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3 Faculty of Electrical Engineering, University of Belgrade, 11120 Belgrade, Serbia

Correspondence should be addressed to Irfan Fetahović; irfanfetahovic@gmail.com
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This paper investigates the behavior of semiconductor memories exposed to radiation in order to establish their applicability in a
radiation environment. The experimental procedure has been used to test radiation hardness of commercial semiconductor mem-
ories. Different types of memory chips have been exposed to indirect ionizing radiation by changing radiation dose intensity. The
effect of direct ionizing radiation on semiconductormemory behavior has been analyzed by usingMonte Carlo simulationmethod.
Obtained results show that gamma radiation causes decrease in threshold voltage, being proportional to the absorbed dose of radia-
tion. Monte Carlo simulations of radiation interaction with material proved to be significant and can be a good estimation tool in
probing semiconductor memory behavior in radiation environment.

1. Introduction

All devices used bymankind are constantly exposed to differ-
ent kinds of radiation originating from natural sources, but
also from artificial manmade sources. Increasing the level of
integration of electronic components and miniaturization
trends may have negative influence onto the component sen-
sitivity to ionizing radiation. Radiation defects can also occur
in a process of a very large scale integrated circuits fabrica
tion, since the process often includes bombardment with
high-energy ions and photons.

The aim of this paper is to examine the behavior of semi-
conductor memories exposed to radiation in order to estab-
lish their applicability in a radiation environment.The exper-
imental procedure has been used to test radiation hardness
of commercial semiconductor memories. Different types of
memory chips have been exposed to indirect ionizing radia-
tion by changing radiation dose intensity. The effect of direct
ionizing radiation on semiconductor memory behavior has
been analyzed by using Monte Carlo simulation method.

2. Radiation Effects in Basic Semiconductor
Electronic Devices

Changes and disruptions of irradiated memory characteris-
tics depend on type of radiation, speed of energy deposition
in semiconductor device, and the type of material the
semiconductor structure is made of. Radiation effects can be
divided into transient and permanent, depending on time an
irradiated device needs to recover from radiation and restore
its functionality [1–4].

False signals and false logic states in digital electronic
circuits are transient radiation effects. These effects do not
cause destructive changes; they often disappear after a short
period of time or can be removed by applying simple
measures. Therefore, transient effects can induce a type of
errors named after soft errors. The examples of transient
effects are disruptions caused by high radiation dose (dose-
rate effects) or by heavy charged particle passing through
a component (single event upsets—SEU) [5, 6]. Permanent
radiation effect, or hard error, is a change in semiconductor
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structure after its component is being irradiated and cannot
be easily resolved. Sometimes, these errors can be reversible
after a long period of time. The examples of hard errors
are latchup and snapback; they cannot be resolved without
stopping the component [4, 5].The component destruction is
hard error because impaired functionality cannot be restored.

3. Radiation Damages in
Semiconductor Memories

Semiconductor memories are often a limiting factor in
applying a device in a radiation environment since they are
most prone to damage when exposed to radiation, comparing
to other semiconductor integrated circuits [5, 6].

Memory errors can occur under influence of a cosmic
radiation or alpha particles emitted from memory chip
package.Thorium and uranium isotopes’ radiation, as well as
radiation of alpha emitters, can lead to soft error occurrences
in memories. These errors are often manifested as logic state
disturbances of memory cells or disturbances in sense ampli-
fiers; it is seldom a function disturbance of peripheral circuits
in a memory chip. In cosmic applications, light and heavy
ions can influence the semiconductor memories’ character-
istics, causing both soft and hard errors.

In different parts of memory chip, radiation can induce
sudden occurrence of charged carriers—electrons and holes.
These particles generate false currents that might disturb data
written into the chip or influence data processing.These types
of disturbances in memory are called soft errors, and when
induced by radiation they are called transient upsets. Single
event upsets (SEU), caused by heavy charged particle passing
through memory, are very significant for radiation compati-
bility of semiconductor memories, since frequent occurrence
of single event upsets has a negative impact on component’s
mean time to failure [6–8].

