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Research Title: Influence of CaCu,Ti,0,, thin film preparation conditions and effects of the additive
element on the physical and electrical properties for resistance random access memory

applications

ABSTRACT

Since the discovery of the high dielectric constant material CaCu,Ti,O,,(CCTO) which has a high
dielectric constant over 10000 at room temperature and is temperature independent over the temperature
range ~ 100-400 K. The CCTO has the advantage for various applications such as capacitive elements in
microelectronic devices. In this study, CCTO samples were prepared via the different processing techniques
of ball milling and vibratory milling. Five types of dopants were selected with the variation of doping
concentration. Characterization of the samples was carried out using X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Other physical properties such as, density, dielectric constant and loss angle

were intensively studied.

Keywords : diclectric constanty CaCu,Ti,0,,, dopants
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Ramirz et. al. [5] , M.A. Subramanian el. al. [6] , A.F.L. Almeida et. al. [7] 48 W. Kobayashi et. al.
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Diglectrle” and Cell Edes Dava for .4 Cu, 4,0, Phases (at 25°C)

Relative dielectric
Componnd constant {K) Loss tangent (1) a {4 at 25°C)
CaCu,Tiyh 5 10,285 D067 391
CdCu,Tiy0;4 409 0.033 T.384
La,:CnaTiy 0,4 418 0.080 1427
S nCuaTig Oy 5 1,653 0.048 7400
Dy, Cuy T, 0, 4 1,533 2040 T.386
Y, . Cu,T1,0), 1,743 0.049 1333
Bi; oCu,T1,0 5 1,871 0083 T413
BiCu,Ti,Fe0, , 632 0082 T35
LaCu,Ti,Fe(},, 44 0333 T.454
NdCu,TizFel , 52 03235 1426
SmCu,Ti;FeO,, 52 0236 T.416
GdCn, TizFel ; Sut 0.327 T.40%
YCu,Ti, Fed,, 33 0.308 T.394

H 1 ad a U a v
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Abstract

In this work, we have reported microstructures and the dielectric properties of CaCu3Ti40> (CCTO) ceramics doped with different
proportions of TeO, dopant (mol%, x=0, 0.5%, 1.0%, 2.0%). The pure and tellurium doping CCTO ceramics were prepared by a
conventional solid-state reaction method and the effects of TeO, doping on the electrical properties and microstructures of these
ceramics were investigated. XRD analysis confirmed the formation of single-phase material in samples. Scanning electron microscopy
(SEM) is used in the micro structural studies of the specimens, which showed that TeO, doping can reduce the mean grain size and
increasing size of an abnormal grain growth. Lattice parameter increases slightly with tellurium doping in CCTO, the dielectric constant
reached a value as high as 18,000 (at 1 kHz) at a tellurium-doping concentration of 2.0 mol% and showed temperature stability at high
frequency. The loss tangent of Te-doped CCTO ceramics was less than 0.05 at | kHz region below 105 °C. The loss tangent properties

could be interpreted by the internal barrier layer capacitor model and the impedance measurement data.
Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: C. Dielectric properties; D. Perovskites; E. Capacitors

1. Introduction

CaCu;Ti40(CCTO) ceramics have attracted the consider-
able interests due to their high dielectric constant of 10*-10°
and a good stability until 1 MHz, they have a large dielectric
constant. They have independence from temperature over the
range of 100-400 K [1-5]. These properties make it applicable
to a variety of the microelectronic device applications for a
capacitive element [3]. CCTO has a complex cubic perovskite
like structure with a lattice parameter, a ~7.393 A [6]. It is
now widely accepted that the high dielectric constant at the
room temperature is associated with the internal barrier layer
capacitance (IBLC) effect [7,8]. It is believed that, insulating
surfaces were formed on the semiconducting grains during the
sintering process [15]. It is also reported that, electrical pro-
perties of CCTO depend on many factors such as processing

*Corresponding author. Tel.: +66 86 9017322; fax: +66 2 3298263.
E-mail address: warmak77@hotmail.com (W. Makcharoen).

conditions, doping, and chemical stoichiometry. Some success-
ful routes reduce dielectric loss that has been reported [9].
CCTO microstructure and its dielectric properties are strong,
dependent on the doping elements and their concentrations. In
this study, the influences of Te ion doping on the micro-
structures and dielectric properties of CCTO were investigated.
TeO2 is glass former characterized by a low melting point
(T=733°C), it was used for preparing CCTO composites,
expecting that changes induced on grain boundaries could
increase grain boundaries resistance, lower tan 6. In the
present work, the dielectric properties of CCTO ceramics
modified by TeO2 have been studied. The electrical properties
of the Tellurium modified CCTO have been reported.

