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Improved dielectric properties of bismuth-doped LaAlO;
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Bismuth-doped LaAlO; was prepared in the form of solid solution, La(;_,)Bi,AlO; (0<x=<0.2), by
solid-state reactions. The materials were characterized by x-ray diffraction and dielectric
spectroscopy. With increasing bismuth amount (x), the dielectric constant increases from 31.6 for
pure LaAlO5 to 34.6 for x=0.2, while the loss tangent drops from 0.03 to 0.004 (f=100 Hz). The
frequency dispersion of the dielectric constant is attenuated. The improved dielectric properties in
the Bi-doped LaAlO; are attributed to the high polarizability of Bi** ion with a lone electron pair.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2358827]

Dielectric materials play an important role in integrated
circuit (IC) technology. Currently, the most widely used gate
dielectric material for this application is silicon dioxide
(SiOz).l’2 However, as the silicon dioxide based transistors
continue to be sized down, the leakage in the metal-oxide-
semiconductor field-effect transistors will become unaccept-
ably high. Therefore, much attention has recently been given
to the development of alternative gate dielectric materials as
replacement for SiOz,lf5 which has a relatively low dielectric
constant (K=3.9 at room temperature).3 Ideally, the candi-
date materials would have a higher dielectric constant, a re-
duced loss tangent, and a reduced leakage current when com-
pared to currently used materials.’

Ferroelectric materials are known to exhibit high dielec-
tric constant.® This suggests that they might be good candi-
dates for gate dielectrics. However, their nonlinear dielectric
response to applied electric field (i.e., hysteresis)7’8 and rela-
tively slow polarization switching7 make them unsuitable for
such appliceuiorls.l

Lanthanum aluminate, LaAlO; (LAO), was previously
investigated for its ferroelastic properties” and catalytical
effects.'®™'? It has also been used as substrates for the growth
of high-temperature supelrconductors.lo‘”’13 19 Recently,
LAO has received much attention as a potential high-K gate
dielectric (Refs. 4, 16, and 17) because it exhibits a relatively
high room-temperature dielectric constant of 20-27 (Refs. 18
and 19) and a good thermal stability up to very high tem-
peratures (>2100 K).* Bismuth-doped LAO was previously
studied only as a potential oxide-ion conductor for solid-
oxide fuel cells as it was hoped that this material would
combine the ionic conductivity of bismuth oxide, Bi,Os5,
with the thermal stability of LAO.” In this work, we have
studied the effects of the substitution of bismuth for lantha-
num on the dielectric properties of LAO, as we expected that
the high polarizability of the Bi** ion due to the lone electron
pair would enhance the dielectric properties of LAO.

Bismuth doping was achieved by forming the solid so-
lution between LAO and the nominal compound “BiAlO;,”
ie., (1-x)LaAlO;-xBiAlO; or Lag_,Bi,AlO;. Samples
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with compositions varying from x=0 up to x=0.5 were pre-
pared by solid-state reactions of Bi,O3 (99.975%, Alpha-
Aesar). Al,0; (Matheson, Coleman, and Bell), and La,0;
(99.9%, Rare Earth Metallic Co.). The oxides were mixed in
stoichiometric amounts and ground in an agate mortar in the
presence of acetone. The dried mixtures were then pressed
into pellets and calcined on a Pt plate. The calcinations took
place in air at 1400 °C for 3 h. This temperature was chosen
based on a previous work showing that it is the minimum
temperature for the formation of relatively pure perovskite
LAO." After calcining, the samples were reground for 1 h in
acetone. The mixtures, with a few drops of polyvinyl alcohol
(PVA, ~1 wt%) added as a binding agent, were then
pressed at ~1 ton into pellets of 1 cm in diameter and sin-
tered at 1500 °C for 1.5 h on a Pt plate. The circular surfaces
of the sintered ceramic samples were polished in preparation
for the structural and dielectric characterizations.

X-ray diffraction was performed on a Rigaku R-Axis
diffractometer with Cu K« radiation. The diffraction patterns
for x=0, 0.1, and 0.2 are shown in Fig. 1, where the peaks
are indexed according to the spectrum of LAO in Ref. 15.
The samples with x=<0.2 show a pure perovskite phase, in-
dicating the formation of the La,_,,Bi,AlO; solid solution.
The samples with x>0.2, however, contain some excess
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FIG. 1. X-ray diffraction patterns of the La(_,Bi,AlO; solid solution
ceramics.

