.5 OILFMamfIZ 72 D X O ITIRA « 7 VA L72f&, 1400°C T 4 FeffEk L7z b D%
AW, SRO IFHiROET I v 7 A% —4 > MWz, F72, SRO OEEITNAEET 5
£ 91220nm & L, 2D RIZEAZZEL S 572D BST OFEE % 50 nm, 100 nm, 250 nm,
300 nm & Z8{L S Hz 4 FEHORE 2 FR U 72, SOG4 Table 2.3 (2R3, £/, &
MBS B — LA E TR EZET D X 5 IZRE 10 nm, B 100 pm & T 200 um D[
& Pt Eh % 455 > BST/SRO/STO(001) B ESRLL 7=,
fi i - A

TR D fE AR SCRC M ME O FEM I IE . Cu-Koy BRD 4 #ioo X #REYTEEE  (Burker, DS
DISCOVER) # [\ /=, XRD OHIEICITEOHEECELAIPEZ XD 20/ WIE. BEORE M

(BLrmfs) 250 v X I h—7 (0 AFx v ) JE, MNOERBHRZH D ¢ A% v




28 52 % RFAFER(Ba, SHTiOs MO E A S XOCFRR I T T HH

VHE, EBAHEFARDLWRETZEM~ v 7 (RSM) JIE A Wz,

RO REIRAEOFHMIZIL, RN EE # BT (RHEED) (ULVAC) % M 7z, ekl
PEOFMMIZIZ, LCR A —% — (Keysight, E4980A), 5##%%% 7 A % (Tokyo Corporation, FCE-1)
AWz, EO FtEORHmIE 2.3.2 Hi T T 2 EBARALME Y 7Y A MY —HEEAHEZEL |
1To7zs £72. FRITHT 0 23720 R Y | IR OFE T [ CRIEIZ DV TIEIFER D IEE 4 vz,

Table 2.3. Deposition conditions for films on STO(001)

Laser KrF excimer laser (A = 248 nm)
Target SRO tablet Sintered BST
(x=0.5)
Substrate temperature (°C) 700 700
Oxygen pressure (mTorr) 200 10
Laser energy (mlJ) 59.4 59.4
Repetation rate (Hz) 10 7
Target-Substrate distance (mm) 37 45
Film tchickness (nm) 20 50 ~ 300
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Fig. 2.9. Schematic of the ellipsometric EO measurement set-up.
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Fig. 2.10. XRD 26 @ patterns for BST thin films on SRO/STO(001) substrates with different film thicknesses: 50,
100, 250 and 300 nm. The pseudo-cubic Miller index is used for SRO.
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Fig. 2.11. XRD reciprocal space maps at room temperature around BST 203 for BST thin films on SRO/STO(001)
substrates with different film thicknesses: 50, 100, 250 and 300 nm. The dashed lines correspond to the cubic
lattices.
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Fig. 2.12. RHEED patterns of BST films deposited on SRO/STO(001) with different film thicknesses: 50, 100,
250 and 300 nm along the STO[100] azimuth.
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Fig. 2.13. (a) Temperature dependence of dielectric constant, &, for the BST films measured at 1 kHz. The
paraelectric-to-ferroelectric phase transition temperature for bulk, T,(= 250 K), and that for the films, T, are
shown by solid and dashed lines, respectively. (b) Strain dependence of T; of the films. Solid line is for the
theoretical prediction.

Table 2.4. In-plane and out-of-plane lattice parameters, misfit strain u,,, and phase transition temperature,
T, for the BST films with different thicknesses.

Film thickness (nm) In-plane Out-of-plane Uy (%) Ty (K)
lattice parameter (A) lattice parameter (A)

50 3.906 4.044 —-1.11 £0.03 680=+40

100 3.923 4.020 —-0.68£0.03 57110

250 3.934 3.992 —-0.41+0.03 43010

300 3.946 3.975 -0.10£0.03 320+10
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Fig. 2.14. DC electric field dependence of the modulation amplitude for the 100-nm-thick BST (a) and 300-nm-
thick BST (b) films at room temperature.
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Fig. 2.15. Effective EO coefficient, 7., as a function of temperature and misfit strain estimated for a c-domain
(Bag.5Sro.5)TiO3 thin film.
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Fig. 2.16. (a) Temperature dependence of the effective EO coefficient, 7., measured for the BST thin films with
different magnitudes of misfit strain on SRO/STO(001) substrates. (b) 7, as a function of the difference in
temperature from phase transition temperature, AT = T — T. Theoretical values are indicated by solid lines.
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Fig. 3.1. (a) The volume fraction for c-domain V. dependences of effective piezoelectric constant for the PZT films
with Zr/(Ti + Zr) = 0.39 (triangles) and 0.50 (circles) by Nakajima et al [4]. (b) The volume fraction of domains
with a polar-axis orientation, Vo1 (as-depo), of (111 )/(111)-oriented rhombohedral Zr/(Ti + Zr) = 0.65 films (opened
symbols) and of (100)/(001)-orientated tetragonal Zr/(Ti + Zr) = 0.35 films by Ehara et al [9].
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- =2 AN
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Fig. 3.2. The polarization direction, predicted domain structure, and possibility of domain control by external
electric field for rhombohedral PZT films on (001) and (111)-orientated substrates.
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3.2 EBRAE

