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Studies on Ferroelectric Properties of Sol-Gel Derived
Pb(Zr 53Ti 94703 Using Ba, 5Sro sRUO;
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Pb(Zry 55Tig.47) O3 (PZT) thin films with a(110) preferred orientation were prepared ongBr, sRuO; (BSR)/RuU/SiQ/Si sub-

strates using a sol-gel method. The oxide bottom electrode, BSR, was fabricated at various temperatures pfSRsuBErates

by rf sputtering. The annealed PZT films on BSR/Ru/Si8 substrates exhibited improved crystallinity. The electrical properties

of PZT films, such as the electric fiel@) induced variations of the leakage current density, the dielectric constant, and the
polarization were strongly dependent on the processing temperatures of the PZT films as well as the bottom oxide electrode. A
typical PZT thin film annealed at 650°C on the BSR electrode, which was deposited at 450°C on the, R&i/SiDstrate by a
sputtering technique, has a leakage current 062707 A/cm? at an applied electric field of 500 kV/cm and a dielectric constant

of 968. From the polarization-electric field characteristics, the remanent polarization and coercive field of the PZT were found to
be 38.9u.C/cn? and 59.6 kV/cm, respectively, at an applied voltage of 5 V. The PZT films exhibited fatigue-free characteristics up
to ~1.0 X 10 switching cycles under 5 V bipolar pulses.
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Pb(zr,Ti)O; (PZT) thin films have attracted attention because of Experimental
the excellent ferroelectric properties, which can be exploited for  The initial attempt to prepare the BSR target through a solid-state
applications in nonvolatile random access memo(id¥RAMs) reaction using stoichiometric amounts of a RyCSrCQ;, and

and dynamic random access memotBRAMSs).""* However, many  BaCo, mixture as the starting materials was not successful. Subse-
reports have indicated that the PZT thin films have serious fatigugyuently, BaRu@ and SrRuQ were prepared separately through a
problems when deposited on metal electrodes because of the degrgy)ig-state reaction using BaGOSrCQ;, and RuQ as starting ma-
dation of the film/electrode interface, which results in a relatively tgrials and then mixed and different ratios of the end members used
shorter number of switching cyclés. The conductive metallic 0x-  to form the BSR solid solution were calcined. The experimental
ide electrodes, such as Ru®1r0,,° (Lay s, St CoO;,*° BaRuQ, conditions employed for the synthesis of BRO and SRO phases can
(BRO)™ SrRuQ; (SRO)* and BaSr,_,RuO; (BSR)}® have been  pe summarized as follows: stoichiometric amounts of Rw@d
found to improve the fatigue properties of the PZT capacitors. TheBaCO, were mixed in a ball mill and calcined at 1000°C for 4 h to
polarization fatigue, which arises out of repeated switching cycles,from single-phase BaRuO(BRO) powder. Similarly, the single-
gets suppressed at a ferroelectric film/oxide electrode heterostrughase SrRu@ was prepared from high purity RyCand SrCQ

ture as the oxide electrodes act as sinks for the oxygen vacanciepowders by calcining the well-mixed reactant mixture o h at

The selection of electrode materials will also affect the microstruc-1250°C. The phase formations of both end members were confirmed
ture and the electrical properties of the thin films. Moreover, thepy X-ray diffraction (XRD). In order to prepare the solid-solution
perovskite oxide electrodes should have similar lattice parametefarget, BSR, with the desired composition,,Bar, (RuO;, the sto-

and crystal structure with PZT thin films as these characteristicSchiometric amounts of BRO and SRO were mixed in a ball mill
decide the formation of the chemically and thermally stable PZT/followed by calcination at 1500°C. However, the XRD characteriza-
perovskite oxide electrode interface, which eventually enhancetion of the 1500°C calcined powder did not confirm the formation of
the ferroelectric characteristics of PZT filfsHowever, it is very  the BSR phase. Finally, the BSR target was fabricated by mixing
difficult to deposit preferentially oriented PZT or BSR films on different ratios of well-crystallized BRO and SRO phases. In our
silicon substrates. In most of the studies on epitaxial PZT orexperiments, we used the low-temperature calci(@@D°C, 4 h)
BSR thin films, the films were deposited on Srfi@STO) or mixture of BRO and SRO powders as the target material. Based on
LaAlO; (LAO) substrated®*7 In our earlier study® the (110- XRD results(not shown here), such a 600°C calcined powder target