4. The Experiment

4.1. Gamma Radiation Experimental Procedure. Radiation
effects on EPROM and EEPROM semiconductor memories
have been tested by exposing samples to gamma radiation, the
source of radiation being 60Co.

Theused components have not been exposed to the effects
of neutron radiation since they belong to the group of MOS
structures, where the effects of neutron radiation are signi-
ficantly less comparing to gamma radiation.

All memory locations of the samples have been initially
written into logic “1” state, since this state is more radiation
sensitive than the logic “0” state. Testing has been performed
in steps, by increasing absorbed dose of radiation within each
step. During irradiation, somememory cells changed its logic
state from “1” to “0,” and the very process has been defined as
an error. After irradiation, memory has been read, and the
number of logic “0” state has been observed, being the same
as the number of errors.

The experimental measurement results were collected
with combined uncertainty lower than 10% [9, 10].

4.2. Simulation of Direct Ionizing Radiation Interaction with
Semiconductor Memory. Monte Carlo simulations of inter-
action between direct ionizing radiation (protons and alpha
particles) and MOS structure insulator layer have been per-
formed in TRIM software, being part of SRIM 2008 program-
ming package. TRIM is as open source software made for
simulation of ions travelling through the material [11]. It is
based on using a quantummechanical treatment of ion-atom
collisions [12, 13].

5. Results and Discussion

5.1. Indirect Ionizing Radiation Damage. Figures 1 and 2 show
the average relative change in number of errors versus the
absorbed dose of radiation, in irradiated EPROM and EEP-
ROM samples, respectively. The number of errors is propor-
tional to the absorbed dose for both EPROM and EEPROM
memory samples.The first error in EPROM samples has been
observed within the absorbed dose at 1110Gy; the dose being
greater than 1230Gy, the number of error has become signi-
ficantly larger. EEPROM memories proved to be more sen-
sitive on gamma radiation, since the first error has been
observed within radiation dose of 880Gy.

In both EPROMs and EEPROMs, the floating gate is used
to store charge and thus maintain a logical state. The stored
charge determines the value of transistor threshold voltage,
making the memory cell either “on” or “off” at readout.

Gamma radiation causes generation of electron-hole
pairs in SiO

2
insulator of the gate. The number of generated

pairs is directly proportional to the energy deposited inmate-
rial, depending on the total absorbed dose of radiation [8, 14].
The part of generated pairs is recombined, depending on
electric field strength. Beingmoremobile than the holes, elec-
trons leave the insulator, influenced by the gate voltage. The
generated holes slowly drift towards floating gate (FG). The
fraction of holes becomes captured in trapping sites, form-
ing positive radiation-induced charge in insulator. The
remains of holes flow into the FG, reducing the number of
electrons within it, thus influencing the logical state of a
memory cell.

5.2. Direct Ionizing Radiation Damage. The calculation is
made very efficient using statistical algorithms allowing the
ion to make jumps between calculated collisions and then
averaging the collision results over the intervening gap. The
interaction of 50 keV protons and 30 keV alpha particles with
0.5 𝜇m thick SiO

2
oxide layer has been simulated.The results

are presented in Figures 3 and 4.
During inelastic scattering on electrons, the incident

particle can transfer energy to the atom, raising it to a higher
energy level (excitation), or it may transfer enough energy to
remove an electron from the atom (ionization). A portion
of energy transferred during each individual scattering of
heavy charged particles on electrons is small compared to an
entire kinetic energy of a particle, but the number of particle
collisions per a unit path length is as high that the entire total
energy loss is significant even in relatively thinmaterial layers.
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Figure 1: The average relative change in number of errors in irradiated EPROM samples (NM27C010) versus the absorbed dose of radiation:
(a) differential; (b) cumulative (𝑁tot = 1,048,576 bit,𝑁0 = 0).
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Figure 2:The average relative change in number of errors in irradiated EEPROMsamples (NM93CS46) versus the absorbed dose of radiation:
(a) differential; (b) cumulative (𝑁tot = 1024 bit,𝑁0 = 0).