PZT WK OV HEBFEM SRO (L, STO(001)M% Y STO(111)HifE S AR =i PLD 1kI2 XY
Table 3.1 O CTIER L=, 7272 L. PZT ORI if‘aﬁﬁiaa@ x=0.7 Z&RL, PZT ¥ —7~
> NI PbO ZAbF &tk L ¥ B 5 mol% MBI L ClE Ofifs 7 m A TIER S
ERAWE, Fz, EMEMILE 2 7 L RRICER Lf:o

PZT LD FEAR K OENTIZEE 2 B2 & RIRR O E . FEEH WS, ERICKT S R A 4’ Vg
W& DAL % LB EBMEE (PFM) (AsylumResearch MFP-3D)%Z W TR~ 7z, £72,
%92 R A A EIE D2 % SPring-8 BL15 (2 CEMR T XRD HIE Tl L7=[18], K X 4
VEIEIFS R AL DO — 7%ﬁﬁm@t?// T UVBEBTT T AL, EOY
— 7 HRENSEH LT,

Bl D72 5 PZT #illod EO Fpfh &5 2 BERERICER LRI Y 77V A b U —3&8E 2 v

TH~TZ, A Bl EO HIE TIEERR KA A L ORBEZFRD =012, A%k 1 KHz, EE
1.2V O ACERZHI L7235 DC % ﬁ%/ﬂtéﬁ%(ﬁmk BRICE-STHEIND KA

A VEEORBENC L D287 KA A L ORBEETHRD 0 A DOYRIE 2 20 S 2 HIE
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1319.5° & L7,

Table 3.1. Deposition conditions for films on STO(001) and STO(111).

Laser KrF excimer laser (A = 248 nm)
Target SRO tablet Sintered PZT
(x=0.7)
Substrate STO(001), STO(111)
Substrate temperature (°C) 700 610
Oxygen pressure (mTorr) 200 200
Laser energy (mJ) 59.4 59.4
Repetation rate (Hz) 5 10
Target-Substrate distance (mm) 37 37
Film tchickness (nm) 20 660
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Fig. 3.3. XRD reciprocal space maps at room temperature for PZT thin films: (a) on SRO/STO(001) around STO
002 and (b) on SRO/STO (111) around STO222.
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Fig. 3.4. P—E loops measured at 1 kHz for PZT films on (a) SRO/STO(001) and (b) SRO/STO(111).
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Fig. 3.5. DC electric field dependence of the modulation amplitude for the PZT thin films on (a) SRO/STO(001)
and SRO/STO (111).
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Fig. 3.6. (1) Topology, (2) PFM amplitude, and (3) PFM phase images (1 x 1 um?) for the PZT thin films on
SRO/STO (111) after applied bias voltage: (a) =5 V, (b) 1 V,(¢) 1.5V, (d) 2V, (e) 5 V.
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Fig. 3.8. (a) Modulation amplitude of light and (b) EO coefficient r. respect to AC electric field applied to PZT
thin films on SRO/STO(001) and SRO/STO (111). The lines in the figures are guided by eyes.
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Fig. 3.9. The unipolar P—E loops measured at 1 kHz for PZT films on (a) SRO/STO(001) and (b) SRO/STO(111)
and (c) the change in maximum polarization as a function of applied electric field.
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Fig. 3.10. AV as a function of AC electric field for the PZT thin films on SRO/STO(111). AV11; was estimated

from the peak area of (111) and (111) domains before and after an electric field application.
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Fig. 4.1. Perovskite BST crystal structure.
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Fig. 4.2. Schematics illustration (a) in the case of the AO plane of ABOs-type perovskite on MgO(001) surface
with rock-salt structure and (b) in the case of the BO; plane on the MgO.
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VESRL U 72 SN D RFAT S OVEAT IS 2. 3 B & AR DL K O iEZ -V o A3 IR O &
& RMEREOFMIZIX, RHEED & OVR -1~ 71 B85 (AFM) (Asylum Research, MFP-3D)% H
W, BO FRMEDOFHIICIZE 2, 3 B FRRICERZFR Y 7Y 2 MY —HE@E A2 He,

Table 4.1. Deposition conditions for films on MgO(001)

Laser KrF excimer laser (A = 248 nm)
Target TiO; single | STO single | SRO tablet | Sintered BST
crystal crystal x=0.7)
Substrate temperature (°C) 600 750 700 700
Oxygen pressure (mTorr) 0.5 0.5 200 10
Laser energy (mJ) 59.4 59.4 59.4 59.4
Repetation rate (Hz) 2 7 10, 5 (EO) 7,5 (EO)
Target-Substrate distance (mm) 45 45 37 45
Film tchickness (nm) <1 10 50, 270,
20 (EO) 300 (EO)
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(a) With a buffer layer (b) Without a buffer layer
T lectrod BST (270 nm) i
op electrode /SRO(SOnm) Comparison Top ,ﬂctrlode 8T (270 mm)
ESTo ~10 E e
MgO(001) | i MgO(001)

