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Abstract

PZT films with equal titantum and zirconium concen-
trations were prepared by sol-gel deposition. For DRAM
operation, the equivalent SiO, thickness of a 40008 PZT
film is less than 17A. The low-field resistivity and its
activation energy are 3.5x10!° Q-cm and 0.33 eV, respec-
tively. For the same capacitor polarization, the electrical
conduction and time-dependent dielectric breakdown
(TDDB) properties of PZT are superior to other proposed
DRAM dielectrics. But for typical operating conditions, the
TDDB characteristics require further improvement to
ensure DRAM reliability.

Introduction

As dynamic random access memory (DRAM) density
continues to increase, the required storage capacitance per
unit area poses a serious challenge to trench and stacked-
capacitor cell technologies based on SiO,/Si3N,. In order to
meet the charge storage requirements, high dielectric con-
stant materials such as tantalum pentoxide [1], [2] and
yttrium oxide [3] have been proposed as alternatives to sili-
con dioxide and oxide/nitride/oxide (ONO) stacked struc-
tures. While the relative permittivity of these materials is
three to six times that of SiO,, the net gain in charge
storage density is only a factor of two or three at best
because of the higher leakage current. In this paper, fer-
roelectric lead zirconate titanate (PbZr,Ti, Oz commonly
called PZT) is studied as a potentially attractive candidate
for the storage dielectric in future DRAM technologies. The
polarization, electrical conduction, and time-dependent
dielectric breakdown behavior of PZT are presented and
compared with other proposed dielectric structures.

Capacitance-Voltage Characteristics

40008 PZT films (x=0.5) were prepared by sol-gel
deposition and subsequent annealing above the crystalliza-
tion temperature [4]. Platinum was used for both top and
bottom electrodes. The resultant films exhibited ferroelec-
tric behavior with a coercive field of 25 kV/cm and a
remanent polarization of 150 fC/pm? (15 pC/cm?) as shown
in Figure 1.

Nonvolatile ferroelectric memory cells experience
fatigue, a gradual loss of detectable polarization during con-
tinuous cycling [5], and are vulnerable to retention failure
caused by dielectric aging (6], (7]. However, for DRAM
operation, the ferroelectric only needs to be biased in one
polarity thus possibly avoiding significant fatigue and long
term retention is no longer required. In this case, the avail-
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able polarization determined from a unipolar quasi-static
C-V measurement is 140 fC/um? for 5V operation (Figure 2)
which is equivalent to a 7.5 R s10, film subjected to a 3V
voltage swing. A DRAM cell typically requires 100 fC of
stored charge to prevent soft errors.

It is evident that domain switching is occurring even
in the unipolar case since there is significant hysteresis in
the capacitance and polarization characteristics. In addi-
tion, the calculated polarization for a high to low ramp is
slightly smaller than that for a low to high ramp. This
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Figure 1. Ferroelectric switching of a 4000 & PZT film obtained
from a quasi-static voltage ramp. The peak-to-peak
voltage varies from 2V to 5V. The polarization is com-
parable to only a few monolayers of SiO,.




difference is attributed to domain switching occurring dur-
ing the ~1 second time period between the end of the high
to low ramp and the beginning of the low to high ramp and
should be considered unavailable for high speed DRAM
operation. For voltages below 2V (twice the coercive vol-
tage), the available polarization increases almost linearly
with voltage. The polarization saturates fairly rapidly above
2V. For a 3V power supply, the effective SiO, film is
approximately 10 A. This estimate does not take into
account the degradation in the available polarization which
has been observed during both dc and pulse dc stressing
[8].

A lower limit for the total polarization available for
DRAM operation can still be obtained from the small-signal
capacitance which exhibits virtually no degradation. Even
in this worst case, the DRAM capacitor polarization at 3V is
equivalent to a 17 & SiO, film subjected to a 3V voltage
swing (Figure 3b). Physically, the small-signal capacitance
is attributed to nonferroelectric polarizability. However, the
small hysteresis loop in Figure 3a shows that the ferroelec-
tric domain structure has some influence on
nonferroelectric polarizability.
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Figure 2. In order to minimize fatigue, ferroelectric switching is
not performed during DRAM operation. For a 3V sup-
ply. the effective S1O, thickness is 10 & (2b). The C-V
curves shown are for peak voltages between 1V and
5V. The effective thicknesses plotted on the right side
on Figures 2b and 3b are calculated assuming a 3V

voltage swing.

Electrical Conduction

The leakage current characteristics exhibit ohmic
behavior at low fields and exponential behavior at
moderately high fields as shown in Figure 4. An expression
of the form,

J o< sinhBE , (1)

where J is the current density, E is the applied electric
field, and B is a constant, provides a good fit to the data. A
field dependence of this type has been derived for ionic con-
ductivity assuming single-ion transport, symmetric ion-
vacancy potentials, and a field-independent vacancy con-
centration [9]. In this case, J is expressed as

J =A expl-E, /kT) sinh(BE /kT) @

where A is a constant (equal to 10 A/cm? for the data in
Figure 4) and E, (equal to 0.35 €V) is the activation energy.
The coefficient, B, is proportional to the ionic charge, Ze,
and the hopping distance, A: B =ZeA/2. Assuming a
doubly-ionized species (Z=2) and B =0.057 eV-cm/MV
(from Figure 4b), the hopping distance is determined to be
approximately 5.5 A. The model considered here is
hypothetical since no direct evidence exists for ionic con-
duction.
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Figure 3. Even if aging causes polarization degradation, there is
sufficient small-signal capacitance available. In this
worst case, the effective SiO, thickness is 17R for a 3V
supply. The C-V curves shown are for peak voltages
between 1V and 5V.
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Figure 4. Electrical conduction in PZT films follows an ohmic
relationship at low fields (4a) and an exponential field
dependence at high fields (4b). The solid lines are
based on a model for ionic conduction (Equation 2).
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Figure 5. Since the activation energy for electrical conduction in
PZT is less than 0.4eV, pn junction leakage dominates
at high temperatures.
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In the low-field limit, (2) reduces to the conventional
ionic conduction relation [10]:
BE -Eq
sen Bl ]

The low-field resistivity and activation energy determined
from Figure 4a are 3.5x10° Q-cm and 0.33 eV in agree-
ment with the A, B, and E, determined using (2) and Fig-
ure 4b. Because of this low activation energy, the leakage
current does not impose a serious limitation since at high
temperatures pn junction leakage dominates (Figure 5).

