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Structure and polarization in epitaxial ferroelectric
PbZr5,Tig 4503/YBa,Cu;0,_, /Nd:YAIO 5 thin films
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We fabricate epitaxial PbgEg,Tig 4403/YBa,Cus0;_, submicron film ferroelectric/superconductor
heterostructures on the single-crystal YAHEL%Nd,O5 substrate by the pulsed laser deposition
technique. Frequency independent low lossdaf.04 and dielectric constant of 950, high electric
resistivity p (150 kV/cm=6Xx10' cm, remnant polarization of 32C/cn?, no visible fatigue

after 10 short bipolar pulses switching indicate excellent electrical performance of the new
capacitor structure. The slight crystallite polar axis misalignment and depolarizing effect were found
to be responsible for the shape of the apparent polarization loop. The only fitting parameter
depolarizing coefficienti=2.37x 10~ gives the best fit between theory and experimental data and
corresponds tqrolate ellipsoidalshaped crystallites with the length-to-diameter ratio of 140.

© 1998 American Institute of Physids$0003-695(98)03305-1

In recent years, lead-based ferroelectric thin films suctstatics and dynamics of the polarization in thin ferroelectric
as PbTiQ, PbZr, Ti)O; (PZT), and (Pb, La(Zr, Ti)O; films.
have gained much attention as attractive materials for the In this work epitaxial PbZysoTig 4403/
capacitors in dynamic random-access memo(i2gRAMs), YBa,Cu;0;_,/Nd:YAIO; heterostructures have been pre-
in ferroelectric random access memoriE&ERAMSs), and the  pared to fabricate capacitors with highly reproducible and
gate dielectric candidates in  metal/ferroelectric/endurable characteristics. The correlation between the struc-
semiconductor field-effect transistofIFSFETS.2? Recent  tural and ferroelectric characteristics has been revealed. The
observation of electron emission from cool low voltage PZThysteresis loop calculated in the mean-field approximation
thin film cathoded has opened new perspectives in the ap-accounts for two effects caused by polycrystallinity: depolar-
plication of ferroelectric films to emissive plasma displayizing electric fields of small crystallites and polar axis mis-
panels. alignment, and nicely fits the experimenf-E curve.

The operation of all of these devices is based on the PbZp g5Tig4d03(400 nm/YBa,Cu;O; (200 nm)  thin
remnant polarization of the ferroelectric capacitor. A reversafilm heterostructures have been prepanedsitu by pulsed
of polarization releases the switching charge used as a reathser deposition technique on the single-crystabdymium
out signal in a FERAM or as a source of energetic electronsloped yttrium monoaluminatsubstrate of the following
in pulsed high brightness electron sources. High and enducomposition[YAIO ;+1%Nd,O3], hereafter referred to as
able remnant polarization, great fatigue resistance, accepid:YAIO,. This is a perovskite-like crystal of orthorhombic
able polarization retention as well as low leakage current argymmetry with space grouﬂ%ﬁ(anm) and lattice con-
commonly desirable characteristics for the vast number oftantsa=0.5179 nm,b=0.5328 nm,c=0.7369 nm’* The
ferroelectric films applications. However, an incorporation ofmain advantage of the proposed single crystal is a lack of
ferroelectric capacitors in actual semiconductor circuits detwinning and structural phase transitions in the processing
mands specific properties of these functional materials.  temperature windowsee below and high crystallographic

In a destructive readoyDRO) memory devices the ratio anisotropy which yields the heteroepitaxial growth of com-
between the switching part of polarization and “dielectric” plex oxide multilayers. Among additional strengths of this
(nonremnantpolarization is desired to be as high as possiblematerial, the substrate is possessed of the low loss
to decrease backswitching of the ferroelectric material. Itan §10 MHz, 300 K)=0.001; the dielectric constant
arises due to the voltage of opposite polarity across the ref=16, smaller than that of most of the perovskites; the coef-
erence capacitdrOn the contrary, to increase the signal-to- ficients of thermal expansiofCTE) k,=5.1x10 8 °C™},
noise ratio in nondestructive readdiDRO) memories fer-  k,=4.2x107%°C™%, k,=11.7x10"®°C™%, which differ
roelectrics with the incremental polarizability at zero biasslightly from that found for YBCO(k,=14x10 ¢ °C™?%,
field as high as possible are needed. Generally, material pre,=12x10¢ °C™%, k,.=25x10 6 °C™}).
cessing technology should be able to “engineer” ferroelec- A brief description of the processing technique is as fol-
tric with the required shape of the polarization loop and dy-lows: KrF excimer lasefLambda Physik LPX 305iccA
namics of polarization switching. Although a tremendous=248 nm, pulse duration of 25 ns, max. output of 850 mJ/
breakthrough has been achieved in the complex oxide filnpulse was used to ablate stoichiometric ceramic targets of
processing techniqu¥ it is still too less known how the YBa,Cu;0,_, and PbZgs,TigdDs;. The YBCO layer is
structural parameters, composition variable and strain contrgjrown at a substrate temperature of 710 °C in a 200 mTorr
oxygen partial pressure ambient, at a laser beam fluence of
“AIs0 at the Dept. of Condensed Matter Physics, Royal Institute of Tech2 J/CNT and pulse repetition rate of 10 Hz. At this condition
nology, S-100 44 Stockholm, Sweden. Electronic mail: grishin@kth.se  the deposition rate was found to be around 16.7 nm/min. The
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FIG. 1. 6-2-6 XRD scan of the PZH#00 nm/YBCO(200 nm/Nd:YAIO4
structure. (00) indices define the reflections from YBCO.
well as  films-Nd:YAIQ;  (pseudocubic a,c=by

