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Time-dependent leakage current behavior of integrated Bao.7Sro.3TiOs capacitors accelerated by stresses in
excess of operating temperature and voltage was studied. Current-voltage (J-V') studies revealed that the time-
dependent leakage current behaviors are different according to the initial conduction process. When the initial
leakage current of a fully processed integrated capacitor at high voltages at elevated temperatures is of the
Frenkel-Poole emission type, the leakage current increases rapidly with time. The difference in the initial leakage
currents is related to the difference in film growth conditions which determine the formation of defects in the
films. The time-dependent increase in leakage current is ascribed to a change in the conduction mechanism from
the interface-controlled Schottky type to the bulk-related space-charge-limited type due to the accumulation of
oxygen vacancies near the cathode as a result of interface barrier lowering and the migration of distributed oxygen

vacancies across the film.
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1. Introduction

Because of the extensive evolution in integration tech-
nology of high-dielectric-constant ferroelectric materials
such as Ba,_;Sr;TiO; (BST), Pb,Zr,_,TiO; (PZT),
and SrBi;Ta,0s (SBT),Y integration of ferroelectric ca-
pacitors has been regarded as the most advanced tech-
nology to minimize and simplify the device structure of
dynamic random access memories (DRAMs) beyond gi-
gabit scales, as well as to realize nonvolatile ferroelec-
tric memories.>® For practical memory applications of
these materials, their electrical properties must be prop-
erly understood and kept stable for a period of operating
time comparable with the minimum life of peripheral in-
corporated silicon devices. Among several factors associ-
ated with capacitor reliability, degradation of the insula-
tion resistivity is the most crucial issue because it causes
a change in stored charge in memory capacitors for a
certain period of the refreshing cycle due to an increase
in leakage current during long-term memory operation.
Therefore the minimization of the variation in leakage
current is a fundamental issue for memory applications
of these ferroelectric materials.

The gradual increase in leakage current associated
with a degradation of the insulation resistivity is com-
monly observed when temperature and dc voltage
stresses are applied to ferroelectric capacitors for a cer-
tain period of time.* Even under less excessive temper-
ature and voltage stresses close to normal device oper-
ating conditions, much below the critical onset of in-
stant breakdown, a slight increase in leakage current is
still observed. Under excessive temperature and volt-
age stresses close to the occurrence of instant dielectric
breakdown, an anomalous increase in leakage current fol-
lowed by eventual breakdown is observed. A quantitative
model based on defect chemistry for the degradation in
multilayer ceramic capacitors has been proposed.® Simi-
lar phenomena have been observed in BaTiO;, BST, and
PZT during the latter part of the life terminated by the
eventual breakdown.®1%

In this work, time-dependent leakage current behav-
ior of integrated BST capacitors is studied. The sample
capacitors were separated into two types according to
different film preparation process routes. The tempera-
ture dependence of current-voltage (J-V') characteristics
of each type of capacitors is studied to reveal the predom-
inant conduction mechanism under a given stress. The
influence of the initial predominant conduction mech-
anism on the change in the J-V characteristics during
stressing is studied. A possible scenario which describes
the change in the conduction mechanism during stressing
is discussed.

2. Experimental

In the present experiments, Bag »Sry 3 Ti0; films were
prepared by metal-organic decomposition (MOD) us-
ing a homogeneous solution containing a stoichiomet-
rically correct 6 wt% BST precursor. The MOD solu-
tion was spin-coated to form BST films on 300-nm-thick
Pt-deposited silicon wafers in which digital/analog fil-
tering ICs are fabricated.'>'® The BST films were then
annealed at a high temperature in atmospheric oxygen
either with a rapid temperature ramp rate for sample
A or with a slow temperature ramp rate for sample
B. The total thickness of the BST films was about
185nm for both types of capacitors after annealing. Af-
ter the high temperature annealing, Pt electrodes of
150 nm were deposited on the crystallized BST to form a
metal-ferroelectric-metal structure and a number of pho-
tomasked capacitors with the size of 200 x 200 um? were
patterned in a plasma etcher. Subsequently, the capac-
itors were covered with interlayer silicon dioxide films
formed by chemical vapor deposition and the interlayer
films were etched in a plasma to form contact openings to
interconnect between the capacitors and underlaying pe-
ripheral transistor circuits. After the metallization with
sputtered aluminum, interconnect patterns were formed
by wet chemical processing. After postmetallization an-
nealing in forming gas, SiN films were deposited for pas-
sivation and then bonding pad openings were formed by
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dry etching. Since the leakage current of ferroelectric
capacitors without proper barriers is very sensitive to
moisture,® the SiN passivation is inevitable to ensure
the reliability of all measurements in this experiment.

