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Ferroelectric thin films of BaTiO; and BaTiO;/SrRuOj; epitaxial heterostructures on different
single-crystalline substrates were fabricated by pulsed laser deposition. The BaTiO; films of
100—400 nm thickness show high structural perfection and c-axis-oriented growth. For the
electrical characterization of the BaTiO; in a thin-film capacitor structure, Pt top electrodes were
deposited by e-beam evaporation. The results are compared to the current experimental and
theoretical models. Special consideration is given to the model of charge injection from the
electrodes. © 2005 American Institute of Physics. [DOI: 10.1063/1.2135891]

I. INTRODUCTION

In bulk form, BaTiO; (BTO) is a very carefully studied
ferroelectric crystal. It has been widely used as a model sys-
tem for the explanation of ferroelectric phenomena.l_3 A
number of papers have discussed thin films of BTO as
well.*” Recently epitaxial BTO films have been prepared on
different single-crystalline oxide substrates by pulsed laser
deposition (PLD).*"? Such epitaxial films show an excellent
structural perfection, which is comparable to that of BTO
single crystals. They provide useful optical and electro-
optical properties, which have been employed for the fabri-
cation of integrated optical devices.'"!

For these optical devices, the necessary film thickness is
approximately 1 um. For micro- and nanoelectronics, much
thinner films are of interest. Very impressive data of the
ferroelectric properties of ultrathin BaTiO; films of
3-30 nm thickness have been obtained recently by Ref. 12.
However, the properties of nanoscale films may deviate
strongly from the bulk crystalline values, even for epitaxial
films. One reason is the strain and stress within the thin BTO
films, arising from the interfaces. This problem has been
studied theoretically by Refs. 14 and 15. Of outmost impor-
tance is the modification of the ferroelectric response due to
the interface boundary conditions and the film thickness (size
effect). One observation is a pronounced increase of the co-
ercive field E, for decreasing film thickness.>*'®!7 This ef-
fect has been observed even for polycrystalline ferroelectric
lead zirconate titanate (PZT) thin-film capacitors.'® The un-
derstanding and the control of size effects is essential for the
implementation of ferroelectrics into microelectronic
devices.'" In this study we investigated the ferroelectric

properties of BTO films with a thickness from
100 to 400 nm, grown on the following substrates:
SrTiO5(100), YAIO5(100), LaAlO5(100), MgO(100),

NdGaO;(110), and DyScO3(110). The samples were pre-
pared either with a conductive intermediate layer of StTRuO;
or directly on the insulating substrates.
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The sample preparation and the methods of characteriza-
tion are described in Sec. II. The experimental results will be
presented in Sec. III. Subsequently the discussion is given in
Sec. IV.

Il. EXPERIMENTAL PROCEDURE

Starting from different single crystals as substrates, PLD
with a KrF excimer laser (wavelength 248 nm, pulse length
20 ns, fluence 2.5 J/cm?) was used to grow an epitaxial
SrRuO; (SRO) bottom electrode and on top of this electrode
the epitaxial BTO film. The SRO films were grown at a
substrate temperature of ~600 °C and an oxygen gas pres-
sure of 0.5 mbar within the chamber. These are similar
growth conditions as used by other authors.”** The BTO
films were prepared at a substrate temperature of ~700 °C
and a chamber pressure of 0.002 mbar.® A subsequent an-
nealing step in an oxygen atmosphere at 800 °C was per-
formed for several sets of samples but did not change the
measured electrical parameters. The film thickness was either
controlled directly by the deposition time or by starting from
a BTO film of 300 nm thickness and a subsequent Ar ion-
beam etching process to locally reduce the film thickness. A
sample with four different thickness steps is shown in Fig. 1.
This second approach ensures that several sets of BTO
samples of different film thicknesses and identical interfaces
to the bottom electrode are fabricated.

In order to fabricate a set of nanoscale capacitors of
different areas, a 150 nm layer of Pt metal was deposited by
electron-beam evaporation and subsequently patterned by Ar
ion etching to define the top electrodes of 0.01—0.1 mm?
area. These are schematically depicted in Fig. 1 as well. Care
was taken that the samples were not subject to elevated tem-
peratures. The ferroelectric hysteresis loops were evaluated
with the FE module of the aixACCT thin-film TF2000 ana-
lyzer. In addition to the measurement with a continuous tri-
angle signal (dynamic method) the stepwise measurement
technique (quasistatic method) was used to record the static
hysteresis P-V loops. The detailed description of this tech-
nique has been given in Ref. 21. In addition, we used a
HP4292A impedance analyzer to measure the capacitance as
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a function of temperature and bias voltage. All electrical
measurements were taken at temperatures ranging from room
temperature down to —196 °C (77 K).

