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BRETRENNERE. L CrBAEE<L mol%s, BSTWEN/A BRET
CIREE) 0.001 LLF (1 MHz, Fif), AMAMES THEMNS S, 04~
0.6 mol% Cr 153 BST BF¥2/K) FoM fHATIE 500, TiskisZu RN 60 24, Cr
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Abstract

Barium strontium titanate (Ba.Sri.«TiOs, BST) thin films have been extensively
studied as a promising material for tunable microwave devices, due to its large
electric field dependence of dielectric constant. While the much higher dielectric loss
of thin films compared to their bulk counterparts limits its application. In this paper,
Bag 651y 4TiO5 thin films were prepared on (111) Pt/Ti/SiO»/Si (100) substrates by
pulsed laser depoéition (PLD} method based on the investigation of ceramic targets.
We have mod‘iﬁed the dielectric and tunable properties of‘BST thin films by means of
fine-tuning the process conditions and doping.

The dielectric response and tunable properties of Cr and Bi doped BagsSrg4TiO;
ceramics were investigated, respectively. Both of the tunability and dielectric loss
were improved by doping with small amount of Cr compared with undoped material.
Extremely low dissipation factor of <1.0x10” (1 MHz and room temperature) has
been found for BST solid solution with Cr-doping concentrations lower than 1.0
mol%. The 0.4~0.6 mol% Cr-doped specimen reveals a greatly enhanced figure of
merit about 500, compared to undoped BST ceramics of about 60. The great
amelioration of dielectric and tunable properties of BST ceramics provided a
foundation for preparing high quality BST thin films by PLD method. Proper amount
of Bi (3.0~35.0 mol%) can obviously enhanced the tunability of BST ceramics, while
the dielectric loss was also slightly increased, which result in no obwious effect of
doping.

In this paper, effects of oxygen pressures in deposition and annealing process,
substrate temperatures and laser energy densities on the microstructure and dielectric
" . tunable properties of BST thin films by PLD method were systematically investigated,
Which optimized the PLD processing conditions.

. The results show that the lower deposition oxygen pressure is beneficial to form
densé thin films with highly (111) preferential orientation. The tunability was greatly .

improved by increasing deposition oxygen pressure, while the dielectric loss also

Vi



exhibited abrupt increase, which reduces the Figure of merit (FoM) of the thin films.
Increasing the oxygen pressures of the in situ annealing process can ameliorate the
dielectric properties by rcstrain'ing the dissipation of oxygen, which prohibits the
oxygen defects. Therefore, it is effective approaches to improve the dielectric
properties by usiné properly lower deposition oxygen pressure of SmTorr and high in
situ annealing oxygen pressure.

. Higher substrate temperatures can promote. the crystallization and improve the
tunability of thin films, while it also' lead to much higher dissipation factor. In
'conclu‘sion, the thin films deposited with-lower substrate temperature of 700°C
behaves higher Figure of merit. The thin films possess different textures for adopting
different laser encrgy densities. The cross-sectional morphology exhibits columnar
téxture as the lﬁser energy is 2.4 J/iem®, and the columnar texture disappears when
increasing the energy density. The tunability increases with the decreasing of laser
energy density, while the dissipation factor present an oppaosite behavior. The results
indicate that the BST thin film reveals optimized dielectric and tunable properties
when substrate temperature, laser energy density, deposition and annealing oxygen are
700°C 2.4 J/em®, 5 mTorr and 200 mTor, réspectivcly.

We have prepared a series of Cr-doped BST li'[in films based on the investigation of
proccs;s conditions of PLD. All of the thin films have larger laitice parameters than
their bulk ceramics and the lattice parameters increase with increasing Cr-doping
concentrations, It is found that Cr doping can obviously reduce the dissipation factor
of BST thin films, especially at high frequency. Moreove-r, the diglectric tunability is
improved evidently by doping with chromium, The 1.0 moi% .doped films shows the
maximum figure of merit of 35.4 with enhanced tunability and reduced dissipation
factor of 33.8% and 0.0096, compared with the undoped BST thin films, measured at

15V and | MHz, which is promising for micro@qve tunable applications.