The J-V curves of the fully processed capacitors were
measured on a hot stage with a HP4145B semiconduc-
tor parameter analyzer at different temperatures in the
range of 300-423 K. Time-dependent leakage current be-
havior at elevated temperatures and high voltages was
monitored with the same instruments. Long-term elec-
trical degradation for up to 1500 h was evaluated by the
leakage current measured at 3 V at room temperature be-
fore and after the integrated capacitors were subjected
to high-temperature and high-voltage stresses.

3. Results

3.1 Instial J-V characteristics
After the completion of integration processing, J-V
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measurements were made on type A and type B capaci-
tors before stressing. Since the film growth process influ-
ences the microstructure of the grain size, grain bound-
aries, defect distribution, and interface states, the na-
ture of bulk-controlled conduction in the capacitors may
change depending on the film growth conditions.

First we studied the electrode interface-controlled cur-
rent. Figure 1 shows the J-V curves for a temperature
range of 300423 K of type A and type B capacitors af-
ter the completion of the integration process. The lin-
ear behavior of the curves at high voltages indicates the
Schottky current and the slope yields the dynamic di-
electric constant of the ferroelectric.'® Since both types
of capacitors show the same behavior at high voltages,
we can assume that the interface barrier height and the
dielectric constant of type A capacitors are identical with
those of type B capacitors.

Secondly, we studied the bulk-controlled conduction
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Fig. 1. Initial J-V curves on a logJ vs vV plot measured at 300, 373, and 423 K before stressing of (a) a type A
capacitor annealed with a rapid ramp rate and of (b) a type B capacitor annealed with a slow ramp rate.
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Fig. 2. Initial J-V curves on a logJ/V vs vV plot measured at 300, 373, and 423K before stressing of (a) a type
A capacitor annealed with a rapid ramp rate and of (b) a type B capacitor annealed with a slow ramp rate. The
onset voltage of the linear behavior is indicated by arrows on each curve.
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in BST films. In the presence of a large amount of de-
fects in ferroelectric films, the leakage current at high
temperatures at high voltages is frequently referred to
as the Frenkel-Poole (F-P) conduction. Figure 2 shows
log J/V vs V/V curves to reveal the J-V behavior sub-
ject to the F-P conduction. Arrows in Fig. 2 indicate
the points of approximate onset of the linear behavior
on each curve. Unlike the curves in Fig. 2(b) for a type
B capacitor, the curves in Fig. 2(a) for a type A capacitor
show that the onset voltage of linear behavior is lowered
as the temperature is elevated. When the temperature
is 423K, for instance, the approximate onset voltage for
the type A capacitor is 1.7V while that for the type
B capacitor is 7.0 V. At high temperatures, therefore,
the leakage current of type A capacitors appears to be
more strongly governed by the F-P mechanism even at
low voltages than in type B capacitors. Since the F-
P emission is due to field-enhanced thermal excitation
of trapped carriers, we assume that type A capacitors
are richer in Frenkel-type defects, both oxygen vacan-
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Fig. 3. Time-dependent leakage current behavior of integrated
BST capacitors during stressing at 7V and 473 K. The upper
curve is for a type A capacitor and the lower curve is for a type
B capacitor.

0 1 2 3 4
Square Root of Applied Voltage (VV)

Y. SHIMADA et al. 4921

cies, metal vacancies, and interstitial metals, than type
B capacitors.