oriented SRO oxide electrodes were deposited on an Ry/Si0 IS the mixture of BRO and SRO phases. o

substrate at a low temperature, subsequefith))-oriented PZTs The BSR thin films were deposited on Ru/$#Si(100) sub-
were grown on SRO(110)/Ru/SjSi substrates. The PZT films on strates qt yarlou_s_tempgra_tures by rf magnetron spL_nterlng. The ther-
SRO(110)/Ru/SiQ/Si exhibited improved ferroelectric properties. Mally oxidized silicon dioxide layer (SiQ 100 nm thickjwas em-

Obviously, the enhancement in the ferroelectric properties of PZTF'?{(e%toriufplrﬁls; thv'\s/ rreacc;jtion t)itet\(/jveetn4|(:)zgoacnd siri1licor?. Thtet Sr?nnm
deposited on the perovskite oxide electrodes can be obtained a ck ~u meta S were deposited a using 1t sputtering.

would be of interest for future ferroelectric memory applications. he deposition conditions and the resultant thicknesses of Ru and

However, in our previous study, a detailed investigation of structureBSR films are listed in Table I The PZT films with a thickness of
' rp . y: . 9 . 200 nm were grown by a sol-gel method. The annealing of the films
and ferroelectric properties was not carried out. In this study, we

prepared highly oriented10) PZT thin films on conducting oxides, gg; %%réotrgwsgoloréau:ﬂ;er g;?ﬁggpi;;ﬁrﬁg éesrgpfégtiﬁzzt:gggéng
namely (Bs,SnRu@ (BSR), as bottom electrodes. Thin films of with an area of 4.9< 10~° cn? were sputter deposited onto the PZT
BSR with (110 preferred orientation were sputter-deposited on films at room terﬁperature, and then thermally treated at 400°C for
Ru/SiOzl_Si substrates. _The_ structl_Jre and the ferroelectric properties|g min to reduce the interface defects during sputtering. The crys-
of PZT films were studied in detail. tallinity of the films was examined by XRI[Biemens D5000), with
Cu Ka radiation. The surface morphology and the microstructure
were observed by using atomic force microscdpé&M, Digital
2 E-mail: tseng@cc.nctu.edu.tw Instruments Nanoscope Jlland scanning electron microscope
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Table I. The deposition conditions and thicknesses of Ru and §
BSR films. S 2~
el =
Films Ru BSR ‘O’NE i
Target Metallic Ru SRO and BRO é 2
packed powder 700°CH
Substrate temperature 400°C 300-500°C, room temperature
Sputtering gas Ar ArlO, = 3/1
RF power(W) 100 100 650°C
Working pressurémTorr) 10 10 ’;
Film thickness(nm) 50 300 <
E‘/ 600°C
(SEM, Hitachi S-4700), respectively. The capacitance-volt&g¥) % 550°C]
characteristics were measured with an impedance-gain-phase aneg
lyzer (Hewlett-Packard, HP, 41944at 100 kHz. The current-voltage
(I-V) measurements were performed by using a semiconductor pa- 500°C]
rameter analyzefHP4156B). The ferroelectric properties of the
films were measured using a RT66A ferroelectric tesRadiant jk o
Technologies, Ing. 450G
Results and Discussion e N 400°C
Figure 1 shows the XRD patterns of BSR films deposited on A 1 ; 1 ; i ;
30 40 50 60

Ru/Si0, /Si substrates at various temperatures. The deposited BSR 20
films have a preferreL10) orientation with the well-defined peaks 20 (Degree)
appearing at deposition temperatures as low as 300°C, and the peak
intensity of (110)-oriented BSR films increases with increasing Figure 2. XRD patterns of PZT films deposited on 450°C-grown
deposition temperature. Similar results were observed when th&SR/Ru/SiQ/Si substrates and annealed at the various temperatures indi-
SRO was deposited on Ru/Si{Si substrate$® We also observed —cated.
the (110) peak of the Ru@ phase for the films deposited at 450°C
due to the oxidation reaction at the interface between BSR and Ru at ) . R .
i deposion tmperaure. The aciona pesk coresponing (515 12, e PZT0 s costalled on e 300 depostes
SR(IJJ(()%gO)appears at deposition temperatures in the range from 450 tenhance the cry'stallization of PZT films to form the preferred ori-

