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Ferroelectric and dielectric characteristics of two types of hBjOq thin films grown by pulsed

laser deposition on Pt electrodes were determined: a randomly orientedNBy8j film (sample

A), grown on a so-called polycrystalline Pt/Ti/Si®i (Pt/Si) and an epitaxial SrBNb,Oq film
(sample B grown on a(110Pt electrode epitaxially grown of110SrTiO;. Some h0O texturation

was suggested by the strong intensity of the 200 diffraction peak in sample A whereas the epitaxial
sample B presents a strongl¥16) preferential orientation as evidenced by x-ray diffraction and
electron channeling patterns. Remanent polarizati®n determined from the hysteresis loops
recorded on several electrodes on samples A and B was typically in the range of GG-&:67 for

both samples. The Curie temperatiie) determined from dielectric permittivity measurements
versus temperature was 705 K, for both samples, which differ, in fact, in structural characteristics
but not in composition. The Curie—Weiss temperature was found lowerTifiasuggesting that the
transition is of first order. The evolution of dielectric permittivity and dissipation factor was
recorded versus frequency at different temperatures. At room temperature and low frequency
(100 H32, &’ is close to 150 on both films. When increasing the frequency up to 1 MHz, thalue
decreased down to 137 for sample A and 129 for sample B. This evolution corresponds to a weak
dispersion effect in relation with the high crystallization quality of the ferroelectric films. At the
same time, dissipation facttgd increased from 1.5% to 1.8% and from 3.3% to 5.5% for samples

A and B, respectively, when increasing the frequency from 100 Hz to 1 MHz. Further
measurements at higher frequency were performed on the epitaxial film. As expected, dielectric
permittivity decreased to about 100 when increasing the frequency to 0.5 GHz at room temperature,
whereadgsé increased up to about 9%. Decreasing the temperature down to 110 K contributes to
decrease’ from 150 at room temperature to 122 at 110 K at 1 kHz and from 100 to 87 at 0.5 GHz.
Simultaneously,tgé decreases from 8.7% to 5.6% at 0.5 GHz.2005 American Institute of
Physics[DOI: 10.1063/1.1904726

I. INTRODUCTION laser deposition(PLD).7‘g Epitaxial growth of SBN (a
_ _ _ 0;
Ferroelectric Aurivillius-layered compounds such asaL(J)i.riSdlt?)‘lsr;lrI:jt;/_i(t)s-sgrl]iSgtrr;r;i’ca;?o}ir?ﬁéi?pl?iriIzsatri?.)-n
SrBi,Ta,Og (SBT) or SrBLNb,Og4 (Ref. SBN) are cur-

2130 (SBT) bNb;0, ( D ( ) vector lies in thea,b) planeu], as well as to control the films

rently intensively investigated as thin films in view of vari- "~ hich v d d he orientdfioh
ous applications. Indeed, their fatigue-resistant propertiesrplcrostructurew Ich strongly depends on the orient

whatever is the nature of the electrogieetal or oxidg, are and to avoid the grain-to-grain polarization variation in high-
of first interest for nonvolatile memorid$erroelectric ran- density integrated deviceS® Several conducting oxides

dom access memorg,FERAM)].z'?’ Thus, several methods have been reported as potential bottom electrodes allowing

have been used for Srfia,0, or SBN thin-film deposition, an epitaxial regrowth —of = SrBND,O,, = such as

8 6 : 16 9
such as sol-gé polymeric precursorsputtering or pulsed ~ (L21-xSE)C00s,” YBa;,Cus0;-,” LaNiOs, ™~ and SrRu@” In
contrast, there are only a few reports on the use of metal

_ layers in view of SBN epitaxial growth, whereas Pt is com-
dAuthor to whom correspondence should be addressed; electronic ma%only used in the case of randomly oriented films on silicon
maryline.guilloux@univ-rennesl.fr