3.2 Time-dependent leakage current behavior during
stressing

Figure 3 shows time-dependent leakage current behav-
iors during stressing with 7V at 473K for 10*s. At the
beginning of stressing, both types of capacitors exhibited
the same leakage current level. For the next hundred
seconds, the leakage currents show transient increases
without any transient decrease due to electrical charge
hopping or dielectric polarization as seen in PZT*" and
BST,' or due to charge absorption relaxation at dis-
tributed grain boundaries in SrTiO; and BaTiOj3,'® be-
cause the applied voltage, corresponding to a field of
about 380kV /cm, is much higher than the ohmic voltage
region below 50kV/cm.%1® After the transient regime
the type A capacitor shows a further gradual increase in
leakage current with time, whereas the type B capaci-
tor exhibits a stable leakage current after a stress time
of 10°s. These time-dependent studies indicate that the
leakage current under an excessive stress show different
behaviors depending on the BST film growth conditions,
even if the initial leakage currents are in the same level.

3.3 J-V characteristics before and after stressing
After being subjected to the high-temperature high-
voltage stress for 10*s, J-V characteristics of both types
of capacitors were again measured at room temperature,
as shown in Fig. 4. The leakage current of the type A
capacitor increased by 4 orders of magnitude from the
original level, whereas that of the type B capacitor in-
creased by 2 orders of magnitude. When we assume the
leakage current to be limited only by interface thermionic
emission at the cathode, the leakage current at a given
temperature is determined by the interface barrier height
and the dielectric constant of the ferroelectric. Despite
the increase in leakage current after stressing for both
types of capacitors, the slopes at high voltages in terms
of the dielectric constant are nearly identical to their
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Fig. 4. J-V curves on alog J/V vs V'V plot of (a) a type A capacitor after stressing is larger than that of (b) a type
" B capacitor measured at room temperature before and after stressing at 7V and 473K for 10%*s.
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Fig. 5. Variations in leakage current with stress time. The sam-
ples were subjected to stresses of positive applied voltages of 3,
5, and 7V at 423K for up to 1500h. The leakage currents were
measured at 3V at room temperature.

original values. This result implies the lowering of the
interface barrier height due to the stress. Based on the
Schottky model, the lowering of the barrier height due to
the stress is then calculated to be approximately 0.2eV
for the increase in leakage current of the type A capacitor
and 0.1€V for that of the type B capacitor.

3.4 Voltage dependence of long-term behavior
Long-term electrical degradation of the integrated ca-
pacitors was evaluated from the variation in leakage cur-
rent at room temperature at 3V after being subjected
to a temperature of 423 K at different bias voltages. The
stress voltage was chosen to be 3, 5, and 7V to simu-
late the possible operating voltage range for standard-
use conditions. The leakage currents were measured at
proper intervals during stressing for up to 1500h. As
shown in Fig. 5, the variation in leakage current has a

strong dependence on the applied voltage for both types .

of capacitors. For an applied voltage of 3V, the leakage
current in a type B capacitor is very stable for up to
1500 h, whereas in a type A capacitor an anomalous in-
crease in leakage current appears after 100h. The stress
voltage in this region is much lower than the onset of
the F-P behavior in type B capacitors, while it overlaps
with the onset of the F-P behavior in type A capacitors

as seen in Fig. 1. When the stress voltage is increased to -

5 or 7V, which is higher than the onset voltages of F-P
emission in both types of capacitors, the leakage currents
in type A capacitors increase faster than those in type
B capacitors. Since the initial presence of the F-P con-
duction is inevitable for the time-dependent increase in
leakage current, it is concluded that the F-P mechanism
is associated with a time-dependent change in the nature
of the conduction process.