The energy loss of heavy charged particles per a unit path
length increases at the end of their path. At the very end of
its path, when the particles have already lost the greatest part
of their energy, the ones start to capture electrons, while a
stopping power and specific ionization rapidly decrease [15].
Alpha particles are heavier than protons, and their energy is
lower than the energy of protons, so a penetration depth of
alpha particles in target SiO

2
layer is lower compared to the

penetration depth of protons, as indicated in Figures 3(a) and
4(a).

Elastic scatterings on the nuclei lead to atom ejections
from their positions in a crystal lattice, producing displace-
ment damages. There is a silicon nucleus displacement when
the energy of an incident particle (projectile) transferred to
the nucleus in the elastic collision is higher than a threshold
displacement energy 𝐸

𝑑
. Such ejected silicon atom is called

primary knock-on atom (PKA). An empty space in the crystal
lattice produced by Si atom displacement is called a vacancy.
When the displaced atom occupies a site among lattice nodes
(interstitial site), the vacancy and the interstitial Si atom

together represent Frenkel pair (𝑉+(Si)
𝑖
) [16]. Kinetic energy

of the PKA being equal to the difference of the energy
transferred to the atom in the elastic collision and the thresh-
old displacement energy can be large enough so as the atom,
before occupying its interstitial site, causes displacement of
the entire set of other nearby nuclei that can themselves
displace other nuclei, producing a collision cascade. Along its
path, the recoil atoms lose their energy in two ways—by ion-
ization and displacement of other nuclei. Figure 4(b) contains
two distinct plots, one for electronic energy loss from the inci-
dent alpha particles and one for energy loss from displaced
atoms.The ionization energy loss is greater within alpha par-
ticles than within recoil atoms. The electrons tend to absorb
energy most efficiently from particles whose velocity is
similar to their velocity. The alpha particles lose more energy
to the target electrons since they move much faster than the
recoil atoms.

Point defects in an insulator, produced as a result of dis-
placement damages, can serve as the trapping sites for charge
carriers.These imperfections may alter material properties of
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Figure 3:The simulation of 50 keV protons passing through 0.5 𝜇m
thick layer of SiO

2
(500 events). (a) Trajectory of protons in 𝑥𝑂𝑦

plane. (b) Distribution of stopped protons along the oxide depth.

the insulator, thus changing and disrupting characteristics of
an electronic memory device which the insulator is part of
[17].

6. Conclusion

Based on analysis of data gathered from performed experi-
ments, the exposure of semiconductor memories to gamma
radiation causes three effects: holes being captured in trap-
ping sites of an oxide, injection of holes from oxide into FG,
and emission of electrons through FG-oxide interface.

The generation of electron-hole pairs leads to trapping of
positive-charged carriers (holes) in insulator, causing nega-
tive shift in 𝐼

𝐷
/𝑉
𝐺
characteristics. Namely, positive-charged
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Figure 4: The simulation of 30 keV alpha particles passing through
0.5 𝜇m thick layer of SiO

2
(10 events). (a) Trajectory of alpha

particles in 𝑥𝑂𝑦 plane. (b) The ratio of specific ionization (linear
transfer of energy) of incident alpha particles and displaced Si and
O atoms along the oxide depth.

carriers induced by gamma radiation require the increase of
negative gate voltage to compensate the positive charge. It
means that gamma radiation causes decrease in threshold
voltage, being proportional to the absorbed dose of radiation.
The future research of radiation compatibility of semiconduc-
tormemories can be directed towards analyzing the influence
of gate oxide material and oxide thickness and examining
the effects of absorbed dose rate. Monte Carlo simulations of
radiation interaction with material proved to be significant
and can be a good estimation tool in probing semiconductor
memory behavior in radiation environment.
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