: ' . o entation of(110. In addition, all of the XRD patterns of PZT films
q The_t ﬁR/a ;;gt_terg_s of tt)hf F,:ZT f”r:ls depos:tedd 0? tBSRSO Ct annealed at high temperature could find 140 orientation of
; ;rf’ gc}f’]'gefr)omu 40'(? i 0' 75(;100%2? es Sﬁgwna{:]ntla:?ge > aA s?rrggg:)? uresRqu even though the bottom electrode was deposited at lower than

o é50°c. The XRD patterns of the BSR films, which were deposited

referred orientation appeared in PZT films annealed at 450°C, an . ) :
prete I bp on Ru/SiQ/Si substrates at various temperatures and then furnace

this preferred orientation is further enhanced by increasing the an- PN ; )
nealing temperature up to 700°C. We observed from our XRD re-annealed at 600°C inQ that is, the same heat-treatment with PZT

= = 3 ez 2 3
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Figure 3. XRD patterns of BSR films deposited on Ru/$iSi substrates at

Figure 1. XRD patterns of BSR films deposited on Ru/SiSi substrates at  the various temperatures indicated and then furnace-annealed at 600°C under

the various temperatures indicated. O, atmosphere.
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Figure 4. Dielectric constant and loss tangent of PZT thin films annealed at 0 -5 0 -
various temperatures on the BSR bottom electrodes deposited at variou Electric Field (x100 kV/cm)
temperatures.

Figure 6. Thel-V characteristics of PZT thin films deposited on the 450°C-
grown BSR/Ru/Si@/Si substrates and annealed at the various temperatures
films, are indicated in Fig. 3. It appears the R(DL0) and the indicated.
Ru(100)peaks in addition to the BSR10) and the Ru(002peaks.
The formation of RuQ is attributed to the interface reaction be-
tween Ru and BSR leading to oxidation of the Ru at high annealingand higher polarization of the highly oriented films. The evidence of
temperatures. The RyQL10) and the Ru(10(prmation would not  high annealing temperature enhancement of the grain growth of the
affect the crystallization of the PZT films, because the BSR crystal-pzT films is shown in Fig. 5. On the other hand, the better crystal-
lization directly influenced the PZT thin-film growth. lization of the BSR bottom electrodes could enhance the crystalliza-
The dielectric constant and the loss tangent of the PZT films as ajon of the PZT films and consequently increase their dielectric con-
function of the annealing temperature and BSR electrode depositioRtants. Figure 6 shows the leakage current density of the PZT films
temperature are depicted in Fig. 4. The dielectric constant and thgieposited on BSR450°C depositedRu/SiO, /Si substrates. The
loss tangent increase with the increase in annealing temperature @ymmetry of the curves indicates the same structure and material for
the PZT films and deposition temperature of the BSR bottom electoth the top and the bottom electrodes. The leakage current density
trodes. When the annealing temperature is lower than 450°C, thg the PZT film annealed at 400°C has a low value ok 510 10
dielectric constants of the PZT films are small because they aréy;o:m?2 at 750 kV/cm because of its amorphous nature, whereas the
amorphous. When the annealing temperature is higher than 450° 00°C-annealed PZT has a high leakage current ofx1 30
the PZT films are well crystallized and have high dielectric con- p;cn\2 ot the same electric field. The leakage current increases with
stants. The .h'gh. d|ele_ctr|c constant for the_h_lgh-temperat_ure_ aNglevated annealing temperature, because the column grains are eas-
nealed PZT films is attributed to better crystallinity, larger grain S'Ze'ily grown in the PZT films at high temperaturéBig. 7), which
supply short-circuit paths under the applied bias. The interface reac-