Significant space charge effects are observable even
at low fields. For example, after the application of a short
stress, 10 seconds at 5V, on an unstressed capacitor, a
dramatic drop in conductivity is detected (Figure 6).
Repeated ramping from O to 30V causes progressively larger
shifts in the I-V characteristics. This space charge accu-
mulation does not appear to be due to the movement of a
fixed amount of ionic charge since no hysteresis is observed
in the I-V characteristics following polarity reversal: The I-V
characteristics shift monotonically regardless of the polar-
ity. However, following high temperature annealing, the
conductivity does approach its initial unstressed value (Fig-
ure 7).

Figure 8 is a plot of the current density versus the sil-
icon dioxide field, E.;, needed to obtain the same capacitor
polarization, P =3.9¢,E,y. P/J is the capacitor discharge
time constant. Because of its extremely large polarization,
the PZT film exhibits superior leakage characteristics com-
pared to other proposed dielectric structures [1]-[3], [11].
Similar to bulk PZT ceramics, adding the proper impurities
suppresses the conductivity arising from oxygen and lead
vacancies and can further increase the resistivity of PZT
films [12]. For example, the resistivity of a lanthanum-iron
modified PbZr, gTij 505 film is more than an order of magni-
tude greater than that of an unmodified film [8].
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Figure 6. The conductivity of PZT films drops following succes-
sive voltage ramps.
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Figure 7. Constant voltage stressing also causes a drop in con-
ductivity (7a). However, the conductivity approaches
its original value after annealing at high temperature

(7b).
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Figure 8. For the same capacitor polarization, the conduction
characteristics of PZT are superior to other proposed
DRAM dielectrics. For this comparison, an effective
worst-case linear dielectric constant of 900 was used
for PZT (determined from Figure 3b).
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Figure 9. The current density during room-temperature con-

stant voltage stress is a power-law function of the
stress time (9a). At higher temperatures, saturation
and turn-around are observed (9b).
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Figure 10.The time to breakdown for constant voltage stress is
roughly proportional to J2® at 150°C and J2° at
room temperature. The activation energy is approxi-

mately 0.6 eV.




Time-Dependent Dielectric Breakdown

The time-dependent dielectric breakdown behavior
was studied to determine the viability of PZT films for
DRAM applications. At room temperature, the current den-
sity during constant voltage stress decreases by several
orders of magnitude before destructive breakdown (Figure
9a). This behavior appears to follow a power-law relation-
ship. However, at higher temperatures, a turn-around is
observed before breakdown (Figure 9b). The time to break-
down, tgp, is plotted as a function of the current density in
Figure 10; approximate power-law relationships are
obtained. The lifetime is proportional to J 28 at 150°C and
J 29 at room temperature. The average activation energy
between room temperature and 150°C is approximately 0.6
eV and increases at low fields.

Lifetime projections are obtained by plotting the time
to breakdown as a function of the stress voltage (Figure 11).
Lifetime extrapolation based on an exponential field depen-
dence yields lifetimes less than a month at 3V and 150°C.
The electric field acceleration factor (defined as the slope of
log tgp versus the applied field) is approximately 4 decades
per MV/cm. The extrapolated lifetime may be as high as
100 years at 150°C and 3V using an inverse-field law.
Defect-related lifetimes may be much shorter and must be
studied in the future. The actual field dependence and
physical mechanism responsible for breakdown can not be
determined easily from this data alone since space charge
buildup during stressing causes very nonuniform internal
fields. At the same effective electric field, the TDDB

characteristics of PZT films are superior to other dielectrics
as shown in Figure 12. However, assuming these films are
used at typical supply voltages, TDDB appears to be the
single most limiting factor for the use of PZT films in
DRAMs.
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Figure 11.Time-dependent dielectric breakdown characteristics

of PZT as a function of stress voltage. Extrapolation
based on an inverse-field law (upper dashed curves)
projects lifetimes much greater than 10 years under
worst case operating conditions (3V, 150°C). However,
projections based on an exponential field dependence
(lower dashed curves) show that TDDB may be a very
serious limitation for DRAM applications.
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Figure 12.For the same capacitor polarization, the TDDB charac-
teristics of PZT are superior to other proposed DRAM
dielectrics.

Summary and Conclusions

The viability of PZT films for DRAM applications was
discussed. 4000A PZT films with an effective SiO, thick-
ness less than 174 were prepared by sol-gel deposition.
The films exhibited ohmic behavior at low fields and
exponential field dependence at high fields. The conduction
characteristics can be modeled accurately using expres-
sions derived for ionic conductivity. At the same effective
SiO, field, the leakage and TDDB characteristics are supe-
rior to other dielectric structures. However, lifetime extra-
polations to worst-case operating conditions show that
TDDB may be a very serious limitation for DRAM applica-
tions. Optimization of material properties of PZT films,
especially the TDDB lifetime, is necessary for reliable DRAM
operation.
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