Key Words: BST, PLD. microstructure, Dissipation factor, Tunability
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ENTHARFZRZ WA R RE . §RREUBUBRIEN K b RREH%
Bz AEE: FRERT HNEERRES BHE A BNk YSASE
8. %5 BST BEALTIB AR, g 02 e TR AR AR A F A S
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/N, BEHARX TSRS, NEHEEE A RTE I EHRE,

Ba;. St Ti03 & BaTiOs (BT)4 SrTiOs (STHRIE B K, BT #1 ST TLLERE
%, BAlCL@d ok 2E Ba/sr @4y, HERBEE-233C~120CZ @A LF&iE
T, BST #48 7 BaTiO; M/ Atk ELEHE S SITIO; MBRTH. (RIRE -
Vs S, B, BSTHALEE (1) BMAREH— B HREE. (2)
RARIEMPIER: (3) BHFHIE: (4 SHOTEY. BST IR ae
HEEEREESHFASTE ZOEANER, . 88 9 ghan
REY. MRS R T EE RS,
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BEHAR R EE LSS, R RN ERES FBEE S IC I LSIC
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BEoREA, DROEOES, BEREEBRERMEREPEE ENEANR.

1.2.1 #1E8%

19IERMEYETERETEXBEXT “WABBARRIFL" 1k
£00, {8 r i SEHMENSSEERS T ENRE, Sl HEORT,
HESOERAE TROWTRE. 19945, 2EEXKERHRLRTHHHL. C.
Sengupta MEEFHFALY THIE 5 EEW. C. Drach, ERHEETHH(]
$5M “BST BARSAE RN MREHEIRIEH, IEBST Hekk
BB B SR AL BB AN S, AR B A KRB BT IS — 1 E AN E 4, fi,
BHBSHT RS ENLERE, BLELE, KE. HE. FA. BE0R
BT T R AR OUR, TRENBSTBESNHRESRK, T2014E
JOEARRE, ATFFRASIRAFS. H ) LB MRS B A RS S ARIPIN
“iRE, ENAETEARGES, SHEERENT, ARG M HE—
MOOATEHMEF), MBFAKEE, WEBHR00TET, MRAKEHHAE
WHET, MBI EEMHER LSS T ERTRABRPINRE, Hitks
PEME N BB RN R A T REFR, HrstTAEERLTEST
BT K.

FABSTH BEAVE (5% e T 4 38 RS 3 b A e 3 A2 BS TR RO AHTRS
S, TR B S MARR A B, E— SRR, Lk
HBEMEO AN, KECBHBTERRNATITENESBAE. B2y
—HETHFEES (Coplanar Waveguides, CPWs) FEEBAABTER. X4
#TEEHT (CPWs) NBBERERN, HTHFELNES, KWL
AT

8® =afL=27L1 2080, =[5, ] (12)
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Fig.1.2 (a) [nergrated thin film capacitor structure on a coplanar waveguide
(b) a typical C-V curve of BST thin films measured at |MHz
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FERAELR T | FR1R BST MERRAUHRAE, MR WA 4 A3 401 AE . C. M. Calson™!
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Vim FrIiB#A 65%; 415 A BSTMeO SN EE SBMBAERR. 30
GHz. 13X10° Vim THIBAES 400° , BABAMHE RN LEL S
45%dB. C. L. Chen!'"% ARG PLD 7€ MgO EHE A L$I& £ BaneSroTiOs
KM IMEz THEME, REESRH 47% (3.0X10°V/m) « 0.008, R
FhAT R IR R A AR BSTE A 0 4.0X 107 Vim. Sl 4 23.675 GHz FH4EfE
IE 2507 , WABFER 4.75 4B,
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Fig. 1.3 Schematic diagram of a microstrip resonator
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7. T BST TS, HARRELRARNA— I HEE, RALRN
AW EEEE. RERMUEHSR, 5 BST MEN BHFENFEBHEEAR
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1%), BENERESENEFSRARBEARYE. SAafEE 01, £9
BABRFEEA 3 B, AMEEENNTHRERZ 00 UTETSEEN. ERE
B R R R R A LR YA R AT R AR

A T ARSI SR R A\ SRR R T el BST # ifhe . A NE B RIS
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3, rEEH
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Bl X FHCREHIE) BST BEERHEEE N B HE (Schottky) R L
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s, BESHERER
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B, MR RR RGN EF R, KRERMR /X Rk
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R A B R TT R B SRR G B B8, B R RIS AR S M
B IHHIRT IR