Ppresent address: National Centre for Plasma Science and Technology, DL@Ub_Strates_- Mogeo_ver, as Sfﬂbzog presents a weak polar-
lin City University, Glasnevin, Dublin 9, Ireland ization fat|gue2,’ simple metallic sublayers can be expected
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to be good candidates as electrodes for SBN. Platitam sputtering on(110SrTiO; single-crystal substrates from a
=0.392 31 nm appears as a suitable candidate for this purmetallic foil at 450 °C, under an Ar pressure fixed at 9
pose, due to its oxidization resistance, its low vapor pressur& 1072 mbar and with an applied voltage of —1.5 kV.
even at high temperatures, and its small misfit with both
SBN and SrTiQ (a=0.3905 nm: ~0.4% referring to
aspny2/2 or bggny2/2, and asTio,: The growth of
SrBi, Ta,Og or SrBLNb,Og 0n Pt on single-crystal substrates
has been reported ol0OMgO and (100SrTiO; with
(100)Pt orientation, leading to the-axis SBN orientatiort’ Composition of the films was determined by energy dis-
We have reported on the growth of SBN driOPt(Ref. 18§  persive spectrometryEDS) using a Link Oxford analyzer
and (11DPt (Ref. 19 epitaxial sublayers in view to achieve implemented in a Jeol 6400 JSM scanning electron micro-
an orientation of SBN different from the axis. This con- scope(SEM) which gives also access to electron channeling
figuration is required to fit the request of a nonzero contri-patterng ECP. Analysis of SBN films at low voltagé kV)
bution of the polarization vector along the normal to theavoids any contribution of the substrate or of the Pt sublayer
sample surface, that is achieved, for instance,(IA9SBN in the case of SBN films typically thicker than 200 nm. The
orientation. Otherwise, ferroelectric compounds are also ofurface morphology of the films was observed with a field-
interest for applications in the microwave range, to developeffect emission scanning electron microscieOL F-6301
for instance, frequency tunable devices according to theperated at low voltagéypically 7—9 kV) in order to limit
variation of the dielectric constant with an applied voltage,charge effects and to achieve a high resolution without the
or to elaborate small capacitive elements in microelectronicieed of metallization of the samples.
devices?®# In this frame, the knowledge of the behavior of Nonoriented films grown on Pt/Si were characterized by
such compounds at high frequency, additionally to their lowx-ray diffraction using a diffractometer equipped with a
frequency ferroelectric behavior, is of first importance. curved position-sensitive detectdNEL CPS 120, CiKal

In this paper, we report on the dielectric properties in aradiatior), whereas the phase analysis and growth direction
broad frequency range of two SiBib,Oq thin films from  of the epitaxial films were determined I8y26 x-ray diffrac-
which ferroelectric characteristics were previously detertion (XRD) using an uncoupled two-axes diffractometer op-
mined at low frequency: the first orflabeled A was depos- erated with ClKal radiation, giving also access to mosaic-
ited on a standard Pt-textured electrode on Si and the secoitly measurement (w scang. In-plane ordering was
one(labeled B epitaxially grown on epitaxiall10)Pt grown  qualitatively checked by ECP and epitaxial relationships
on (110 SrTiO;. Moreover, some dielectric measurementswere established by XR scans recorded with a four-circle
were performed at high temperature in order to record theéexture diffractomete(Bruker AXS D8 Discovey.
ferroelectric/paraelectric phase transition. Dielectric permit-
tivity and dissipation factor were also determined at low tem-
perature in view to integrate ferroelectric films in devices
with metallic as well as superconducting matefiaféwhich ~ C- Electrical measurements