Fig. 4.3. Sample structures (a) with and (b) without a STO/TiO, buffer layer.
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Fig. 4.5(a)-(c)iZ/N v 7 7 —J@ % H\7=5A O SRO ARIERT E CTO4 M T RHEED /¥
X — 2 OEACERT, (@)D ERTD MgO 2> BB A R Y — 27 X2 — U PRR.2TE Y | F
B7eRmTH D, (b)D 1 ML BEEZ O TiO, DR TlEL, (a)D MgO & FRIEkIZA Y —2
INB— U B HERF L TR D SEE R RE DT S L TWL DY, RIZ, (¢)D STO DEMETIX, 0, 1rod
& 0,2rod DALEIZA Y —27 B E 2, MgO & STO[001]||MgO[001]? cube-on-cube D T £ X
¥ VB TIRICAEE L2, 24T McMitchell 55° Mckee & DSEATAFZEDRE R L [FMETH
%, F£7=. in-situ © RHEED #1227 53K ® 7= STO DIEEIZ %3 % i N O E DAL % Fig.

vV McKee 51 & » T, TiO, TH& L 72 MgO L Tl, 0,2rod DR + ) — 2 721F T7x . MgO FKIifi Dl
AF v 3 A P BRFRICKDbIL G4 4 VEREED 2 151272 272, 0, Irod DFLEICTT VA F Y — 27 23
WS S T 5[29], Fig. 3.6-(b) DHFE MgO HuAlk % F > 7z RHEED &2 513, 2D X MY — 27 oKX
WEECH 2 A3, B OB L 72 MgO ERZ v, [FER D RN © TiO, % HERE & & 7 EhgH o
120, lrod DAEIC A B Y — 27 82 — v BHEL Tw 3,
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45(DITAR LTz, SeATHFZE L [RAEIC STO 1&, 1 nm {107 CHEFURIEICE L €, RIS ELDORE
TS Z 0 | RS THREO 10 nm OEMETITIE & A E/ V7 O EEITREFN L 72[38]-[39],
WIZ Fig. 4.6 12y 7 7 —@x AWTGE LNy 7 7 —fgx 060 SRO LT BST
® RHDDE /"% — >z d, £, Ny 77 —@a 3 MgO E L THE LIZEICHONT
%, (a-1)® SRO DEFETIX, DT MNITIERLTTZAR Y MROARY = PRRZTEY | FEaaE
DPMEL . 3IRITTHIC BRI E LT 5, REEIC(a-2)D BST DEERETEH, SRO &AL L 572 %
Ry MROASRZ—2THY | FTHEMTH D SRO DFEEMHKEZFIEHONTHRELTEBY, #£
A I ARE L, aa‘f DEWETH L ETHREND, ZOXK 7% MgO ETo BST KD 3
WICHI72 Bk R 1. % 0 PLD O RS Tl ST 5(4], [6], [171

BST/SRO without BL

BST/SRO with BL

SRO without BL
SRO with BL

Intensity (arb.unit)

Fig. 4.4. XRD 26 w patterns around BST 002 and SRO 002 for BST films deposited on a SRO electrode on MgO
with and without a STO/TiO> buffer layer (BL). The patterns before BST deposition are also plotted. The pseudo-
cubic Miller index is used for SRO.
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(b) TiO,/MgO  [(c) STOITIO,/MgO
¢
i 2
009102

d € I

= 043grBukMgO 7800 ... -

3 0.42 -

€041 @A

S 040 (g

2 0.39 ~ Bulk STO at 750 °C

m | | | | | | | | | | | I | | | | 1 | |

=038 "% 4 68 8 10

STO thickness (nm)

[X] 4.5. RHEED patterns of a STO/TiO; buffer layer on MgO along the MgO[100] azimuth: (a) initial MgO, (b)
after deposition of 1 ML of TiO,, and (c) after 10nm-thick STO deposition. (d) shows the change in the in-plane
lattice constant of the growing STO surface estimated by in situ RHEED observation.

SRO without BL

SRO with BL

Fig. 4.6. RHEED patterns of SRO layers (1) and BST films (2) deposited on MgO along the MgO[100] azimuth:
(a) without and (b) with a STO/TiO; buffer layer (BL).
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— 5T, Ny 77 —@EAVWTZEEA. Fig 4.5-(c)? STO & FIEED A kY —27 738 — 2 53(b-
1)® SRO, (b-2)D BST THEILE 4L, MBI 72 Bk S STO Fabi & [FIERIZ STO/TiO, N> 7 7
—JE® ETH BST/SRO A FIFIC = B X ¥ v Lk L72[40].

