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Microwave dielectric relaxation of the polycrystalline (Ba, Sr)TiOj thin films
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The microwave dielectric properties of tl{Ba,S)TiO5 thin films annealed at various oxygen
pressures ranging from 5 to 500 mTorr were investigated over the frequency range 0.5-5 GHz
using a circular-patch capacitor geometry. The dielectric constantfollowed Curie—von
Schweidler relaxation in the microwave-frequency range, and the degree of relaxation corresponded
qualitatively with the measured dielectric lodan 8). As the oxygen pressure varied, the dielectric
loss had a maximum value ef0.03 at 100 mTorr, and its behavior was correlated with the Raman
strength of the polar modes. @005 American Institute of PhysidDOI: 10.1063/1.1923760

Recently,(Ba, S)TiO5 thin films have been studied in- radiation was used to determine the crystal structures of the
tensively for applications in areas such as dynamic randorthin films. Unpolarized Raman specttaobin Yvon were
access memoryDRAM) or microwave device§® Because acquired with backscattering geometry at room temperature
of the voltage pulse applied in DRAM and the operatingin the range from 100 to 1100 ¢m The composition of the
microwave frequency of tunable devices, it is important tothin films was analyzed by electron-probe microanalysis
understand the frequency dependence of the dielectric propEPMA), and the film thickness was measured using a sur-
erties, such as the dielectric constést and dielectric loss face profilometer.

(tand) at GHz range. The average composition of the BST thin fims was

The existence of a polar nanoregitPNR) in ferroelec-  (B&.485%0.50 Ti0.9105-5 Which was confirmed by EPMA. The

tric films has been proposed previously to explain the obser!! déficiency due to the larger solubility than bulk BST,

vation of the first-order Raman scattering and the FandVnich can be explained by the nonequilibrium microstruc-

asymmetry of the Raman lines in the Sr'giﬁ]ms.6 Several tures, may contribute only to the overall degradation of di-

studies have also shown that PNR. similar to those in a reSl€ctric constants and losses compared with the stoichio-

: 1,12,13 =
laxor, exists in BST thin films above the bulk ferroelectric- metric one. Figure 1 Sho"YS the XRD pattems of the
transition temperature7§9 Herein, we report the microwave BST thin films annealed at various oxygen pressures. All of

. : ; - . the BST films show the polycrystallin€l00), (110, and
dielectric properties and PNR characteristic of BST thm(lll) grains in the range from 20° to 60°. In order to exam-

films. ; :
. _ . ine the extent of the(100 texturing, the (200/(110
The BST thin films (~350 nm were deposited on integrated-intensity ratios of the BST thin films were ac-

Pt(100 nrr){SiOz(loo nm/Si(100  wafer u§ing a quired (Fig. 2). The (111) diffraction was precluded due to
(Bay 551 5 TiO5 target by rf magnetron sputtering, at the

deposition temperature of 600 °C with the operating pres-
sure of 40 mTorr. The samples were postannealed at 700 °C
in a pure-oxygen atmosphere, and the oxygen pressures were
varied from 5 to 500 mTorr. The Au thin film&00 nn) as
the top electrode were patterned to circular-patch capacitor
structures in order to measure the dielectric properties in the
microwave rangé'.lo'll

The dielectric properties were measured using a vector
network analyzefHP 85100 in the frequency range from ' A
0.5 to 5 GHz. The scattering paramet&;, of the device WW 50 mTorr
under tes{DUT) acquired by a one-port measurement tech- J L
nigue was converted into the impedance. The dielectric con-
stants and the dielectric losses were obtained from the DUT
impedances, the dielectric thicknesses, and the electrode ar- [ C L, [,
eas. The equivalent-circuit model was introduced to remove 20 30 40 50 60
the parasitic effects from resistance in the bottom/top elec- Scattering Angle 26 (degree)
trode and contact™ X-ray diffraction (XRD) with CuKa
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FIG. 1. XRD patterngin a log scal¢ of the BST thin films annealed at
various oxygen pressures ranging from 5 to 500 mTorr. The peak positions

dElectronic mail: tacho78@snu.ac.kr and intensities of théBa, sSr, 5) TiO; powder (JCPDS No. 39-1395are
PElectronic mail: byungwoo@snu.ac.kr marked at the bottom.
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FIG. 4. (a) The dielectric constants arh) the dielectric lossegaveraged
between 1 and 3 GHaf the BST thin films are shown by the solid squares

. . . ) - (annealed with various oxygen pressur@he values of the exponent
FIG. 2. The(200/(110 integrated-intensity ratios of the BST thin films (1-n) from the Curie—von é%hweFi)dler relaxation law o f-4-m), WFI,’liCh

annealed at various oxygen pressures. The inset shows the variation in to\?er ) ; :
h . ) e obtained from the least-squares fit, are presented by the open circles.
XRD peak widthsak (full width at half maximum of the (200 and (110 The open squares indicate the calculated dielectric losses using the relation,

diffractions. tan = cot(n/2).

