96.3, 93.0, 91.3, 90.5, 87.2, 40.2, 29.7, —0.09. Fast-ion bombardment
MS: m/z 417 [M]", 402 [M -Me]*, 386 [M -2 Me]*, 372 [M -NMe,]|",
345 [M-SiMes]", 300 [M —NMe, - SiMes]*. Ty=245°C.

Dimethyl-[4-(4-{4-[(triisopropylsilanyl)ethynyl [phenylethynyl}phenyl-
ethynyl)phenyl]amine (3): Yield: 89 %. Anal. Calcd. for C5sH3oNSi: C,
83.78; H, 7.83; N, 2.79. Found: C, 83.24; H, 7.61; N, 2.34. 'HNMR
(400 MHz, CDCl;): 6 7.48-7.38 (m, 10H), 6.68-6.63 (m, 2H), 3.00
(s, 6H), 1.13 (s, 21H). ®CNMR (100 MHz, CDCl5): ¢ 150.3, 132.8,
132.0, 131.5, 131.3, 131.2, 124.3, 123.4, 123.0, 121.8, 111.8, 109.7, 106.7,
93.0,92.9, 91.2, 90.6, 87.3, 40.2, 18.7, 11.3, 0.0. FAB MS: m/z 501 [M]".
Tq=315°C.

For the bottom-contact devices, layers of the oligo(arylacetylene)s
with thicknesses of ca. 50 nm were deposited on the Au-patterned
SiO,/Si substrates at room temperature under high-vacuum condition
(3x10™* Pa). For the top-contact devices, the active organic layer
(50 nm) was deposited on 100 nm SiO, substrates followed by the de-
position of a gold electrode on the top using different masks for or-
ganic and metal layers. The devices fabricated on untreated substrates
were tested in a microprobe station to measure the current-voltage
characteristics of the devices under ambient conditions.
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A Lead-Free High-Curie-Point
Ferroelectric Ceramic, CaBi;Nb,O¢**

By Haixue Yan, Hongtao Zhang, Rick Ubic,
Michael J. Reece,* Jing Liu, Zhijian Shen, and
Zhen Zhang

High-temperature sensing technology is of major impor-
tance for chemical and material processing, as well as the auto-
motive, aerospace, and power-generating industries. Electro-
mechanical transducing materials are required to sense strains,
vibrations, and noise under severe thermal conditions. Among
the different types of acoustic and strain sensors, piezoelectrics
offer the best candidates when one considers sensitivity, cost,
and design.m When an operating temperature of 400 °C or
greater is required, the choice of materials for high-tempera-
ture piezoelectric transducers is limited. Although some single
crystals such as LiNbO;,M La;GasSiO; 4, Sr,Nb,0-,* and
A,Ti,O; (where A is La or Nd)[SJ are good commercial or
potential candidates for high-temperature piezoelectric appli-
cations, the cost of single crystals is very much higher than that
of polycrystalline piezoceramics.'?! Another important ad-
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vantage!? of polycrystalline piezoceramics over single crystals
is the ease with which composition and properties may be
tailored. Modified bismuth titanate compositions are interest-
ing for sensor applications up to 500 °C.”!l When an operating
temperature of up to 750 °C is required, there is no suitable
commercial polycrystalline ceramic available."?! In this com-
munication, we report on a textured lead-free high-Curie-
point (7;) ferroelectric polycrystalline ceramic, CaBi,Nb,Oq
(CBNO), which has the highest-known 7. (943°C) of the
Aurivillius-phase-structured materials, and the highest ther-
mal-depoling temperature (800 °C) for a polycrystalline ferro-
electric ceramic. The 7, corresponds to the paraelectric—ferro-
electric transition and is associated with an anomaly in the
dielectric constant. It therefore sets the upper temperature
limit on the application of ferroelectric ceramics for piezo-
electric applications. The CBNO ceramic is a good lead-free
candidate for high-temperature piezoelectric applications up
to 800 °C.