Z ® STO/TIO, /N v 7 7 —JBEADZNRIL, Fig. 4.7 D(a-1)STO % EH MgO (ZHERE S H 720
H. (a-2)SRO Z ki L7254 & (b)MgO £ C 1 MLTIO, # i S 72D % SRO % ikl L 7235
£ ® RHEED 4% Fig. 4.6 ® RHEED 14 & T HIL L VSN E 75, FigdT DELLD
SRO @ RHEED #7056 U > ZHROEHT R Z — U BB TEY, ZEXF Ty /LE LT
2, Thbb, AREOEESETIE, STO X MgO ETEETE X 3 v LakE Lo
72, F7=. Rijnders (2 X - T STO FEM D &S DIFED SRO DK EAZ KT THENHTH 5
ALTHE Y | TiO, THed L7z STO Ak B T% HIEAYIZ SO H2 R &K & 725 X O ITlET 5 2
ENE I TV S[41], PLD Ok Tid ABOs <1 7 A A ~E AO ., BO, i &IAFIZK
12 TiEn, 12=y b TT I A2 ME->THET D, Lo T, STO /L TiO, H %
L. SRO (X SrO WA HREMR & 7250 KX HITHET 2, T72bb, Tio, JRFEOHEANITF LT
ABO; "R 7 AT A MEETSH AO HDRKEER D SRO OFEIITAFNM@ 7002 & &R
L TWn5,

(a-1) STO on MgO (a-2) SRO on STO/MgO

(b) SRO on TiO, /MgO

Fig. 4.7 RHEED patterns of (a-1) STO directly deposited on MgO, (a-2) a SRO layer deposited on STO/MgO and
(b) a SRO layer deposited on 1 ML TiO»/MgO along the MgO[100] azimuth.
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WIZ, STO/TIO, Ny 7 7 —JEEAIZ L D EMEROENEZ L0 EEICH LN T 5720
IZ. XRD & AFM DIE#4T->7-, Fig. 4.8 2 BST 002 (251} 5 XRD oA % ¥ L HIE D5 F
BT, Ny 7y —EHWZBST &y 7 7 —f@xH\Ru BST OYERIZENEIL,
0.97°, 2.77°L 720 . STO/TIO, /Ny 7 7 —J@ZE AT 5 Z & CRIBICHEEMEN M B LT,

F72. Fig. 49 12y 77 —f@x W56 E Wi W5 SRO & BST O AFM &, %
72, Table 42 [Z&MED 2 F )R (RMS) HE DEE KT, SROIZOWTHRTHD &
STO/TIO, Ny 7 7 —JEZ B AT H T LT LD, REMIDBEAD L, KidhioRE I HHRL
720 ZOMFENL BST THREBETH Y. BST 1% SRO OFRAREZ 5| MO THRE L T, £l
HENED LzEEZBND,

without BL

Intensity (arb.unit)

with BL

3 2 1 0
Ao (°)

1 R

Fig. 4.8. XRD w scans for BST 002 of BST films deposited on SRO/MgO with and without a STO/TiO; buffer
layer (BL).
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Fig. 4.9. AFM images (2 x 2 um?) for SRO layers (1) and BST films (2) deposited on MgO: (a) without and (b)
with a STO/TiO; buffer layer (BL).

Table 4.2. RMS surface roughness values estimated from 2x2 um? AFM scans (in nm) for SRO bottom electrode
layers and the following BST films deposited on MgO with and without a STO/TiO, buffer layer (BL).

SRO BST
Without BL 2.18 1.87
With BL 111 1.39
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442 SrTiOy/TiOy Ny 7 7 —JEE A2 BST D EAICE 2 5 5 E

WIZ, Fig. 4.10 I[Z=IRIZI51F % BST 113 & D @ XRD RSM JHlE DFEREZ/RT, (D3> 7
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411 IZZ2 DRER R Z T,

EFT. ANy 77 —BEHVRWGAE O FEROZEbE R THD & RIERE T I A
~ v FRGERITKE LIALE D D MgO ORI Z B E L T IWZERRIZ—FH L T D,
ZDD, Ny 7y —J@HEL OB, RERE T I ATy FICLDERIEML TN D
EEZDND, 2L, HAOKFERIL, AEOWE TIIE LN DMENIEFIT/NIS o
T2 ORBOMEDOHE R L TN D,

— 5T, Ny 77y —@EHWTGE O ERITER & OBWIRREGE L RT Y a2 E
T 5 &, BOICEIRIRE TN & mAOK - ERNTHIAENOE(L L TEBY A
IREETEADFEML TEHBH T, SRO/STO & DADIKET I A~ v FIZ KD EMESZ T TV
%o A BIOMEEFEE ClX SRO/STO £ BST KD I A7 A v NMEBO A S IR ILE 2
TWDIETTH D H[39]-[42]. I ERERDE NI L - TEAOEMEENE(LT 5 2 L BAEHE
S TUWD[40], T AVIEAE Al M D 5 OV IR T I BCEERR BB IS 28I S s b OREB OB AN
M EN D516 TH H[43], Lo T, ARIOEE D STO/TIO, Ny 7 7 —EIZ X 2 i 7e K
TBST L2 R RERE— Na & 0 [ BHOEMBIH SN TWD EZEX b, S HIT,
AN T OR&GF- EE B NI O EE L R T Y b PRl SN D ER ETEEL T
%, F72, 200°C L VKR COMmA TR OFFEE O, Z ORI CTHREEEAHLRE
L. HESBOBAERZL>TRETWEDTHA I,



