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Fig. 1. Schematic diagram of the alternately doped
BST films: (a) Ce doped layer as the first layer, de-
noted as Ce/Mg film; (b) Mg doped layer as the first
layer, denoted as Mg/Ce film.
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Fig. 2. XRD spectra of different BST films.
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Fig. 3. SEM surface morphologies for (a) and (b), and cross-sectional morphologies for (c) and (d) of
alternately doped BST films: (a) and (c) Ce/Mg film; (b) and (d) Mg/Ce film.
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= =
Mg W
BST
. ; p— ; . 1 . 1 . 1 .
760 770 780 790 800 810 280 285 290 295 300
HERE eV e eV
4 KA BST @R G R FE XPS IEIE  (a) Ba 3d; (b) C 1s
Fig. 4. XPS patterns from the surfaces of various BST films: (a) Ba 3d; (b) C 1s.
#1 Ba3dWWEBUESH
Table 1. Fitted parameters of Ba 3d chemical states.
Ba 3d5/2 Ba 3d3/2
Type Peaki.1 Peaki.o Peako_ 1 Peaks.o Ia/(I1 + I2)
PP/eV 111 PP/eV  I1» PP/eV Ioq PP/eV Iy
BST 778.5 7574 779.9 4281 793.9 5625 795.3 2088 32.60%
Mg 778.5 8247 779.9 3410 793.9 5986 794.3 1804 26.80%
Ce/Mg  778.5 19037 779.9 6329 793.9 12737 795.3 4290 25.10%

ME4(b) AT BLE H, C 1siéfr T 284.6 eV
+0.2 eV &b, 7 B XPS i B n &, i R4S Ak R
SERTE R SR R 32 B2 C B CH R RS G
3.4 ATEEMRE

2 f s N Mg/ Ce, Ce/Mg % i B 17E AN [H] 2
BT A T R MZ R AT LUR H,
7E10 VAI100 kHz &, 7 % M5 1 18 8 26 53 il ik
43.9% 1 47.4%, H F W~ B B FE N 1.81%
M 1.75%, FOM N 24.3 F127.1, %M JHR A 1 I H 2
T R 378 KT SCHR [13,24,25] 3538 BOHL R 26 4F T 1
FH I HUA.

BE % i 5 N 10 V38 220 V, Mg/Ce, Ce/Mg
3 e 110 T 1 2 43 il DK 48 31 59.3% A1 63.6%, it

FEUA B WA A, AR 5T R R R 2, A ik
TLAFNTT.5, i TUHAE, Ui Ce fl Mg 22 B 5 2%
BT T B A A 65 K4 - 40 A6 B T 38 58 BS'T o1 1)
WREIFNZEA A HL T RE.

2 fi JE 33— 25 T+ 240 VIF, Mg/Ce 7 Ji5 4%
i 28, 1 Ce/Mg H BROR A R 47, 118 2 4k 22 31 2
71.8%, S HLAFE I A AR AL BT R T 4 3 86.5,
e DA S TR P < 1K ) R P R Boavi=is e - K
FTRE e 191, EHFEE RN T 1%. i, Mtk
T Mg/Ce # i, Ce/Mg 8 5 1) 28 2% 58 FE A 255 A
HLPERRBE AR . T L, 28 B 45 4% 0 2 BT N A 4
gE RSP KR, Ce/Mg 22 B B2 E N K
o 2% 550 T RN 56 A L I R 55 L B0 o 1) 9 I 5
F—2L
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Table 2. Dielectric properties of alternately doped BST films at various voltages and frequencies.