HFREEN TR, LRTERASHENISENL BRE, AT
X—ARBEET (Figure of Merit, FoM) ¥A5BH G RMIR,

FoM = M (1.6)
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TEANEERYE. BREEABNESEHNE. K, BETRBRBLZ
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1.4 BST 2k M5 SHAR Rt R

1.4.1 BST Sk fBRpHEER

FAIERA S E AT UG R U FTTERY BT ERN AL, BRI BST &
RS EFTETERTHR - B (Sol-ge) V8% & BHENLE SRS
(MOCVD) "0 | &4 ipas st i L) Rk BOEIR AR (PLD) PPz
ELF BB (pulsed laser deposition, PLD) T2 PUTISIONS HIE
L& BST M.

PLD ERMAED TRABFENEBENPEAREETENER,
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LEXETEFH R

WK RS, EMAMFELAFERER. SRETEEEMAL, XA PLD &%
TLIERHMREARSREANFTARETRNERFRRTHERE, BHERK

SR H 2 B —5. k5, FI PLD %% BST BEISEE £ KE T,

WREHSW: T3AREERSA, BFEHARE, PRAERE. TX
HWIEALR A, TIHBIMEE RS SHTEEAGFSEERTEHFRENHEE
HHRA. AT, PLD BHIEMBEEFEEENOMERE, BER, HLUH
BRERBXNERBESGRC. B3, A4/ ZFXH T PLD HR4%K BST #
B, BHETE MgO. LaAlOs. SiTiOs. LiNbOs. ALOZ8 SitE E#lE& T 4t
SBREE, RET RS EREEEE. B, A THETRENERML, & Si
R ESI& AT R 6T BST MEEiH1T, HP, PUTYSIOVSI HIEREH

R,
% L1 EifE b — S g R AT BT
Tab.1.1 Some results from published papers and this paper
Te:;;r;;;'ies Substrates ‘ Tunability (%) tand  FOM Refs.
Sol-gel BST/LaAIO, 46.9 (80kV/cm, 1MHz) 0.008 58.62 28
Sol-gel BST/LaAlO; 51.9 (253 KV/em,IMHzY 00215 2412 29
Sol-gel BST-0.5/PtTi/S10,/5i 48 (200K V/em, 100KHZ)  0.03 16 138
MOC\/D PUBST/Pt 28.1 (200K V/em) 0.013  2lel 30
Sputtering ~ BST-0.5/MgO 233 (80K V/cm) 0.035 665 31
PLD BST-0.5/ LaAlQ; 42 (SOKWth, 100MHz) 0.008 52,5 32
PLD BST/MgC 25 (B0K V/cm, 100KHz) 0.007 3571 33
FLD BST-0.5/P/Ti/Si0x/Si 35 (100K V/em, 1MHz) 0.05 7 34
PLD BST-0.4/Pt/TVSiQ./S1 20.5 (300KV/em, 1IMHz)  0.015 137 EX
PLD BST(Cr)-0.4/PUTSIOySI  33.8 (300K V/em, IMHz) 0.009% 352 &3

% 1.1 SRR R RORARE L L5 &8 BST HENHE LS,
EXRESEE (24). ARPHUEY, 5 Sol-gel. MOCVD. E4HEHL,
FF PLD 675 S L5140 BST MM/ BiRiE 1 s AR B RAMER. %
TR R, B ﬁitkﬁﬂﬁ}tﬁ?&iﬁﬂﬂ}% PLD #1E PUTI/SIOxSi #3& L%
&1 BST MEAMAEAEMREHEMRS, KT Sol-gel EFEEHRR. X
% B AT M7 Si 4 A% BST WBM PLD T M R, TERHE—
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FUE. A CAYKEE PLD TZ, HEISIANBERTE, Hi&07BST BENSG
SHRNT R RARFITE &6 BST BE.

1.4.2 BST ke EBMHERNSTAT

BEEA RS, BEER. BESFSL. Rk p R
ERE, ﬁ@’?ﬁﬁﬁﬂ%ﬂﬁ?ﬁﬁﬂiﬁ%ﬁﬁﬂa B BST {$# RAEEMIEL
HNEER. BEETRE AR TLHEBG0NYL. Ml ERRE X,
PAEFRM. BEERAREGRBN/DEAMESL, BRABREE T A
FARARYE, TR AR C2BE TR AEN..

