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International Journal of Photoenergy has retracted the article
titled “Radiation Hardness of Flash Memory Fabricated in
Deep-Submicron Technology” [1]. There was a conflict of
interest between the authors and its handling Editor since
they share the same affiliation and have common publica-
tions. The article was reassessed by the Editorial Board,
who found that the results cannot support the conclusions.
The authors state "The aim of the paper is to investigate,
theoretically, experimentally, and numerically, the radiation
hardness of flash memory", but this was not achieved. The
theoretical analysis appears to be partial, promoting a par-
ticular technological solution. Numerical and experimental
investigations intended to validate the theoretical analysis
are verified on few elements. Further, the effects of ionizing
radiation on stored data are well known.
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cating electronic devices makes
1zmg radxanon in the condltlons

flash memory. Flash memory plays an important role in the
control of solar cells in cosmic application, since they are
main components of devices which control all operations
of solar cells in the space. In this way, the flash memory
devices are exposed to intense primary cosmic radiation, so
the prediction of their applicability limits is the main task of
the research.

Flash memory was developed by the Japanese researcher
Fujio Masuoka (1984) in the laboratories of the company
Toshiba. Flash memory has an easy reprogramming ability
obtained by improving EEPROM memory architecture, Flash

memory bases its work on a modified MOSFET transistor
with induced channel which has an insulated gate between
the common gale and substrate [2, 3] (Figure 1).

The operating mode of the transistor with an interrupted
gate contact is determined by the preceding amount of charge
that existed on the gate. This analysis is the result of the idea of
the construction of a new type of the memory cell in the form
of a transistor with two gates, which, besides the normal gate
with a galvanic contact, also has an isolated inner gate. Based
on the n-MOSFET with an isolated gate, the EPROM memory
is built, after which the EEPROM memory follows, and at the
end, there is flash memory.

2. Numerical Simulation of
the Radiation Interaction with Materials
by Using Monte-Carlo Method

The Monte-Carlo method is a numerical method for solving
complex, mathematical, statistical, and physical problems
using random selection of samples. The main goal of this
method is the formation of a stochastic model which should
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Figure 1: The structure of the memory cells with control (external)
and insulated gate,

be consistent with the real problem or represents its direct
simulation.

The basic assumption for the application of the Monte-
Carlo method is the possibility of generating a sequence of
random numbers, that is, a sequence of independent random
variables on the interval (0, 1). Starting from the sequenc
of random numbers, it is possible to generate a sequence,g
random distribution [4].

The simulation of passing the particles, electrons, poﬂ‘?id
trons, and photons, is based on the stochastic nature o
the collision processes. Between two successj i

direction before the collisio
random value which is seleg

g the hlstoq}“y many times,
the spatial and Hon of artlcles in the medium
is obtained, The a |
€ esultmg changes affect

y ng history because the

transition pi ities of the partlcles are prepared from the
previous to t state of the phase space, an efficient
algorithm of random selection of probabilities is prepared,
that is an available quick and reliable model which describes
the complex geometry space, and, finally, the used computer
must have a reliable generator of pseudorandom numbers.
When all these conditions are fulfilled, the algorithm can be
translated into a computer program and simulated particles
passage.

The input information required for the Monte-Carlo
simulation includes

(1) dimensions of the source and the distance from the
detector;
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(2) dimensions of the detector housing and the sensitive
and nonsensitive zones of the detector;

(3) elemental composition and density

tor material as a functio
angle;

(6) information of the

tation, in the
@prerlmental

e interaction of radiation with insulators that surround
oating gate (FG) damages the properties of memory
ls, Increases the possibility of losing the stored content, and
tages the performance or lacks performance functionality

. /[8, 9). The scope of the gamma radiation effects on the

sequence of flash memory cells depends primarily on the
absorbed dose. Therefore, these effects are called effects of
total ionized dose (TID). The functionality of flash memories
which are exposed to radiation decreases with the accumula-
tion of TID [10].

The experiment explores the effects of gamma radiation
on the cell sequence of four different flash memories. The
memories are produced by different manufacturers, and all of
them are currently available on market. The obtained results
are interpreted in terms of the interaction of gamma rays with
the internal structure of memory cells. The tested samples
of memory are also compared with the data obtained after
gamma radiation.

