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bstract

high throughput method for synthesis and characterization of ferroelectric thin film libraries prepared by chemical solution deposition was

eveloped. With a throughput of over 100 samples of different composition/day, it is possible to screen vast composition fields in a manageable
mount of time. The method was applied to films of the binary KNbO3–NaNbO3 system. Structured Pt/SiO2/Si wafers were used as substrates.
amples of 450 nm thickness with remarkable dielectric properties and pure perovskite phases were obtained by optimizing the composition with
espect to the K/Na-ratio, and by identifying the ideal amount of alkali-metal excess added to the precursor solutions.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Ferroelectric materials are of great technological interest
ue to their electric, pyroelectric, electrooptic, and piezoelectric
roperties. Thin films of ferroelectric materials offer a way to
uild miniaturized devices like memories, sensors and MEMS.1

he wide field of application demands intensive research for the
evelopment of new ferroelectric thin film materials and their
ailoring according to the specific demands.

High throughput experimentation (HTE) can substantially
educe research costs through automated sample preparation
nd characterization. A HTE route for the development of fer-
oelectric thin films by chemical solution deposition (CSD) was
stablished, which is a cost-efficient alternative to gas-phase
eposition techniques. Also, CSD allows for exact stoichiometry
ontrol and effortless incorporation of dopants on the molecular
evel.

Lead zirconate–titanate (PZT) is a ferroelectric material used
n a wide range of applications both in the form of bulk ceramics

nd thin films.2 While PZT exhibits excellent piezoelectric and
erroelectric properties, it constitutes an environmental burden
ue to the lead content. In bulk ceramics, sodium-potassium-
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ermany.
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iobate (KxNa1−x)NbO3 (KNN) shapes up to be a promising
ead-free substitute for PZT.3 At room temperature, the crystal
tructure of both end members of the KNN system is orthorhom-
ic, KNbO3 (KN) being ferroelectric while NaNbO3 (NN)
s antiferroelectric.4 For x ≈ 0.5, KNN shows a morphotropic
hase boundary (MPB), where piezoelectric and ferroelectric
roperties increase as compared to pure KN. While most of the
urrent research activities are devoted to bulk ceramic KNN and
ts doped derivatives, thin film preparation of these materials is
carcely encountered.

A few reports exist on the preparation of KNN thin films
y vapor phase deposition techniques onto various substrates5,6

y using pulsed laser deposition or sputtering methods. Only
ne report was found reporting on the application of CSD tech-
iques to KNN thin films.7 On amorphous or metallic substrates,
hase impurities and deviations in the KNN thin film stoichiom-
try were frequently encountered. In the case of KN,8–10 the
ubstrate seems to play an important role affecting the phase
ormation and growth of the perovskite film; suitable substrates
ere reported with SrTiO3(1 0 0), MgAl2O4, or Al2O3, where

he lattice parameters are matching those of KN, and exert a
atalytic effect on phase formation. Hence, these substrates may
lso be suitable for the preparation of KNN6 thin films. However,

rom a technological point of view, conductive substrates are
referable, as electric fields can directly be coupled into the film.

We report here the preparation of KN, KNN, and NN
hin films on Pt/SiO2/Si substrates by a high throughput CSD

mailto:christian.schroeter.ext@siemens.com
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.033


3 pean

m
fi

2

C
m
t
p

t
T
i
a
i
s
t
a

o
s
s
o
m
r
s
t
w
e
i
t
o

s

r
A
r

a
s
t
d
d

a
r
c
a

3

p
e
A
G
i
X
s
d
s

i
a
s

F
(

786 C. Schroeter et al. / Journal of the Euro

ethod, as well as on the electrical characterization of these
lms.

. Automated library synthesis

This section describes the general procedure of the HTE-
SD-route from preparation of precursors, their automated
ixing and deposition of these liquids to a structured Si-wafer

o form ceramic thin films. Experimental details concerning the
resent study are given in Section 4.

For the high throughput CSD experiments, a set of 30 elemen-
ary sols, each containing one specific element, was developed.11

hey consist of an organic compound of this element, which
s dissolved in mixtures of ethanol, isopropanol and propionic
cid, in rare cases supplemented by stabilizing agents. Stabiliz-
ng agents are only used, whenever the elementary sols are not
table at ambient conditions for at least 5 h, which is roughly the
ime needed for this experiment. These precursors are miscible
t arbitrary ratios without precipitation or gelation.