requires cooling of devices. In view of electrical characterization, the platinum layer
was partially masked during the SBN deposition for bottom
electrode access and 40-—1p6i-diameter disk-shaped Pt
top electrodes have been prepared by a lift-off process.
Il. EXPERIMENT Hysteresis loops and fatigue tests were carried out using
a standard Radiant RT6000 meter at room temperature. For
hysteresis loops, the switching voltage was varied in the
~400-nm-thick SrBjNb,Oq thin films were grown by range of 3-20V, which corresponds to a maximum of
pulsed laser deposition from a Bi-enriched homemade sin500 kV/cm for SBN films with 400-nm thickness. The fa-
tered targettypically 30% excess of BD; in weight) using  tigue tests were performed at a frequency of &bz, with
a XeCl excimer lasetA =308 nm) operated at 2 Hz, with a an applied voltage of 7 V.
fluence of about 3.5 J/chon the target. Bi enrichment is The Curie temperature was determined from dielectric
required to avoid Bi deficiency in the films deposited at highconstant measurements performed in the temperature range
temperature, under an oxygen pressure of 0.3 fibawo  of 300—750 K at 1, 10, and 100 kHz. A homemade high-
types of substrates were used: a so-called polycrystallinpower furnace has been used to heat the films by small tem-
Pt/Ti/SiO,/Si (Pt/S) and a(110Pt epitaxially grown on perature increments of 2—10 °C. The temperature was di-
(110SrTiO;. In the case of polycrystalline substrates rectly measured on the samples with sensors.
(Pt/S), a deposition at high temperature, typically at For high-frequency measurements, a special cell was de-
700 °C, leads to a predominantorientationz.3 In order to  veloped and connected to a HP4291A impedance bridge
avoid this texture, a SBN filnisample A was deposited at (1 MHz-1.8 GH2z or to an Anritsu 37369A vectorial net-
400 °C and then annealed at 750 °C in air, during 2 h. Inworks analyzef40 MHz—40 GHz. The dielectric permittiv-
contrast, to obtairin situ a SBN epitaxial film(sample B, ity ¢’ and loss tangentgé were computed from measure-
deposition was performed at 700 °C on ttid0Pt bottom  ments in reflectionS;; parameter In the low-temperature
electrode. This~200-nm-thick Pt film was deposited by dc range, the films were cooled in a liquid-nitrogen cryostat.

B. Composition, structural, and microstructural
analyses

A. Thin-film synthesis
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FIG. 1. X-ray diffraction patterns for SrEb,Oq films grown (a) on Pt-
coated Si(sample A and(b) on (110Pt epitaxially grown on110)SrTiO;
(sample B.

Ill. RESULTS AND DISCUSSION

A. Thin-film composition, structural, and
microstructural characteristics

Composition determined by EDS was roughly the same
for the two films, namely, Sr:Bi:Nb1:2.4:2 on Pt/Si and
1:2.4:2.1 on(110Pt. Figure 1 shows the XRD patterns of the
two samples. It was evidenced that both the SBN films were
single phase in spite of the excess of Bi. As expected from
the low deposition temperature of 400 °Eaxis preferential  FIG. 2. Electron channeling pattern of ttELQPt bottom electrodéa) and
orentation was avoided in sample“Avihich presents in &fE(1LOSBALG, U (0 ECFof e medan regon s represetcd
contrast some h0O texturation suggested by the strong intefir1gsTio, is given on the top of the figure.
sity of the 200 diffraction peak. Thé-20 XRD pattern of
sample B shows the expected preferentidl6) orientation
of SBN, in spite of the presence of some second@gl)
orientation, which was always observed on the films grow

ported on Fig. 3. Sample B presents a more homogeneous
microstructure than sample A, according to the epitaxial

18— . ) ; rbrowth along the 116 orientation leading mainly to elongated
on (110Pt. " This contrasts with the purefi16SBN films — oaing Moreover some cracks can be seen in sample A, as

. 12 o .
grown on(110SrTiOs.* The value of 0.30° of the full width 0| a5 in filmsin situ grown at higher temperature on Pt/Si,

at half maximum of the rocking curve performed around the;, contrast with sample B: growth of SBN on epitaxial Pt
2212 peak is the signature of the high crystalline quality of

e 2 ) avoids systematically this limiting feature.
this film. The epitaxial growth of the SBN/Pt bilayer was
evidenced by ECRFig. 2). Epitaxial relationships deter-
mined from x-raye scans are