2. Experimental procedure heading

The CaCu;TigO;; (CCTO) powder was prepared with
the mixed-oxide route. High purity (> 99.9%) CaCO;
(Riedel-de. Haen), TiO, (Riedel-de Haen) and CuO

0272-8842/$ - see front matter Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.10.094
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(Aldrich) powders were weighed in the desired ratio. The
samples were mixed with the vibratory milling for 6 h for
using yttria-stabilized zirconia balls in the ethanol media.
After being dried, the powders were calcined at 900 °C for
2 h to form the CCTO powders.In the doping study, TeO,
powders were added to CCTO at the calcination stage
based on the stoichiometry in concentrations of 0.5, 1.0
and 2.0 mol%. The calcined powder was granulated using
polyvinyl alcohol (PVA) 3% binder and formed under a
uniaxial pressure of 1500 kg/cm? into discs, typically
10 mm in diameter and 2.0 mm in thickness. The discs
were sintered in the air at 1100 °C (with soaking time of
4 h). The ramping and the cooling rates were 5 °C/min.
The polished CCTO pellets under different Te concentra-
tions were examined via an X-ray diffractometer (Bruker
D8 Discover) for their phase evolution. The crystallite sizes
and the strain of the powders prepared through both
methods were calculated using the Scherrer equation and
the formula derived from Bragg’s equation, respectively.
Density of the polished CCTO samples was measured by
using the Archimedes method. Silver paste was used as the
electrical contact. The painted samples were dried at
750 °C for 20 min, and the dielectric constant and the loss
tangent was measured in terms of the frequency (f=102—
106 Hz) with an Agilent 4284A LCR meter in the room
temperature. Microstructure of the crack ceramics were
studied using SEM (JEOL JSM-5910LV). The impedance

g g
N -
= 2
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2z
k)
c
2
£
3
S 48 49 50 5
2 S 20 (degree)
2 =
o < =) S = = =
£ 8 2 8 8 13 8
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Pure CCTO . l ) )
ICSD No.032002 | I I I
T T M T L 1
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20 (degree)
Fig. 1. XRD patterns of pure and modified CCTO: pure CCTO,

0.5 mol% Te doped CCTO, 1.0 mol% Te doped CCTO and 2.0 mol%
Te doped CCTO.

Table 1

spectroscopy measurements of the ceramics were made at
500 kHz-1 MHz (HP 4194A impedance analyzer).

3. Results and discussion

Fig. | shows the X-ray diffraction patterns for the
CCTO ceramic samples with various Te doping and
sintered at 1100 °C. The following XRD peaks obtained
agree with CCTO, that obtain with Yang et al. [8] and
Brize et al. [9].

All peaks can be exactly matching with the data in the
Inorganic Crystal Structure Database (ICSD) file no. 032002,
which is cubic perovskite. According to the file, the density
and lattice parameter (a) of CCTO are 5.053 g/em® and
7.371 A respectively. The lattice constants and the densities
of the ceramics of various Te doping were determined and
tabulated in Table I.

The lattice constant slightly increased as the amount of
TeO, increased (inset Fig. 1). This implies that small
amount of Te ions could go into solid solution with the
CCTO lattices. Te addition, density and shrinkage slightly
increased and decreased grain size with the concentration
(Fig. 2), suggesting that the doping oxide slightly pro-
moted the densification.

Fractured surfaces of the CCTO ceramics are displayed
in Fig. 3. TeO2 doping produced a notable decrease in the
grain size. In the average values of grain size, as measured
by the linear intercept method, decreased from ~20.4 pm
for unmodified CCTO to ~2.5um for the 1.0 mol%
sample and increased to ~3.2pum for the 2.0 mol%
sample. Hence, TeO2 doping inhibited grain growth and
generate the abnormal grain growth, when increasing
percentage of Te doping to 2.0 mol%.