80 SN, MERBHREEIRANERNRR. SILREEREELS
rRFHRRBEANTE, SHTETLEFEIRBMNAASCARERRE
B, 90 FAMFREBBERALT THANNAHMER, AMTHHRBRE
FEBHERFERAAGOHRERERENTRE, #EEFRHE Ba.SnT0; Bk
SeFETT RS, 1995 FLik, EMIBZHARERFTLARSEART
EEIEE, SRS, 1997 4, %E Sandia EIFER E Shareef LR HE
PNZT. PZT. BT. ST. BSTHEL B EEEZR ULEE FHOREN, Bl
PNZT. PZT BREFEMBEE, EANKNRERR, TESHTMERE
%4, T BST RMAFESMA R REENBZENQRE, WHAREE NI
AR R

EER, BST HBENFHE, GHAMRNAESLBR ZRANHH,
HlEEIAE,. [RRFEN BST RRBECHER AT, RT—E5ERATR
Bk, BST HWRMAGHECFRRAM MR SMH, FHEENE
FE (00D BREHMHEEY 1~2 MEBR, MX—ARHT BST MEEM
RGP MNA. Bk, ERR DBHRMEER BST EREMEREHER
HASETAMSENE (MAETA, H/NERE, BRARLY, ARz
2) W9 ERIRE, 387 BST BRMNEIATAR AN H A

A TEE BST HEMNN M, ERAEENE/ T, AfEREEE
AR sy . HIEREAR ST, e A R AN A ARSI ERITTH
=R, ﬁﬁi%ﬂﬂﬁﬁ?%ﬂﬂ‘]ﬁﬁu XEPALE: T ZEE. BE
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BEEL BST K. SIAEWELWH. HIZFRAGHEM. FRELERE. B
&,

ZhoP5 5 ) PLD JiE7E MgO 3B b 4K T BEF BST . 55468 4 0%
AT R A BST #RAR ML, SR M) BST BIEM T B AEAA T BeR4aH0
IR A . A RRENNBAEENTREEZM. £T Mo £k
PRFRIES S BIRFE, M. JainERALNER Sol—gel FTEETE MO & L
Fl& T 3\ MgO #RE MR B Z M BST B, %8 | MHz % T, BST-0.5
BEFNEIRFE 0.0215 THE 0.0049, RMMIEREEFRMRE 51.87% F R
25.55. AT EMAMMPN BEN EANEE, AMIEEELABERE
() HEERERZEENENE, FEZERANER AN AHURESS
IR AE . Chang!*YSFRR T Er 2 ELAE XS BST MR /T R REAIREM, BRI
ZrERER 60 nm B BEKEERK. FAZKRIYIFEH Sol—pgel B MgO
FE L H &K ERE B S BST-0.4 BEMTHRFREE)T 0.005, R
VIR 381 % PRILE) 28.6% . IEFR, M ERAASKT 4WHFEER
FAMIEH K BRI PYTVSIONS MR T RIS (PO 8%, RAEBBH L FH
BREM (LaNiOy), LAUEA(YBCO) . $HBSEH ( (La, Sr) CoOs) F4THE4E

(SrRu0s) F. T, AIEM, THSEREMEN. RECEERENL
i SEREREEFEARN, BEERADERE. IEER 60~70 £AAESER
EZHEMRFTREZ—. AFRE, BEEFETHREETRE, fRRANEE
(] 90 & 5 T W 4 e K o

fEh— Mo EM R R EE TR, 5%, % BST BHMNBLARERET
NTIRSEEE. RYE 1993 F, Heme"MSHEFAT BHTE (Ga. Biv Fe. Mn.
Y. Nb) X BST M&ERESR, ZIMA | mol%Z B THE Fe, Mn ALAHE
BE BST BERAOA ARHE, ATIHEEMENBHE SRR, Cole R
Fi MOSD #& 4 HI7E PUTI/Si02/Si F1 MgO HTE LI HI1 & T Mg 4% BST #H,
#rt Mg B RIT H M T — RFIMTRF. EHE PUTI/SIONST SI& M Mg B3
BST 7 100 kHz T 89/ EEHHREE T 0.007, B HZ B CIF IR
ERHMEEAT NN TR EEBRNERE. k4, JainSRA Sol—gel EHET
Mn B2 8 BST M, B TREFARR. XFE MSOD. Sol—gel FFEH
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A BST B IT BB ERELHIRAEEK (BR) . HERBTRMELU
5 BST MR B R — B RN SR BHTELEHEA BST M&a%E, Hit
BRARTELERLE. MEHRAEHRHRET, 7A PLD. BHSHEH
BEEAMER (EWTEMERED) , RASHTES BST MESTSBAY
HELRATE, BRCSEALAT BSTEENBAMNRE. R 253 THE
by L —230 T BST #ESRNOHRERNEL O HIE.