Ill. RESULTS
A. Structural characterization

Figure 2 shows the Rutherford backscattering/
channeling (RBS/C) spectra of the BTO/SRO heterostructure
on a single-crystal SrTiO5; (STO) substrate. A 1:1 Ba:Ti ratio
and a BaTiO; film thickness of 300 nm are verified from the
spectrum taken in a “random” direction. The aligned spec-
trum (“channeling”) shows a strong decrease of the signal, if
compared to the random spectrum. The minimum yield i,
is 3%, which demonstrates high crystalline quality of the
BTO film. This minimum yield .., is typical for all inves-
tigated films and all thickness values. It is equivalent to
RBS/C results from BTO single crystals.

In addition to RBS/C, x-ray-diffraction (XRD) measure-
ments were performed. In Table I the results from the epi-
taxial films with a thickness from 100 to 400 nm are sum-
marized. A thickness variation of the lattice parameters was

Energy (MeV)
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FIG. 1. Schematic of the two different ways to prepare
the samples: (a) Several BaTiO; films of different
thicknesses were grown. Then Pt electrodes were de-
posited. (b) One BaTiO; film of 300 nm thickness was
prepared and locally etched. Subsequently electrodes
were deposited onto the different steps.

not observed. All BTO films showed c-axis orientation
growth (the long axis perpendicular to the plane of the sub-
strates). Compared to bulk crystalline BTO, the measured
out-of-plane axis (¢ axis) is significantly larger. The in-plane
axis (a axis) does not significantly differ from the corre-
sponding bulk value. Table II shows structural results of
BaTiO3/SrRuO; heterostructures grown on different sub-
strates. In all cases, the BaTiOj; films are strained and show
an elongated ¢ axis. The low O, pressure of 0.002 mbar was
optimized for optical transparency but may result in oxygen
vacancies, which lead to a lattice expansion of the BaTiOj;.
Tables III and IV give the results for thin epitaxial StRuO;
films on different substrates. These films have been used as
electrodes for the electrical measurements.

B. Electrical characterization

1. Polarization and residual conductivity

a. Measurements at ambient temperature The polarization,
the corresponding displacement, and the leakage currents
were recorded as a function of applied voltage using the
aixACCT TF2000 analyzer. Figure 3(a) shows the results
from a capacitor structure with a 300 nm BTO film. For all
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TABLE I. Crystallographic data of the materials used.

c axis (A) a axis (A) FWHM (°)

BaTiO; epitaxial films 4.10+0.02 4.00+0.03 0.40+0.05
BaTiO; single crystal 4.03 3.99

SrRuOj epitaxial films 3.98+0.02 3.90+0.03 0.07+0.05
SrTiOj; substrate 3.90 3.90

samples shown in Fig. 3, the capacitor area was 0.1 mm? and
the measuring frequency 10 kHz. The peaks of the /I-V loop
are typical for a ferroelectric capacitor. They indicate the
switching of the polarization. If the film thickness is reduced
from 300 to 230 nm [Fig. 3(b)], small additional leakage
currents are observed at high negative voltages. Yet, the
switching peaks still are recognized. The asymmetry of the
I-V curves grows excessively in the capacitor with a 100 nm
film [Fig. 3(c)]. In this case any switching process is ob-
scured by the leakage current. A similar asymmetric current
characteristic was observed in BaTiO3/La,CuQO, heterostruc-
tures with Pt electrodes by Okano ef al. 2 They argue that the
diodelike behavior depends on the conductive oxide elec-
trode. For a p-type conductor as La,CuQ, this characteristic
will be seen if a high negative voltage is applied to the Pt
electrode. The results from our heterostructure confirm that
SrRuOj is a p-type conductor, as expected.23

b. Measurements at lower temperatures Lowering the tem-
perature leads to a strong reduction of the conductivity. This
corroborates the hypothesis that the observed leakage cur-
rents are due to thermally activated processes. During I-V
measurements at —100 °C the leakage currents in the thinner
films are still noticeable, but at —150 °C the situation is re-
markably improved. A typical set of 10 kHz hysteresis loops
of capacitors of different thicknesses is displayed in Fig. 4.
These loops show that the coercive field and the spontaneous
polarization increase for thinner films. This is in agreement
with the observations of Ref. 12 on ultrathin films.

