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This paper compares the reliability of standard commercial Erasable Programmable
Read Only Memory (EPROM) and Electrically Erasable Programmable Read Only
Memory (E?2PROM) components exposed to gamma rays. The results obtained for
CMOS-based EPROM (NM27C010) and E2PROM (NM93CS46) components pro-
vide the evidence that EPROMs have greater radiation hardness than E?PROMs.
Moreover, the changes in EPROM:s are reversible, and after erasure and reprogram-
ming all EPROM components restore their functionality. On the other hand, changes
in E2PROM s are irreversible. The obtained results are analyzed and interpreted on the
basis of gamma ray interaction with the CMOS structure.
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INTRODUCTION

The major advantages of Electrically Erasable
Programmable Read Only Memory (EEPROM or
E’PROM) over Erasable Programmable Read Only
Memory (EPROM) components are the elimination of
UV erase equipment and the much faster in-the-sys-
tem erasing process (measured in milliseconds com-
pared with minutes for high-density EPROM). On the
other hand, the major drawback of E?’PROMs is the
large size of their two transistor memory cells com-
pared to single transistor cells of EPROMs [1]. Fol-
lowing the shift from NMOS to CMOS transistor tech-
nology, present day programmable non-volatile
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memories are mostly CMOS-based, as it is the case
with both memory models investigated in this paper.

The influence of neutron displacement damage,
primarily reflected in the change of the minority car-
rier lifetime, is negligible in all MOS (Metal-Oxide
Semiconductor) structures, since their operation is not
significantly affected by the minority carrier lifetime.
Other types of neutron damage, including secondary
ionization and carrier removal, are minimal and indi-
rect [2, 3].

CMOS structure is naturally immune to alphara-
diation, due to the shallow well. The formation of elec-
tron-hole pairs by an alpha particle will primarily take
place in the substrate below the well. The well forms
an electrical barrier to the carriers, preventing them
from reaching the gate and influencing transistor oper-
ation. Any carriers generated in the well itself recom-
bine quickly or get lost in the flow of majority carriers
[1, 4].

Gamma radiation may cause significant damage
to programmable memories, deteriorating properties
ofthe oxide layer, and has been therefore considered in
this paper.

EXPERIMENTAL PROCEDURE

The examination of EPROM and E?’PROM radi-
ation hardness was carried out in a cobalt-60 (®°Co)
gamma radiation field at the Vinca Institute of Nuclear
Sciences, Belgrade, Serbia. The absorbed dose de-
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pendence of the changes in the memory samples
caused by irradiation was monitored.

The °Co source was manufactured at Harwell
Laboratory. The air kerma rate was measured at vari-
ous distances from the source with a Baldwin-Farmer
ionization chamber. The absorbed dose was specified
by changing the duration of irradiation and the dis-
tance between the source and the examined memory
samples. The absorbed dose in Si was calculated from
the absorbed dose in air, by using the appropriate mass
energy-absorption coefficients for an average energy
of ®Co gamma quanta equal to 1.25 MeV. Mass en-
ergy-absorption coefficients for silicon and air —
Hensi(1.25MeV)=0.02652 cm?/g, par(1.25 MeV) =
0.02666 cm?/g — were obtained from the NIST tables

[5]-

The testing was performed on the samples of
COTS (Commercial Of The Shelf) EPROMs and
E’PROMs. The EPROMs used for the investigations
were NM27C010 components, with 1.048.576-bit stor-
age capacity, organized as 128K-words of 8 bits each, in
a 32-Lead PLCC package. The E’PROM samples used
were NM93CS46 components, with 1024-bit storage
capacity, organized as a 64 x 16-bit array, packaged in
an 8-pin DIP chip carrier. Forty samples were used for
both EPROM and E’PROM testing, on the basis of
which the average results presented in the paper were
obtained. All tests were performed at the room tempera-
ture (25 °C). The irradiation of a 40-sample batch was
conducted in consecutive steps, corresponding to the
increase of the total absorbed dose. The dose increment
was 30 Gy per irradiation step for EPROMs and 50 Gy
for E’PROMs.