4.4 FEEEHER 63

~~
)
N
—~~
O
~—

&
MgO 113

(1/d)//[001](001)MgO (nm’y
(1/d)//[001](001)MgO (nm )

/
/
7/

32 33 34 35 36 3.71 3.8 . 32 33 34 35 36 3.71 3.8
(1/d)//[110](001)MgO (nm ) (1/d)//[110](001)MgO (nm )

’

Fig. 4.10. XRD reciprocal space maps around BST 113 for the films (a) without and (b) with a STO/TiO, buffer
layer (BL). Dashed lines correspond to cubic lattices.
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Fig. 4.11. Temperature dependence of in-plane (o, ®) and out-of-plane (O, m) lattice constants for BST films
without (o, 0) and with (e, m) a STO/TiO; buffer layer (BL). The slopes estimated on the basis of the assumption
that the in-plane lattice constant follows the thermal expansion of the MgO substrate are also plotted by dashed
and solid lines for the films without and with a BL, respectively.
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S1111tS1122
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ThH[14]-[16], 1 DHIX, THEM &L O AL OB TREIRAIERS T = — /L 73 K #E72
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Fig. 4.12. Temperature dependences of dielectric constant & and dielectric loss tand for the BST films with and
without a STO/TiO; buffer layer (BL). The experimentally observed Ty values, at which &, peaked, are shown by
solid lines. In addition, the theoretically predicted T values estimated from the measured strain are shown by
dashed lines.
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Fig. 4.13. DC electric field dependence of the modulation amplitude for BST films with and without a STO/TiO;

buffer layer (BL) at room temperature.
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MA D TDITITE T D 1 BeMEREE TIXR W e FIENMETH D,

Z 2T, ARFZETIE Z OB E RS D 72O IRET TR % 2 BB RIEE 2 1R 5,
FERAREBRTH D MgO Hif B Oz LT PLZT L [F Uk iiiE 244 % STO etk iz
WO 1 BRE L & 2 BeMEpkBys © PLZT MR 2 (ERL U RS ORI S 0 BLE 0 b
ARFEOHRAMEERGTT 5,

Fig. 5.1. SEM plane view images of (a) a PLZT(0/65/35) film grown on LSCO/MgO(001) by Tyunina et al. [11]
and (b) a PLZT(9/65/35) film grown on Ti/Si(001) by Scarisoreanu et al[12]. Both films were fabricated by PLD.
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Fig. 5.2. Temperature profiles of (a) one- and (b) two-step-growth processes for PLZT films. Predicted growth
behaviors for PLZT films are also schematically illustrated in the figure.
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Fig. 5.3. Phase diagram of PLZT system by Hartling et al[24].
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Table 5.1. Deposition conditions for films on STO(001) and MgO(001).

Laser KrF excimer laser (A = 248 nm)
Substrate STO(001), MgO(001)
Target SRO tablet Sintered PLZT
(9/65/35)
One-step Two-step
Substrate temperature (°C) 700 625 1% 450
2nd: 625
Oxygen pressure (mTorr) 200 200 200
Laser energy (ml) 59.4 59.4 59.4
Repetation rate (Hz) 10 10 10
Target-Substrate distance (mm) 37 37 37
Film tchickness (nm) 60 170~190 I*: 6
Total: 170~190

fiRAT + BFAM

I ORE AHEE-ChLmIPE, EAHOFHMIZIE, XRD, RO E & KRB OFEAMIZIL,
SEM, AFM, RHEED % i\ 7o, i EFMEORMIICIE, LCR A —X —, MiEET A ¥ % M
WV, R OFEHEIE E 632.8 nm D He-Ne L' —W—%fli~7=7"U XAH 75 (Metricon
Corporation, Model 2010) THT- 7=,
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Ji D XRD ¢ A% ¥ AEDFERZRT, &6 DRIZOWTEEMKRD 4 [\ FR & [F CA7#E
IZE— 27 B TE Y . PLZT[100]||STO[100]? cube-on-cube DEIfR T Z F v /L& LT
WD Z ENGhote, £2. MgO R BV T PLZT[100][MgO[100] D% T v 4 &
VX NMEELTNWD Z L BHER LT,

— Ny
— o

NOog SxO 3

1 X E I—mb) o
m »Zn. N N ™o
= 5 8 S
c a g o '(7)
3 ~ O
= N &
8 a9
2 (a) one-step yL
0
c
Qo
=

(b) two-step
| | | | |
20 30 40 50 60 70 80
260 (degree)