For the purposes of the performed experiment, NOR
memories from different manufacturers were subjected to
radiation. Conclusions made from the analysis of experimen-
tal results are also valid for NAND flash memories. Therefore,
the results are related to the effects of radiation which appear
at the level of FG cells, regardless of the specific sequence
architecture,

The research was conducted on four types of flash
memory, with a capacity of 512 Kbit, including Numonyx
M25P05-A (marked as Type 1), Atmel AT25F512B (marked as
Type 2), SST SST25VF512 (marked as Type 3), and Macronix
MX25L5211E (marked as Type 4). Type 1 memory has TSSOP8
packaging, while the other three have SOIC package.

All the tested memory chips are programmed by the
scheme called “chessboard,” with alternately switching on/off
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F1GURE 2: Standard Co-60 radiation field used in the Laboratory for
Radiation Protection at the Institute of Nuclear Sciences “Vinéa.”

the cells (alternately writing 1 and 0) before radiation, while
chip connections remain nonpolarized during the radiation.
In this way, the influence of gamma radiation on the memory
cells and the ability to keep the stored data is examined.

distances from the source of radiation. The absorbed dose o
memory samples is determmed by changmg thespo ition of

silicon is calculated from the absorbed d 5 .1 the air set-
ting the energy absorption coefficient fa '
of Co-60, which is exposed to the e

e experimental results for all
mcertainty of obtained

ories because they are related to the effects
i€ cell level with a floating gate, regardless of
the architecture of the memory matrix.

4.1 TID Effects (Exposure to Gamma Rays). Four types of
flash memory programmed in “chessboard” scheme, in which
adjacent cells are alternately in “on” and “off” states before
radiation, have been analyzed. During radiation, the pins of
chips were free. In this way, the influence of gamma rays on
the ability to hold the stored data (retention) of tested mem-
ory, that is the ability of flash memory to preserve the written
content in the absence of the power supply, is examined. The
radiation field at the cobalt unit is characterized by values of

Radlatlon was carrled out on Co 60 in the Laboratory o

70

Proportion of bit errors (%)

[s"about 10% for all the groups of chips.
in Figure 3 shows the percentage change in bit
s (i.e., the ratio of the bits number and the disturbance
red to the original written state and the total number of
sywhich is 512000) with an increasing absorbed dose, up to
ose of about 9 kGy, after which the saturation of the errors

: ““percentage occurs. In the memory of Type 2, a slightly steeper

increase in the number of bit errors occurred in a lower
dose range than in the other three memories. Specifically, the
saturation of Type 2 has occurred at a dose of about 5kGy.
The memory of Type 1 showed the highest percentage of
bit errors (65%) at the maximum dose (12kGy), while the
memory of Type 4 had the lowest number of errors (42%)
at the maximum dose. Saturation is the least pronounced
in the memory of Type 3, which means that with this type
of memory errors could be increased at doses greater than
12kGy.

The graph in Figure 4 shows the results of recovery for the
examined four types of flash memories at room temperature
after exposure to a maximum dose of 12 kGy. The percentage
of bit errors was measured once a week for nine weeks after
radiation.

In all the four types of memory, the temperate recovery of
the initially written content is observed. By the end of 9 weeks,
Type 4 memory had the lowest percentage of the remaining
errors (17%), while the maximum bit errors remained in the
memory of Type 2 (32%).

4.2. Damages Caused by Displacement (Simulation of the
Ions Passage). For the numerical simulation of the radiation
effects on the films of superinsulators, the Monte-Carlo
method is used, based on the stochastic nature of the inte-
ractions of radiation with the structural units of the material
environment through which the radiation passes. In real
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FIGURE 4: Recovery of the four tested types of flash memory at room
temperature for nine weeks after exposure to a maximum dose of
12kGy.

physical experiments, the measurements uncertainty is eva
uated and calculated when the experiment end
simulations of the same physical process wj
methods can be performed with predeterpii
following an adequate number of prima
tion, as well as secondary particles prg

Monte-Carlo simulations of ig

program allows the calculd ;) e
i t»ip?,photo

are ions of hydr

v displacing atoms in the dielectric
oxide. The dimensions of the layers used in
the simulationsi@aregiven in Figure 5 and taken from [13].