At a temperature of —196 °C the leakage currents are
sufficiently small to permit a polarization measurement by a
quasistatic method. In Figs. 5(a) and 5(b) the polarization of
as-grown samples and of a thinned sample (by the Ar etching
process) are plotted as a function of the applied voltage.
Equivalent to the 10 kHz dynamic loops at T=-150 °C (Fig.
4), an influence of the film thickness is observed. These data
have been taken in a static mode with hold times exceeding
several seconds. Therefore a ferroelectric relaxation is ex-
cluded. Moreover, the coercive voltage V. of the films is
found to be independent of the film thickness. Even the sets

J. Appl. Phys. 98, 114101 (2005)

of the most uniform samples, made by etching, show a neg-
ligibly small variation of V. for all thickness values. These
results are summarized in Fig. 6; the average spontaneous
polarization [(Pg,+|P,_|)/2] and the coercive voltage [(V.,
+|V._|)/2] are plotted as a function of film thickness.

2. Capacitance

a. C-V measurements The dielectric response ¢, of ferro-
electric films at varying bias voltage, the “C-V curve,” has a
butterflylike form, see Fig. 7. The dielectric constant ¢, has
been calculated using the parallel-plate capacitor equation.
These data have been measured at a temperature of =196 °C,
using the etched sample. A comparison between the dynamic
polarization, the static polarization loop, and the C-V curves
shows that the peaks of the C-V curves are located, as ex-
pected, at the coercive voltage of the quasistatic loop.
Clearly AE( increases and ¢, drops for thinner films. The
observed decrease of ¢, is consistent with the existence of a
thin passive interfacial layer of reduced dielectric
1resp0nse.3"8’23_25

b. Temperature dependence of the small signal dielectric
response We have measured the temperature dependence of
the dielectric constant (capacitance) and the electrical loss
(tan &) at zero bias during a very slow temperature ramp
from 7=-196 °C up to ambient temperature. These mea-
surements were performed at a frequency of 1 and 10 kHz
with a small excitation signal of 70 mV g, without applying
any dc bias and without ramping through the hysteresis loop.
The dielectric constant &, was determined using the parallel-
plate capacitor equation. Figure 8(a) demonstrates a continu-
ous decrease of g, with falling temperature. The data at lower
frequency show a higher value of ¢,. A similar observation
was made on sol-gel-processed polycrystalline BTO thin
films.?® These findings are consistent with a thermally acti-
vated domain-wall mobility, which leads to a reduced dielec-
tric response at lower temperatures.

The plot of the dielectric loss (tan &) as a function of
temperature [Fig. 8(b)] shows a pronounced maximum,
which is strongly depending on the frequency. A similar be-
havior of tan is seen for STO/SRO heteroepitaxial
capacitors.27 In a further analysis we calculated the normal-
ized ac conductance G/w from the product of tan & and the
capacitance. The results are plotted as functions of the tem-
perature in Fig. 8(c). The G/ w peaks are strongly resembling
the frequency dependence of a thermally activated conduc-
tivity in the presence of deep-level traps, as seen in semicon-
ductors as well.”

TABLE II. Structural properties of the BTO layers grown on different substrates. Given are the lattice param-
eters of the tetragonal unit cell, the full width at half maximum (FWHM) Aw of the BTO (002) reflex, the
minimum yield x,,, at the Ba signal, and the lattice mismatch u,, between BTO and the substrate.

Substrate d(BTO) (nm) ¢ axis (A) a axis (A) Aw (°) Xmin (%) u,, (%)
SrTiO; 100-400 4.10+£0.02 4.00+£0.02 0.4+0.05 3 -2.56
YAIO; 210 4.07 4.00 0.56 3.5 -9
LaAlO; 170 4.06 3.95 0.44 3 =53

MgO 170 4.07 4.02 0.5 3 5.1

NdGaO, 190 4.08 4.00 0.5 6 -34

DyScO; 210 4.14 3.97 0.35 3 -15
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TABLE III. Structural properties of the SRO layers grown on different substrates. Given are the lattice param-
eters of the SRO unit cell, the FWHM Aw of the SRO (002) reflex, the minimum yield x,, at the Ru signal,
and the lattice mismatch u,, between SRO and the substrate.