Both bismuth titanate (BisTi3O;,) and CBNO are bismuth
layer-structured ferroelectrics (BLSFs) in the Aurivillius
phase family of materials. Aurivillius materials have attracted
considerable attention for their potential use in non-volatile
ferroelectric random-access memory (FRAM)[6’7] and
high-temperature ~ piezoelectric  applications®™!  because
they are fatigue-free and have high values of T, respectively.
The general formula of Aurivillius phase materials is
(Bi,0,)** (A, 1B, O3ms1)>, where A is a mono-, di-, or triva-
lent element (or combination) with cuboctahedral coordina-
tion, B is a transition element suited to octahedral coordina-
tion, and m is the number of octahedral layers in the
perovskite slab. The m value can vary from 1 to 6.1 The
spontaneous polarization Pg for CaBi,Nb,Oy is along the
a-axis direction. As a consequence of the anisotropy of micro-
structures and the properties of Aurivillius phase materials,
texturing technologies, such as hot-forging[”] and templated
grain growth,[gl can improve their electrical properties. Spark
plasma sintering (SPS) is a new sintering process. It enhances
the densification and superplastic deformation of ceramics
through pulsed-electrical-current heating, producing high-
density, textured materials.">"*! To our knowledge, there are
so far no reports on the microstructures or properties of
textured CBNO ceramics. In the present work, piezoelectric
ceramics CaBi,Nb,Og were fabricated by ordinary firing (OF)
and SPS.

Figure 1 shows X-ray diffraction (XRD) patterns of SPS ce-
ramic surfaces cut perpendicular and parallel to the hot-press-
ing direction compared with a pattern of non-textured OF
CBNO ceramic. The diffraction peaks are matched and in-
dexed based on CBNO! crystal-structure parameters. The
materials are all single-phase within the sensitivity of the tech-
nique. The XRD pattern parallel to the hot-pressing direction
exhibited strong (00/) diffraction peaks, while the pattern per-
pendicular to the hot-pressing direction showed weak (00/)
peaks and a strong (020)/(200) peak. This indicates that the
SPS samples were highly textured. The strongest diffraction
peak for OF CBNO was (115), which is consistent with the
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Figure 1. XRD patterns of CBNO surface obtained by cutting a) perpen-
dicular and b) parallel to the hot-pressing direction in SPS samples, and
c) OF sample.

(112m+1) highest diffraction peak in Aurivillius phases.!"”!

Figure 2 shows the secondary electron scanning electron mi-
croscopy (SEM) images of the polished then thermally etched
surfaces perpendicular and parallel to the hot-pressing direc-
tion of the SPS and OF CBNO ceramics. The grains are ori-
ented for the SPS sample, which is consistent with the XRD
results in Figure 1.

Pure CBNO has A2,am orthorhombic symmetry!'®! with the
polarization along the a-axis. Atomic displacements along the
a-axis from the corresponding positions in the parent tetrago-
nal (I4/mmm) structure cause ferroelectric spontaneous polar-
ization P;. Polarization caused by displacements along the b-
and c-axes are cancelled due to the presence of glide and mir-
ror planes, respectively, and thus do not contribute to the total
P,. Based on the atomic displacements, the total P of the dis-
placive-type ferroelectric CBNO was calculated using Shima-
kawa’s model,['”]

P = ZmiAxiQie (1)
; |4
where m; is the site multiplicity, Ax; is the atomic displace-
ment along the a-axis from the corresponding position in the
tetragonal structure, Qe is the ionic charge of the ith consti-
tute ion, and V is the volume of the unit cell. In terms of the
crystal structure parameters of CBNO reported by Blake et
al.,"¥ the ion displacements along the a-axis and the contribu-
tions of each constituent ion to the total ferroelectric polariza-
tion are calculated in Figure 3. Based on Rietveld analysis of
XRD and neutron-diffraction data, Blake et al.l'®! suggested
that CBNO showed some chemical disorder on both the per-
ovskite A-site and Bi,O, layer. There is about 5.3 at.-% cal-
cium on the bismuth site in the Bi,O, layer. The calcium in
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Figure 2. Secondary electron SEM images of polished then thermally
etched surfaces for a) perpendicular, b) parallel to the hot-pressing direc-
tion in SPS samples, c) OF sample.

the Bi,O, layer and bismuth in A-site are labeled as Ca(2)
and Bi(1), respectively, in Figure 3.

Figure 4 shows the polarization—electric field (P-E) hyster-
esis loops for CBNO samples. The remanent polarization
P, [L] is highest perpendicular to the hot-pressing direction in
the textured SPS sample. The reason for this is that the ferro-
electric polarization switching occurs in the a-b plane in
CBNO. Due to the lower limit on the sample thickness (0.10-
0.15 mm) imposed by porosity and the maximum available
voltage (4 kV) and the conductivity at high voltages, it was
not possible to obtain saturated P-E hysteresis loops because
of the evidently high coercive field (E.) of CBNO. Similar
problems have been previously noted for high-7. BisNbTiOg
ceramics.®! Consequently, the values of P, [L] for CBNO are
much less than the theoretical spontaneous polarization calcu-
lated in Figure 3.

