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Threshold Voltage Variability of NROM Memories
After Exposure to Ionizing Radiation

Domenico Corso, Sebania Libertino, Michael Lisiansky, Yakov Roizin, Felix Palumbo,
Fabio Principato, Calogero Pace, Paolo Finocchiaro, and Salvatore A. Lombardo

Abstract—Threshold voltage (V;;,) behavior of nitride read-
only memories (NROMs) was studied after irradiation with pho-
tons (v- and X-rays), light and heavy ions. Both programmed and
nonprogrammed single cells were investigated. The data suggest
that two main physical phenomena are contributing to V;;, vari-
ation and that the V4, loss and the variability can be modeled
by a Weibull statistics with a shape parameter k& ~ 2.2 regardless
of the irradiation species and total dose. The same peculiarities
were found in large memory arrays, confirming the results from
single-cell studies but with significantly larger statistics. Hence,
once the irradiation dose is known, the V;}, loss distribution can
be obtained, thus providing a predictive model of the radiation
tolerance of NROM memory arrays.

Index Terms—Flash memories, nitride read-only memories
(NROMs), oxide—nitride—oxide (ONO), radiation hardness.

1. INTRODUCTION

ONVOLATILE semiconductor memories (NVMs) are

fundamental components of various electronic circuits.
Most of the commercial semiconductor nonvolatile memory
cells are based on charge storage in the floating gate (FG) of
MOS structures. The FG is insulated from the channel and
from the gate by high-quality dielectrics. The retention of the
stored charge in polycrystalline Si FG NVM is limited by the
intrinsic leakage currents through the dielectrics. Retention is
further worsened after multiple program/erase operations due
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to creation of extrinsic defects in the gate dielectrics, resulting
in local trap-assisted tunneling.

A successful alternative to the polycrystalline Si FG ap-
proach is the use of discrete nodes for charge storage, now
approximately 25% of the code storage semiconductor NVM
market. This approach is also based on a MOS transistor
with an FG but employs storage of charge on traps. They are
either metals or semiconductor nanocrystals (NCs) embedded
into high-quality dielectrics, or native traps in thin dielectric
layers, e.g., silicon/oxide/nitride/oxide/silicon (SONOS) struc-
tures with stoichiometric or silicon-rich SigNy.

The discrete storage devices allow enhanced reliability since
the charge in the FG of a memory cell is immobile. The charge
is stored at numerous trapping nodes. If a defect is formed
in the FG surrounding dielectric, the charge loss is limited
only to one or few nodes closest to the defect. The remaining
nodes maintain their charge state, and thus, the information
is preserved. These features contribute to the immunity of the
device to electrical stress and ionizing radiation, both having a
pronounced effect on the NVM charge retention.

The need to use NVM in avionics, space, and other radiation-
hardness-requiring applications stimulated corresponding
research studies. Many different memory principles and
architectures were tested for ionizing radiation hardness:
FG memory devices [1]-[3], NC NVM [4], [5], and nitride
read-only memories (NROMs) [6], [7].

NROMs are based on SONOS structures [8]. The features
of an NROM device are shown in the inset of Fig. 1. Unlike
the traditional SONOS, the oxide—nitride—oxide (ONO) stack
of NROM is designed with thicker bottom oxide to ensure
retention and suppress read disturbs [9], [10]. The memory
bit is programmed by channel-hot-electron injection: Electrons
are injected into the ONO regions aligned to the metallurgical
junctions and trapped in the nitride layer. The trapped charge
package is strongly localized in a region of ~20 nm in length
[11] at the transistor channel edges (see the inset, locations
bit 1 and bit 2). The strong localization allows one to program
also the other end of the channel as an independent bit, thus
enabling the storage of 2 b/cell. The read operation is per-
formed by applying a low voltage (usually 1.2-1.8 V) in the
opposite direction with respect to the programming current (see
the inset of Fig. 1, arrows for programming and reading bit
1) [8]. The typical device drain—source current—gate voltage
(Ips—V) characteristics for bit 1 are shown in Fig. 1 for
the different device states: fresh (black dotted—dashed line),
programmed (blue solid line), and erased (red dotted line). The
threshold voltage (V;y,) here is defined as the gate voltage at
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Fig. 1. Drain—source current as a function of the gate voltage (black
dotted—dashed line) for a fresh bit, (blue solid line) after programmed, (red
dotted line) after erase, and (magenta dashed line) after irradiation with 10-MeV
B to a dose of 580 krd(Si). In the inset, a schematic view of device operation
(the charge stored at the junction edges) and the (arrows) programming/reading
conditions for bit 1.