For scanning a material system containing n elements, usually
nly a small subset of the corresponding n-dimensional compo-
ition space is of interest, due, for example, to the restriction to
toichiometry or theoretical considerations. To screen this subset
f interest, a small number of boundary compositions (BC) are
anually prepared by mixing the elementary sols in the desired

atio. The BCs are representing the “corners” of the selected
ubset. Hereof, 90 mixed sols are composed by our liquid pipet-
ing robot (see Fig. 1a) according to the chosen library design,
hich determines the step width between the BC, and hence the

xact composition of the 90 compounds. The use of BCs makes
t possible to be very flexible in the design of experiment, despite

he fact that the number of library designs has to be limited in
rder to facilitate programming and data evaluation.

The substrates are 6 in.-silicon wafers, showing 90 circular
ample areas, each measuring 8 mm in diameter, which are sur-

t
o
n
t

ig. 1. Automated dosing and mixing of 90 mixed sols from the precursor solutions (
b and c). Silver electrodes are evaporated onto the processed samples to permit elect
Ceramic Society 27 (2007) 3785–3788

ounded by grooves of 30 �m depth, structured by sandblasting.
fter structuring, substrates are coated with 1000 nm SiO2 as the

eaction barrier and 100 nm Pt to provide the bottom electrode.
After thorough automated mixing, the robot transfers small

mounts of the 90 mixed sols to the sample areas on the sub-
trate (Fig. 1b) by a “drop-coating” technique, as it is difficult
o carry forward common CSD coating techniques like spin- or
ip-coating. Excess liquid drains into the grooves, so the liquids
o not admix.

The wafer is then pyrolysed at temperatures between 350 ◦C
nd 600 ◦C to remove organic residues. Coating and pyrolysis is
epeated until the desired film thickness is reached. After the last
oating, the wafer is exposed to temperatures between 600 ◦C
nd 800 ◦C for 15–60 min to promote crystallization.

. High throughput characterization

Analysis of the phase composition of the thin films is a
rerequisite for interpretation of the obtained dielectric prop-
rties. X-ray diffractometry (XRD) is carried out on a General
rea Diffraction Detection System (D8 GADDS, Bruker AXS
mbH, Germany) by performing Θ-2Θ scans. As recording and

nterpretation of a diffractogram is relatively time consuming,
RD analysis is usually only done on few exemplarily chosen

amples of the library, which are chosen such that they are evenly
istributed throughout the material spread. The library, however,
tays intact throughout the measurement.

The key parameter chosen for screening the material libraries
s the permittivity at 10 kHz, as good piezoelectric properties go
long with a high dielectric constant and low losses. All 90
amples of the library are screened. It is thus possible to observe

rends within the compositional space and to confine the number
f promising materials by means of a relatively simple tech-
ique. Calculating the relative dielectric constant εr according
o Eq. (1), requires both capacitance C and film thickness d to

a) and their application to the 90 sample areas of a structured 6 in. silicon wafer
ric characterization (d).
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in KNN than in KN or NN (Fig. 3). The dielectric losses are
between 20% and 40%, being the lowest in NN and the highest
in KN. Losses can be reduced to 5% for all compositions upon
C. Schroeter et al. / Journal of the Euro

e known:

r = ε−1
0 C

d

A
(1)

r is the relative permittivity, ε0 the permittivity of vacuum, C
he capacitance, d the film thickness, and A is the electrode area.

These quantities are measured on15 spots/sample, that is,
350 spots/library. This gives some redundancy in the case of
rroneous measurements as may occur in the vicinity of film
efects, and allows for checking consistency and averaging of
he measured values.

The film thickness is measured by white light spectral
eflectometry12 combined with an automated x–y-table (vis-
000, Mikropack, Germany). Along with the film thickness, the
efractive index and the roughness of the film can be extracted
rom every measurement. As automated fitting of multiple free
arameters can lead to ambiguities, roughness and refractive
ndex are calculated from few exemplarily chosen samples,
here plausibility of the obtained values can be checked, and

hen kept fixed during the automated measurement. Along with
he film thickness, the fitness, a parameter indicating the reli-
bility of the measurement, is recorded for each of the 1350
pots.

To prepare wafers for electrical characterization, each sam-
le is top-electroded by 15 evaporated silver spots, 1000 �m in
iameter each (Fig. 1c and d). Non-covered areas were left over
n every sample for characterization by methods that require no
op electrode.