© 2006 American Institute of Physics

Downloaded 23 Dec 2006 to 142.58.211.84. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.2358827
http://dx.doi.org/10.1063/1.2358827

086102-2 J. Zylberberg and Z.-G. Ye
7.585
008 | Ba /z
& wa / 7575 2
] j’ g
29004 / E
< 7 )
z « £
[ m— —
s ol / 7565 £
3 |
£ i/ S
£ 7555 T
o 3996 o
89.82 7.545

0.2

o
o
*

FIG. 2. Variations of the lattice constant (a) and the rhombohedral angle ()
as a function of the different compositions of La;_,Bi,AlO;.

Al,O3, suggesting that the limit of solubility has been
reached at x=0.2 (the excess Bi,Os has likely evaporated
during the synthesis). For this reason, only the results from
the samples with x=<0.2 are reported hereafter.

The structure and lattice parameters of the samples were
refined using JADE software.”! All the three samples show the

rhombohedral symmetry with space group R3c, i.e., the same
as the parent phase LAO.*? Figure 2 shows the variation of
the unit cell parameters as a function of the bismuth doping
amount. A monotonic increase in both the cell constant (a)
and the rhombohedral angle (a) with increasing bismuth
amount is observed, indicating a distortion of the LAO struc-
ture induced by the Bi doping. The variations of the cell
parameters with composition provide an additional evidence
for the formation of the La;_,)Bi,AlO; solid solution. Simi-
lar variations of lattice parameters were recently observed in
the La(;_,)Bi,CrOj3 solid solution, which was attributed to the
structural distortion resulting from an increased tilting of
oxygen octahedra as a result of bismuth substitution.*®

For dielectric characterization, the polished ceramic
samples were sputtered with gold electrodes and gold wires
were attached using colloidal silver paste. The dielectric
spectroscopic measurements were performed in the fre-
quency range of 100 Hz—100 kHz using a Solartron SI-1260
impedance/gain phase analyzer combined with a SI-1296 di-
electric interface. The temperature was varied from
—100 to 300 °C by means of a Delta 9023 heating/cooling
chamber. The variations of the real part of dielectric permit-
tivity and the loss tangent measured at 100 Hz at room tem-
perature as a function of composition are shown in Fig. 3.
The dielectric constant (¢') for the LAO (x=0) sample is
found to be 31.6, which is already higher than the literature
values of 22-27 (Refs. 18 and 19) estimated from the
capacitance-voltage (C-V) curves of the LAO thin films
(with some discrepancy among them)."® The higher dielectric
constant measured in pure LAO suggests a high quality of
the ceramic samples prepared. With increasing Bi doping
amount, an increase in the room temperature dielectric con-
stant is observed: it increases from 31.6 in LAO to 34.6 in
La, gBiy,AlO5;. While the dielectric constant of the samples
is increased by about 10%, the loss tangent shows a more
dramatic decrease: it drops almost an order of magnitude,
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FIG. 3. Dielectric properties of the La,_,)Bi,AlO; solid solution ceramics
as a function of composition measured at 25 °C and 100 Hz.

i.e., from 0.03 in x=0 to 0.004 in x=0.2. The frequency
dependence of the room temperature dielectric constant of
the samples is shown in Fig. 4. It can be seen that the dielec-
tric constant of the x=0.1 and x=0.2 samples shows a
smaller frequency dispersion than that of pure LAO sample.

The improved dielectric properties in the La(;_,)Bi,AlO;
solid solution are believed to arise from the substitution of
the highly polarizable Bi** ion with the 65 lone electron pair
for the La®* ion. This explanation is supported by our recent
work on Bi-doped lanthanum chromate, La(;_,Bi,CrO; in
which the substitution of Bi** for La’* induces hysteresis
loops of ferroelectric appearance, with the remnant polariza-
tion increasing as the Bi** amount increases up to x=0.30."

In summary, the substitution of Bi’* for La** in LAO is
found to increase the dielectric constant, decrease the loss
tangent, and reduce the frequency dispersion of the dielectric
constant in the solid solution of La;_,Bi,AlO3, thus improv-
ing the dielectric properties of LAO. The decrease in the loss
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FIG. 4. Frequency dependences of the room-temperature dielectric constant
for various compositions of the La;_,)Bi,AlO; solid solution.
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tangent of the material is especially interesting because, due
to the faster and faster switching times required, a gate di-
electric material for use in the dynamic random access
memory devices must have a loss tangent of less than 0.005,'
and the La;_Bi,AlO; solid solution with x=0.2 can meet
this requirement since it exhibits a loss tangent below that
level. Thus, bismuth doping significantly improves the di-
electric properties of LAO, making it very promising as a
high-K gate dielectric material for applications in microelec-
tronics. To make such applications possible, it is necessary to
prepare and characterize the thin films of Bi—LaAlOs; such a
work is being pursued.
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determining the lattice parameters of the samples. This work
was supported by the Natural Sciences and Engineering Re-
search Council of Canada (NSERC).
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