% /pF

&/ V iR /kHz HFE/ % W/ % FOM
Max Min
10 100 173.7 97.4 1.81 43.9 24.3
Mg/Ce

20 100 170 70 1.94 59.3 71.4
1 . 1. . .1

Ce/Mg 10 00 187.2 98 75 47.4 27
20 100 180 68 1.75 63.6 77.5

ZMRA AR EEHT Ce Mg BB
Fegh N, ARPEARZ R iR RN B P R B Ce3t
BHURES B ABO3s 451 1 A A7 1) Sr?+ Fl1 Ba2t
T T it 32 45 2%, 6 AR e I R 8 5 T 1) 4 or
RPN T B /N HRLA R I O 4 = i
W RO Mgt R EEURE LD ABOs h B ALY
Titt Wz F 544, A A5 A E B
FELF 30E— 25 U /N TR P I 3 5 PR e ke 7).
Mg+ 30 AT 8 s XOURH AR Ik F2 AR g B AH AR G #2 L 3 5
SIS AN Y T AN B TR o ) [N R S
FEA T A HLARFE. R, Ce MIMg X BB RIE T
Ce B4 Mg B M G, HAZE E M AT
T EHAN, M E600 °C N IEE WS E T EH
VNN AU HIE| S5 N2y ) RSN M vk S 7
R KA FRL I AR T B — 45 2% [0,

K 5 s A Mg/ Ce Fll Ce /Mg 7 i 4E 1 MHz K
WX B C-V il 26, mTLLFE H, FI5R2 #1100 kHz
) H H5 A1 B, Mg/Ce (1)1 18 2 & T 2] 59.6%, 1
Ce/Mg [P W& I R 57.4%, Pk, W80 2 0] 1 1 %
PISZIAN IR, g Mg/Ce FEBRAE S48 IS Gl b

240 70
C = Mg/Ce
220 + « Ce/Mg ;460
200 150
180 -
£ 440 §
£ 160 | )
) Er
$ ol 130 &
120 F
100 120
80 H10
60 A 4
W 0
—20 —-10 0 10 20
SMEE/V

K5 1 MHz FMFEEE SRR KA ke
Fig. 5. Dielectric properties of two kinds of alterna-
tively doping BST films under 1 MHz.

M, 355 LI A A 5 A — B

M2, Mg/Ce fl Ce/Mg i 15 i 7R i i 1 %
AR5 R, ki R A e £R A A bR R, AT 2
T 1 B, Ce/Mg W BRAEARAT T o 26 %6 4 34,
T Mg/ Ce W SETE = 45 T BEAL.

4 #

K A o3 BUsol-gel ¥, % HL1 mol%-Ce,
3 mol%-Mg {F B A Tu R B IR IR, il 12w
AR 2 %2 600 °CHIZE Mk, WELE B
RITCERIIIRF, BV 5E T Pt/ Ti/Si04/Si  Fr
ff) Ce/Mg 1 Mg/Ce % # 578 BST Wi, Pi/iEiLL)
NAL TR 2 ek, S (110) di A, &
1 R, RIZAEEERA 451 KD, Ce/Mgil &
5 2 A R T R T R R AL S R, (EAE R AL
W AR . 7R R U v R A R L A IR T A
R AN MR Co/Mg HIBEMRAR | 46450
B, e vERe AL Mg/ Ce WAL = 4
ZEAN MR E. Ce/Mg H#ETE 100 kHz, 10,
20 F140 Vi K BTG R AR 8 185 2 A5 PR )
N A7.4%, 63.6%, 71.8% 5 27.1, 77.5, 86.5, AIiH L
(e a R ARE R

&2k

[1] Padminni P, Taylor T R, Lefevre M J, Nagra A S, York
R A, Speck J S 1999 Appl. Phys. Lett. 75 3186

[2] Pervez N K, Hansen P J, York R A 2004 Appl. Phys.
Lett. 85 4451

[3] Zou C, Xu Z M, Ma Z C, Wu X H, Peng J 2015 Acta
Phys. Sin. 64 118101 (in Chinese) [45#, 1458 1%, D8 #,
B2, SEF 2015 YBE%A4R 64 118101)

[4] Cole M W, Nothwang W D, Hubbard C, Ngo E, Ervin
M 2003 J. Appl. Phys. 93 9218

147701-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.125272
http://dx.doi.org/10.1063/1.1818724
http://dx.doi.org/10.1063/1.1818724
http://dx.doi.org/10.1063/1.1569392

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 14 (2016) 147701

Cole M W, Joshi P C, Ervin M H 2001 J. Appl. Phys.
89 6336

Wang SY, Cheng B L, Wang C, Dai SY, Jin K J, Zhou
Y L, Lu H B, Chen Z H, Yang G Z 2006 J. Appl. Phys.
99 013504

Liao J X, Pan X F, Wang H Q, Zhang J, Fu X J, Tian
Z 2009 Rare Metal Mat. Eng. 38 1987