Ips = 1 pA, and a clear V4, shiftis evident in Fig. 1. The erase
operation is performed by band-to-band-tunneling-assisted hot
hole injection. Also, holes are locally injected into the regions
close to the metallurgical junctions, where the electron charge is
stored. As a result of the erase operation, the device I-V curve
returns to the non-programmed state.

NROM memories were shown to have major advantages over
polycrystalline Si FG memories from the radiation immunity
point of view. Since the volume where the charge is trapped
is very small, the probability to create a leakage path from
this volume is low. Moreover, even if such a leakage path is
created, only a very limited number of trapped charge carriers
are lost: in NROM, unlike in polycrystalline Si FG memories,
lateral charge migration is strongly suppressed. For moderate
total absorbed doses (e.g., below 100 krd of v-radiation), the
main effect is trapping of holes generated by ionizing radiation
within, or in proximity of, the ONO, which leads to the V;}, loss.

In this paper, we demonstrate that the statistics of V4, loss
in the NROM NVM cells and arrays after irradiation has some
very general features, independent of the dose and the type of
radiation. Several ionizing radiation sources were used (light
and heavy ions; - and X-ray photons) featuring different
energy loss mechanisms in the device. We suggest a physical
explanation for the V;y, loss and provide a simple model to fit
all the experimental data.

II. EXPERIMENT

NROM cells were manufactured in Tower Semiconductor
Ltd. (microflash process flow) with channel dimensions of
W x L =0.18 x 0.42 um?. They are also used in 4-8-Mb
embedded memory modules. Only 1 b/cell was programmed.
This was done by applying a gate voltage (V) of 9 V and
a drain voltage (Vp) of 4 V for 10 us. Erase was achieved
by applying Vp =9 V and source voltage (Vs) =3 V, at
Ve =0V for 50 ms. Readout was performed at Vpg = 1.8 V.
The V;, was measured at a drain current (Ipg) of 1 pA.
Although the investigated NROM memories were capable to
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store 2 b/cell, the option to program only 1 b was chosen
in order to maximize the sensitivity to lateral charge motion.
Lateral charge migration (spread of locally trapped charges) is
one of the dominant mechanisms responsible for V4;, decrease
of programmed NROM cells.

Both single cells and memory arrays were irradiated at room
temperature in dark conditions with floating electrodes, using
either - or X-ray photons or high-energy ions. The irradiation
details are summarized in Table I. The calculation made basing
on linear energy transfer (LET) values reported in the table
does not take into account the columnar recombination effect
observed in dielectrics after irradiation [12]. The effective
number of charges trapped in the ONO will be much lower than
that predicted by calculation without an account of columnar
recombination. It should be noted that, according to [13], the
difference in the fluxes was not expected to affect the results.
To guarantee statistically significant results, at least ten memory
cells were studied for each of the doses and types of irradiation.
A total of ~1000 samples was investigated. In addition to
single-cell irradiation, 8-Mb arrays were used in the ~v-ray
experiments, enabling to investigate the radiation effects with
larger statistics. To compare all the different radiation sources,
the total fluence in the case of ion irradiations, measured in
ions per square centimeter, was converted into absorbed dose
evaluated in rd(Si) as used for the case of photon irradiations
[7]. The ion energies were chosen to introduce the implanted
ions (B, Br, and Au) deep into the Si substrate, beyond the
device active part. This is illustrated by the ion projected ranges
also reported in Table I. All cells were fully characterized
before and after irradiation.

III. RESULTS AND DISCUSSION

To understand the results presented hereinafter, the following
comments should be done. The main degradation effect in
NROM at moderate radiation doses, below 100 krd, is charge
trapping in the memory stack. Once high-energy electron/hole
pairs are generated by the ionizing radiation, the electrons
escape the dielectric stack [14] while the holes can be captured
by silicon nitride or oxide traps. At higher radiation doses, the
effects connected with defect creation in the oxide layers may
become pronounced, leading to creation of clusters of traps
that can act as percolation paths. These effects are particularly
pronounced in the ONO bottom oxide where even one trap in
the middle of 5-nm bottom oxide would result in a percolation
path (leakage channel).