The important parameters should be considered in
abnormal grain growth at 2.0 mol% Te are the interface
structure and the presence of a liquid phase. When the
grains are spherical, the interface is atomically rough.
There is no barrier for atomic attachment when a large
grain grows at the expense of a small grain via Ostwald
ripening. Grain growth becomes the diffusion controlled,
which induces a normal grain growth behavior. On the
other hand, in the angular grains with an atomically flat
(singular) interface, there is an appreciable energy barrier
for an atomic attachment because a ledge generating
sources such as 2-D nucleation is necessary. Due to the
significant energy barrier for 2-D growth, only small

Relative density, lattice parameter (a) and average grain size of the prepared CCTO ceramics at various conditions.

TeO, doped CCTO (mol% Te) Density* (%)

Lattice parameter (a (A)) Average grain size (pm)

0 97.40
0.5 97.80
1.0 98.13

2.0 98.27

7.391 2041
7.394 5.12
7.396 2.51
7.398 3.23
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Fig. 4. Diclectric constant and loss tangent as a function temperature of the samples: pure CCTO, 1.0 mol% Te doped

Te doped CCTO.

The dielectric properties of CCTO ceramics are very sensitive
to processing parameters. Values between 5.0 x 10 and
2.0 x 10* are usually reported [15,16]. In this work, the
impedance plot of ‘the | Te'doped CCTO -sample is; revealed
in Fig. 6 and the inset shows the impedance on high
frequency:
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and 2.0 mol%

It can be seen that by extrapolation the resistance of the
grain boundaries (R,) decrease from 4000 kQ to 2000 kQ
and it decreases the grain resistance (Ry) from 46 kQ to
80 k€, when ‘Te concentration 'is| dincreased accordingly.
Based on the Ry, and R, values in this experiment, the Te
doped CCTO ceramics, with.decreased average grain size,
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Fig. 6. Impedance complex plane plot of the samples.

have decreased dielectric constant and dielectric loss
compared to those of the undoped CCTO ceramics
samples.

4. Conclusions

Dielectric properties of pure CCTO and Te doped
CCTO were reported in this article. The doping produced
the reduction of the dielectric constant. However, the
better loss tangent performance was observed after doping.
The loss tangent frequency characteristic at the room
temperature was agreeable with the IBLC model. The
significant change in the microstructure of the doped
samples | suggested  -that the | loss tangent performance
should be related with the characteristic of the grain
boundary:

Acknowledgments

This work was supported by Development and Promo-
tion of Science and Technology Talents Project (DPST)
and College of Data Storage Innovation, King Mongkut’s
Institute of Technology, Ladkrabang.

References

[1] M.A. Subramanian, D. Li, N. Duan, B.A. Reisner, A.W. Sleight,
High diclectric constant in ACu;TizO;, and ACu;TizFeO,, phases,
Journal of Solid State Chemistry 151 (2000) 323-325.

[2] Y. Lin, Y.B. Chen, T. Garret, S.W. Liu, C.L. Chen, L. Chen,
R.P. Bontchev, A. Jacobson, J.C. Jiang, E.I. Meletis, J. Horwitz,
H.D. Wu, Epitaxial growth of dielectric CaCu;TizO,; thin films on
(001) LaAlO; by pulsed laser deposition, Applied Physics Letters 81
(2002) 631.

[3] W. Si, EM. Cruz, P.D. Johnson, P.W. Barnes, P. Woodward,
A.P. Ramirez, Epitaxial thin films of the giant-dielectric-constant
material CaCu;TisO,, grown by pulsed-laser deposition, Applied
Physics Letters 81 (2002) 2056.

[4] C.C. Homes, T. Vogt, S.M. Shapiro, S. Wakimoto, A.P. Ramirez,
Optical response of high-dielectric-constant perovskite-related oxide,
Science 293 (2001) 673-676.

[5] P. Lunkenheimer, V. Bobnar, A.V. Pronin, A.I. Ritus, A.A. Volkov,
A. Loidl, Origin of apparent colossal dielectric constants, Physical
Review B 66 (2002) 052105.

[6) D.C. Sinclair, T.B. Adams, F.D. Morrison, A.R. West, CaCus.
TisOy,: one-step internal barrier layer capacitor, Applied Physics
Letters 80 (2002) 2153.

