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Abstract

Häkkinen, Annika
Comparison of Heavy Ion and Pulsed Laser Single-Event Effect Test Data for
Analogue and Digital Devices
Master’s thesis
2024

This thesis examines the comparison of heavy ion and pulse laser SEE testing
in analogue (LM124 operational amplifier) and digital parts (23LCV512 SRAM).
The testing was conducted for Radtest Ltd and the goal was to collect data for
their pulsed laser testing system, SEREEL2. The heavy ion testing was done in
Heavy Ion Facility at UCLouvain, Belgium. For the LM124, SET cross sections
were calculated and presented as a function of LET. These results showed that the
saturation started from around the LET of 30 MeV/(mg/cm�) which was similar
result to the literature. The pulse shapes from the laser testing were connected to
specific transistors with the layout of the device and could be compared between
heavy ion data. This comparison showed that the pulse shapes from the heavy ions
were possible to be connected to specific transistors. The SET cross sections were
calculated also for the most common pulse shape groups and they were presented
with the different values of LET. For the 23LCV512, SEU cross sections – for both
heavy ion and laser testing – were calculated and presented as a function of LET and
laser pulse energy. Unlike with LM124, for the 23LCV512 the same test method did
not transfer as well between heavy ion and laser testing. Thus the resulting SEUs
were not triggered from the same area resulting in different formats of SEUs. As a
solution for this, options like backside testing were discussed.

Keywords: Master’s thesis, SEE Testing, Heavy Ion Testing, Pulsed Laser Testing
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1 Introduction

Radiation testing is a crucial part of ensuring reliability and functionality of electronic
components and systems even at the most radiation harsh environments. As radiation
can cause damage and interference in the devices it is important to identify and
minimize these possible issues. Space is one environment for which this type of
testing is especially important as it is not easy to change the damaged parts in the
middle of a space mission. If the parts are tested in advance it is possible to protect
or change the radiation sensitive components and thus possibly save money and
make the mission more secure. Space is not the only radiation harsh environment
for which testing could be useful. Even in the atmosphere radiation can be an issue
and for example high-altitude aviation can suffer from radiation effects.

The need for radiation testing keeps growing due to the development of the
transistor design. The constantly reduced scaling of the transistors does have its
advantages but it also has made the devices more and more sensitive to radiation
effects. Testing for these effects has usually been done with particle accelerators.
With these accelerators it has been possible to simulate effects normally only found in
the more radiation harsh environments. Using the particle accelerators is a relatively
reliable way of testing but it does have its limitations. Especially the limited
availability and the high prices of the facilities has led to the need of developing
alternative methods – one of these being pulsed laser testing.

Pulsed laser testing is an alternative radiation testing method. It is used especially
as a complementary method besides accelerator based testing. The interest for
developing pulsed laser testing comes from the fact that it is generally cheaper and
more accessible. Also as a technical advantage the pulsed laser has normally smaller
beam size so it is possible to focus the data acquisition better. However one of its
most interesting advantages – especially when using the data as complementary to
accelerator based data – is the possibility to collect spatial information and know
the location of the effects.

Pulsed laser testing is an increasingly important method as the technologies
used in the radiation harsh environments develop and with it the need for radiation
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testing increases. Heavy ion testing is still very reliable and will not be easily – if
ever – replaced but these alternative methods could work well as complementary
methods. By doing radiation testing and damage evaluation partly with pulsed laser
testing, it is possible to reduce the needed beam time. Pulsed laser testing can also
provide better understanding of the functionality of the device before heavy ion
testing. However, stronger understanding is still needed to be able to compare how
the heavy ion and pulsed laser data correlate in different types of devices.

In this thesis both of the previously mentioned testing methods were used and
the goal was to compare the data acquired from these measurements. In order to
get different types of effects, the testing was done in both digital and analog device.
The study was done for Radtest Ltd and thus the pulsed laser testing measurements
were done with their testing system, SEREEL2. Important part of this study was
to provide comparable data for the company for this particular system as well as
continue the study previously started in the company. This internship was sponsored
by UK Space Agency as a part of their SCIF project.
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2 Theoretical Background

Radiation effects on microelectronics can generally be divided in three different
groups – Total Ionising Dose (TID), Displacement Damage (DD) and Single–Event
Effects (SEE) [1]. In this thesis the focus is on the SEEs. This section aims to provide
an understanding of physical mechanisms behind SEEs and other key concepts used
in this study.

