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Temperature-dependent current-voltage characteristics of fully processed Bag.7Sro.3TiO3 thin film capacitors
integrated in a charge-coupled device delay-line processor as bypass capacitors were studied. The thin film ca-
pacitors with a film thickness of 185 nm were formed by metal-organic decomposition processing. The leakage
current measured after completion of the integration process was 1 to 2 orders of magnitude higher than that
measured after capacitor patterning. The leakage current at low voltages (<1 V, 50 kV/cm) indicated ohmic con-
duction within a measured temperature range of 300423 K. At high voltages (>10 V, 500 kV/cm), the Schottky
mechanism plays a dominant role in leakage current, while the Frenkel-Poole emission begins to contribute to the

leakage current as the temperature is elevated.
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1. Imtroduction

Ferroelectric materials, particularly Ba,Sr;_,TiOs
(BST), PbTiOs, and Pb,Zr,_,TiOs, have emerged as
high-dielectric-constant capacitor materials for high-
density integrated circuit (IC) applications, such as dy-
namic random access memory (DRAM) cell capacitors.?)
When they are incorporated into ICs, leakage current
in these capacitors is one of the most important pa-
rameters for estimating the capacitor charge retention.
Although a variety of data for the electrical properties
of ferroelectric films with preliminary metal-insulator-
metal (MIM) structures have been reported,” " there are
very few data concerning the electrical properties of fully
processed integrated capacitors. One of the major rea-
sons is the increase in leakage current by going through
the capacitor integration processes on a substrate with
metal-oxide-silicon (MOS) transistor ICs. For instance,
thermal treatments in forming gases needed to stabilize
the MOS transistors sometimes cause serious damage to
the ferroelectric capacitors. Therefore, to obtain a better
understanding of the electrical behaviors of ferroelectric
capacitors in actual MOS devices, it is very important to
characterize the electrical properties of fully passivated
ferroelectric capacitors on a MOS device.

In this paper, we first report the current-voltage
(J-V) characteristics of fully processed integrated
Bag +Sro 3 TiO; capacitors incorporated in a charge-
coupled device (CCD) delay-line processor and extract
the possible current transport mechanisms in the inte-
grated BST capacitors from the temperature dependence
of the J-V characteristics.

2. Experimental

Among various ferroelectric materials, Bag 7Srq.3TiO;
is one of the appropriate choices for realizing a high-
dielectric-constant integrated capacitor because its stoi-
chiometry is chosen to maximize the dielectric constant
at the phase transition boundary.? In the present ex-
periments, BST films were prepared by a metal-organic
decomposition technique on Pt-deposited silicon wafers
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in which digital/analog filtering ICs are fabricated.®?

A metal-alkoxide solution including 6 wt% BST was
coated on the 300-nm-thick Pt-deposited wafers to ob-
tain about 185-nm-thick crystallized BST films. After
high-temperature annealing of the coated films in oxy-
gen, Pt electrodes of 150 nm were deposited on the crys-
tallized BST to form a MIM structure and a number of
photomasked capacitors with the size of 200 x 200 ym?
were patterned using a plasma etcher. Subsequently, the
capacitors were covered with interlayer silicon dioxide
films formed by chemical vapor deposition and the in-
terlayer films were etched using a plasma to form con-
tact openings used to interconnect the capacitors and
underlaying peripheral transistor circuits. After metal-
lization with sputtered aluminum, interconnect patterns
were formed by wet chemical processing. After post-
metallization annealing in forming gas, silicon nitride
films for passivation were deposited by plasma chemical
vapor deposition and then bonding pad openings were
formed by dry etching.

The J-V characteristics of the fully processed capaci-
tors integrated in the silicon device were measured with
a HP4145B semiconductor parameter analyzer at dif-
ferent temperatures in the range of 300-423 K. The
capacitance-voltage (C-V') characteristics were measured
with a HP4194A impedance/gain-phase analyzer. Opti-
cal constants of the BST films were measured with a
Nano-Spec model 4000 microspectrometer.