All memory locations (cells) were initially writ-
ten into a logic ‘1’ state, corresponding to an excess
amount of the electron charge stored on the floating
gate. This state has been shown to be more radiation
sensitive than the ‘0’ state, responding with a greater
threshold voltage shift for the same absorbed dose [6].
The effects of gamma radiation were examined in terms
of the number of “faults” in memory samples following
the irradiation. A fault is defined by the change of a
memory cell logic state as a consequence of irradiation.
The content of all memory locations was examined after
each irradiation step, whereby the number of read logic
‘0’ states equaled the number of faults.

Although ionizing radiation effects in MOS
structures are generally dose-rate dependent, effects in
EPROM and E*PROM cells don’t depend on the dose
rate. Radiation induced charge changes on the floating
gate occur extremely fast, and so are in phase with any
incident radiation pulse [7].

RESULTS AND DISCUSSION

The plots presented in the paper are based on the
mean values taken for over 40 samples. Both the dif-
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Figure 1. Average relative change of the number of faults
vs. the absorbed dose in irradiated EPROM samples: (a)
differential, (b) aggregate (N, = 1.048.576 bits, Ny = 0)

ferential and aggregate relative change of the number
of faults with the absorbed dose in EPROM samples is
shown in fig. 1 (a) and (b). First faults, of the order of
2%, appeared at 1120 Gy. The number of faults in-
creased with the rise of the absorbed dose. At dose val-
ues above 1240 Gy, significant changes in memory
content were observed.

Changes in EPROMs proved to be reversible, i.
e. after UV erasure and reprogramming all EPROM
components became functional again — consecutive
erasing, writing and reading of the previously irradi-
ated samples was efficiently performed several times.

A repeated irradiation procedure of EPROM sam-
ples, following erasure and reprogramming to ‘1’ state,
produced faults already at 220 Gy, with significant fail-
ures in memory content occurring above 310 Gy, as
shown in fig. 2 (a) and (b). The lower threshold of fault
occurrence upon repeated irradiation testifies of the cu-
mulative nature of radiation effects.

The differential and aggregate relative change of
the number of faults with the absorbed dose in irradi-
ated E>PROM samples is shown in fig. 3 (a) and (b).
First faults appeared at 900 Gy, proving EPROMs to
be more sensitive to gamma radiation than EPROM
components. With further dose increase, the number
of faults also increased. Moreover, the changes in
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Figure 2. Average relative change of the number of faults
vs. the absorbed dose in reprogrammed and repeatedly
irradiated EPROM samples: (a) differential, (b) aggre-
gate (Vi = 1.048.576 bits, N, = 0)

E?PROMs appeared to be irreversible. The irrevers-
ibility of radiation damage in E>’PROMs was estab-
lished based on the fact that the standard erasure pro-
cedure was unable to erase the contents of any of the
irradiated memory samples.

In CMOS EPROMs and E?’PROMs, utilizing ei-
ther N-well or P-well technology, the dual polysilicon
gate, consisting of the control and the floating gate, re-
sides over an N-channel transistor. The polysilicon
layer floating gate, insulated from the control gate
above it and the silicon channel below it by the gate ox-
ide, is used to store the charge and thus maintain a logi-
cal state. The charge is stored on the floating gate
through the hot electron injection from the channel in
EPROMs, and through the cold electron tunneling
from the drain in EZPROMs. The stored charge deter-
mines the value of the transistor threshold voltage,
making the memory cell either ‘on’ or ‘off” at the read-
out [1].