~(116)gpn !l (110)pl1 (110570,

B. Ferroelectric behavior

The hysteresis loops in Fig. 4 evidenced the ferroelectric
behavior of both samples, at room temperature. Measure-
_ ments were performed on several Pt top electrodes. The re-

[= 110lsenI[00Te(l [00Ts o sulting remanent polarizatiofP,) was typically in the range
According to the orientation induced by the different sub-of 5-8.5uC/cn? on samples A and B. Because of ttid.6)
strates, two various microstructures were achieved, as rereferential orientation of sample B, a highr value than
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FIG. 4. Hysteresis loops recorded befdfell line) and after(dotty line)
fatigue tests for samples @) and B (b).

FIG. 3. Scanning electron microscopy observations of SBiO, films
grown on Pt-coated Sia) sample A and on(110Pt epitaxially grown on
(110 SrTiO; [(b) sample B.

1600

the one measured on sample A could be expected. Howeve . | @) Tes705K | ¥

sample A, although polycrystalline and not epitaxially 1200 4 Film A

grown, presents somé&00 texturation and many grains

(115 oriented(Fig. 1), which contributes to incread®,. In 1000 1 - f=1000Hz

contrast, the presence @01) orientation in sample B con- 7w 800 - -+ f=10kHz

tributes to decreas®,, which remains still lower than the 600 - - f=100kHz

best data already reported in the cases (d16) and 400

(103 SrBi;Nb,O4 epitaxial films deposited or(110) and

(111)SrRuG; bottom electrodes, respectivel§’ This can 200 1

explain that the values d®, are very close on both samples 0 ' — " " "

A and B. 200 300 400 500 600 700 800 900
For both samples, hysteresis loops before and after fa: T

tigue testg2 x 10° cycleg are reported on Fig. 4. The shape 1400 (b) To= 705K

of the hysteresis loops is not significantly affected by fatigue 1200 - Fim B h e

effect, whereasP, only slightly decreases. This behavior 1000 |

confirms the good resistance to fatigue of SBN, even + 1kHz

on metal bottom electrode, whatever the structural . 800 -

h . [
characteristics. 600 |
C. Ferroelectric transition 400 1
Measurements of the dielectric permittivity were per- 200 1
formed versus the temperatuf€), during heating, at 1, 10, 0 . . . : .
and 100 kHz, in order to determine the Curie poify, Fig- 200 300 400 500 600 700 800