Fig. 5.4. XRD 28w patterns for PLZT films deposited on SRO/STO(001) by (a) one- and (b) two-step growth
processes. The pseudocubic Miller index is used for PLZT and SRO.
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Fig. 5.5. XRD 28w patterns for PLZT films deposited on SRO/MgO(001) by (a) one- and (b) two-step growth
processes. The pseudocubic Miller index is used for PLZT and SRO.
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Fig. 5.6. XRD ¢ scans for PLZT (110) and STO (110) of PLZT films deposited on SRO/STO(001) by (a) one- and
(b) two-step growth processes.
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WIT, TEEDFRE ML Z D 0 5 7212, Fig.5.7(a)ll STO Mk b, Fig.5.7(b)I MgO bk b
D1 BB O, 2 BEBERE PLZT D XRD 0 A% ¥ VHIEDRERZRT, £/2, HE—27 0
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BT 2Rt dH 2035, ARIOERTIIMESMEITETT 52 &<, LADT MMM L
LTWAEITHERZ D, ZHUTEIRT =— L ko> TRESMENREE L, FilRro e 2 X
XYIVBNTEDLENI VT U A EIFFL TS, STO FEM EIZ 2V T, 0.03~0.04 &iEED
WAEH & LT HIEFIT/NSRET, MOWERIED PLZT R SV TN D 2 & 353 )
>72[25], —J7. MgO M EIZ oW TiE, 0.95~1.01 & STO F:A b & b~ T 1ML B R & 72l
Elpolz, ZORRNE LR, EROFEIC I Y PLZT K & O EHR-SCEWERE O 2
AT TFOREINERDZENETONLR, MgO LV STO DFNRINHLDI AV Y
FIIREVDTE ZIZK V[26], Table 5.2 72>5, PLZT O HElEIL SRO OY-EIEIZZE L < |
SRO ARED B CHREMMEIFME T LT\ 5, SRO VX PLZT & [Akk/aXn 7 204 MEETH D
DT, ML T AHA MEED STO HMRK & 13T I A~y F /s, FERITYyTF o7
DRV, — 5T, MgO ITEEHETH L0, 2O Riz~a7 24 MEED SRO Z &8 L
EoET5L, BEOEWVIEAIFN LRI Ay FNREIY, SRO DRESMHEIIRKE L
Do DX DITHM L HECRERAEE N R D L HIEO T X F 2 v LERES B WAL
EHEFFT D Z LIRS 20 D,

(a) ——one-step L —_one-step

Intensity (arb.units)
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Aw (degree) . . T Aw (degree)

Fig. 5.7. XRD w scans for PLZT (002) of PLZT films deposited on (a)SRO/STO and (b)SRO/MgO by one- and
two-step growth processes.
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Table 5.2. FWHM of rocking curves for PLZT films deposited on SRO/STO(001) and
SRO/MgO(001) by one- and two-step growth processes. The values for PLZT(002), SRO(002),
STO(002), and MgO(002) are listed.

STO substrate MgO substrate
FWHM (°)
One-step growth  Two-step growth  One-step growth  Two-step growth
Substrate 0.02 0.02 0.02 0.01
SRO 0.04 0.04 0.89 0.92
PLZT 0.04 0.03 1.01 0.95

WIT .1 BRPERR & 2 BB RT3 1T DR DRI 2 B & 282 % 72 12 Fig. 5.8 12 STO
FM, Fig. 5.9 12 MgO Fb LDz DT, STO[110]1% T MgO[110] 571> & @ RHEED 4 %
7T, £7. Fig. 5.8 D STO HARDFERLFHIT D, (a)D PLZT BRI SRO D B¢ Tl
W72 EO M EOR AR Yy RARZTEY | BB LV TERRER TH D, (b)D 1 B
D PLZT BECIE, SGRIREO AR v b XF —U B8R 2 TEY . XRD ORIERRFEKIC
AXT X NVRELTWD I ERERTE S, £, BB L 2 ARy hXF—2ThH 5
ZEnDL, MO LREBRTHL EBZLLND, (0T 2 B EROAERED RHEED
BTHY ., (c-D)DRRICKIT D 1 BEFER OpiiEE Tk, ORIERTIZA MY — 27RO AR
FARZTEY, A ERRTEX XUy VENER SN TWD EEZ NS, KRD(c-2)
DERIZFHIRBE, ORCAR Y FBAPRIZ /> TEY . ZOEM T LIMEE I N 25 2
5D, (c-3)D 2 BEFEH ORES OIRBETIX | BFERIEDO & D LRI T B X 3 v LR
ZRET D ARy hoXF—Th Y RHEED B2 O#iH TIL BTN MM D & 5 REIRIC
o TNbHEZEZBILD,

KIZ, Fig. 5.9 O MgO MR TlE, (a)D 1 B RN O RHEED /~ % — % STO & [Flfk7R A
Ry MR —2ThHY, MgO MR TH XRD ORIERRFEIC=E XY X v LE LTS
ZEDHERTE L, — 7T, (b-1), (b-2)DFIE DRI /NZ —1F STO & REH#ARD ., U
YIRONRE = PNRZTTEY, STO EX Y HEMMENELS | fnafE s o T b
ZEMTREING, Lol 2 BB ORI 1 BERERER & RO 2 — 035 50T
BY ., WIHEORKEMEOIR S, 2 BB BIEZIZIZEE L WD 2 EBH 6N o7, &
7o, FEATHZ TCOMBIEDO AFM JIE S FEANC MO & > - RE D FIREDO T =— /L2
Lo TREIEHEDBET L, EIBE RS> TWVWAZ ENG otz ZOVRR0HED ETlE
T 52 & TPLZT DEIREENSII TE L &EZ 2 65,
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L

Fig. 5.8. RHEED images of PLZT films on SRO/STO(001) along the STO[110] azimuth; (a) 60- nm-thick SRO
bottom electrode layer on STO before PLZT deposition, (b) one- and (c) two-step grown PLZT films. (c-1) and
(c-2) show patterns of the first 6-nm-thick layer deposited at 450 °C, before and after heating to 625 °C,
respectively. (c-3) shows a pattern from the film after depositing the second homo-epitaxial layer at 625 °C.