2.1 Radiation – Matter Interactions

In this study focus was on heavy ion and laser testing so these interactions are
looked more closely. Since these interactions have different influencing particles it is
important to understand how this affects the interaction itself. Understanding the
differences in particle level also helps to understand how heavy ion and laser testing
can be compared.

Considering particle radiation, there are many possible ways for radiation to
interact with matter. The type of interaction is dependent on the type and energy
of the particles traveling through the matter. The energy loss that happens while
the particle is traveling through the target material, can either happen via electronic
or nuclear stopping. In electronic stopping the incident ion interacts with electrons
from the target atoms and these electrons can be excited to a higher state. If the
energy that the incident particle transfers to the electron is high enough, the electron
can break away from the target atom thus causing ionization. With heavy ions,
electronic stopping is the main reason for the ionization.[2, 3]

Radiation, such as photon, electron, proton and heavy ion radiation are all capable
of ionization when interacting with matter. To understand these interactions it is
important to explain the concept of Linear Energy Transfer (LET). LET describes
the total ionization energy loss of incident particle per unit of path length in the
target material. The usual unit for LET is presented as MeV/(mg/cm�) and it reflects
how densely the particle’s energy is distributed along its path while it is traveling in
the matter. The higher the LET value is the more the particle deposits energy per
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distance to the material while going through it. [1]
Since laser consists mostly of photons for understanding of laser testing, photon-

matter interaction is an important concept. Photons can interact with matter in
several ways. First possibility is that the photons are deflected from the target atom
electrons without the atom being effected. This is called Rayleigh’s (or coherent)
scattering. Other possibility is that the photon can produce an electron-positron
pair. This can happen when the photon passes near enough of a particle with
enough energy. Third possibility for the photon collision is Compton (or incoherent)
scattering in which case a photon has more energy than the binding energy that holds
an electron to its atom and thus it can knock the electron out of the atom. After
this the photon may continue moving in a new direction with reduced energy. The
final interaction between photons and matter is Photoelectric Effect (absorption).
This is the effect that causes the ionization when photons are used – for example
with laser. In photoelectric effect photon’s energy is fully absorbed by an electron
bound to an atom and the electron can be ejected from the atom. It occurs only if
the photon’s energy exceeds the binding energy of the electron in an atom. [2]

So when the heavy ions or photons interact with the matter they cause ionization
via electronic stopping or photoelectric effect. The difference between the interactions
causing the electron-hole pairs needs to be considered also when testing, because
the testing will have very different contributors in each case. In heavy ion testing,
ion energy and atomic number affect the ionization. With laser testing the charge
generation depends on laser wavelength, focusing optics and photon density. [4]

2.2 Single–Event Effects

Single-Event Effects can occur in an electronic component as a result of highly
energetic particle crossing the device through or near its radiation sensitive nodes.
Ionization causes the particle’s energy to be converted to charges (electron-hole pairs)
across its path which can disturb the functionality of the device. In Fig. 1 the
basic mechanism for the electron-hole pair production in semiconductor device is
presented.

The effect caused by the particle might not be observable or it can occur for
example as a change of the logic state in a memory device or as a transient disruption
in circuit’s operation. Depending on the device, the particle can produce different
types of effects such as Single-Event Transients (SET), Single-Event Upsets (SEU),
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Figure 1. The formation of electron-hole pairs in a semiconductor device.

Single-Event Latchups (SEL) and Single-Event Burnouts (SEB). In this study we
focused mostly on SETs and SEUs with a slight touch on SELs. [5]

Different types of SEEs can be divided into hard errors and soft errors. Hard
errors are the kinds of SEEs that are non-recoverable. This means that the particle
causes permanent changes in the integrated circuit. For example SEB and Single-
Event Gate Rupture (SEGR) are considered hard errors. Soft errors on the other
hand are the types of SEEs that can be recovered using different methods such as
power cycling or rewriting the information. Soft error SEEs include the SETs, SEUs
and SELs. [6]

In this thesis SETs are one of the main group of radiation effects studied. SETs
are soft error SEEs that can momentarily change the nodal voltage or current in the
integrated circuit [6]. These voltage or current transients can disrupt the functionality
of the device. In Fig. 2 an example of SET induced voltage transients with different
amplitudes are shown.