Substrate ¢ axis (A) a axis (A) Aw (°) Xmin (%) u,, (%)
SrTiO, 3.98+0.02 3.90+0.02 0.07+0.05 2 0.7
YAIO; 3.94 3.94 1.00 6 -7.4
LaAlO; 3.96 3.87 0.50 10 =3.7
MgO 3.93 e 1.2 20 6.65
NdGaO; 3.96 3.87 0.5 16 -1.8
DyScO; 3.96 3.91 0.07 6 =0
IV. DISCUSSION
The dielectric response of nanoscale ferroelectric films (@)  s0 3 E{(:gt_,ncal gield [1'2/710'“]333 500
or capacitors is influenced by many different factors, which 15 h h " . . 0.2
frequently cannot be singled out. As a consequence, the
available literature does not yet provide a consistent expla- 10+
nation of the published observations, and controversial mod- g 10.1
els are under discussion. All ferroelectric films are sensitive ] ®]
to strain and stress, to dislocations and point defects, and to ‘g 0 0.0g
the grain structure.''**73! Polycrystalline layers have the T =
strongest technological relevance, but their ferroelectric re- 8 54
sponse differs from that of single-crystalline material.'*! In g 401
our previous experiments, the overall quality of the BTO -10+
films had been optimized for the highest optical transpar-
. . . . . -15 0.2
ency, i.e., for lowest propagation losses of guided light in -1 15
integrated optics modulators.” The crystalline perfection of
the BTO is well demonstrated. We do not see any in-plane
strain. Nevertheless, all films show a definite (approximately (b) 0 04
2%) out-of-plane elongation of the BTO ¢ axis, if compared )
to the bulk values, see Tables I and II. A possible explanation 304 {ao
is a small concentration of negatively charged vacancies at %- 20
oxygen lattice positions. If investigated by atomic force mi- g_ 10 {00
croscopy (AFM) in the piezoresponse mode, the BTO films s —
show one single ferroelectric orientation (out of plane) with- =z 0 02 g
out any domain structure.”” This measurement demonstrates '(% -10 -
o . . ke {04
a strong electrostatic interaction at the interface between the @ o]
ferroelectric BTO unit cells and the underlying SRO/STO. In los
addition, the observation of a single domain structure has =301
direct implications for the polarization reversal dynamics of 40 +— r r — -0.8

the thin films. Conventional theories consider the nucleation 10 = Voltaoge[\/] 5 10
and wall dynamics of domains to describe the switching pro- Electrical Field [V
cess and the thickness dependence of the coercive field.>*¥3° (C) -500 : 0Ie [kviem] 500
It is well established that thin films have much higher coer- O—— : 04
cive fields than expected from the bulk data. For example, y lo2
bulk BTO single crystals have a coercive field E, of approxi- %‘ m loo
mately 1 kV/ cm,' but our data show values of up to 3 T, ’
300 kV/cm for the thinnest films. This observation is in —2‘- . 102
. 14 <
complete agreement with results of Refs. 12 and 19. It also % ” 04 &
scales with data for ultrathin PbZrTiO5 films, which show an s R los ™
Kol
o 47 T=25C ]
TABLE IV. Thickness and resistivity of SRO films grown on different sub- P f=10kHz ’
strates. -30 ‘\ s d=100nm 1-10
*
] 40 — , 12
Substrate Thickness (nm) p(T=250 K) (€ cm) -5 o 5
Voltage [V]
SrTiO; 140 390
NdGaO; 130 450 FIG. 3. Hysteresis loops and corresponding current (/-V) loops of a capaci-
YAIO, 50 610 tor with (a) 300 nm, (b) 230 nm, and (c) 100 nm BaTiO; film thickness,

measured at room temperature.
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FIG. 4. Hysteresis loops at 7=—150 °C, measured by the dynamic method
(f=10 kHz).

increase of E. up to 1.2 MV/cm for an 8 nm film." These
numbers reach or even exceed the high values from theoret-
ical estimates of E, by the Landau-Devonshire theory, which
assumes a polarization reversal without the formation of do-
mains.