Passing through the gate oxide (Si0O,), gamma ra-
diation breaks Si—O and Si—Si covalent bonds, creating
electron/hole pairs. The number of generated elec-
tron/hole pairs depends on the gate oxide thickness. The
recombination rate of these secondary electrons and
holes depends on the intensity of the electric field in the
irradiated oxide, created by the charge stored at the
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Figure 3. Average relative change of the number of faults
vs. the absorbed dose in irradiated E’PROM samples: (a)
differential, (b) aggregate (Vi = 1024 bits, Ny = 0)

floating gate, and modulated by the change in the
charge carrier concentration and their separation within
the oxide. The greater the electric field, the larger the
number of carriers evading recombination. Incident
gamma photons generate relatively isolated charge
pairs, and recombination is a much weaker process than
in the case of highly ionizing particles.

Secondary electrons which escape recombination
are highly mobile at the room temperature. In the ‘1’
state of the memory cell, the excess amount of the elec-
trons stored on the floating gate maintains an electric
field in both oxide layers, that swiftly drives the second-
ary electrons away from the oxide to the silicon sub-
strate and the control gate. The direction of the electron
motion is generally dependent on the gate voltage po-
larity at the time of irradiation. The electron drift occurs
even with no external voltage applied to the gate, due to
work function potentials. The logic ‘1’ state (the excess
amount of the negative charge stored on the floating
gate) has been chosen as the starting state in this paper,
since it is more liable to fault occurrence. The energy
band diagram of the dual polysilicon gate when pro-
grammed into the excess electron (logic ‘1°) state is
shown in fig. 4. The diagram also illustrates the electric
field direction in the oxide (SiO,) and the charge stored
on the floating gate.
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Figure 4. Energy band diagram of the dual polysilicon
gate when programmed into the logic ‘1’ state

In addition to electron/hole pair creation, sec-
ondary electrons may produce defects in the oxide by
way of impact ionization. Colliding with a bonded
electron in either an unstrained silicon-oxygen bond
(=Si-0-Si=), a strained silicon-oxygen bond, or a
strained oxygen vacancy bond (=Si—Si=), a secondary
electron may give rise to one of the hole trapping com-
plexes. Interaction with an unstrained silicon-oxygen
bond gives rise to one of the energetically shallow
complexes (=Si—O° Si= or =Si-O" *Si=, where * de-
notes the remaining electron from the bond). Strained
silicon-oxygen bonds, distributed mainly near the ox-
ide/substrate and oxide/floating gate interfaces, are
easily broken by the passing electrons, giving rise to
the amphoteric non-bridging oxygen (NBO) center
(=Si-0°) and the positively charged =Si* center
(known as the £, center). The collision of the second-
ary electron with one of the strained oxygen vacancy
bonds, also concentrated near the interfaces, leads to
the creation of the =Si" *Si= center (known as the E’
center). Hole traps generated in the bulk of the oxide
are shallow, while the centers distributed in the vicin-
ity of the interfaces (NBO, E',, E", and their variants)
act as deep hole traps at which the long-term trapping
ofholes occurs [8, 9]. The latter are referred to as inter-
face traps, surface states, or border traps [10].

While traversing the oxide, radiation-generated
secondary electrons themselves create additional elec-
tron/hole pairs. Some of the secondary electrons may
be trapped within the oxide, but this is a low-probabil-
ity event, due to their high mobility and the low con-
centration of electron trapping sites in thermally
grown Si0O, [11].

The holes generated in the oxide by incident
gamma radiation and through secondary ionization are
far less mobile than the electrons. They are either

trapped in the oxide, or move toward the floating gate
under the influence of the electric field in the logic ‘1’
state. Hole transport through the oxide occurs by
means of two mechanisms: hopping transport via di-
rect hole tunneling between localized trap sites, and
trap-mediated valence band hole conduction.

The probability of holes moving through the ox-
ide breaking unstrained silicon-oxygen bonds is low.
However, since hydrogen atoms and hydroxyl groups
are always present in thermally grown oxides as impu-
rities, migrating holes may create defects by interact-
ing with either =Si—H or =Si—OH bonds, whereby hy-
drogen atoms and ions (H® and H") are released. Once
reaching the oxide/floating gate interface, holes can
break both strained silicon-oxygen bonds and strained
oxygen vacancy bonds, producing NBO, E',, and E’,
centers. Holes trapped at the oxide/substrate interface
which recombine with electrons injected from the sub-
strate may produce another kind of amphoteric defect
(Si,=Si°, asilicon atom at the interface back bonded to
three silicon atoms from the floating gate), called the
Py, center [12-14].