In spite of their relatively large P, the piezoelectric activity
of ordinary fired BLSFs ceramics is limited because of the
two-dimensional orientation restriction of the rotation of their
spontaneous polarization P and their high coercive field E..
Textured processing is an effective method to improve piezo-
electric activity of BLSFs because of the anisotropy of their

Adv. Mater. 2005, 17, 1261-1265 www.advmat.de

o)
[=E 1]
o)
o@
o
Nb
BI (2)
ca(2)
BI (1)
Ca 1)
21 00 01 02 03 04 05 06
Atomic displacement along a axis (A)

(- P

total P = -24.4uClem’

O3
O ()
o3
oz}
o
Nb
Bi (2)
Cal(2)
Bi (1)
Cait)

.30 20 A0 0 10

Contributions to the P, of sach ion {nClem®)

Figure 3. lon displacement and contribution to the total spontaneous po-
larization P of each ion of CaBi,Nb,Os.

P (uClem?)
&

45

Figure 4. P—E hysteresis loops of CBNO ceramics.

microstructures and properties. The average piezoelectric
constant ds; of three samples each of SPS [L], SPS [|]], and
OF CBNO samples were 19.5+0.3 pCN™', 0.240.1 pCN™,
and 7.540.2 pCN!, respectively.

Both BizNbTiOy (BNTO) and CaBi,Nb,Oy (CBNO) are
BLSFs with m=2 in which the A-site cations are Bi** and
Ca*, respectively. The Curie point (914°C) of BNTO! is
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higher than that reported by Ismailzade® for CBNO (below
650 °C). This is inconsistent with Subbarao’s suggestion!®!) that
the Curie point of Aurivillius-phase materials increases with
the decrease in the A-site cation size because the effective ra-
dius of Ca** is smaller than that of Bi**.”?! Figure 5 shows the
temperature dependence of dielectric constant (e,) and loss
(D) of CBNO at 1 MHz. We also studied the temperature de-
pendence of the dielectric constant at different frequencies

?'Du T T T T T T 30
600 - at 1 MHz 425
500
4 20
SPS[1]
400 - v SPS [
—«—0.F - 15
o — [m]
300 -
410
200 -
15
100 - 7 X
n T T -I — I- ] T N O
0 200 400 600 BOOD 1000

Temperature (°C)

Figure 5. Temperature dependence of dielectric constant (g,) and loss
(D) in CBNO ceramics.

and found no dispersion in the temperature of the dielectric
anomaly. The Curie point of SPS CBNO samples perpendicu-
lar and parallel to the hot-pressing direction was 94312 °C,
which is very close to that of OF CBNO ceramics (94012 °C).
These values of the Curie point are much higher than the
650 °C reported by Ismailzade® for CBNO. The fact that the
Curie point (940°C) of CBNO was found to be higher than
that of BNTO (914°C)!" is consistent with Subbarao’s
work.”!! The effective radius of Ca®* is smaller than that of
Bi** for any coordination.”?! Ismailzade’s result?®” for T may
be in error because it was obtained with the assumption that it
coincided with a phase transformation observed by XRD. The
piezoelectric constant of BNTO is also lower than that of
CBNO.

The dielectric constant and loss in the SPS samples is great-
er perpendicular to than parallel to the hot-pressing direction.
The dielectric constant of OF CBNO is smaller than that of
both SPS [L] and SPS [|[] CBNO at room temperature. Similar
results were found by Seth and Schulze®! in textured Bi,.
Ti3O1; ceramics. At higher temperatures (~400 °C), the dielec-
tric constant of OF samples is lower than that of SPS [1] but
higher than that of SPS [||] samples. This behavior is the typi-
cal dependence of dielectric constant on temperature for
BLSFs.''! The loss peaks just below the Curie points can be
attributed to the movement of domain walls in BLSFs.

The thermal-depoling behavior of the OF and SPS [1]
CBNO samples is shown in Figure 6, in which piezoelectric
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Figure 6. Effect of annealing temperature (for 2 h) on the piezoelectric
constant ds3 of CBNO ceramics.

constants ds; are plotted against the annealing temperature.
The ds; value of OF CBNO decreased slightly with tempera-
ture up to 400 °C and was then stable up to 800 °C. The d3; of
the SPS [L] sample was stable up to 800 °C, and dropped rap-
idly above 900 °C.