L o =0.3715 nm matching. Fabricated heterostructures have
deposition is followed by an anneal at 450 °C in 600 Torrbeen found highly oriented in théb) plane. It is clearly

T e 2 e aeen fom th fourod symmetry scan o e PZT-113
b . .. YBCO-0110, and Nd:YAI@-116 reflections shown in Fig. 3.
oxygen pressure, the same laser energy density and repetiti

rate lowered to 5 Hz, which result in the PZT deposition rate%rbmmarlzmg XRD information we arrive at the conclusion

of 26.7 nm/min. Finally the whole heterostructure is an_th;t\(t;;zeg:;tamal relationship of the PZT/YBCO bilayer on
nealed in an oxygen pressure of 600 Torr at 400 °C for 6d\‘ ' 3

min and then cooled down to room temperature. To mak€001)PbTiOy|(001)YBa,Cus0;_, | (00D)Nd:YAIOS,

capacitive cells for electrical characterization circular elec- )

trodes with a diameter of 206m have been preparesk situ [ 100/PbTiOJ|[ 100]YBa;CuyO; [ 110]Nd:YAIO. 1)

by thermally evaporation of gold through the contact maskyigh gielectric constante=950 and relatively low loss

onto the front PZT surface at room temperature. tan 6=0.04, which are almost frequency independent in the
Figure 1 shows the6-26 x-ray diffraction pattern yange 100 Hz-100 kHz; high electric resistivity

(CuKa radiation of the PZT/YBCO/Nd:YAIQ, hetero- (150 kV/cm)=6x 10*1) cm of the PZT film and no visible

structure. The XRD spectrum consists of only the narrowatigye after 18 short bipolar pulses switching indicate ex-
(00) PZT, YBCO, and Nd:YAIQ diffraction peaks. The ce|lent electrical performance of fabricated heterostructures.

observed high.degree @faxis orientation in b_oth PZT and Typical P—E hysteresis loop, measured by a Sawyer—Tower
YBCO layers is also suggested by the rocking curves pregjrcyit at frequency of 1 kHz, is shown in Fig. 4 by circular

sented in Fig. 2. Their full widths at half-maximuf@WHM) symbols. The pulsed testing setup RT66Radiant Tech-
are 1.15° 0.48° and 0.28° for PZT-002, YBCO-006, andygogieg operating in the “fast mode” gives almost the

Nd:YAIO3-004 neighboring reflections, respectively. The ¢gmeP—_E trace. Remnant polarizatio®, and the coercive

calculated lattice parameters of PZ&a (vas found to be g E. were found to be 32.C/cn? and 35 kV/cm.

0.397 nm while c/a=1.029 and YBCO (b=0.385nm, Crystalline misalignmentind finite grain sizeare two

¢/b=3.0469 indicate the perfect crystalline film-fim as jmportant issues which control the characteristics of polar-
ization loop in ferroelectrics. To clarify such a correlation