. 3212 ER LT BST RS 0T T R0 A RIS HIR
Tab.1.2 Some results from published papers and this paper for doped BST thin flims

DO;)ing elements  Substrates Tunability (%5) Tan$  FoM  Refs.
BST-0.4 Pt/Ti/SiOYSi 344 0025 148 46
B (Sol-gel) 31.1(500KV/cm, 100KHz) 0.0095 32,42
BST-0.4 PUSI 28.1 0025 <562 47
La* (MOSD) 12.1(300K V/cm, 100KHZ) 0.019 637
BST-0.4 PYSi 28.1 0.013 2162 44
Mg?  (MOSD) 17.2(200KV/cm, 100kHz)  0.007  24.57
BST-0.5 LNOBYTI 36 0022 255 48
w5 (sputtering) /Si02/81 30 (400 kV/em, 100KHz)  0.0066  45.2
BST-0.4 - Pt/Ti 20.5 0015  13.7
' (PLDY /Si0y/Si  33.8 (300KV/em, IMHzZ)  0.0096 352 &I
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TR ARNBESENE. FRNTEAENE 4.1 i
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Tab.4.1 preparation conditions of Cr-doped BST thin films

Deposition parameters Conditions

Subsirates Pt {111¥Ti0y/SI04/S1
Target—substrate distance 4.3 cm

Substrate temperatures 700 °C,750 C,800 C
Laser energy density 3.0 lem?

Laser repetition rate 5Hz

Deposition oxygen pressure SmTorr

Annealing oxygen pressure 200 mTorr

Annealing temperature 800 T

Annealing time 90 min
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deposited at different substrate temperatures. '

44



FRAERLEmRY

4.1.2 FHEBRER BST FEN N B 5 MERENZm

B 4.3 F7R R FAOH R T A KM Cr B4 BST MEMA % HA A
RBENSIE . RS, BEREENRS, MR REY
RIS JrRIREE BT, S55000 BAORE S00°CT £ KIS MR B B LI
E&HT | MHz R T RANAR.

450
- 700°%
v 150%
R [a)
o~ 400 _ 800 °C
K var
lllIlllllllll-l.IIl ------
=
]
2 350l
g _o.ooo.otulooao............-....
E ‘“““““"A&AAAA...AaaaAAa Treneens
ﬁ 300|- LAA‘,‘“‘
D -
250 n i) aaaal L " n Lial A At & 4 doga
025
| « 700°C
020l .« 750°C
- + 800%c
L
g 015}
L ‘.
& o
o010} 2
a &
N 3 A‘. '.
B g5}
A .:..l
:“meﬂ““‘.::“.“ln:.".
0.00 sttt .
10k 100K M 10M
Frequency (Hz)

43 FrRARRHERE T EKE BST BB/ (B M BRE N MER S
Fig. 4.3 Frequency dependence of dielectric constant and dissipation factor of BST thin
films deposited at different substrate temperatures.

fRfE XRD WA S R, L RBERAN BST EHENERMEE, K5
TARERL®, ATMEFOLEEOSUEHHMEET, Yang" SR THE

45



LHASTES R

AR BST MIHAr 5 RO PWRT SR T X00ME, HIREE h 700°CRHE
BUAEEHER, SSREHEEES 7500H, BRI R R,
B RN ERA, SHREERER—SREN, ERMLED SRS RN
FREREMFE, BTMESBHR S ERORIE, TEETRERRBEA
BREA K H B RN EHAER. Kim"SEE AES MRER T4 700CF
#LEY BST AMSHELEAFES $NE. AT, HERENEMSHER
T BEN, BiLETEA AES SR T B RRIT.

