
APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 5 2 FEBRUARY 1998
Structure and polarization in epitaxial ferroelectric
PbZr0.52Ti0.48O3/YBa2Cu3O72x /Nd:YAlO 3 thin films

A. M. Grishin,a) M. Yamazato, Y. Yamagata, and K. Ebihara
Department of Electrical and Computer Engineering, Kumamoto University, Kumamoto 860, Japan

~Received 2 September 1997; accepted for publication 5 December 1997!

We fabricate epitaxial PbZr0.52Ti0.48O3/YBa2Cu3O72x submicron film ferroelectric/superconductor
heterostructures on the single-crystal YAlO311%Nd2O3 substrate by the pulsed laser deposition
technique. Frequency independent low loss tand50.04 and dielectric constant of 950, high electric
resistivity r ~150 kV/cm!5631011V cm, remnant polarization of 32mC/cm2, no visible fatigue
after 107 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 coefficientN52.3731024 gives the best fit between theory and experimental data and
corresponds toprolate ellipsoidal shaped crystallites with the length-to-diameter ratio of 140.
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In recent years, lead-based ferroelectric thin films su
as PbTiO3, Pb~Zr, Ti!O3 ~PZT!, and ~Pb, La!~Zr, Ti!O3

have gained much attention as attractive materials for
capacitors in dynamic random-access memories~DRAMs!,
in ferroelectric random access memories~FERAMs!, and the
gate dielectric candidates in metal/ferroelectr
semiconductor field-effect transistors~MFSFETs!.1,2 Recent
observation of electron emission from cool low voltage P
thin film cathodes3 has opened new perspectives in the a
plication of ferroelectric films to emissive plasma displ
panels.

The operation of all of these devices is based on
remnant polarization of the ferroelectric capacitor. A rever
of polarization releases the switching charge used as a r
out signal in a FERAM or as a source of energetic electr
in pulsed high brightness electron sources. High and en
able remnant polarization, great fatigue resistance, acc
able polarization retention as well as low leakage current
commonly desirable characteristics for the vast numbe
ferroelectric films applications. However, an incorporation
ferroelectric capacitors in actual semiconductor circuits
mands specific properties of these functional materials.

In a destructive readout~DRO! memory devices the ratio
between the switching part of polarization and ‘‘dielectric
~nonremnant! polarization is desired to be as high as possi
to decrease backswitching of the ferroelectric material
arises due to the voltage of opposite polarity across the
erence capacitor.4 On the contrary, to increase the signal-t
noise ratio in nondestructive readout~NDRO! memories fer-
roelectrics with the incremental polarizability at zero bi
field as high as possible are needed. Generally, material
cessing technology should be able to ‘‘engineer’’ ferroel
tric with the required shape of the polarization loop and d
namics of polarization switching. Although a tremendo
breakthrough has been achieved in the complex oxide
processing technique,5,6 it is still too less known how the
structural parameters, composition variable and strain con
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statics and dynamics of the polarization in thin ferroelect
films.

In this work epitaxial PbZr0.52Ti0.48O3/
YBa2Cu3O72x /Nd:YAlO3 heterostructures have been pr
pared to fabricate capacitors with highly reproducible a
endurable characteristics. The correlation between the st
tural and ferroelectric characteristics has been revealed.
hysteresis loop calculated in the mean-field approximat
accounts for two effects caused by polycrystallinity: depol
izing electric fields of small crystallites and polar axis m
alignment, and nicely fits the experimentalP–E curve.

PbZr0.52Ti0.48O3~400 nm!/YBa2Cu3O72x(200 nm) thin
film heterostructures have been preparedin situ by pulsed
laser deposition technique on the single-crystalneodymium
doped yttrium monoaluminatesubstrate of the following
composition @YAlO311%Nd2O3#, hereafter referred to a
Nd:YAlO3. This is a perovskite-like crystal of orthorhomb
symmetry with space groupD2h

16(Pbnm) and lattice con-
stantsa50.5179 nm,b50.5328 nm,c50.7369 nm.7,8 The
main advantage of the proposed single crystal is a lack
twinning and structural phase transitions in the process
temperature window~see below! and high crystallographic
anisotropy which yields the heteroepitaxial growth of co
plex oxide multilayers. Among additional strengths of th
material, the substrate is possessed of the low l
tand(10 MHz, 300 K)50.001; the dielectric constante
516, smaller than that of most of the perovskites; the co
ficients of thermal expansion~CTE! ka55.131026 °C21,
kb54.231026 °C21, kc511.731026 °C21, which differ
slightly from that found for YBCO~ka51431026 °C21,
kb51231026 °C21, kc52531026 °C21!.