Chang W, Sengupta L 2002 J. Appl. Phys. 92 3941
Cole M W, Joshi P C, Ervin M H, Wooda M C, Pfeffer
R L 2000 Thin Solid Films 374 34

Liao J X, Xu Z Q, Wei X B, Wei X B, Wang P, Yang B
C 2012 Surf. Coat. Tech. 206 4518

Wang B, Liao J X, Zhang B, Xu C Y 2013 Rare Metal
Mat. Eng. 42 96 (in Chinese) [TiE, BFT, 3k, BM
+ 2013 #ifi &)@ RS TR 42 96

Zhou Q G, Zhai J W, Yao X 2007 J. Inorg. Mater. 22
519 (in Chinese) [JE UK, 4k T, ¥k#E 2007 LA RS
i 22 519)

Liao J X, Wei X B, Xu Z Q, Wei X B, Wang P 2012
Mater. Chem. Phys. 135 1030

Huang J Q, Liao J X, Wang P, Zhang W F, Wei X B,
Xu Z Q 2014 Surf. Coat. Tech. 251 307

Huang J Q, Liao J X, Zhang W F, Wang S Z, Yang H
Y, Wu M Q 2015 Integr. Ferroelectr. 162 94

Liao J X, Zhang W F, Huang J Q, Wang P, Yang H'Y,
Wang S Z, Wu M Q 2015 Integr. Ferroelectr. 164 74
BaoJB,Ren TL,LiuJ S, LiuL T, Li Z J, Li X J 2002
PiezoElectr. Acoustoopt 24 389

147701-6

Ahn K H, Baik S, Kim S S 2002 J. Appl. Phys. 92 2651
Chang W, Horwitz J S, Carter A C, Pond J M, Kirchoe-
fer S W, Gilmore C M, Chrisey D B 1999 Appl. Phys.
Lett. 74 1033

Yu J, Liao J X, Jin L, Wei X B, Wang P, Wei X B, Xu
7 Q 2011 Acta Phys. Sin. 60 077701 (in Chinese) [fifi,
BFE, 4, B, R, MK, RE% 2011 ¥R
& 60 077701]

Peng L S, Xi X X, Moeckly B H, Alpay S P 2003 Appl.
Phys. Lett. 83 4592

Craciun V, Singh R K 2000 Appl. Phys. Lett. 76 1932
Liao J X, Wei X B, Xu Z Q, Wang P 2014 Vacuum 107
291

Kim K T, Kim C I 2003 Microelectron. Eng. 66 835
Kim K T, Kim C I 2005 Thin Solid Films 472 26
Wang S Y, Cheng B L, Wang C, Redfern S A T, Dai S
Y, Jin K J, Lu H B, Zhou Y L, Chen Z H, Yang G Z
2005 J. Phys. D: Appl. Phys. 38 2253

Cole M W, Hubbard C, Ngo E, Ervin M, Wood M 2002
J. Appl. Phys. 92 475

Wu Q C, Wang H P, Tian Q, Liao H C 2007 Proceed-
ings of the 6th Conference on Functional Materials and
Applications in China Wuhan, China, November 15-19,
2007 p693 (in Chinese) [RIL B, T M, HE, B1EK
2007 £ 7N i o B T BB A RL B I R 2 R 2 SR SCAR IR,
FE, 11 A 15 H—11 A 19 H, 2007 p693]