In summary, the ferroelectric, dielectric, and piezoelectric
properties of single-phase OF and SPS CaBi,Nb,Og ceramics
were characterized. The Curie point of textured CaBi,Nb,Og
(943°C) was found to be much higher than its previously
reported value (below 650°C). The calculated total Ps of
CaBi;Nb,Og is 24.4 nC cm 2. The ds; of textured materials was
nearly three times that of conventionally sintered materials.
Thermal-depoling studies demonstrated that ds; was stable up
to 800 °C in textured CaBi,Nb,Oy. Therefore, a combination
of high T, stable ds3, and high thermal-depoling temperature
indicates that textured CBNO is a very promising material for
high-temperature (up to 800 °C) piezoelectric applications.

Experimental

The starting materials were Bi;O3z of 99.975 % purity, CaCO3 of
99 % purity, and Nb,Os of 99.9 % purity. The CBNO powders were
calcined at 950°C for 4 h. The textured CBNO ceramics were pre-
pared by SPS using a Dr. Sinter 2050 facility (Sumitomo Coal Mining
Co. Ltd., Japan). At first, the CBNO powder was consolidated in a
graphite die at 925 °C for 3 min under a pressure of 100 MPa to pro-
duce a dense ceramic. The fully densified ceramic tablet with a diame-
ter of 12 mm and thickness of 7.3 mm was then deformed in another
graphite die with a larger inner diameter of 20 mm at 1150 °C for
5 min under a constant load that corresponded to an initial compres-
sive stress of 40 MPa to reach a total strain of 67 %. The heating rate
for SPS was 100 °C min". In order to remove the carbon from the tex-
tured samples, the ceramics were subsequently annealed at 1000 °C
for 4 h in air. The textured ceramics were cut perpendicular and paral-
lel to the hot-pressing direction. The OF CBNO ceramics were sin-
tered at 1065 °C for 1 h in air.

XRD patterns for the ceramics were obtained with an X-ray diffrac-
tometer (Siemens D5000) using Cu Ka radiation. The microstructures
of the ceramic samples were observed by SEM (JEOL JSM 6300).
The SEM samples were thermally etched at about 70 °C below their
sintering temperatures for 15 min to reveal their grain structure.
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Electrodes for room-temperature and high-temperature electrical-
property measurements were fabricated with fired-on silver paste
(Johnson Matthey, E1100) and palladium paste (Gwent Electronic
Materials Ltd., C2011004D5), respectively. Samples for piezoelectric
measurements were poled in silicone oil at 200 °C under various di-
rect-current (DC) electric fields (15-20 kV mm™). The piezoelectric
constant d3; was measured using a quasi-static ds; meter (CAS, ZJ-
3B). The ferroelectric polarization—electric field (P-E) hysteresis
loops were measured by a ferroelectric hysteresis measurement tester
(NPL, UK). The temperature dependence of dielectric constant and
loss were measured at 1 MHz using an Agilent 4284A LCR meter
connected to a furnace. Thermal-depoling experiments were con-
ducted by holding the poled samples with Pt electrodes for 2 h at var-
ious high temperatures, cooling to room temperature, measuring ds3,
and repeating the procedure up to 950 °C.
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Self-Organization of Semiconducting
Polysiloxane-Phthalocyanine on a
Graphite Surface**

By Paolo Samori,* Hans Engelkamp,
Pieter A. J. de Witte, Alan E. Rowan,
Roeland J. M. Nolte,* and Jiirgen P. Rabe*

The fabrication of molecular or supramolecular wires!!! re-
quires the design of rod-like objects with an intrinsic electrical
conductivity, a notable stiffness, and a length on the order of
tens of nanometers. An ordered assembly of these anisometric
nanostructures should be possible in thin films. Post treat-
ments such as thermal annealing have been successfully used
to increase the degree of order in submicrometer sized molec-
ular architectures assembled at surfaces* and, on the tens of
nanometers scale, in long monodisperse alkane layers."”! Scan-
ning force microscopy (SFM)® and scanning tunneling mi-
croscopy (STM)!) offer direct access to the structural proper-
ties of (macro)molecules over a wide range of length scales
spanning from the subnanometer up to the micrometer scale.l®!

Here, we report on the effect of thermally induced self-or-
ganization at elevated temperatures in dry ultrathin films con-
sisting of rod-like semiconducting polymers, assembled on
graphite and characterized on the single molecule scale.
Moreover, we compare these results with those obtained by
studying the solvent-induced columnar ordering of the same
macromolecules at the solid-liquid interface. While the for-
mer approach is technologically more interesting, the latter
provides useful insight into the potential of the wet-processing
to obtain ordered nanostructures at surfaces.

The rod-like object chosen is a functionalized phthalocyan-
inato-polysiloxane (PSPc) (Fig. 1).”] Its monomeric phthalo-
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