[7] T.B. Adams, D.C. Sinclair, A.R. West, Characterization of grain
boundary impedances in fine- and coarse-grained CaCu;TiqO)2
ceramics, Advanced Materials 14 (2002) 1321.

{8) Jing Yang, Ming RongShen, Liang Fang, The electrode/sample
contact effects on the diclectric properties of the CaCusTisOp
ceramic, Materials Letters 59 (2005) 3990-3993.

[9] V. Brize, G. Gruener, J. Wolfman, K. Fatyeyeva, M. Tabellout,
M. Gervais, F. Gervais, Grain size effects on the dielectric constant
of CaCu;Ti4012 ceramics, Materials Science and Engineering B 129
(2006) 135-138.

[10] K.-M. Kim, J.-H. Lee, K.-M. Lee, D.-Y, Kim, D.-H. Riu, S.B. Lee,
Microstructural .evolution and. dielectric .properties .of Cu-deficient



S364 W. Makcharoen, T. Tunkasiri | Ceramics International 39 (2013) S359-S364

and Cu-excess CaCu;Ti4O;, ceramics, Materials Research Bulletin 43
(2008) 284-291.

[11] L. Wu, Y. Zhu, S. Park, S. Shapiro, G. Shirane, Defect structure
of the high-diclectric-constant perovskite CaCu;TisO;2, Physical
Review B 71 (2005) 014448.

[12] T.T. Fang, C.P. Liu, Evidence of the internal domains for inducing
the anomalously high dielectric constant of CaCu;TisO,2, Chemistry
of Materials: a Publication of the American Chemical Society 17
(2005) 5167.

[13] S.Y. Chung, Lattice distortion and polarization switching in calcium
copper titanate, Applied Physics Letters 87 (2005) 052901.

[14] J. Li, A.W. Sleight, M.A. Subramanian, Evidence for internal
resistive barriers in a crystal of the giant dielectric constant material:
CaCu;Tis0,2, Solid State Communications 135 (2005) 260.

[15] P. Jha, P. Arora, A.K. Ganguli, Polymeric citrate precursor route to
the synthesis of the high diclectric constant oxide, CaCu3TisO2,
Materials Letters 57 (2003) 2443-2446.

[16] L.C. Kretly, A.F.L. Almeida, R.S. De Oliveira, J.M. Sasaki,
A.S.B. Sombra, Electrical and optical properties of CaCu3TisO,2
(CCTO) substrates for microwave devices and antennas, Microwave
and Optical Technology Letters 39 (2003) 145-150.



¥ 1 o a a
ﬁg‘l]ﬂﬂ‘lﬁ)1ﬂﬂ1§ﬂ1mu~111ﬂﬂ§ﬁm§’3‘ﬂﬂ

45

3183 F1:3udu (UN)
1 Apounnuianti Iasan1s3e (5,000 *12) 60,000
2 sldeo 1
2.1 miaggilnsal uazenmiadl 48,000
22 MAeUUNURTIITY 42,000
smaudssanaiiaeve 150,000




46

U

k) U Y
voyallsz InnngIdY

sz iAaIue

D

a

¥o-ana_W1e 25728 YITANTU

q ot --TRELL g FLG SRR R RS g == = = === e o o e e e m e e e e =S mm e e e oo e e m—m—essscesemcam-ooe

funtiaegiiu emsdlszi Inndoutanssumsinmsdeya aonfumaluladnszremnduiinm

NUITAINNTZLI
isziamsanmn
FogoUSwan A1 ga1tuiiau IR
.. @Wang) Hand urInendsfalng 2545
[Y) I [Y) d =Y LY | 1)
M. (aamans) Yaqaani unInenasealuy 2548
Ph.D. (Materials Science) Materials Science um?nmé’m’%m‘lﬁﬁ 2554

v YV a 14 a e v d v a 4 A 2 Yo
TIIIAAHIBIN T/ HIVY/NUBINAIIA (ﬂ]‘uﬁﬁll:’, ‘ﬁiﬂi’)“‘]) ‘Yl"lﬂi‘ﬂ

-1 d' LY o d' 9

U e, ¥951970 ao1unln
= a e d' Y
numsanywaznIdenineglaiy

Py =4 a e o Aq Y

U e NUMIANY AT UITY FaiuN 14

2542 - 2554 nuanndinnuannse | waan.