Electric measurements are carried out on a modular char-
cterization unit. One module sequentially contacts the 1350
lectrodes of the library. A measurement head containing 15 con-
acts is moved from sample to sample by an x–y–z-table (LTM
0, Owis, Germany), while individual electrodes are connected
hrough by a switch system (7001, Keithley Instruments, Inc.,
SA). The second module is an impedance analyzer (Multi Fre-
uency LCR Meter HP4275A, Hewlett Packard, USA) which
easures the impedance at 10 kHz and 0.1 V amplitude. This

evice can readily be replaced whenever quantities other than the
ielectric constant are of interest. Prior to calculating the dielec-
ric constant of the samples from film thickness and capacitance,
he measured data is filtered to eliminate erroneous data. For film
hickness measurements, this is done by deleting measurements
f exceptionally high fitness, whereas high dielectric losses
ndicate an erroneous capacitance measurement. The thresh-
ld values deciding upon deletion are not fixed, but depend
n the typical values measured on the given library. From the
emaining measurements, the relative dielectric constant is cal-
ulated. Details about synthesis and characterization are given
lsewhere.13

. Sodium-potassium-niobate thin films

Precursor solutions were prepared by dissolving Nb-, K- and

a-ethoxides (Chemat Technologies Inc., USA) in a mixture
f absolute ethanol and 0.3 mol/l acetyacetonate (both received
rom Merck, Germany) to a final concentration of 0.15 mol/l.
hese sols are sufficiently stable at ambient conditions for the

F
w
t
t
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ime of the experiment. Slight precipitation occurs during gela-
ion, but was not found to be a major problem.

The library design shows three series of binary mixtures. In
ach series, the alkaline metal excess of KN (0–130% excess),
NN and NN (0–50% excess each), respectively, is progres-

ively varied (see Fig. 3). Excess values are calculated with
espect to the stoichiometric composition. In KNN the alkaline
etal excess is chosen such that K:Na = 1:1in all KNN com-

ositions. 1.5 �l of the mixed solutions are transferred to the
afer and pyrolysis is carried out at 550 ◦C on a hot plate with a
eating rate of 30 K/min and a holding time of 2 min at the final
emperature. After eight coatings, the wafer is directly put into
furnace, heated to 800 ◦C, and then taken out after 15 min of

intering.
XRD measurements on layers without alkaline metal excess

howed dominantly Nb-rich phases other than perovskite. For
N films, pure perovskite material is found between 60% and
20% alkaline metal excess. The required excesses for KNN
nd NN were 22–50% and 15–40%, respectively (Fig. 2). Sam-
les with pure perovskite phases generally show some degree of
1 1 0}-texture, as can be concluded from comparison with the
eak intensities of KNN powder diffractograms. This {1 1 0}-
exture is higher for Na-rich compositions, while in some KN
lms, a {1 0 0}-texture is sometimes found. A homogeneous

ncrease of the lattice parameter with increasing potassium-
ontent is observed.

The mean film thickness averaged over all spots is 450 nm
nd a refraction index of 2.0 is fitted to the spectra. The rough-
ess of the KNN layers leads to 10% loss of intensity due to
cattering. KN shows a higher roughness, NN a lower one. The
lectrical measurements show that the highest dielectric con-
tants are found in pure perovskite thin films and are higher
ig. 2. Perovskite phase of KNN as obtained from thin film samples prepared
ith 35% alkali-metal excess. As compared to powder diffractograms of KNN,

he peak intensity of the (1 1 0)-peak is higher, indicating a {1 1 0}-texture of
he film.
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ig. 3. Measurement of the dielectric constant of a thin film library containing
N, KNN and NN compositions with progressively varied amount of alkali-
etal excess. The distinct peaks indicate samples of high phase purity.

rying of the samples at 50 ◦C. The leakage current measured at
mbient conditions thus is supposed to be due to water absorbed
n the porosity of the film. Exposed to ambient conditions, water
bsorption occurs within several seconds, indicating severely
ygroscopic thin films. The dielectric constant experiences a
rop of 5% only upon drying. Usually, at least five spots/sample
ere measurable.

. Conclusion

A high throughput method was used to develop pure per-
vskite phase thin films of the binary KNbO3–NaNbO3 system
n Pt substrates by CSD. Volatility of alkaline metals during pro-
essing leads to K- or Na-deficient phases, when stoichiometric
recursors are used. It was possible to accurately determine the
equired excessive amounts of these elements to compensate
or their loss. Rather than from XRD, the optimal compositions
an be determined more precisely from the distinct peaks of the
ielectric measurements, as small amounts of secondary phases
ay not be visible in a diffractogram of a thin film, yet lead to
strong decrease of the dielectric constant.

The highest values of the dielectric constant are found
or the KNN composition near the MPB. As compared to

ure KN, superior ferroelectric properties can be expected
or this composition. Further, the Na content was found to
mprove film quality, as can be concluded from the lower
oughness and lower dielectric loss of Na-rich compositions.

1

1

Ceramic Society 27 (2007) 3785–3788

he correspondence between roughness and dielectric loss
ives rise to the assumption, that the loss mechanism is an
xtrinsic one. An improved film quality should reduce these
osses, enabling a more accurate determination of the intrinsic

aterial properties. Hysteresis measurements are under way to
earn about the ferroelectric characteristics of these films.
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