Oxygen Pressure (mTorr)

overlapping with the electrode peeﬁdt is observed that _n or cotnw/2)) and the measured dielectric lo&sn )
(100 texturing has a maximum value at 10 mTorr. However, . . . :
The dielectric loss has a maximum value 6f0.03 at

the growth kinetics for the preferred orientation as the oxy-

gen pressure varies is not well understood. The XRD peal%oo mTorr. The dielectric loss means a dynagnic dielectric
widths Ak (full width at half maximum of the (200 and response at the measured frequency. Hubesl.” reported

; . . he local ferroelectric(and paraelectric response of the
(stlo(\)/)vrwcjliﬁr?ﬁ;l?::e?gfrllz?; Szh ow any consistent changes, a%BaOASrO_G)TiOg thin films deposited at various oxygen pres-

Figure 3 shows the dielectric constant and the dielectric¢Ures using time-resolved confocal s_cgnning optical m_icros-
loss of the BST thin film annealed at 10 mTorr as a function®PY at microwave .freguency. In addition, Raman stu.dles of
of frequency ranging from 0.5 to 5 GHz. The dielectric Con_paraeleg:tgnc BST thin films have clearly shown the existence

' ) of PNR.”

stant clearly shows a power-law dependence on the fre- - .
quency, which is known as the Curie—von Schweidler law The Raman spectra of the BST thin films annealed with

(e -0 with 0=n=1), and the value of the exponent various oxygen pressures were obtained, as shown in Fig. 5.

~ —~ 71 ib-
(1-n) means the degree of relaxation in the dielectric con-The peaks at-180,~280,~530, and~760 cm™ are attrib

stant. The dielectric loss can be approximated touted to the mixed transverse opti¢alO),-longitudinal opti-

cottnm/2). 1426 Figure 4 shows the dielectric constants and®® (LO);, TOyLO,, TO,, and LG, modes, respectivef}.

the dielectric losse@veraged between 1 and 3 GHuf the The first-order Raman scattering is forbidden b_eca_use all the
BST thin films annealed at various oxygen pressyps- zone-center phonon modes_have an Qdd parity in a cup|c
sented by the solid squajesThe values of 1 obtained structure. However, observation of forbidden polar modes in
from the least-squares fitting and @o#/2) are represented the BST thin films demonstrates the local loss of the inver-
with open circles and open squares, respectively. Fig(ae 4 sion center that is assigned to a ferroelectric fluctuation. For

shows that the dielectric constants have a maximum value c§Pe quantitative analysis of the PNR strength, the polag TO

~600 at 10 mTorr, which correlates with thi00) texture. It and LQ, modes were fitted with Lorentzian functions after

is known that the(100) texture leading to the enhancement removing the nonlinear background, as shown in the inset of
of the in-plane oriented polar axis increases the dielectric

constant in the BST thin filmSFigure 4b) shows the quali- oo T T
tative correspondence between the dielectric relaxafion -y To,4L0, 7
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FIG. 3. The dielectric constaii¢) and the dielectric los&an ) of the BST FIG. 5. Raman spectra of the BST thin films annealed at various oxygen

thin film annealed at 10 mTorr in the frequency range from 0.5 to 5 GHz. pressures ranging from 5 to 500 mTorr.
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tribution of either hopping energies or hopping distances of
& mTon oxygen vacancies leads to such a wide distribution of relax-
ation times-> The wide relaxation time of oxygen vacancies
can originate from the interfacial space-charge region or the
strain gradient from a substrate.

In conclusion, the dielectric properties of the BST thin
- 400 500 600 700 800 900 films were measured over the frequency range of 0.5-5 GHz

R Shift (cm™* . . . . .

/' § aman Shift (<m ) using a circular-patch capacitor geometry. The dielectric con-
r
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X
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. stant showed Curie—von Schweidler relaxation, and the de-
gree of the relaxation corresponded qualitatively with the
L0, mode 1 dielectric loss. The microwave loss and dielectric relaxation
x correlated with the PNR strength, as observed by the Raman
1 1 I} 1 1 1 Spectra-
0 100 200 300 400 500
Oxygen Pressure (mTorr) The authors are grateful to Yongjo Kim, Doyoung Lee,

' N ~ Joon-Gon Lee, Dongyeon Son, and Min Kyung Choi for
FIG. 6. Integrated intensities of the @nd LQ, modes of the BST thin  thejr helpful discussion and materials characterizations. This
films annealed at various oxygen pressures. The Raman peaks are fitted with K ted by KOSEE th h the R h Cent
Lorentzian functions after removing the nonlinear background, as shown ifVOrk was supporte . y roug e esea_rc en .er
the inset. for Energy Conversion and Storage at Seoul National Uni-
versity, and the Basic Research ProgréaR01-2004-000-

Fig. 6. The peaks at-570 cni! and ~630 cni? are the 10173-0 of KOSEF.
disorder-induced extra bands, and the peak-880 cn1!
was unidentified” Figure 6 shows the Raman integrated in- Appl. Phys. 86, 4565(1999
tensity of th_e BST thin films annealed at_ various oxyg_en p, Pa.dmini,. T. 'R. Taylor, M...]. Lefevre, A. S. Nagra, R. A. York, and J. S.
pressures. Figuregld) and 6 show that the microwave 10SS is  speck, Appl. Phys. Lett75, 3186(1999.
well correlated with the Raman integrated intensity of the 3s. E. Moon, E.-K. Kim, M.-H. Kwak, H.-C. Ryu, Y.-T. Kim, K.-Y. Kang,
polar TQ, and LQ, modes. S.-J. Lee, and W. J. Kim, Appl. Phys. Le®3, 2166(2003.