(a)600°C (b)Y 650 C
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Figure 5. SEM images of PZT films deposited on the 450°C-grown
BSR/Ru/SiQ/Si substrates annealed @) 600, (b) 650, (c) 700, and(d) Figure 7. SEM cross section of the PZT film deposited on the 450°C grown
750°C. BSR/Ru/SiQ/Si substrate and annealed at 700°C.
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Figure 8. Polarizationvs. electric field characteristics of PZT thin films  Figure 10. Polarizationvs. electric field characteristic of the PZT thin film
deposited on a 450°C BSR bottom electrode and annealed at various te”lieposited on Cep(15 nm)/BSR/SiQ/Si substrate and annealed at 700°C.
peratures.

tions between BSR and PZT films might also deteriorate the PZTization (P,) of PZT films increases with an increase in annealing
performance. In addition, lead loss easily occurs in the high annealtemperature up to 650°C, as a result of better crystallization of the
ing temperatures, which might induce the increase of the leakag®ZzT films. The 650°C-annealed PZT films have a relatively high
current and the loss tangent. The deposition temperature of the BSRalue ofP,, 38.9uClcn?. The P, of the 700°C annealed PZT films
electrodes also affects the leakage current of the PZT thin films. Theyere lower than that of the 650°C-annealed-PZT, which may be due
better crystallized BSR electrode would lead to the PZT films hav-to the interfacial reaction between oxide and electrode. To verify this
ing a larger column grain size, which is the main cause for the largefoint, the secondary ion mass spectroscivS) analysis of the
leakage current. interface of the PZT/BSR heterostructure was carried out, and its
The polarization-electric field hysteresis loops for the PZT films result is indicated in Fig. 9. The interdiffusion between PZT film and

on the 450°C-deposited BSR electrodes, which were annealed ahe BSR electrode indeed occurred at the high temperature of
various temperatures, are illustrated in Fig. 8. The remanent polar7pg°c, which results in a reduction Bf values. We also attempted

to deposit a thin Ce©(15 nm) between the 700°C-annealed-PZT

film and the bottom electrode and then measure its hysteresis loop.

10k The result in Fig. 10 indicates that tig, 38.2 nC/cn? of 700°C-
annealed PZT films using the Ce®uffer layer is larger than 36.1
wClen? without the CeQ layer. Obviously, the CeOprovides a
10° diffusion barrier to reduce ferroelectric and oxide bottom electrode
interdiffusion. Some studies reported that the strontium atoms dif-
fused into ferroelectric films easily, which degrades the ferroelectric
210° propertiest® It is supposed that strontium and barium ions diffused
g i into PZT (Fig. 9) have been obstructed the by Cebuffer layer,
O LT resulting in highelP, of the PZT film. TheP, values of the annealed
g 10" F PZT films on various temperature-deposited BSR electrodes are
= 1 summarized in Table Il. The fatigue characteristics of the 650°C-
E‘ . annealed-PZT films are depicted in Fig. 11, which indicates that the
< 10
=) E
8 1
Q -
w2
107k Table Il. The remanent polarization values of various
temperature-annealed PZT films deposited on various tempera-
T ture prepared BSR electrodes.
10 E
3 o Bay 551 sRUO; deposition temperatur@C)
Remanent polarization
10° (w Clend) 300 350 400 450 500
PZT annealing 500 10.8 15.8 19.2 24.4 28.8
temperaturg°C) 550 15.5 23.3 26.0 30.5 33.5
600 18.1 29.3 32.8 33.8 38.5
Figure 9. The SIMS analysis of the PZT thin film on the 450°C-deposited 650 21.7 325 35.6 38.9 43.5
BSR bottom electrode and then annealed at 700°C. 700 23.9 28.8 32.6 36.1 41.2
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Figure 11. Fatigue behavior of the 650°C-annealed PZT thin film which was

deposited at 450°C on BSR/Ru/SiCsi with a 100 kHz bipolar square wave
peak-to-peak fatigue voltage of 10 V.

highly (110 oriented PZT films deposited on BSR/Ru/$iSi sub-
strates do not show any deterioration aftet0'? switching cycles.

Conclusions

Fo1

nealed at higher temperatures. The value of the dielectric constant
and theP, were also increased with raising the annealing tempera-
ture up to 650°C. However, thE, value decreased on further in-
creasing the annealing temperature, which was attributed to stron-
tium and barium ions diffused into PZT films. The PZT films were
fatigue-free even after-10'? switching cycles.
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