571002 between film electrical performance and crystal structure we
7 PZT/YBCOINd:YAIO, used the Landau mean-field theory. The Gibbs potential for
an uniaxial ferroelectric presented in the fdrm
YBC0-006 a , b,
— G=Gy+ =z (T-Ty)P°+ - P*—E-P. 2
2 o 2 4
-« Nd:YAIO5-004 ) _
o Here, T is the Curie temperature, constaaisb>0, P and
> E are the polarization and electric field vectors. At tempera-
o 1.15 S ..
e tures belowT, the equilibrium value of the polarization,
= i 4 found as the minimum of the potenti@l, is given by
0.28 E 33/2 [( P>3 P}
E. 2 P, P’ 3
2.3%2.(T.—T)32 1/2
o0 ' ' ' T E.= 3/(2 7 ) . Pe=l] (Te-TDY2
20 22 24 26 3°“.b b
0 (deg) - . .
FIG. 2. XRD rocking curvesw scans of neighboring PZT-002, YBco- E/E¢ vs P/P, curve, plotted by solid liné\ in Fig. 4, de-
006, and Nd:YAIQ-004 reflections. scribes the hysteresis of a polarization in an infinite ideal
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/ A polarization decreases, tle-E loop is smoothed and abrupt
polarization switching disappears because different crystal-
|~ c lite switching occurs at different fields=E./cosw.
f To compare theoretical prediction with the experimental
f data the depolarizing electric fields must also be considered.

1.0

\ Assuming crystallites to be ellipsoidal we can express the
R macroscopic electric field inside the ellipsdi#) through
R the external electric fiel&®, polarizationP and the tensor
) of depolarizing coefficientdN: E=E®—4zNP. To ac-
count for the depolarizing field the theoretical cuBé Fig.
f 4 and the expressiof#) should be considered as the consti-
e tutive relationship between the polarizatioR) and the in-
ternal electric fieldE(). Then the final theoretical depen-
7 dence(P) versusE®, accounting both crystal structure
LA LI BLEN DL RN DL DL DL L B imperfections and depolarizing effects, can be easily ob-
30 40 10 3.0 tained by replotting the polarization loop in coordina¢®s
Flectic Fleld £ vs E+47N(P). This dependence is shown in Fig. 4 by
FIG. 4. Ferroelectric hysteresis loops. The polarization and electric field arsolid line C. It gives a fairly good fit with the experimental
normalized to the nominal values of the remanant polarizafipmnd the  data if the depolarizing coefficient is chosen to Nve: 2.37

coercive fieldE, given by Eq.(3). Line A is the theoretical square polar- %104, Since the coefficienN determines the maximum
ization loop in an infinite uniaxial ferroelectric. The dashed part of #ne )

i ) A o
shows the branch with the negative differential polarizabilyis the the- value Of_ the differential po!arlzab_lllty. [dP/AE® ] ax _
oretical curve which accounts for only ferroelectric crystallite misalignment =1/47rN, it can also be determined directly from the maxi-

with FWHM parameters of @=1.15° taken from the experimental rocking mum slope of the experimenteiP—E(e) loop. The small

curve PZT-002 in Fig. 2C is the theoretical curve accounting both the : - s
accidential misalignmen2()=1.159 and the shape of crystallites which value of the ohtained depolarizing coefficient corresponds to

were found to berolate ellipsoidswith the length-to-diameter ratio of 140. the prolate ellipsoid in the longitudinal electric field with the
Symbol (0) shows experimental hysteresis loop in Au/RZJ0 nm/ dimensional(length/diametéerratio of 140. This conclusion
YBCO(200 nm/Nd:YAIO; capacitor structure measured by Sawyer—Tower coincides with the electron microscope observations on the
circuit at a frequency of 1 kHzp, =32 uClent, Ec=35 kviem. column growth of highly c-axis oriented ferroelectric
films 510
single crystal. At a strong electric fie|&|/E.>1 the polar- In  conclusion, the epitaxial Pbgk,Tig4d05/
ization changes reversibly and increases &P,  YBa,Cu;O;_, thin film heterostructures have been groinn
= (2E/3%%E)*? with the field increase. When the electric situ onto the Nd:YAIQ, single-crystal substrate using the
field decreases, the abrupt irreversible switching of polarizakrF PLD technique. High long term endurance, relatively
tion AP=v3-P,, occurs at the coercive fiel&E|=E. high remnant polarization, and dielectric constant with low
To account for random ferroelectric crystallite orienta- loss indicate excellent ferroelectric performance. The theory
tion we introduce the polas-axis distribution functiorf (w) of the hysteresis loop shape has been developed to account
and express the averaged value of the normal component @r a slight crystallite polar axis misalignment and the depo-

0.0

Polarization P/P,

polarization{P(E)) through the integral larizing effect in epitaxial ferroelectric films. The only fitting
2 parameter depolarizing coefficieht was found to be 2.37
(P(E)>=f dw-sinw-f(w) -P(E cosw)-cosw. X 10" % which corresponds trolate ellipsoidal shaped
0 @ crystallites with the length-to-diameter ratio of 140.
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