A very important issue is the available carrier density
within the electrodes in contact with the ferroelectric.*®"’ We
have chosen SRO, which provides up to 2
X 10?2 carriers/cm? on the bottom side and metallic Pt as the
top electrode.” This arrangement is intended to form an
ideal capacitor sandwich, because these electrodes should be
able to compensate the BTO polarization surface charge of
25 uC/cm? on a length scale of 0.1 nm, resulting in a zero

(@)

30

s 9
e —_ 1

(=]

Polarization [uC/en?)

20 -10 0
Voltage [V]

=-196°C

o

-104

Polarization [uC/em?]

3

8

2 -0 0 10 20
Voltage [V]

FIG. 5. Static polarization loops as a function of the voltage at T
=-196 °C for (a) three as-grown films of different thicknesses, and (b) three
different capacitors, made by etching steps into one film

grown samples etched sample
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30
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'E 20- 12
(zg. é 4 B Z
5 15 ‘ =-196°C |, §
5 5
& 10+ >
&

(3]
1
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Thickness [nm]
FIG. 6. Thickness dependence of the average spontaneous polarization and

coercive voltage, measured at the static hysteresis loops of the as-grown
films and etched films, recorded at 7=-196 °C.

depolarization field within the BTO. Nevertheless, our obser-
vation of a constant coercive voltage V. of approximately
3 V for all the films must be due to a different effect.

The thickness dependence of ¢,, as shown in Fig. 6, hints
towards the existence of an intermediate, insulating, nonfer-
roelectric interfacial layer, as has been discussed by many
authors.>>1023-2538 ¢ may be assumed, that this layer even
consists of good BTO, which is unable to switch due to
strong electrostatic interactions with the substrate. A crucial
mechanism is the injection of charges through this insulating
layer towards the internal interface to the switchable ferro-
electric. If this layer indeed is identical for all films investi-
gated (see Fig. 1), a constant breakthrough voltage is ex-
pected and determines the onset of polarization reversal.
Assuming a breakthrough field of 3 MV/cm hints towards a
passive layer thickness of 5—10 nm. At the hypothetical in-
terface between the passive layer and the BTO the injected
charge has to be stored and removed again during one com-
plete cycle of a hysteresis loop. We note that the available
density of states to store the displacement current at the in-
ternal interface within the crystal between the passive and
the active part of the BTO is significant.

Finally we turn our attention to the measured polariza-

e T=-196°C
90 ZEC
804 l»ﬁ'\ - --300nm
)
v p
- 704 L ‘\\\
w § Sy
A Y
€0 I/’ ’}5
50
40+

30 T T T T T T
-20 -15 10 05 00 05 10 15 20
Electrical Field [Mv/cm]

FIG. 7. C-V curves of a capacitor, using an etched sample with 300 and
100 nm BaTiO; films, measured 7=-196 °C.
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FIG. 8. Temperature dependence of (a) g,, (b) tan &, and (c) normalized
conductance G/w, measured without bias voltage at f=1 and 10 kHz.

tion P, (Figs. 4 and 6). For the thinnest film, P, nearly
reaches the value expected from the bulk data, but for the
thicker films, a continuously lower value for P, is measured.
A recent publication carefully discusses the possibility to sta-
bilize or even enhance P, at the interface to the substrate due
to the epitaxy.39

V. CONCLUSION

Nanoscale ferroelectric capacitors are strongly influ-
enced by the interaction with the interfaces to the electrodes
due to the epitaxial relations, strain, stress, and Coulomb
interactions, even if the ferroelectric material is not degraded
by interdiffusion during growth. As a consequence, the po-

J. Appl. Phys. 98, 114101 (2005)

larization of the first few nanometers may be blocked, result-
ing in a pyroelectric interface layer. Even for nanometer
films, the polarization switching of the ferroelectric involves
high displacement currents and the same surface charge den-
sity as observed for bulk material. The compensating charge
has to be provided by high-conductivity electrodes on a sub-
nanometer length scale. The conventional understanding of
the domain dynamics does not apply, and very high coercive
fields are observed.
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