Fig. 5.9. RHEED images of PLZT films on SRO/MgO(001) along the MgO[110] azimuth; (a) one- and (b) two-
step grown PLZT films. (b-1) and (b-2) show patterns of the first 6-nm-thick layer deposited at 450 °C, before and
after heating to 625 °C, respectively. (b-3) shows a pattern from the film after depositing the second homo-epitaxial
layer at 625 °C.
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Wi, REOWEEE R 572912, Fig. 5.10 12 1 BEFE & 2 B RO SEM %% 7~3, (a)
23 STO Fa:ti E. (b)2S MgO bl b3, (a-1)?D STO H:A bo> 1 Bk EL, Ao F—
FIHFNZH > T 100 nm Rif% DK E O F RO BREEE IR SN TS, 2O X H 725
JEMRIE Fig. 5.1 IR L7 BATIE THHME SN TV D[], —FH T, (a-2)D 2 Bk B D f
X OHIPAI TR A D BITER SN TE O T, FilERKREIZR>TWD, 72721, Fig 5.8(c-3)
DAR Y RO RHEED #4726, Z OREITEFJE L ~L TR TR,

WIZ, MgO FEt EOFERIZ, (b-1)D 1 BPEREMEIX STO Kbl I & FERICERRIZARE LT
W5, 72720, STO Hifk | & MO FitR ECTIXE DWW A TS HFAREL->TnD L HICR R
Do ZAUX, ERFEIC Lo TLERT 72y NEBNRRLZLRENEZ LD, FELW
JRKNEGr 2o TRV, £72, (0-2)D 2 B RIEIE, 1 BFERIEIZ IS TH DO R E I3/
EL R0, TUX LR ERNTNDS, STO Hf - & 138 7e v MgO JEMK Tl 2 B
L VT Bk RIZEEICMEl TE R o, Zhiuda vy X7 h—TRERERT
TRART2 KT, B L FAR O EHCORE A E N B e 5 Z L 12 X D SRO OfERMEDIR X YR
HThHAHY, ZTOFMENS, 2 BERBERUETAIT STO HAk o EkaE omifilicisn»Chiid TF
7R HIETH D03, MgO Bk B TIEFERR BIRE OMBNIREE 2 Z L RN anoTe, A1k,
FRBEIR I g DJE A7 & L0 k95 Z & T MgO ETHIRIEE BIREE O
T 2N AT RED T BT D D B D,

Fig. 5.10. SEM plane view images of PLZT films grown on SRO/STO(001) by one- (a-1) and two-step growth
processes (a-2) and on SRO/MgO(001) films by one- (b-1) and two-step growth processes (b-2).
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Fig. 5.11. XRD reciprocal space map for PLZT films deposited on (a) SRO/STO(001) and (b) SRO/MgO(001)
by (1) one- and (2) two-step growth processes. Both films are fully relaxed from the lattice mismatch.
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Fig. 5.12. AFM images (2 x 2 um?) for PLZT films grown on SRO/STO(001) by one- (a-1) and two-step growth
processes (a-2) and on SRO/MgO(001) by one- (b-1) and two-step growth processes (b-2).
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Table 5.3. Lattice parameters for PLZT films deposited on SRO/STO(001) and SRO/MgO(001) by one- and two-
step growth processes. The values for in-plane and out-of-plane directions are listed.

) . STO substrate MgO substrate
Lattice parameter (A)
One-step growth  Two-step growth  One-step growth  Two-step growth
In-plane 4.087 4.084 4.089 4.092
Out-of-plane 4.104 4.105 4.104 4.104

Table 5.4. RMS surface roughness estimated from 2x2-um? AFM scans of PLZT
films deposited on SRO/STO(001) and SRO/MgO (001) by one- and two-step

growth processes.