A. Single Cells

The effects of irradiation were observed by monitoring Vi1,
before (V3 ) and after (Vt{;) irradiation. An example of V;y, shift
after irradiation is shown in Fig. 1 (magenta dashed line) in
the case of 10-MeV B irradiation to a dose of ~580 krd, cor-
responding to 1 x 10'Y ions/cm?. The shift indicates a partial
compensation of the electron charge at nitride traps. The V;y,
difference, reported as AV, = Vt{l — thh, was recorded as a
function of the total irradiation dose for the different irradiation

sources. The results for programmed bits are summarized in
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TABLE 1
LIST OF THE SPECIES IRRADIATED AND DETAILS OF IRRADIATION (WHERE APPLICABLE): ENERGY, DOSE (®), DOSE RATE,
PROJECTED RANGE (Rp), STRAGGLING (ARp), LET, AND ABSORBED DOSE (DOSEps) IN krd(Si)

Species E [MeV] ® [em?] Dose rate Rp [um] ARp [um]  LET [MeV/mg/cm®]  DOSE,, [krad(Si)]
y-rays (*°Co) ~1.25 - 3.6 rad(Si)/s 9.4-52
X-rays (W-L lines) ~0.010 - 3.9 rad(Si)/s 3-100
g 10 108-5x10'° 12 0.2 3.5 5.8-2900
”Br 196 5x108-10" 26.4 0.6 38.8 255-51040
7 gu 5100 10°-5x10'° 291 1.1 64.4 1200-60190
4 ments that we carried out. Both programmed and second (non-
5 x programmed) bits were measured, and the results are shown in
Fig. 3(b) and (a), respectively. Second bit results show initial
-4
- negative charging of ONO stack at the end of line (in the end
S ofoechumoght ef o, ) flow). Fig. 3(a) shows the ihis ch
< N X .y * of process flow). Fig. 3(a) shows the decrease of this charge
2 olfos A §<§ . g during irradiation (the Vi, of a dummy cell is < 1 V). The
ay .g<§ 8 2 % data clearly indicate a unique trend: linear dependence in a
a4t x = i log—log scale. The linear fit, shown in both figures by a solid
i 2[1 % line, has a slope of ~2.1 + 0.4, suggesting that the average ()
-6

10° 10 102 10°  10*  10°
Dose (krad)

Fig. 2. Threshold voltage shift as a function of the log of the irradiation dose
for programmed bits after (black squares) y-rays, (magenta triangles) X-rays,
(blue circles) B, and (green diamonds) Br and (red stars) Au irradiations.

Fig. 2 for all the experiments performed (the data points of
non-programmed bits are not reported to avoid figure overload).
Three main features are immediately observed regardless of the
irradiation source: 1) The average |AV;y| increases with the
irradiation dose; 2) a noticeable AV}, dispersion is observed
for all the experiments, and it increases with the dose; and
3) only a small percentage of samples shows increased Vi
(higher negative charge) after irradiation. We argue that positive
Vin shifts are connected with trapping statistics of the generated
by radiation electrons and holes. Holes are easily trapped in
oxides (mostly at the periphery of the NROM transistors). Trap-
ping of holes usually dominates over the trapping of electrons.
Moreover, electrons are repulsed from the negatively charged
nitride regions in ONO. Nevertheless, statistically, in rare oc-
casions, an opposite effect can be observed (for programmed
cells, the hot electrons generated by radiation overcome the
energy barrier in programmed cells). In the rest of this paper,
only negative Vi, shifts (trapping of holes) are discussed.

Strong charge recombination effects during ion irradiation
can be assumed when analyzing the data in Fig. 2. The same
Vin loss is observed after 50-krd X-ray irradiation and 580-krd
B irradiation. According to Oldham [12], most of the charges
deposited in the dielectric by ion irradiation recombine, leaving
only a small residual amount of charges to be trapped. The
estimates show that the fraction of charges that can be trapped
is about a factor ten lower for B irradiation compared with
photon (gamma) irradiation. The ratio is higher when the ion
mass increases, as observed after Br or Au irradiations.