A brief description of the processing technique is as f
lows: KrF excimer laser~Lambda Physik LPX 305icc:l
5248 nm, pulse duration of 25 ns, max. output of 850 m
pulse! was used to ablate stoichiometric ceramic targets
YBa2Cu3O72x and PbZr0.52Ti0.48O3. The YBCO layer is
grown at a substrate temperature of 710 °C in a 200 mT
oxygen partial pressure ambient, at a laser beam fluenc
2 J/cm2 and pulse repetition rate of 10 Hz. At this conditio
the deposition rate was found to be around 16.7 nm/min.
-

© 1998 American Institute of Physics
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deposition is followed by an anneal at 450 °C in 600 T
oxygen for 60 min. After this, deposition of the PZT layer
done at a substrate temperature of 550 °C in a 100 mT
oxygen pressure, the same laser energy density and repe
rate lowered to 5 Hz, which result in the PZT deposition r
of 26.7 nm/min. Finally the whole heterostructure is a
nealed in an oxygen pressure of 600 Torr at 400 °C for
min and then cooled down to room temperature. To m
capacitive cells for electrical characterization circular el
trodes with a diameter of 200mm have been preparedex situ
by thermally evaporation of gold through the contact ma
onto the front PZT surface at room temperature.

Figure 1 shows theu–2u x-ray diffraction pattern
(Cu Ka radiation! of the PZT/YBCO/Nd:YAlO3 hetero-
structure. The XRD spectrum consists of only the narr
(00l ) PZT, YBCO, and Nd:YAlO3 diffraction peaks. The
observed high degree ofc-axis orientation in both PZT and
YBCO layers is also suggested by the rocking curves p
sented in Fig. 2. Their full widths at half-maximum~FWHM!
are 1.15°, 0.48°, and 0.28° for PZT-002, YBCO-006, a
Nd:YAlO3-004 neighboring reflections, respectively. T
calculated lattice parameters of PZT (a was found to be
0.397 nm while c/a51.029! and YBCO ~b50.385 nm,
c/b53.0469! indicate the perfect crystalline film-film a

FIG. 2. XRD rocking curves~v scans! of neighboring PZT-002, YBCO-
006, and Nd:YAlO3-004 reflections.

FIG. 1. u-2-u XRD scan of the PZT~400 nm!/YBCO~200 nm!/Nd:YAlO3

structure. (00l ) indices define the reflections from YBCO.
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well as films-Nd:YAlO3 ~pseudocubic apc5bpc

50.3715 nm! matching. Fabricated heterostructures ha
been found highly oriented in the~a,b! plane. It is clearly
seen from the fourfold symmetryw scan of the PZT-113,
YBCO-0110, and Nd:YAlO3-116 reflections shown in Fig. 3
Summarizing XRD information we arrive at the conclusio
that the epitaxial relationship of the PZT/YBCO bilayer o
Nd:YAlO3 is

~001!PbTiO3i~001!YBa2Cu3O72xi~001!Nd:YAlO3,

@100#PbTiO3i@100#YBa2Cu3O72xi@110#Nd:YAlO3. ~1!

High dielectric constante5950 and relatively low loss
tand50.04, which are almost frequency independent in
range 100 Hz–100 kHz; high electric resistivityr
(150 kV/cm)5631011V cm of the PZT film and no visible
fatigue after 107 short bipolar pulses switching indicate e
cellent electrical performance of fabricated heterostructu
Typical P–E hysteresis loop, measured by a Sawyer–Tow
circuit at frequency of 1 kHz, is shown in Fig. 4 by circula
symbols. The pulsed testing setup RT66A~Radiant Tech-
nologies! operating in the ‘‘fast mode’’ gives almost th
sameP–E trace. Remnant polarizationPr and the coercive
field Ec were found to be 32mC/cm2 and 35 kV/cm.

Crystalline misalignmentand finite grain sizeare two
important issues which control the characteristics of po
ization loop in ferroelectrics. To clarify such a correlatio
between film electrical performance and crystal structure
used the Landau mean-field theory. The Gibbs potential
an uniaxial ferroelectric presented in the form9

G5G01
a

2
~T2Tc!P

21
b

4
P42E–P. ~2!

Here,Tc is the Curie temperature, constantsa, b.0, P and
E are the polarization and electric field vectors. At tempe
tures belowTc the equilibrium value of the polarization
found as the minimum of the potentialG, is given by

E

Ec
5

33/2

2
•F S P

Pr
D 3

2
P

Pr
G ,

~3!

Ec[
2•a3/2

•~Tc2T!3/2

33/2
•b1/2 , Pr[S a

bD 1/2

~Tc2T!1/2.

E/Ec vs P/Pr curve, plotted by solid lineA in Fig. 4, de-
scribes the hysteresis of a polarization in an infinite id

FIG. 3. w scans of reflections from the YBCO-0110, Nd:YAlO3-116 ~mul-
tiplied by a factor of 5! and PZT-113 crystallographic planes measured
oblique geometry: the detector position 2udet586.79°, 81.02°, 77.83°, the
sample positionusam560.39°, 58.75°, and 64.35° correspondingly.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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single crystal. At a strong electric fielduEu/Ec.1 the polar-
ization changes reversibly and increases asP/Pr

5(2E/33/2Ec)
1/3 with the field increase. When the electr

field decreases, the abrupt irreversible switching of polar
tion DP5)•Pr , occurs at the coercive fielduEu5Ec .