ure 5 displays the results obtained on both samples. The Tk

&(T) curves show frequency—indepen_dent maXima? at 705 Kgg. 5. Dielectric permittivity measurements vs temperature performed at 1,
corresponding to thd of ferroelectric—paraelectric phase 10, and 100 KHz, for sample &) and sample Bb).
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TABLE I. Dielectric characteristics of SBN thin films deposited on textured 160
Pt on silicon(A) and epitaxially grown or{110Pt/(110SrTiO; (B). 150 | Film A
M
Dielectric 140 1 HM&
Curie Curie-Weiss constants’ at Dielectric .
temperatureT. temperatureT, 100 kHz and constants’ at . 130 VJMM
Sample (K) (K) 300K 100 kHz andTe @ 120 1
A 705 ~620 147 778 "o
B 705 ~685 146 538 1001
90 1
(a)
80 +— o . .
transition. The same transition temperature of 705 K was 100 1000 10000 100000 1000000
determined for both samples, which differ, in fact, in struc- ftkz)
tural characteristics but not in composition. The measied 160 R
is slightly lower than the values of 713 and 723 K reported 1 e, .....297K
for bulk sample<:?>?*The increase of the dielectric constant 140 """"o...,.
from room temperature up td: is of the same order of 120 "\
magnitude than the one reported for bulk sam&i the W oK b
case of the film deposited on Pt/Si, whereas it is lower for 100 - — .\J
the film epitaxially grown(Table ). Below T the frequency 1 w’"\d
dispersion ofe’ is small, although higher in sample B near 80 1
Tc, whereas it becomes prominent in the paraelectric region. 10
In this region, dispersion is more prominent at low frequen- 60 PO P P T
cies, as reported for ferroelectrics associated with ionic 10t 10° 10 10 10 10 1010
conductivity?® In fact, bulk ionic conductivity was already flHz)
reported for this materiaf’ 300 -
For both samples ¥/ (Fig. 6) varies linearly with tem- 250 4 ,'
perature abové@, suggesting that the dielectric permittivity Film B :
4 .
. u200j ;
T ShoeS 150 :
o g & 100kHz Te=705K ¢
R 00025 {| = 10kHz 10 E
.. R,
oﬁ o 1 50 J
8. 00024 © :
‘ﬁ ] 0 r - r —r o - - v ]
&, "s.gbws ] 10" 168 100 10t 16 10t 1d 1t 1@ 10°
- . ajw f(Hz)
._,.-l
‘...p"?..gj‘il FIG. 7. Evolution of the dielectric permittivity’ vs frequency for samples
To=620K .o . 3 A (a) and B[(b) and(c)]. Data recorded for several electrodes are reported
0;0005 for sample A(a). Measurements were performed for sample B at 297 and
l Film A 110 K (b).
-100 -50 ; 0 50 100 obeys the Curie-Weiss laji¢’ =C/(T-T,)] at all the tem-
Telk) peratures abov@&.. The Curie—Weiss temperatu(€,) was
T obtained by extrapolating the linear region onto the tempera-
a ., Film B ture axis.T, was found less thaf. (Table )), suggesting that
Trmy M, the transition is of first order. This result agrees to the con-
L2 _“*-._‘ clusion of Venkataram and Varmfdeduced from dielectric
oy ¥ ,':“m_b a 100kHz measurements performed on bulk samples. A first-order para-
) "u.,_* "'-...._‘ ferroelectric transition has been also reported recently for
© Py *8002g . s 10kHz another Aurivillius phase(Bij ,d-ag 75Ti3012) in thin-film
T form?’
Te=705K + 1kHz
To=685K D. Evolution of dielectric permittivity and dissipation
\ factor versus frequency at different temperatures
——— —r— A first set of measurements was performed on both
-100 -50 samples at room temperature in the frequency range of

FIG. 6. Evolution of 1£’ vs T-T¢ for films A and B.

100 Hz—1 MHz. At room temperature and low frequency
(100 H2, &’ is close to 150 for both film&Fig. 7). The data
recorded for several top electrodes are reported for sample A.
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0.025 whereastgé increases up to about 9%igs. 7 and 8 The
1 Film A resonance phenomena observed above 1 [Fitg 7(c)] are
0.02 1 \/»f/“’ due to the electrical measurement circuit. Decreasing the
rrevs iy o temperature down to 110 K contributes to decregséom
o 20181 150 at room temperature to 122 at 110 K at 1 kHz, and from
100 to 87 at 0.5 GHz. Simultaneoustgsd decreases from
8.6 t0 5.7% at 0.5 GHtbefore the resonangelhe compari-
son of measurements performed at room temperature and at
low temperature gives access to an evaluation of the intrinsic
@) contribution tos’. Indeed, at 1 MHz, for example, the value
w00 1000 10000 100000 1000000 of &’ is 130 at room temperature an_d 105 at 110 K, which
f(Hz) suggests that the extrinsic contribution is of about 25% at
0.1 middle frequency and that the intrinsic value &fis about
] 297K N 100. In this case extrinsic contribution can be due to domain-
0.08 ] Film B walls motion and to some ionic conductivity mainly associ-
A ated with oxygen vacancies. We can notice that dispersion
s was also reduced by decreasing temperature. The evolution
110K of ¢’ andtgé with frequency can suggest a relaxation mecha-
nism. However, in this frequency range this phenomenon
" should be thermally activated. In contrast the extrema of the
002]  tten curves are placed at the same frequency at 297 and 110 K, so
1o this phenomenon is not thermally activated. Measurements at
0 +—rrrre— T T T higher frequencies up to 10 GHz are needed to seé dhd