Radiation produced bulk defects may them-
selves migrate in the strained region near either the ox-
ide/floating gate or the oxide/substrate interface and
result in the formation of interface traps [15, 16].

Another mechanism of interface trap buildup in-
cludes hydrogen atoms and ions released by the holes
in the oxide. Hydrogen atoms and ions diffuse and
drift toward the oxide/floating gate interface. When an
H™ ion arrives at the interface, it picks up an electron
from the floating gate, becoming a highly reactive hy-
drogen atom H°, which is able to produce interface
traps [17, 18].

Interface traps may also be generated through di-
rect interaction of incident gamma photons [19, 20].

Holes not trapped in the oxide are injected into
the floating gate, reduce the net amount of the electron
charge stored on it, and thereby decrease the threshold
voltage of the cell’s NMOS transistor. The trapping of
holes occurs mostly at the oxide/floating gate inter-
face, where the concentration of deep hole traps is
high. The positive charge of these trapped holes will
tend to mask the negative electron charge on the float-
ing gate, again reducing the transistor threshold volt-
age. Thus, the trapped and the injected holes both pro-
duce a negative threshold voltage shift.

The small oxide thickness gives rise to the con-
siderable fluctuation of the absorbed energy, directly
influencing the number of faults in the examined sam-
ples. Moreover, the amount of radiation-induced de-
fects acting as electron and hole traps is a complex
function of the gate oxide material, as well as of the
doping and processing methods used in securing the
oxide onto the silicon surface. These are the reasons
for the observed variation in the number of faults
among the examined memory samples.
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Another effect caused by gamma radiation is
electron emission from the floating gate. This kind of
emission is the basis for standard EPROM erasure by
UV radiation. During the irradiation, gamma photons
cause electrons to be emitted over the floating gate/ox-
ide potential barrier. Once in the oxide, electrons are
swept to the substrate or the control gate by the electric
field. The loss of electrons from the floating gate
causes the additional decrease of the threshold voltage
[21,22].

The net effect of charge trapping in oxide and at
oxide/floating gate interfaces, as well as of floating
gate hole injection and electron emission, is the
change of the NMOS transistor threshold voltage. The
radiation induced change of the threshold voltage may
affect the memory cell logic state at the readout. The
threshold voltage V7 is, hence, the key parameter of the
memory cell state. Modeling the charge stored at the
NMOS floating gate as the charge on a parallel plate
capacitor, the threshold voltage can be expressed as

q5d

Ve =Vro + (1)
where V' is the initial transistor threshold voltage due
to processing, ¢; — the floating gate surface charge den-
sity, d — the oxide thickness between the control and
floating gate, and ¢ — the oxide dielectric constant. This
model disregards the dependence of the threshold volt-
age on the actual position of the trapped charge sheet
within the oxide. The influence of gamma irradiation on
programmable memories is manifested through the
change of the net gate surface charge density. The
threshold voltage as a function of the absorbed dose can
be represented by the empirical relation

Ve (D) =Vt +Vy =V )e P (2)

where ¢ is a constant dependent on the type and energy
level density of the traps in the oxide, and V1*! — the
threshold voltage at extremely high doses (also called
the radiation saturation voltage), when an equilibrium
of the dominant processes causing the change of the
gate surface charge density —hole trapping, hole injec-
tion, electron emission, and electron-hole recombina-
tion — is achieved.

UV photons with the energy lower than the
bandgap of silicon dioxide (=9 eV) are incapable of
creating electron-hole pairs in the oxide, but are capa-
ble of exciting electrons from the silicon substrate into
the oxide where they recombine with the trapped holes
[23]. The irradiation of EPROMs by UV light during
erasure partially reduces the radiation-induced
trapped charge from the previous exposure to gamma
photons. This light-induced annealing of trapped
holes can account for the observed reversibility of
changes in EPROMs.