400

otegee, 700%C
350[ S 750°C
~ " + 800%
.. -
‘:I% ’- .l. .'.t!:A;:.." '.--
*e el attg, *e, et
T e A NC
g [ . .IAA‘ ‘: .:' "t
Q * at ‘:- ' »
0 [ 3 :. rs . v
o 2501 A ‘:A "'I
= A hn
o I l' s R '
L »* : 4 "g
-g 0L it t,
v B
150 P R | L i 1 P — i
0.05
L 700°C
. ' + 750°C
0.04 | © s 800%
5
ﬁ L
® .
< 003 %
[ = . -
e o =
]
=3 ‘—0/”“’ A\%\‘
[+
k]
- “‘“§:$:5=“-Nmanh‘_
0 L ._I. 2 L L .

Thane -200 <100 ) 100 200 300
Applied Figld (KVfcm)

M 4.4 7R FHRERAET A K60 BST MEHA- f 3 B s R A IR E s A0 4
Fig. 44 DC clgclric filed dependence of diclectric constant and dissipation factor of BST thin
films deposited at different substrate temperatures, measured at room temperature and | MHz.

E 44 Fr AZRTETRNFRBET £18 Cr B2 BST BN B
BB IRFERES INE R BB AR . BRASMNERF N 250 kViem B, IR

46



R R

(1.1) A LAKTR 700°C . 750°C. 800°C FAKKBERHM IHER S HH 31.7%. 354
%30 40.4% . —fMRR, BEETEGREEMT, NiRFEGMA.

E45 FIRAEERM | MHz ET, BEMBER. SERENRRET
STRRERER. BITTLURR, BERK R EN A RIRFERME N RE R
REmERm, EENZAHERLBMEEFREE. Al (1.3 HEE8%
700C. 750°C. 800°C FA &I FoM E4513% 22,6, 18.6, 12.6, WL
M REEERUE T HENS SR F-eBE LEET YR, ATHT
ARRAREE T, SESHERNFEENT 8%, BRAOGS T,
Hdk, PEREERERIRG RN B B4 T = ER a B ) 77 % R AT B
ZhuPZE KER A RR A ERN S e S ERN MR AT REETBRE
R, FERSSEEHISER.

45 010 25
»
FoM
008 20
4a0p " _
= 3 {006 B15 L
£ - ST =
E 35} Tunabili - : = @
E Y g =
5 o004 8{10%
Tl g @
0 o =)
Jo. s i
| JE——— Tars 02 45
25 Ly . — 000 4D
700 750 Bon -

Substrates temperature (°C)
Ba4s WiEE., SEREAGRAEFSHERENXR

Fig 4.5 Tunability, dissipation factor and figure of merit with respect to
substrate temperatures, measured at room temperature and 1MHz.

4.2 PO EF R BST HIR K& A B ge Ry

A HRKFA PLD i A E MOt A B BETE Pt (111)/T02/8i02/Si (100)#F
FEEHIE 1.0 mol2% CrBBSTHE, SRSBNE-2ME. RANTESR
ik 4.2 Biin, HETESEWSFR 41 FTFHER.

47



LERERTEEER

%42 CriB7BSTHEMHEEY
Tab.4.2 Preparation conditions of Cr-doped BST thin films
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Deposition parameters

Substrate ternperatures

Laser energy density
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Fig. 4.6 XRD patterns of Cr doped BST thin films deposited with different
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Fig. 4.7 FE-SEM images of surface and cross-section of Cr doped BST thin films
deposited with different laser energy density
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Deposition parameters Conditions

Substrates - Pt (11 1Y Ti/Si0/Si (100)
Target—substrate distance 43 cm

Substrate temperatures 700 T

Laser energy density 3.0 Jfem?

Laser repetition rate 5 Hz,

Deposition oxygen pressure 5 mTorr
Annealing oxygen pressure 200 mTomr
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Annealing time ' 90 min
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Tab.5.2 comparison of lattice parameters for Cr doped BST thin films with bulk ceramics

0.0 mol% 0.4 mol% 1.0 mol%% 2.0 mol%

Bulk ceramics 3.9526 A 3.9532 A 3.9558 A 3.9590 A
Thin films 39811 A 3.9%49 A 3:9889 A 3.9912 A
Pt substrates 39102 A
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Fig. 5.2 FE-SEM images of surface and cross-section of Cr doped BST thin films,
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