¢ 10 e 1°°f(Hz) ¢ 10 100 g"=¢'. tgé follows the empirical Curie—von Schweidler
law.?®

Tg

0.01 1

0.005

I\

0.06

Tgd

0.04

AA
Aaapddde, b

aadd

FIG. 8. Evolution of losses factdgé vs frequency for samples A and B.
Data recorded for several electrodes are reported for sample A. Measure-
ments were performed for sample B at 297 and 110 K. IV. CONCLUSION

The dielectric behavior of SrBNb,Oq thin films grown

Most values are close to 150, one is slightly lower, near 130by pulsed laser deposition either on textured Pt/Si or on
When increasing the frequency up to 1 MHZ, value de-  epitaxial (110Pt/(110SrTiO; bottom electrodes was inves-
creases from 150 down to 137 for sample A and 129 fottigated. Quite similar behavior was observed for the two
sample B(Fig. 7). This evolution corresponds to a weak samples, suggesting that the difference of orientation and
dispersion effect in relation with the high crystallization microstructure does not strongly affect it. However, some
quality of the ferroelectric films. In the same time, dissipa-differences have to be pointed out such as the presence of
tion factortgé increases from 1.5 to 1.8 and from 3.3% to cracks in the film on Pt/Si leading to many short circuits,
5.5% for samples A and B, respectively, when increasing thend indeed it has been impossible to perform electrical mea-
frequency up to 1 MHZFig. 8). These results suggest that surements on several electrodes. To avoid cracks in SBN
losses tend to be higher in the epitaxial film than in thefilms on Pt-coated silicon some specific processes such as
polycrystalline one on Pt/Si. Various parameters can be rerapid thermal annealing are generally proposed in place of
sponsible for this behavior such as the orientation of thestandard heating treatments. In contrast only a small percent-
ferroelectric grains, the microstructure which can affect theage of electrodes tested was in short circtypically 5%—
domains structure, and the interface between the ferroelectrit0%) in the case of(110Pt/(110SrTiO;. Moreover the
film and the bottom Pt electrode. Up to now, it is not possiblemain interest of epitaxial films consists of the homogeneity
to distinguish between these various possible sources aff the behavior from one grain to another one in view of
losses. However, it is noteworthy that Pt bottom electrodeminiaturization of devices, as evidenced on similar SBN
diffuses in SBN during deposition at 700 °C, as revealed byfilms epitaxially grown on110Pt on(110SrTiO5.*°
secondary-ion-mass spectromé%SlMS), which can be re- SBN thin films can be potential candidates for applica-
sponsible for losses. In the same time, the in-plane orderingons in devices operating at high frequency, taking into ac-
arising from the epitaxial growth can make easy some ionicount the weak dispersion observed from 500 Hz to 1 GHz
conductivity which can also contribute to increase losses. in both types of samples: either for high dielectric permittiv-

A second set of measurements was performed on sampiy gate insulator or for tunable devices. However, the quite
B, at higher frequency, up to 1 GHz. Three measuremenhigh dissipation factor constitutes a limitation for some ap-
setups were necessary to perform the measurements all oglications and has to be considered. Further investigations on
the frequency range from 100 Hz to 1 GHz, as described if6BN films grown on other substrates compatible with micro-
the Experiment section. Figur€c] shows the good agree- waves applications are required to determine if it is possible
ment between the data obtained with the various setups. A® decrease the dissipation factor. For example, complemen-
expected, dielectric permittivity decreases to about 100 whetary studies onc-axis SBN films deposited on bare
increasing the frequency to 0.5 GHz at room temperatureg,100MgO or LaAlO; substrates will provide additional data
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