To account for random ferroelectric crystallite orient
tion we introduce the polarc-axis distribution functionf (v)
and express the averaged value of the normal compone
polarization^P(E)& through the integral

^P~E!&5E
0

p/2

dv•sin v• f ~v!•P~E cosv!•cosv.

~4!

Here, a given crystallite orientation is defined by the anglev
between actual polar axis and the normal to the film. S
accidental crystallite orientational variations results in
reduction of the effective electric field and the remnant p
larization both proportional to cosv. To approximate rea
c-axis angular distribution, represented by the rocking cu
PZT-002 in Fig. 2, the normalized Lorentzian function

f ~v!5
A11sin2 V

ln~A11sin2 V11/sin V!•~sin2 V1sin2 v!
,

E
0

p/2

dv•sin v• f ~v!51
~5!

has been used. Here, the angle 2V gives the full width at
half-maximum~FWHM! of the rocking curve in thev scan
~Fig. 2, so-called mosaic broadening!. The calculated
^P(E)& dependence with the FWHM PZT-002 parame
2V51.15° is shown in Fig. 4 by solid lineB. The remnant

FIG. 4. Ferroelectric hysteresis loops. The polarization and electric field
normalized to the nominal values of the remanant polarizationPr and the
coercive fieldEc given by Eq.~3!. Line A is the theoretical square polar
ization loop in an infinite uniaxial ferroelectric. The dashed part of lineA
shows the branch with the negative differential polarizability;B is the the-
oretical curve which accounts for only ferroelectric crystallite misalignm
with FWHM parameters of 2V51.15° taken from the experimental rockin
curve PZT-002 in Fig. 2.C is the theoretical curve accounting both th
accidential misalignment~2V51.15°! and the shape of crystallites whic
were found to beprolate ellipsoidswith the length-to-diameter ratio of 140
Symbol ~o! shows experimental hysteresis loop in Au/PZT~400 nm!/
YBCO~200 nm!/Nd:YAlO3 capacitor structure measured by Sawyer–Tow
circuit at a frequency of 1 kHz,Pr532 mC/cm2, Ec535 kV/cm.
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polarization decreases, theP–E loop is smoothed and abrup
polarization switching disappears because different crys
lite switching occurs at different fieldsE5Ec /cosv.

To compare theoretical prediction with the experimen
data the depolarizing electric fields must also be conside
Assuming crystallites to be ellipsoidal we can express
macroscopic electric field inside the ellipsoidE( i ) through
the external electric fieldE(e), polarizationP and the tensor
of depolarizing coefficientsN̂: E( i )5E(e)24pN̂P. To ac-
count for the depolarizing field the theoretical curveB in Fig.
4 and the expression~4! should be considered as the cons
tutive relationship between the polarization^P& and the in-
ternal electric fieldE( i ). Then the final theoretical depen
dence ^P& versus E(e), accounting both crystal structur
imperfections and depolarizing effects, can be easily
tained by replotting the polarization loop in coordinates^P&
vs E( i )14pN^P&. This dependence is shown in Fig. 4 b
solid line C. It gives a fairly good fit with the experimenta
data if the depolarizing coefficient is chosen to beN52.37
31024. Since the coefficientN determines the maximum
value of the differential polarizability: @dP/dE(e)#max

51/4pN, it can also be determined directly from the max
mum slope of the experimentalP–E(e) loop. The small
value of the obtained depolarizing coefficient corresponds
the prolate ellipsoid in the longitudinal electric field with th
dimensional~length/diameter! ratio of 140. This conclusion
coincides with the electron microscope observations on
column growth of highly c-axis oriented ferroelectric
films.5,10

In conclusion, the epitaxial PbZr0.52Ti0.48O3/
YBa2Cu3O72x thin film heterostructures have been grownin
situ onto the Nd:YAlO3 single-crystal substrate using th
KrF PLD technique. High long term endurance, relative
high remnant polarization, and dielectric constant with lo
loss indicate excellent ferroelectric performance. The the
of the hysteresis loop shape has been developed to acc
for a slight crystallite polar axis misalignment and the dep
larizing effect in epitaxial ferroelectric films. The only fittin
parameter depolarizing coefficientN was found to be 2.37
31024 which corresponds toprolate ellipsoidal shaped
crystallites with the length-to-diameter ratio of 140.

The authors wish to thank Dr. I. M. Syvorotka from th
Research Production Amalgamation ‘‘Carat’’~L’viv,
Ukraine! for providing them with Nd:YAlO3 substrates.
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