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Introduction

Ferroelectric semiconductor memory technologies have been qualified for commercial
production.  With high radiation resistance, virtually unlimited endurance,1 excellent retention
over a wide temperature range, and fast programming times, ferroelectric memories provide
significant advantages compared to other types of semiconductor nonvolatile memories.

Ferroelectric Memory Design for Reliability

The most common ferroelectric semiconductor memory cells use a ferroelectric capacitor
in series with an access transistor, similar to that used in a DRAM.2  For ferroelectric memories
designed for hi-rel environments, two of these cells are used per bit, one programmed to the true
logic state and the other programmed to the complement logic state, as shown in Fig. 1.
Differential sensing of pairs of cells provides larger margin for hi-rel applications than sensing
the switching current of a single cell and comparing it to that of a reference cell.

The ferroelectric material used for the dielectric in these capacitors has the property that
internal electric dipoles can exist in two states.2  Depending on the polarization state of these
dipoles, either a logic “one” or logic “zero” is stored.  During the first part of the read operation,
an interrogation voltage is applied across the ferroelectric capacitor.  If the polarization state of
the capacitor changes, the resulting switching current charges the bit line.  This current is much
larger than the linear capacitance current that flows if the ferroelectric capacitor does not switch.

The first part of the read cycle just described is destructive during the read out.  During
the second part of the read cycle, the true state of the bit must be rewritten to restore the data.  It
is imperative that the restore portion of every read cycle is completed, even if the power is
removed prematurely.  Since the read cycle is very fast, typically under 100 ns, adequate charge
is stored on the internal nodes to complete the restore portion of the read cycle.  Because every
read is completed with a rewrite, endurance is based on the number of reads plus the number of
writes. Ferroelectric materials that show very little or no fatigue with repeated read/write cycling,
such as strontium bismuth tantalate (SBT),1 are ideal for use in memories designed for high-rel,
high-endurance applications.
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As with any memory device, ferroelectric memories for high-rel applications should be
screened for defective memory cells.  Ferroelectric memory cells that cannot be fully polarized
and those that do not retain their polarization state for the specified retention period may occur.
Special circuitry is used to allow weak writes and reads to be performed on every memory cell in
the memory array.  By detecting failing bits for weak writes and reads, chips with defective
memory cells can be successfully screened using non-destructive electrical testing.

Ferroelectric Technology Reliability

Ferroelectric memory manufacturers use standard process qualification testing.  This
includes 1000 hour standard operating life and temperature testing.  Thermal shock over
extended temperature ranges to several hundred cycles, and high humidity pressure cooker tests
to over 100 hours, are also used.  Endurance is measured by cycling the memory at extended
temperatures. A simple technique for assessing endurance is to measure the lowest power supply
voltage at which the device will operate after the cycling is completed.3  If this voltage is
compared to the lowest operating voltage prior to read/write cycling, it can be determined if any
fatigue has occurred.

During one ferroelectric memory process qualification, using a statistically significant
sample size, no failures were observed for high temperature storage, thermal shock and pressure
cooker tests.  At the same time, only one failure was observed.  This failure, observed during life
testing, occurred at one of the longest operating times.  As compared to EEPROM technology of
similar memory density, the reliability of the ferroelectric technology was observed to be
comparable or better.

As is typical with other integrated circuit memory, testing at high temperatures can
accelerate retention failures in ferroelectric memory.  Normal operating temperature failure rates
can then be projected by extrapolation.  A properly designed retention test will also screen for
data imprint.  Imprint is the phenomena where a memory cell prefers to remain in a particular
polarization state as the result of repeatedly being programmed to that same polarization state.
Imprint can be determined by repeatedly programming memory cells to the same polarization
state, followed by programming them once to the opposite state, and then testing their ability to
remain in that opposite state.  Imprint phenomena are observed to be minor in SBT ferroelectrics.

The above technique was used to project failure rates at 27 °C and 70 °C for a 10 year
life, as shown in Fig. 2.4  For memories of both 256-bit and 1K-bit densities, the retention failure
rate at 27 °C was projected to be less than 1 FIT and the failure rate at 70 °C was projected to be
less than 100 FITs.

Production yield can also be a measure of reliability.  Poor yielding processes have
sometimes been correlated with poor reliability.  Wafer yields of 99.3% have been observed,
over 30 production lots, for a device containing a 1K-bit ferroelectric memory.4
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Radiation Hardness of Ferroelectric Technology

The radiation hardness of ferroelectric memory has been measured for total ionizing
doses, neutron exposure, heavy ion exposure and proton irradiation.  These results indicate that
ferroelectric memory can be used in severe radiation environments.  Because the ferroelectric
memory storage element is inherently radiation resistant, the hardness of ferroelectric
semiconductor memories is primarily limited to the hardness of the underlying CMOS
technology.5

Total Dose

Ferroelectric thin films which are used for the dielectrics of the storage capacitors in
ferroelectric memories have been shown to be tolerant to total ionizing radiation doses up to 100
Mrad (Si) without loss of data.6-11  This amount of radiation is higher than most CMOS circuitry
can tolerate.  Therefore, ferroelectric memories intended for high total dose environments must
use radiation hardened CMOS circuitry.

Ferroelectric memories use capacitors that are formed after the underlying CMOS
transistors are fabricated and before interconnect metalization.  These capacitor layers require
oxygen anneals at temperatures greater than to 600 °C to form in the proper ferroelectric phase.
It has been demonstrated that these anneals have an insignificant effect on the total dose hardness
of the CMOS circuitry.12  Passivation layers are required for stable ferroelectric capacitors.
It has also been demonstrated that silicon nitride passivation steps do not significantly degrade
the radiation hardness of the CMOS circuitry.12   Therefore, ferroelectric memories using CMOS
circuitry can be designed and processed to withstand total doses in excess of 1 Mrad (Si).

Neutron Exposure

Ferroelectric thin films have been shown to be tolerant to neutron doses up to 1015

neutrons/cm2.13

Heavy Ion Exposure

Unbiased ferroelectric 1K-bit embedded memories have been subjected to SEU heavy ion
exposure of an effective LET up to 128 MeV-cm2/mg with no bit failures.14  Care must be taken
in the CMOS design to assure that latch-up does not occur as a result of SEU events.  Due to
their survival at these levels of heavy ion exposure, ferroelectric memory would be a good choice
for use in deep space missions, where severe heavy ion exposure is expected.

Proton Irradiation

Ferroelectric 1K-bit embedded memories have been exposed to proton irradiation in
excess of 1012 protons/cm2 with no bit failures.15
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Conclusions

Ferroelectric memories based on SBT technology have been shown to have reliability
levels comparable to other semiconductor memories.  Good circuit design allows for memory
architectures with considerable margin and testability.  Radiation experiments for total ionizing
dose, neutrons, heavy ion and proton exposure show the ferroelectric storage element to be
radiation tolerant.  The radiation hardness of ferroelectric memory is primarily limited by the
hardness of the underlying CMOS circuitry.
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Fig. 1.  Differentially Sensed Ferroelectric
Memory Cell Schematic  
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        Fig. 2.  Retention Failure Rate vs. Reciprocal
       Temperature for LSIs Containing 256-bit and
        1K-bit Ferroelectric Memory4
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