3. Results and Discussions

Figure 1 shows typical J-V curves of a BST capacitor
after the patterning of the MIM-structured capacitor and
after completion of the integration process. The leakage
current at an applied voltage of 3 V of the fully proc-
essed capacitor was increased from 107® A/cm?® to 107°
A/cm? due to the processing after the capacitor pattern-
ing. This increase in leakage current is ascribed to the
degradation in resistivity of the BST films due to damage
occurring during sputtering of metals, etching of contact
holes, deposition of dielectrics or passivations, forming
of underlaying transistors, or annealing of wafers. Even
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Fig. 1. Semilogarithmic plot of conduction current versus ap-
plied voltage for a typical integrated BST capacitor with size
of 200 x 200 um? and thickness of 185 nm. The lower curve is for
the capacitor after patterning. The upper curve is for the fully
processed capacitor.
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Fig. 2. Log-log plot of J-V data in Fig. 1, showing ohmic region
below 1 V and different conduction behavior above 2 V.

with the increase in leakage current, the fully processed
capacitor is of sufficient quality for use in MOS devices
as a bypass capacitor because the leakage current level
is much smaller than the stand-by current, typically on
the order of milliamperes, of these devices. The inte-
grated BST capacitors were then electrically tested for
the leakage current in the temperature range from 300
to 423 K.

The J-V characteristics measured for the fully proc-
essed integrated BST capacitors at temperatures of 300,
373, and 423 K are shown in Fig. 2. Since we did not ob-
serve any asymmetry in the J-V behavior upon reversal
of the polarity of applied voltage and obtained symmetric
C-V curves as shown in Fig. 3, we will hereafter study the
situation in which the top electrode is positively biased
and consider bulk-controlled and symmetric-interface-
controlled conduction mechanisms.'**? In Fig. 2, the
leakage current is increased by several orders of magni-
tude as the temperature is elevated and the curves can be
separated into two distinct regions according to the slope
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Fig. 3. C-V characteristics of integrated BST capacitors mea-
sured at room temperature under ac amplitude of 0.5 V at 1
MHz.
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Fig. 4. The log(J/V)-V1/2 plot showing the Frenkel-Poole con-
duction relationships at high voltages.

of the curves. At low voltages below 1 V (50 kV/cm) the
curves show a linear dependence within the measured
temperature range and each curve has a slope of approx-
imately 1; this voltage dependence indicates an ohmic
behavior. The curve measured at room temperature is
followed by another linear region at high voltages (>2 V,
100 kV/cm) with a slope of more than 2. As the temper-
ature is elevated, curves begin to deviate from the linear
dependence due to the contribution of other conduction
mechanisms to the total current.

The current transport in ferroelectric films at high
fields is usually ascribed to Frenkel-Poole and/or Schott-
ky emission mechanisms.® **% If the current transport
at high voltages is governed by either one of these two
mechanisms, the J-V characteristics at high voltages
should have a linear dependence on the square root of ap-
plied voltage and the slope of a curve in the linear region
should give the high-frequency dielectric constant .14
To reveal these two mechanisms more clearly, the curves
in Fig. 2 are replotted in Fig. 4 for the Frenkel-Poole
mechanism and in Fig. 5 for the Schottky mechanism.
The slope of the curves at high voltage for the Frenkel-
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Fig. 5. The log(J/T?)-V1/2 plot showing the Schottky relation-
ships at high voltages.

Poole mechanism yields € = 6.8, 7.7, and 7.3, while for
the Schottky mechanism the slope yields ¢ = 2.8, 3.9,
and 4.1 at temperatures of 300, 373, and 423 K, respec-
tively.

The dielectric constant of the BST film on Pt substrate
was determined from an optically measured refractive in-
dex. Since n = 2.0 at 640 nm in wavelength and ¢ = n?,
where n is the refractive index, the high-frequency di-
electric constant is then calculated to be 4.0. This value
is closer to that of the Schottky mechanism than to that
of the Frenkel-Poole mechanism. At high voltages and
high temperatures, however, the linear region in Fig. 4 is
wider than that in Fig. 5. In addition, the linear region
in Fig. 4 is enlarged and the onset voltage of the linear
region is lowered as the temperature is elevated. These
results indicate that the contribution of Frenkel-Poole
emission to the leakage current emerges as the tempera-
ture is elevated in the high voltage region. The electrical
conduction in the integrated BST capacitor at high volt-
ages is therefore substantially dominated by symmetric
Schottky interfaces within the measured temperature re-
gion and bulk-controlled Frenkel-Poole emission begins
to be superposed on the total current at high tempera-
tures.