SETs affect the combinational gates of the circuit and it is also possible for SETs
to propagate and be captured by a latch or a flip-flop in memory devices. If this kind
of propagation happens, the state of a memory cell might change causing an error to
occur when reading the memory. This kind of soft error is called Single-Event Upset
(SEU). SEUs can be studied in memory devices – such as SRAMs – by writing a
known content in the memory, and reading the memory during or after irradiating
it. After this we can observe the amount of changes that happen compared to the
written content and see the number of SEUs. [6]

SEU is a change in the memory device caused by a single particle. Depending
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Figure 2. SET induced voltage transients with different amplitudes.

on the angle of the particle’s path and the structure of the device we can have
different kinds of changes in the memory. Sometimes one particle can cross several
memory cells altering the content of all or some of these on its way. This is called
Multiple-Cell Upset (MCU). Other possible way for the particle to cause an upset is
for it to affect only one cell. In the case where only single SEU happens inside this
cell and only one bit changes its state, we get a Single-Bit Upset (SBU). In some
cases a particle can also change multiple bits inside the same cell. This is called
Multiple-Bit Upset (MBU). [6]

In Single-Event Latchup (SEL) a low resistance path occurs between the power
supply and ground. This causes high currents in the device which can be destructive
if the current runs long enough. In these cases we can have for example melting in
the silicon regions. However, SEL’s destructive features can be avoided if the power
is turned off immediately after SEL occurs. By power cycling we can return from
the high current state back to the normal functionality of the circuit. [7]
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2.3 Heavy Ion Testing

Heavy ion testing is a method used to evaluate the radiation sensitivity of electronic
components and it can be used for SEE testing. In this kind of testing ions, such as
xenon and krypton, are accelerated and directed at the electronic device. When these
ions penetrate the material, they lose energy primarily through ionization. While
passing through the device, the ions create tracks of electron-hole pairs as presented
in Section 2.1. This ionization can induce transient currents, voltage transients, or
even destructive events like SELs or SEBs. [8]

The purpose of heavy ion SEE testing is to obtain values for SEE cross-section at
different LET values. As mentioned before, the ion type and its energy have to be
chosen carefully in order to get specific LET value. Higher LET values correspond to
more significant energy deposition and thus increase the likelihood of triggering SEEs.
By changing the LET, it is possible to simulate different radiation environments
and find possible thresholds for the SEEs. In addition to LET, other important
parameters in heavy ion testing are flux (unit of ions/(s cm�)) and the resulting
fluence (unit of ions/cm�). The relationship between these is important to relate
properly. Flux is normally selected to be between 102 and 105 ions/(s cm�) but
it is important to make sure that the resulting fluence is not too high considering
the sensitivity of the device. Also the time for the entire measurement should be
designed to be reasonable by adjusting these two values correctly. [8]

As mentioned above, cross section is an important characteristics when studying
the sensitivity of a device. Cross section can be defined with the number of events
(N) and particle fluence (�) as follows

‡ = N

� . (1)

Unit of cross section is defined as cm�. Cross section can be defined for example
for SETs or SEUs by using the obtained amount of these as the number of events. [8]

The error for cross section can be estimated with division error formula [9]. For
cross section calculation the formula would be as follows

”‡ = ‡ ·
Û

(”N

N
)2 + (”�

� )2. (2)

In this equation ”� is the estimated error for the fluence and ”N is the estimated
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error for the events. If the number of events can be assumed to follow Poisson’s
distribution – as presented in [10] – the equation for the error of the number of events
is as follows

”N = 1.960 ·
Ô

N. (3)

Heavy ion testing – as most experimental methods – does have its limitations.
Sample preparation and possible decapsulation of the device might be needed in
order to reach the sensitive areas. Also heavy ion testing is expensive and often
requires traveling since the amount of facilities is limited. Beam time is also regulated
and not always easily accessible. In the technical side another limitation for some
experiments is the lack of spatial data, meaning that it is impossible to know in
which area of the device the SEE happens. [4]