To better understand the statistics of the charge loss (AV4y),
the standard deviation (oaytn) of AVi, was plotted as a
function of the average AVi, (uavyen) for all the experi-

and the standard deviation (o) of the threshold voltage shift are
related by

tavin = 2.10Avh- (D

The exact matching of slopes for programmed and second
bit hints to the same origin of the charge loss regardless of the
stored amount of charge. Although, for each single radiation
type and dose, the sample size is not large, numerous sets
of radiation sources and doses spanning over many decades
demonstrate the same trend for programmed and second bits
as well: all the measurement points fall onto the same line
(Fig. 3(b) and 3(a), respectively). Thus, we conclude that (1)
holds regardless of the amount of stored charge, radiation
type, and dose, including °Coy-rays from a few kilorads to
more than 60 Mrd with Au ions having energies of ~5 GeV.
The data, therefore, strongly suggest that a common physical
phenomenon is the root cause of the observed trend.

We now discuss the possible reasons for such a result. It is
well known that the ionizing radiation damage is randomly dis-
tributed in the gate dielectrics. An example of random process
ending up in the memory charge loss from the FG is the oxide
dielectric breakdown [15]-[17]. Oxide breakdown phenomena
are well described by the Weibull distribution, which reflects
the random character of leakage path creation [18]. Radiation
degradation includes random charge trapping that may be also
accompanied by leakage path creation at high absorbed doses.

The Weibull function is expressed as:

X

F(z) =1—exp [— (Aﬂ . ©)

F(x) is the cumulative failure probability, i.e., the fraction of
failed devices when the number of defects in the device is equal
to z, k is the shape parameter, and A is the scale parameter of
the distribution. The characteristic A value corresponds to the x
value where 63.2% of the samples fail.

The ionizing radiation will produce holes which either dis-
charge the trapped electrons or are captured on defects and,
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Averaged threshold shift as a function of the dispersion in (a) nonprogrammed and (b) programmed bits after irradiation with (black squares) y-rays,

(magenta triangles) X-rays, and (blue circles) B, (green diamonds) Br, and (red stars) Au irradiations.

therefore, locally compensate the charge of the trapped elec-
trons. Let us consider that, for each discharged or compensated
electron, the AV} is equal N times AV, where N is the
number of discharged, or compensated, electrons and AVjy is
q/Cseit, where ¢ is the elementary charge and Csqpt is the self-
capacitance of the storage defect. Then, if the NROM array is
subjected to an irradiation to a dose Dy, each of the cells will
have a AV, = N x AV, and we expect that:

AVch>k

3)

F(AVi) = 1 exp [ < !

The average and standard deviation of the distribution
are then:

p=AI(141/k) 4)
o=\ T +2/k) —T2(1 + 1/k) (5)

where I' is the gamma function defined as I'(z) =
[ e tat.
According to (1):

D1+ 1/k) =21-T(1+2/k)—T2(1+1/k). (6)

The condition expressed by (6) is satisfied only by k = 2.2
(numerically determined). Therefore, we conclude that, even if
the radiation source and irradiation conditions are drastically
varied, in all cases, the same k, i.e., Weibull distribution slope,
should be observed in a graph of the In[—In(1 — F')] against
In(xz/X) (Weibit).

In order to verify this hypothesis, the different collected
data are compared using the same normalized scale. For this
reason, for each data set, we assumed a Weibull function having
k =2.2+0.5 and A determined from (4) using the experimen-
tal mean value. The Weibull cumulative distribution can be
represented as a straight line by plotting the Weibit. In these
coordinates, k is the slope. All our normalized experimental
data are summarized in Fig. 4. The Weibull distribution with
k = 2.2 is presented as a solid straight line. The statistical
confidence of our measurements is expressed by two curves on
both sides of F'(z, A, k). The results indicate 95% confidence
level for a set of ten samples (calculated according to Jacquelin
[19]). It is evident that all our data points follow quite well the
proposed statistics. Some points outside the confidence levels

2
1

0

Inf-In(1-F)]

In(x/A)

Fig. 4. (Solid black line) Weibull function with k& = 2.2 for all the experi-
ments performed on programmed bits with (black squares) vy-rays, (magenta
triangles) X-rays, and (blue circles) B, (green diamonds) Br, and (red stars) Au
irradiations. The black curves on both sides of the Weibull function indicate the
95% confidence level for a set of ten samples (after Jacquelin [19]).

(green diamonds and red downward triangles in Fig. 4) are
attributed to problems with some of the devices irradiated with
large Br and Au doses. Some of these transistors underwent an
irreversible damage and were not included in the analysis (out
of the ten-device set). In such a case, the confidence limits for
the 95% confidence should be broader than those reported in
Fig. 4 [19].