ONO dielecttic is presented in the form of a three-layered
structure with upper and lower oxide (SiO,) and Si;N, layer
between them. Simulations were performed with the ion
beam, which normally falls on the upper surface of the cells
(control gate).

The simulation results are presented in Figures 6,7, and 8;
the unit is on the x-axis, which corresponds to a depth within
the flash cell. The incident beam in all cases is simulated with
10* ions.

Comparing the results in Figures 6 and 7(a), it can be
concluded that due to nanometre dimensions, flash memory
cells are much less sensitive to the proton effects with MeV
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used in the numerical
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Figure 6: Energy density of incident protons per unit of depth
which is submitted to atoms displaced in the layers of the flash cell
(expressed per incident proton) for 1 MeV protons.

energies than the protons with energies in the keV field. The
energy density of incident protons per unit of depth, which is
delivered to atoms displaced in the layers of the flash cell, is
much lower for 1 MeV than for 10 keV protons.

The high degree of the flash cell immunity to the effects
of particle radiation in MeV energy field is expressed by the
results for 2 MeV alpha particles given in Figure 8.

The divergence of an alpha particle beam is negligible
throughout the entire structure of the cell. Displaced atoms
are spatially concentrated, with an almost straight-line path of
alpha particles, and the number of lateral branches, in which
the secondary displacement occurs, is small (Figure 8(a)).
Except on the separated surface of the nitride layer and lower
oxide in ONO dielectric, the energy loss of alpha particles due
to the displacement of atoms is almost negligible. The results
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10keV protons

Energy density which was submitted
to displaced atoms per incidence ion (eV/(ion nm))

0 The depth inside the cells
(a)

10keV alpha particles

Energy density which was submitted
to displaced atoms per incidence ion (eV/(ion nm))

¢ depth inside the

in Fig ) and g(’%?)%how that the density of vacancies
produced 1e.incident beam are much lower for 2 MeV

5. Conclusion

In the analysis of TID effects, the ability of keeping written
data of the four models of flash memory after exposure
to gamma rays is examined. The increase in the number
of bit error rate with increasing the absorbed dose can
be attributed to the effects of tunnel oxide radiation and
oxide which separates the floating gate in the cell of flash
memory. The theoretical analysis of these effects shows that
under the influence of radiation, the value of the threshold
voltage is reduced for programmed cells, while in the cells

100keV carbon ions
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that have been erased, it is increased. This means that both
states are subject to disturbance which is, while reading the
memory, registered as bit errors. The percentage of bit errors
did not differ much in the four tested types of memory,
which indicates that the sensitivity to gamma rays depends
primarily on the thickness of the dielectric layers of cells,
which is about the same for all tested memories, since they
belong to the same generation of technology.

Partial recovery of errors caused by radiation, in a few
weeks at room temperature, was observed in all the four
types of memory. This explains recovery with the gradual
compensation of charge trapped in the tunnel oxide, with
electrons tunneling from the substrate.

An analysis of the effects due to the displacement of
atoms was performed using a numerical simulation of the
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fons passage (hrough the cell of flash memory. Due to
the low thickness, the layers of the flash memory cells are
insensitive to ion energies greater than approximately 1 MeV.
The simulation of radiation transport, however, shows that
for a given type and energy of ions in some layers of the
cells a considerable number of displaced atoms and vacancies
occur. Damages caused by such displacement, which occur
in the structure of flash cells, can affect the whole range
of its parameters (threshold voltage, leakage current, access
time, and time of writing data), as well as preventing the re-
programming of the cell. Some types of errors may occur even
for devices that are not biased during the time that heavy

ions strike occurs. Error detection and correction may be a
viable way to recognize this type of failure mechanism, but
it is also necessary to understand how and why the errors
are generated within the device, as well as whether internal
errors in the memory controller will affect their operation in
the space,
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