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This thesis discusses radiation- (neutron- and alpha-) induced soft errors which prevent
reliabiliiy-demanding eleciron devices from pursuing low voliage and low power operation. Voltage
scaling, which is aggressively ntilized in subthreshold/mear-threshold computing, accompanied with
device miniaturization leads to a drastic decrease in the minimum charge to cause soft errors, and
could elevate soft error rate (SER) fo a level at which even consumer product would suifer from
soft errors. To estimate SER of very large scale integration (VLSI) circuits, SER of basic
components composing a chip, such as static random access memory (SRAM), flip-flops (FF} and
combinational cells, must be characterized. Here, soft errors that occur in these components
include a temporal upsef in a memory element {single event upset; SEU), a temporal pulse in a
combinational cell (single event tramsient; SET), multiple cell upsets (MCU) in memory elements,
and multiple pulses in combinational cells {single event multiple transients: SEMT). To evaluate
chip-level SER each soft error phenomenon must be comprehended, and each soft error rate must be
accurately characterized. Meanwhile, silicon on thin buried oxide (SOTB) device, which is one of
FD-80T fully-depleted silicon on insuiator {FD-SOI} devices, is being developed for pursuing 0.4 V
operation. In putting such a low voltage operation with SOTB to practical use, assuring soft error
immunity is one of major tasks, but soft error characterization of SOTB device has not been
periormed.

For the characterization of soft error components, accelerated irradiation test with labricated
test chips is performed to obtain SER and to do a calibration between hardware measurements and
simulation results. The measured SER is the baseline for reliability assurance, and it must be
accurately measured in Irradiation experimenfs. To enable accurate chip-level SER estimationm this
thesis studies experimental characterization of SET, SEMT, SEU and MCU occurring in SRAM, FFs and
combinational cells. To accurately evaluate the impact of SET on digital sequential circuits,
measurement circuits to obtain precise SET pulse-width distribution and to observe SEMT are devised
and used for SET and SEMT measurement under irradiation. In addition, SEU and MCU of ultra-low
voltage SRAM are measured and their voltage dependency is clarified for both bulk and SO0TB devices.

This thesis {first discusses characferization of SET pulse-width, which determines whether SET
causes a bit flip in a memory element or not. To measure the pulse-widih with fine time resolution,
iwo novel pulse-to-digital converters and a pulse genmerator for calibrating die-to-die and within-
die process variation are proposed and confirmed to operate as expected. Next, an overall
composition of SET measurement circuit including the propesed pulse-to-digital converter is
proposed to measure SET puise-width without undesired pulse-width modulation and process variation
effects. The proposed structure on a 65 nm test chip suceessfully obtained a pulse-width
distribution of newtron-induced SET in low voltage operation with fine time resolution and
eliminated the impact of process variation on SET pulse-width. Moreover, pulse-width modulation due
to negative bias temperature instability (NBTI}, which gradually degrades the c¢ircuit performance,
is discussed with measurement results of a test chip. Evaluation resulis show that static stress
condition of pulse-width measurement circuits could overestimate SER of SET by 20 %

This thesis next describes SEMT characterization with voltage scaling and body biasing. A circuit
structure for measuring SEMT distribution is devised, where it consists of adjacently placed
inverter array whose elements are individually connected to counters. From the accelerated neutron
test, neutron-induced SEMT is confirmed to increase its ratio to all transients by 40.0 % in 0.7 V
operation and reverse body biasing (RBB). Moreover, SEMT simultaneously generates six transients
within the same well region. The measurement resulfs point out that SEMT characterization in low
voltage operation is indispensable.




This thesis then characterizes the angular dependency of meutron-induced MCU focusing on
generation and transport of secondary ioms. To evaluate the dependency of MCU on the neutron
incident angles in ultra-Iow voltage operation, accelerated neutron test was performed using a test
chip including 10T subthreshold SRAMs. It is observed that the ratio of MCUs at the angles of 60°
to that at 0° 1is L 13 while 60° incident halves the total amount of incident meutroms. Momie-
Carlo simulation considering the generation and transport of secondary ions reproduces the tendency
of measuremeni results, so that the angular dependency of neutron-induced MCU can be explained by
the behavior of secondary ioms.

This thesis also characterizes the soft error immunity of SOTB device in comparison with bulk
device fabricated from the same GDS data. Accelerated alpha tests are performed with SOTB and bulk
test chips implementing 6T SRAM. Measurement results of leakage current indicate that SOTB device
can widely control leakage current with adaptive body biasing. The number of SEUs on SOTB SRAM is
0.22 times smaller than that on bulk SRAM in 0.4 V operation, so that SO0TB is SEU-immune device. On
the other hand, the number of SEUs in 0.4 V operation is 5. 0 times larger than that at 1.0 V
operat ion.

Integrating these accomplishments, this thesis summarizes which soft error component is dominant
in chip-level SER. From the measured and calculated results, SEU mitigation is the first step to
improve the circuit reliability, and this tendency is the same at ultra-low and nominal voltages.
On the other hand, neuntron-induced SET and SEMT increase its portion with higher clock frequency.
While still $/10 to 1/100 of neutron—induced SEU and MCU at over [ GHz clock frequency, SET and
SEMT could become dominant factors when SEU and MCU are mitigated by two and three orders of
magnitude at 1 GHz operation, respectively. SET and SEMT mitigation becomes necessary for a chip
that cannot satisfy given reliability requirements only with radiation-hardened SRAM and flip-flop.
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