2.4 Pulsed Laser Testing

Even though heavy ion testing is the most common way to study SEEs, the limited
beam time and high cost have increased the study of alternative methods. Pulsed
laser testing is meant to be more in-lab-experiment which means it saves money,
time and is more accessible. In addition to these advantages, with pulsed laser comes
the possibility to obtain spatial information. This feature can be useful also when
combining both heavy ion and pulsed laser data. [4]

In pulsed laser testing, laser system generates extremely short pulses of light and
these light pulses are directed to the device. The pulses are normally in the scale
of nanoseconds up to picoseconds but with today’s technology it is possible to go
down to femtoseconds [11]. Once the device is shot with the laser, photon energy is
absorbed by the material which creates localized ionization and electron-hole pairs
[12]. As stated previously the electron-hole pairs can lead to transient currents and
voltage transients meaning that SETs can happen.
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2.4.1 Absorption Mechanisms

Since laser consists of light, photons are responsible for the creation of electron-hole
pairs and the mechanism for this is absorption. There are two types of absorption
mechanisms depending on the energy of the photon. Single-Photon Absorption (SPA)
– also known as linear absorption – happens when the energy of the photon is higher
than the bandgap of the semiconductor (usually looking at silicon with the bandgap
of 1.12eV). The basic principle of SPA is that an electron in the penetrated material
absorbs the photon and is excited to a higher energy state. The process is called
linear because of its linear relationship with light intensity, meaning the absorption
is directly proportional to the number of photons present. In SPA the photons are
absorbed one by one. [4]

The second possible process for the absorption is called Two-Photon Absortion
(TPA) or non-linear absorption. TPA happens when photon energies are less than
the bandgap value. As its name suggests, in TPA two photons are absorbed, each
carrying half of the energy needed to match the bandgap, and their simultaneous
absorption leads to the excitation of an electron. This process requires a significantly
higher light intensity and is non-linear because the absorption rate depends on the
square of the light intensity. When comparing these two absorption methods it is
important to note that SPA is always dominating if there is a possibility for both SPA
and TPA. Whether it is sensible to use SPA or TPA can depend on several factors.
For some applications TPA is more suitable as it offers better spatial resolution
and deeper penetration depth. However, since SPA always dominates when both of
them are possible, TPA does require high optical intensity (for example femtosecond
pulses). [4]

One important concept for the understanding of pulsed laser testing is front-side
and backside testing. These are two techniques with which laser testing can be
approached. Front-side testing is more simple out of these two. In this technique the
laser beam is focused on the sample through the top layers, meaning that preparation
for this type of testing only requires the removal of the packaging and possibly the
cap or lid of the device. In front-side testing SPA is commonly used method because
it allows direct interaction with the active layers, enabling precise measurements of
the device’s optical and electronic characteristics. [13]

Even though front-side testing is the more simple approach when it comes to
the preparation of samples, it is not always possible to obtain results this way. In

9



today’s technologies density and amount of metal layers has increased which means
there are often areas that the laser can not penetrate from the front-side. In these
cases backside testing is the preferred method. In backside testing the laser beam
is focused to the backside of the device and the active layers are reached through
the substrate. Both front-side and backside testing principles are presented in Fig.
3. This does require more sample preparation as the backside needs to be opened
and the surface has to be polished to mirror quality in order to get uniformed beam
quality. For the backside testing it is possible to use TPA or high wavelength SPA.[4,
13]

Figure 3. Presentation of the differences between front-side and backside
testing.