The analysis of irradiated single cells clearly shows that all
the device sets, regardless of radiation sources and doses, be-
long to the same Weibull distribution. This is a direct evidence
that all the results are ruled by the same physical phenomenon.
It should be mentioned that, to our knowledge, it is the first time
that a Weibull function is used to model the charge loss effects
in NROM memory devices.

B. Memory Arrays

Results consistent with the reported observations on the
single cells are provided by measurement performed on 8-Mb
memory arrays for moderate irradiation doses in the range
50-200 krd (v-rays). If our hypothesis is correct, i.e., the
AV, distributions follow Weibull statistics with k ~ 2.2, it
should be possible, by having the initial Vi distribution, to
predict the final Vt{1 distribution after irradiation. This hypoth-
esis was verified by calculating the Vt{l distribution by the
Monte Carlo method and comparing it to the experimental one.
The calculated Vt{I distribution is obtained by the convolution
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Fig. 5. Threshold voltage distribution in an 8-Mb Topaz module (blue
squares) before irradiation and after irradiation with (red circles) 60-krd and
(green diamonds) 140-krd ~y-rays. The solid red and green lines are the
Monte Carlo simulation results obtained for the two aforementioned doses,
respectively, using a Weibull distribution with £ = 2.2 and X as the fitting
parameter.

of the Gaussian tﬁl distribution (before irradiation) with a
Weibull distribution [see (3)] having k£ =2.2 and A as the
fitting parameter. Fig. 5 shows the experimentally measured
Vin (blue squares) and Vt{l distribution after 60-krd (red circles)
and 140-krd (green diamonds) ~y-ray irradiations together with
appropriate Monte Carlo calculated distributions (red and green
lines, respectively). The agreement between the experimental
data and the simulated profiles is excellent. This is an additional
confirmation of the revealed dependence on a large statisti-
cal set of devices showing that, in NROM memory, the Vi,
loss under ionizing radiation exposure is defined by the same
physical mechanism. The Weibull distribution with & = 2.2 is
completely able to predict the Vi, distribution also in large
NVM arrays.

C. Physical Explanation

Vin loss may be due to two possible phenomena connected
with hot holes generated by radiation: 1) trapping of thermal-
ized holes or 2) creation of traps in the oxide layers. Trapped
holes compensate the electron charge stored in the nitride traps.
Trap-assisted tunneling generated by defects can also result in
progressive discharge of the stored electrons with the increasing
of radiation dose. Both phenomena can work in parallel, or one
may dominate. For the first mechanism, one would expect a
distribution resembling the one obtained by random shots at a
“2-D rectangular target” consisting of the stored electrons in the
nitride layer. The random shots follow two independent normal
distributions in orthogonal directions. The relevant statistics
for the charge loss is then the convolution of two normal
distributions of similar variance. Such distributions are known
to obey Rayleigh statistics, i.e., a Weibull distribution with
k = 2. This value is very close to 2.2 registered in our exper-
iments. On the other hand, electron discharge by trap-assisted
tunneling is expected to dominate the V;y, loss at high radiation
doses. In this case, the mechanism of the phenomenon is similar
to oxide breakdown under high field electrical stress. It is
known that the breakdown statistics under constant voltage
stress results in a Weibull distribution with a very similar k
value for the same oxide thicknesses [16].
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IV. CONCLUSION

In summary, the reported data have indicated that the V;y, loss
in NROM memory devices due to ionizing radiation exposure
exhibits a variability well explained by a Weibull statistics with
a k ~ 2.2 shape parameter regardless of the irradiation species,
sweeping from photons of different energies (- and X-rays) to
light (B) and heavy (Br and Au) ions, and regardless of the total
dose used, ranging from a few kilorads to ~60 Mrd.

Trapping of thermalized holes and/or the creation of defect
traps in the NROM oxide layers contributes to Vi, loss. Both
phenomena are well modeled by a Weibull statistics with a
shape parameter k& ~ 2.2. Also, the behavior of very large mem-
ory arrays is well explained by the aforementioned statistics.
In conclusion, once the irradiation dose is known, the V4, loss
distribution can be predicted, thus providing a forecast of the
radiation tolerance of the NROM memory arrays.
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