The cumulative nature of gamma radiation ef-
fects observed in EPROM components can be attrib-

uted to the fact that not all holes trapped at radiation in-
duced interface states are annealed during UV erasure
at the ambient temperature.

Since the E2PROM erasing process involves no
UV irradiation, there can be no light-induced anneal-
ing of trapped holes in these components. The thermal
annealing of holes trapped at deep interface traps is not
evident at ambient temperatures. The current-induced
annealing of trapped holes, due to recombination of
holes with electrons being driven from the floating
gate to the drain, could be expected to occur during
E?PROM electrical erasure. However, this kind of an-
nealing is known to require much longer time com-
pared to the duration of a standard E?’PROM erasing
procedure [24, 25]. On the whole, no significant an-
nealing of trapped holes occurs in E?’PROMs, and
hence radiation-induced changes in these components
appeared irreversible on the time scale of the experi-
ments performed in this paper (~10 hours).

The higher sensitivity of the tested E?PROM com-
ponents to gamma radiation is a consequence of a more
pronounced radiation induced electron emission from
the floating gate over the thin oxide region (=10 nm) be-
tween the floating gate and the drain, due to a lower po-
tential barrier [2].

CONCLUSIONS

This paper presents the results of the examination
of programmable ROMs’ radiation hardness. The influ-
ence of ®°Co gamma radiation was tested on EPROM
and E°PROM components. EPROM components ex-
hibited higher radiation reliability than E?PROMs. Sig-
nificant faults in EPROM and E?PROM components
appeared at 1240 Gy and 900 Gy, respectively. Changes
in EPROMs are reversible, and after erasing and repro-
gramming, all EPROM components restored their func-
tionality. The reversibility of changes in EPROMs is at-
tributed to the partial light-induced annealing of
trapped holes during UV erasure. Due to the cumulative
radiation effects, first failures of the previously irradi-
ated EPROMs appear at significantly lower doses. On
the other hand, E?’PROM changes are irreversible. All
observed phenomena have a plausible theoretical ex-
planation, based on the interaction of gamma rays with
the oxide layer of memory cell MOS transistors. The in-
fluence of gamma radiation is basically manifested
through the change of the net floating gate surface
charge density, and consequently of transistor threshold
voltage.
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Munomr BYJUCHUR, Kosuibka CTAHKOBU'h, Anekcangpa BACUh

NMOPEBEILE YTULIAJA TAMA 3PAYEIbA HA EPROM U EZPROM MEMOPUIJE

Y 0BOM pajy IIOpE/H ce MOY3JaHOCT CTaHgapAHuX KoMepiyjanaux EPROM u E2PROM mMemopuja
IpH U3Naramwy rama spademy. Pesynratu go6ujenu 3a EPROM (NM27C010) u E?’PROM (NM93CS46)
KOMIIOHeHTe u3pabene y CMOS TexHonoruju nokasyjy fa EPROM memopuje nocenyjy sehy pagujanuony
ornoproct on E*PROM wmemopuja. ITopen Tora, npomene Hacrane y EPROM-uMa cy peBep3uOUIHOT
KapakTepa 1 HaKOH Oprcama 1 MOHOBHOT ynuca cBée EPROM komnoHeHTe ¢y moBpaTuiie (pyHKIIMOHATHOCT.
HacynpoT oBoMe, TPOMeHE Koje 3pauene n3a3upa y E2PROM unnosuma cy TpajHe. [JoOujeHn pe3ynTaTu cy
aHAJM3WpPaHU U NIPOTyMayeH! Ha 6a3u MHTepakuyje rama 3padyema ca CMOS cTpyKTypoM.

Kwyune peuu: EPROM, E PROM, zama 3pauerse, paoujayuuoHa omilopHOCill