Figure 6 shows the activation energy plots of the cur-
rent in the integrated BST capacitors at various applied
voltages from 1 to 10 V. The current density increases by
as much as three orders of magnitude within the meas-
ured temperature range. The activation energy, plotted
in Fig. 7, decreases with th= square root of applied volt-
age and shows good lin€arity at high voltages. An ex-
trapolation of the curve at high voltages gives a barrier
height of 0.8 eV. The linear dependence in the high volt-
age region is consistent with both the Frenkel-Poole and
Schottky conduction mechanisms.

4. Conclusions

Leakage current behavior of a fully processed BST ca-
pacitor formed on a MOS device was demonstrated. The
leakage current measured at 3 V was increased from 1072
A/cm? to 107° A/cm? as a result of the integration proc-
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Fig. 6. Temperature dependence of current density of integrated
BST capacitors for various applied voltages.
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Fig. 7. Activation energy as a function of the square root of ap-
plied voltage.

essed after the capacitor patterning. This increase in
leakage current is assumed to be caused by degradation
in resistivity of the BST film due to damage occurring
during integration processing. The leakage current of the
fully processed capacitor, however, is small enough to al-
low its practical use in MOS devices as a bypass capaci-
tor. For further understanding of integrated ferroelectric
capacitors, we studied the temperature dependence of J-
V' characteristics of the fully processed integrated BST
capacitors. The current transport at low voltages (<1
V) is attributed to the ohmic conduction. At high volt-
ages (>10 V), the Schottky mechanism is assumed to
predominate, while the Frenkel-Poole mechanism begins
to contribute to the leakage current as the temperature
is elevated.

Acknowledgements

The authors wish to thank Professor C. A. Araujo of
University of Colorado at Colorado Springs and the staff
of Symetrix Corporation for their encouragement of this
work.



1)

2)

3)

1)
5)

6)

7
8)

Jpn. J. Appl. Phys. Vol. 35 (1996) Pt. 1, No. 1A

C. A. Paz de Araujo, L. D. McMillan, B. M. Melnick, J. D.
Cuchiaro and J. F. Scott: Ferroelectrics 104 (1990) 241.

M. Azuma, M. Scott, E. Fujii, T. Otsuki, G. Kano and C. A.
Paz de Araujo: Proc. Int. Symp. Integr. Ferroelectrics, Mon-
terey, CA, March 1992, p. 109.

R. Waser and M. Klee: Proc. Int. Symp. Integr. Ferroelectrics,
Colorado Springs, CO, April 1991, p. 288.

H. Hu and S. B. Krupanidhi: J. Mater. Res. 9 (1994) 1484.
T. Kuroiwa, T. Honda, H. Watarai and K. Sato: Jpn. J. Appl.
Phys. 31 (1992) 3025. :
P. Bhattacharya, T. Komeda, K.-H. Park and Y. Nishioka:
Jpn. J. Appl. Phys. 32 (1993) 4103.

K. Abe and S. Komatsu: Jpn. J. Appl. Phys. 32 (1993) 4186.
K. Arita, E. Fujii, Y. Shimada, Y. Uemoto, M. Azuma, S.
Hayashi, T. Nasu, A. Inoue, A. Matsuda, Y. Nagano, S. Katsu,

9)

10)
11)
12)
13)

14)
15)

Y. SHIMADA et al. 143
T. Otsuki, G. Kano, L. D. McMillan and C. A. Paz de Araujo:
IEICE Trans. Electron. E77-C (1994) 392. )

K. Arita, E. Fujii, Y. Shimada, Y. Uemoto, T. Nasu, A. Inoue,
A. Matsuda, T. Otsuki and N. Suzuoka: Jpn. J. Appl. Phys.
33 (1994) 5397.

D. Roy, C. J. Peng and S. B. Krupanidhi: Appl. Phys. Lett.
60 (1992) 2478.

C. J. Peng, H. Hu and S. B. Krupanidhi: Appl. Phys. Lett.
63 (1993) 1038.

X. Chen, A. I. Kingon, H. N. Al-Shareef, K. R. Bellur, K.
Gifford and O. Auciello: Integr. Ferroelectr. 7 (1995) 291.

K. Abe and S. Komatsu: Jpn. J. Appl. Phys. 31 (1992) 2985.
P. Li and T. M. Lu: Phys. Rev. B 43 (1991) 14261.

G. M. Rao and S. B. Krupanidhi: J. Appl. Phys. 75 (1994)
2604.