The dielectric dispersion in BST thin films resembles 4’; R. Tag"?f'sp-sl Hi‘”ie”vl BF-)hACiki"gd ig%e(zzloglaA' York, S. K. Stre-

: H Ifrer, an L. . . .
W'th that of the relaxor. In_t_he relaxor, the fofma“f’” of PNR SY.eé.etNang, M. g.e;éevgg, W. g.sKiri, J. S. Horwitz, and F. J. Rachford,
is caused by a compositional heterogeneity. In BST thin Appl. Phys. Lett. 78, 3872(2001.
films, however, the origin of the PNR is known to be an sa a sirenko, I. A. Akimov, J. R. Fox, A. M. Clark, H.-C. Li, W. Si, and
oxygen vacancyVg), and the oxygen vacancies connected x. X. Xi, Phys. Rev. Lett.82, 4500(1999.
with locally frozen cation vacancies or impurities can be re- ‘T.-G. Kim, J. Oh, T. Moon, Y. Kim, B. Park, Y.-T. Lee, and S. Nam, J.
oriented by an external fiefd:'® The degree of the correla- Mater. Res.18, 682(2003. _ _
tion among the defect dipoles changes Raman intensity OfC' Hubert, J_. Levy, T. V. Rivkin, C. Carlson, P. A. Parilla, J. D. Perkins,
. . . and D. S. Ginley, Appl. Phys. Letf79, 2058(2001).

polar modes. It is believed that the change in the PNR °D. A. Tenne, A. Soukiassian, X. X. Xi, H. Choosuwan, R. Guo, and A. S.
strength is attributed to both the change of the polar axis andghalia, 3. Appl. Phys96, 6597(2004.
the defect concentration. Therefore, the observed microwavBz. Ma, A. J. Becker, P. Polakos, H. Huggins, J. Pastalan, H. Wu, K. Watts,
loss and dielectric relaxation may be explained by the con- Y. H. Wong, and P. Mankiewich, IEEE Trans. Electron Devieks 1811
centration of oxygen vacancies and the inhomogeneous dig;1998- _
tribution of oxygen vacancies under the influence of texture,, KIM: J- Oh, T-G. Kim, and B. Park, Appl. Phys. Le@t§, 2363(200D.
and the interaction with biaxial stre3& Therefore, it will be ﬁhysstegge;;é‘é'zaggger’ N. D. Browning, and A. 1. Kingon, Appl.
more meaningful to quantify the concentration of defects,s; Im,. 0. Aluciéllo, P. K. Ba.umann, S. K. Streiffer, D. Y. Kaufman, and A.
and thereby correlate it with the dielectric relaxation. R. Krauss, Appl. Phys. Lett76, 625 (2000.

Although typical Curie—von Schweidler relaxation has “‘A. K. JonscherDielectric Relaxation in SolidéChelsea Dielectrics Press,
been reported in several places of literature, the physical ori;-ondon, 1983
gin has not been fully elucidated, due to the existence of M- Schumacher and R. Waser, Integr. Ferroelef. 109 (1998.
controversy *>'%°The frequency dependence of dielectric ,\,'elar'ni?:r'e;k"ERkié;ﬁ'bﬁW&’eI‘ m.dsgav\(v, ,\Z\ RApzfn;ﬁgbiéﬂD A
constant and loss may be caused by competition betweemygg 199 o ' e T
nanopolar reorientation and other dielectric origin, such as. 1. Yuzyuk, J. L. Sauvajol, P. Simon, V. L. Lorman, V. A. Alyoshin, I. N.
multiphonon scattering, quasi-Debye mechanism, and acous-Zakharchenko, and E. V. Sviridov, J. Appl. Phy&3, 9930(2003.
tic transformation. Actually, Astafiegt al?® showed that the ““W. L. Warren, G. E. Pike, K. Vanheusden, D. Dimos, B. A. Tuttle, and J.
crossover between extrinsic and intrinsic dieIectric—losslgg"lzf”\fond.i' gpFF’," ; hé’lfm' 92(15&(1292:k 'ski. 3. Aopl. Phvas. 7448
mechanisms is driven by the dc bias field at microwave fre- 5,05 endik, S. P. Zubko, and M. A. Nikofsk, J. Appl. Phys2
quency. Baniecket al* have showed Curie-von Schweidler 2 F Astafiev, V. O. Sherman, A. K. Tagantsev, N. Setter, T. Kaydanova,
relaxation from 1 mHz to 20 GHz for 30 nm BST. The dis- and D. S. Ginley, Appl. Phys. Leti84, 2385(2004).
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