2 d
MIINYANTAT




47

a Y d
WNANHIVY/AIUTINNTTIA

% 24 dAdA d ' [ = a
HANHIVY/ N UTTNATTIANANHWNBUNT (FSAVT A UIHITIN)

Worawut Makcharoen, Jerapong Tontrakoon, Prasak Thavornyutikarn, David P. Cann and
Tawee Tunkasiri, “Dielectric properties and microstructure of CaCu3Ti4-xMnxO12 ceramics”,
Applications of Ferroelectrics, 2008. ISAF 2008. 17th IEEE International Symposium on the
Applications of Ferroelectrics, 1 No.4693905.

Worawut Makcharoen, Jerapong Tontrakoon, Prasak Thavornyutikarn and Tawee Tunkasiri,
“Dielectric properties of CaCu,Ti,,Mn,O;, ceramics”, AIP Conference Proceedings, 25, (2009)

1151 p. 9-12.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri, “The
efféct of GeO, and In,0; doping on the dielectric properties of CaCu,Ti,O,, ceramics prepared

via vibro-milling method”, Ferroelectric, Volume 415, Issue 1, 2011, Page 113-121.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri,
“Effect of Zirconium Substitution on the Dielectric Properties of CaCu;Ti,O;, Ceramics
Prepared via Vibro-Milling Method”, Proceeding of the 28" Annual Conference of the
Microscopy Society of Thailand, January 2011.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri,
“Effect of Cesium and Cerium Substitution on the Dielectric Properties of CaCu;Ti O,
Ceramics”, Ceramics International, Volume 38, Supplement 1, January 2012, Pages S65-

S$68.

MIAUONANHIBING

International Conference:

1.

Worawut Makcharoen, Jerapong Tontrakoon, Prasak Thavornyutikarn, David P. Cann and
Tawee Tunkasiri, “Dielectric properties and Microstructure of CaCu,;Ti,,Mn,012 ceramics”,
IEEE International Symposium on the Applications of Ferroelectrics (ISAF 2008
Conference), Santa Fe, New Maxico, USA, 24-27 February 2008.



Sh

48

Worawut Makcharoen, Jerapong Tontrakoon, Prasak Thavornyutikarn and Tawee Tunkasiri,
“Effects of the microstructure and dielectric properties on Mn doped CaCu,Ti,O,, ceramics”,
International Conference on Smart Materials-Smart/Intelligent Materials and Nano
Technology & 2nd International Workshop on Functional Materials and Nanomaterials
(SmartMat-'08 & IWOFM-2), The Imperial Mae Ping Hotel, Chiang Mai, Thailand, 22-25
April 2008.

Worawut Makcharoen, Jerapong Tontrakoon, Prasak Thavornyutikarn and Tawee Tunkasiri,
Dielectric Properties of CaCu;Ti,,Mn,0,, Ceramics, The Advance Materials and
Nanotechnology (AMN4 Conference), University of Otago, New Zealand, 8-12 February
2009.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri, The
Effect of In,0; doping on the dielectric properties of CaCu,Ti,O,, ceramics, The 10"
Russia/CIS/Baltic/Japan Symposium on Ferroelectricity (RCBJSF-10), Yokohama, Japan,
20-24 June, 2010.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri, The
Effect of GeO, doping on the dielectric properties of CaCu,Ti,O,, ceramics, The 10"
Russia/CIS/Baltic/Japan Symposium on Ferroelectricity (RCBJSF-10), Yokohama, Japan,
20-24 June, 2010.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri,
Dielectric properties of Cs,CO, dope CCTO ceramics, The 7" Asian Meeting on
Ferroelectricity and The 7" Asian Meeting on Electroceramics (AMF-AMEC-2010), Jeju
Island, Korea, 28 June - 1 July, 2010.

Worawut Makcharoen, Jerapong Tontrakoon, Gobwute Rujijanagul and Tawee Tunkasiri,
Effect of indium and cerium substitution on the dielectric properties of CaCu;Ti,O,, ceramics,
The 7" Asian Meeting on Ferroelectricity and The 7" Asian Meeting on Electroceramics

(AMF-AMEC-2010), Jeju Island, Korea, 28 June — 1 July, 2010.