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.1366656
http://dx.doi.org/10.1063/1.1366656
http://dx.doi.org/10.1063/1.2150263
http://dx.doi.org/10.1063/1.2150263
http://www.ncbi.nlm.nih.gov/pubmed/22966490
http://dx.doi.org/10.1063/1.1505669
http://dx.doi.org/10.1016/S0040-6090(00)01059-2
http://dx.doi.org/10.1016/j.surfcoat.2012.02.050
WOS:000323798200026
WOS:000323798200026
http://dx.doi.org/10.3724/SP.J.1077.2007.00519
http://dx.doi.org/10.3724/SP.J.1077.2007.00519
http://dx.doi.org/10.1016/j.matchemphys.2012.06.009
http://dx.doi.org/10.1016/j.matchemphys.2012.06.009
http://dx.doi.org/10.1016/j.surfcoat.2014.04.047
http://dx.doi.org/10.1080/10584587.2015.1039441
http://dx.doi.org/10.1080/10584587.2015.1044864
http://dx.doi.org/10.1063/1.1495526
http://dx.doi.org/10.1063/1.123446
http://dx.doi.org/10.1063/1.123446
http://wulixb.iphy.ac.cn//CN/abstract/abstract18688.shtml
http://dx.doi.org/10.1063/1.1631055
http://dx.doi.org/10.1063/1.1631055
http://dx.doi.org/10.1063/1.126216
http://dx.doi.org/10.1016/j.vacuum.2014.02.026
http://dx.doi.org/10.1016/j.vacuum.2014.02.026
http://dx.doi.org/10.1016/S0167-9317(02)01008-0
http://dx.doi.org/10.1016/j.tsf.2004.05.128
http://dx.doi.org/10.1088/0022-3727/38/13/025
http://dx.doi.org/10.1063/1.1484231
http://dx.doi.org/10.1063/1.1484231

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 14 (2016) 147701

High tunable dielectric properties of Ce and Mg
alternately doped Bag¢Sry.4TiO3 films*

Hu Yi-Ming Liao Jia-Xuan' Yang Han-Yu Wang Si-Zhe Wu Meng-Qiang Xu Zi-Qiang
Feng Ting-Ting Gong Feng

(School of Energy Science and Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China)

( Received 28 March 2016; revised manuscript received 5 May 2016 )

Abstract

For barium strontium titanate (Bag.¢Tio.4TiO3, BST) films used in tunable microwave devices, they must have
excellent structural characteristics and outstanding combination of dielectric properties i.e., a low loss tangent over the
range of operating direct current (DC) bias voltages, a moderate dielectric constant for impedance matching purpose,
a large variation in the dielectric constant with applied dc bias (high tunability, in particular high tunability at low
applied dc bias), etc. To achieve such a high objective, the following two great improvements are carried out. A normal
sol-gel method is modified to prepare multilayer BST films layer by layer. Each multilayer BST film is composed of six
layers, where each layer is preheated at 600 °C, thus the layers from the first layer to the sixth layer are successively
preheated once to six times. Thus each BST film is smooth and dense, and contains almost no organic residues. On
the other hand, as a new doped mode, Ce/Mn alternate doping is performed. For every six layer-BST films, when the
odd number layers are doped with Ce, then the even number layers are doped with Mg, vice versa. The above two
improvements result from the fact that Ce doping, Mg doping and Y and Mn alternate doping could make BST thin
films significantly improve the dielectric tunability, reduce the dielectric loss, and improve the combination of dielectric
properties, respectively. According to the above two improvements, 1 mol% Ce and 3 mol% Mg alternately doped
BST thin films are prepared on Pt/Ti/SiO2/Si wafers (substrates). The prepared BST films are denoted by the doped
element as follows: Ce/Mg/Ce/Mg/Ce/Mg with Ce doped BST layer is referred to as the first layer (for short Ce/Mg) and
Mg/Ce/Mg/Ce/Mg/Ce with Mg doped BST layer as the first layer (Mg/Ce), and the structure and dielectric properties
of the films are studied. X-ray diffraction results show that two films present cubic perovskite structures, mainly grow
along (110) crystal face, and show strong crystallization. SEM results indicate that the surface morphologies of two
films are greatly improved, and Ce or Mg doped BST layer as the first layer can be well matched with the substrate.
The surface of the Ce/Mg film is more uniform and denser with slightly smaller grains and weaker crystallization. XPS
results demonstrate that the non-perovskite structures on the surfaces of two films are significantly reduced. Each of
the two films has high tunability at low applied dc bias and high figure of merit (FOM). The Mg/Ce film shows more
stable combination of dielectric properties in a high frequency range. The Ce/Mg film shows more excellent combination
of dielectric properties and higher dielectric strength in a low frequency range, where when the testing frequency is 100
kHz, 10 V, 20 V and 40 V applied dc bias voltages correspond to tunabilities of 47.4%, 63.6% and 71.8%, and FOMs
of 71.8%, and 27.1, 77.5 and 86.5, respectively. Such good dielectric properties can fully satisfy the requirements for

tunable microwave device applications. The relevant mechanisms are also analyzed.
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