4. Discussion

Since the F-P conduction is responsible for the time-
dependent increase in leakage current, and the most
likely traps for this mechanism are oxygen vacancies, we
here postulate that the time-dependent change in leakage
current is associated with the presence of oxygen vacan-
cies.*® Many groups to date have pointed out the impor-
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Fig. 6. Comparison of the charge distribution p, electric field E,
and energy band variation as a function of the direction z near
the cathode of a BST capacitor (a) before and (b) after stressing.

tance of the role of oxygen vacancies in the time evolution
of the bulk-related leakage current of ferroelectric capaci-
tors, i.e., a field-driven redistribution of oxygen vacancies
in the films would result in the formation of a forward-
biased p-n junction.® %17 However, their arguments are
limited in the change of the leakage current in the bulk.
When the leakage current under consideration is origi-
nally predominated by the interface-controlled Schottky
emission, we must take into account the change in leak-
age current at the interface as well as in the bulk.

When we denote the interface-controlled leakage cur-
rent by J; and the bulk-controlled current by J;,, we have
J; = J;, in the steady state. Current continuity at the in-
terface in the steady state requires that charge accumula-
tion takes place at the surface inside the metallic cathode
if nonequilibrium current discontinuity exists across the
interface, which means that the electric field distribution
is adjusted until current continuity is established. Cur-
rent continuity then leads to egoF = o, where E is the
electric field at the surface inside the ferroelectric, o is
the charge accumulation at the surface inside the metal-
lic cathode per unit area, &, is the dielectric constant of
vacuum, and ¢ is the dielectric constant of ferroelectric.
To compensate the accumulated charge o, oxygen vacan-
cies distributed near the interface are positively ionized.
As a result, a built-in potential ¢, is formed at the in-
terface so as to control the current J;.

In our BST capacitors, the concentration of oxygen
vacancies in type A capacitors is estimated to be greater
than that in type B capacitors because of the difference in
the onset of linear behaviors in Fig. 2 and in the voltage
dependence of the long-term leakage current behaviors
in Fig. 5. When the temperature is elevated, oxygen va-
cancies initially distributed across the film are thermally
activated and begin to migrate toward the cathode un-
der high fields. Finally, the oxygen vacancies accumulate
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Fig. 7. Curves on a log J-log V plot for (a) a type A capacitor and (b) a type B capacitor measured at room temper-
ature before and after stressing at 7V and 473K for 10%s.

near the cathode. Since the interface barrier originates
from the built-in potential primarily formed between ac-
cumulated charge at the interface and ionized oxygen
vacancies in the depleted region near the interface, the
barrier height is lowered as the depletion region is re-
duced due to accumulation of oxygen vacancies at the
cathode, as illustrated in Fig. 6. Therefore, the increase
in leakage current in the presence of excessive stress is
more likely to occur in type A capacitors than in type B
capacitors.

As a result of the barrier lowering at the cathode, the
bulk-controlled conduction appears to be predominant.
If we assume a complete diffusion of oxygen vacancies
across the film, the leakage current behavior should be
similar to the space-charge-limited current process with
the trap-free square law.'®) From the experimental result
for a stress of 7V and 423 K applied for 10*s, both types
of capacitors exhibited a decrease in the slope of the lin-
ear behavior toward a slope of 2 on log J vs log V plots in
Fig. 7. This result supports that the contribution of the
space-charge-limited current with the trap-free square
law becomes predominant during stressing. Therefore
we conclude that the increase in leakage current of our
integrated BST capacitors is caused by a change in the
conduction process from the interface-controlled Schot-
tky type to the bulk-related space-charge-limited type
due to the redistribution of oxygen vacancies across the
film during stressing.

5. Conclusions

We have shown the J-V characteristics of integrated
BST capacitors and their time-dependent behavior un-
der excessive temperature and voltage stresses for up to
1500 h. The J-V behaviors indicated a strong depend-
ence on the film growth conditions. After excessive
stressing, J-V curves indicated the lowering of barrier
height and an asymptotic fit to the space-charge-limited
process. From the difference in the onset of the Frenkel-
Poole behavior between two types of capacitors with dif-

ferent film growth processes, the presence of oxygen va-
cancies was concluded to.be responsible for the change in
leakage current with time. The increase in leakage cur-
rent is thus caused by the lowering of interface barrier
height as a result of the accumulation of oxygen vacan-
cies at the cathode, and the space-charge-limited current
becomes predominant due to the migration of oxygen va-
cancies across the film.
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