RMS surface roughness (nm) One-step growth Two-step growth

PLZT on SRO/STO 4.02 0.36
PLZT on SRO/MgO 9.46 3.74

533 1 BBE R U 2 BRRE R RS L 72 PLZT iR o 38 SR I R U5

KIZ, SRO/STO | TF SRO/MgO D PLZT # 5> 10kHz THIE L7 P-E E A7 U T A )L
—7HIEDFERZ Fig. 513 10737, BRTCOFETHREWE AT VU2 L—TLoTEY, &
DOFLALD PLZT THAE 22 Y Z 7 —TOsRFHERO R 2 R LTV 5[9], [28]. FARFEDE
WZ X o THRESMm (P) CHUER (E) OREZENTRONLVE, EHLL0HEK ETYH
2 BeMERR BN D A P RO T NI RE L 2o de, —RICTREE B IR CIEE A0 03
BRI Z MIET 2 MO TUVH[29]-[33], XRDRSM DOFERND E OIS EAITIZIE
FERIEMLTEBY ., EMRELBANENZ LD, 2RO DOREITE X IT VS, 2 B
BERIFEIZ K > TEADBEBRFEMMAE Z D | U TH—RENG LN EREKRLTWD
AREME B D,
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Fig. 5.13. P-E loops measured at 10 kHz for PLZT films on (a) SRO/STO(001) and (b) SRO/MgO(001)
fabricated by one- and two-step growth processes.
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BRIz, TV RN T T E2FANTRIE LT 2 B O 3T R O Efs 5 % Table 5.5 12
)V @ PLZT OHEME E B TRT, EBLDETH VT ERIZEDJBITERIBG B,
KRNIV L RIEEOEEE A ERS 5 Z LR TE T,

Table 5.5. Refractive indices n of PLZT films deposited on SRO/STO and
SRO/MgO by two-step growth processes and reported values for bulk PLZTs.

Material n  Ref.
Film on STO 2.50
Film on MgO 2.41

Bulk PLZT(10/65/35) 2.49 [34]
Bulk PLZT(9/65/35)  2.46 [35]
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AFETIE, MgO(001) Mk | T PLZT IR D FptkplcR 2 il 2 72012 . MR TR FH
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D, X FEHEWRTH D MgO IZB W THFISHDERZW 2T 72 OIS HIZHO 7T 7'm
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Fig. 6.1. EO coefficients at A = 633 nm dependence on film thickness for BST(50/50) films on SRO/STO(001) in
addition to the previous reported data for less than 1 um thick epitaxial thin films[1]-[19]. The EO coefficients in
Ref. [4]-[6], [13] were measured at A = 1550 nm. The estimated real values in the figure show the EO coefficients
for BST films taken into account the effect of dead layer. The red arrow indicates the ability to improve EO property

in thin film regions.
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Fig. 6.2. EO coefficients at 4 = 633 nm dependence on film thickness for a PZT(70/30) film on SRO/STO(111) in
addition to the previous reported data for less than 1 um thick epitaxial thin films[1]-[19]. The EO coefficients in
Ref. [4]-[6], [13] were measured at 4 = 1550 nm. For the measured PZT film, the maximum and minimum EO
coefficients when an AC electric field was changed are shown. The red arrow indicates the ability to improve EO

property in thin film regions.
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HMIEDOIFR D NEEZ: Si 213 Cod &3 2 8RR ETARMIZED B Z R T D ERH D |
S B D RIEHAN ORI KO HiLD, Si Stk RICHEBRFERER L =24 2 v LR
SED LI Si & DT EBKROBI RGO I A~ v F, SiO OB, RiFHENRE &
DGR EOBLATIEFICR#ETH Y . 2 E T MgO/Si[30]-[31], CeO./YSZ/Si[32]-[34],
STO/Si[5], [35]-[36], TiN/Si[37]-[38]72 E D/ 7 7 —J@ % W= B X & 3 v LR O HE N
REINTWD, KRR E 25 D0 (DAKEAIHIR &K OQ)HERE T 36 L OHERE % O Mk O FRFR
FHK T O SIOJEDOR TH D, (1)DRIEZfFRT 5 72 DITITIRE PR R E2 N 2
ZERENRFETOND, QIZOWTIE, (DL bilET D Z ERRERMETH D, Rt
B TIIREENIC S D0, @anE Ny 7 7 —J@8 2 F4 5 2 & T Si Bk L~ 5EEER
RIS R HIFFTE B,

FAMETIL, BFEREROELZHET D & T EO FERM ETEL 2L a0
7o, BO BRER Ot I 38 G THRIORR L 0 b/hE < 2L 7 12T 5 EO fREUIfHE 6
IRinotle, TOT LIF E VRS TR SN D M E AR O A XA BO %
B S I L 2R L TWD, ZOMRICKHT S 1 207 7Fe—F& LTiE, 14X
RO AR b EROFIMN %2 TEEMZT T EEmICLEAT2 2 &n
HIF O DH[39], Fi2. L VERWIEERTRE 2 BO REA T T M EBRMEIORRE LA X
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BERAAL D RAAL AL v F 7LD EORHENRR ETED Z ENHLMNIRST2M,
ZOFEMIR AT = A LETIEHRRD N TE o te, BEIZIE, RAAS VAL v TF v
TN XV IREROEITENE LT Z & OB TH ELIZOD, 2SN % CE 7255 f o
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PR 0 . ARWFZE T2 PZT & RARICAIDELA T R AL VAL v F o 7 ZHHTE % A6
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%2, EO W RICBT 22813 19 L& v (ZhhE v . 1 kLl B3 EGE L 7= [45], 58
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