2.4.2 Key Parameters of Pulsed Laser Testing

In laser testing there are several parameters that need to be considered in addition
to the testing technique. Wavelength is one of the most important parameters which
effects also the choice of SPA or TPA. For backside testing it is needed to use longer
wavelengths in order to get deep enough penetration. For TPA this means at least
the wavelength of 1260 nm and for SPA 1064 nm, respectively. If the front-side
testing is chosen as a method, shorter wavelength can be possible for SPA. However,
usually for silicon devices the standard wavelength is 1064 nm even in the front-side
testing. This is due to its deep penetration length even when using SPA and the
availability of Nd:YAG lasers which use this wavelength. As a parameter, wavelength
is facility specific and often laser testing systems offer several options for this. [4, 14]
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Another important parameter in laser testing is pulse width. This means the
duration of one laser pulse and there are few conditions for this parameter. Since
the goal of the laser testing is to produce as similar as possible SEEs compared to
the heavy ions, it is important that the pulses are short enough. For one high energy
ion it takes approximately 1 ps to travel through the junction in a circuit and this
time is much shorter than the typical response time in circuits. Similarly the laser
pulse must be shorter than the response time in order to obtain valid results. The
usage of ps lasers has made the laser testing more reliable and as mentioned before,
the current development has also increased the usage of femtosecond lasers. [12]

Third crucial parameter in laser testing is beam spot size. Even though the spot
size will always be larger than the heavy ion track, the goal is to make the spot
size as small as possible. Microcsope objective is used to focus the laser beam to
the spot area. When the objective lens is decided, we can also obtain a value for
numerical aperture (NA), which is the product of refractive index and sine of the
angle of incidence. When the wavelength (⁄) and the numerical aperture are set, it
is possible to calculate the spot size for the measurement with the following equation

R = 1.22 ⁄

NA
(4)

in which R gives the diameter of the spot size. As seen from this function, the
numerical aperture has a big effect on the spot size. In order to get as small of a spot
as possible it is important that the used objective has large incident angle, making
also the numerical aperture large. [15]

Besides these three parameters, there are two parameters that are often varied
more during the laser testing. These are pulse energy and pulse frequency. Pulse
energy is often the main variable in the pulsed laser measurements and it can be
varied relatively easily. For the pulse frequency – or also known as pulse repetition
rate – the affecting factors are the scanning speed and the characteristics of the
device under test. For the pulse frequency it is important to know the response time
of the device in order to tune the repetition rate so that the pulse period is long
enough for the device to return to its regular state. [4]
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2.4.3 SEU Cross Section Calculation

In pulsed laser testing, fluence is not obtained in the same way as in heavy ion
testing. In the case where cross section is required, some estimation is needed for
the fluence. In [16] for the cross section the following equation was given

‡ = N · S

#Pulses
(5)

where N is the number of events, S is the scanned area and #Pulses represents
the number of pulses. In the case where total number of pulses is unknown it can be
determined with the frequency (f) and total scan time (tscan) as follows

#Pulses = ftscan. (6)

When combining these two equations we get the equation for the pulsed laser
cross section

‡ = N · S

ftscan
(7)

By comparing the equation 7 to the equation 1 we can see that the equivalent
fluence in the pulsed laser testing compared to the heavy ion fluence measurement is

� = ftscan

S
. (8)
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3 Experimental Methods

In this section the experimental methods and measurement setups are explained. For
this thesis we did measurements for two different devices – LM124 quad operational
amplifier and 23LCV512 SRAM memory. Both devices were studied by using both
heavy ion and laser testing.

3.1 LM124

In this study the analogue device used was LM124 which is a device often used when
comparing the heavy ion and pulsed laser data. LM124 consists of four operational
amplifiers and it is a linear circuit. The focus was on one of the four amplifiers and
the goal was to use the transistors inside the amplifier in order to categorize and
identify the SETs obtained from the heavy ion and laser testing. In Fig. 4 the circuit
diagram is shown for one of the four amplifiers [17]. In these measurements the used
LM124 was manufactured by Texas Instruments.

Figure 4. Circuit diagram of LM124 operational amplifier. © 2008 IEEE [17].

In order to power up the amplifier it was connected to a voltage follower circuit
board, which is shown in Fig. 5. The output from this board could be collected from
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the test pins connected to each operational amplifier. The output voltage received
was half of the supply voltage and it was possible to give the board either single or
dual supply.

Figure 5. LM124 operational amplifier attached to the board used for the
testing.

3.2 23LCV512 SRAM

As other part of this study focus was on a digital device called 23LCV512 SRAM.
This device is a 512-Kbit serial memory with the organization of 64K x 8-bit. This
SRAM uses the Serial Peripheral Interface (SPI) protocol to access the memory
and since the 23LCV512 is designed to communicate directly with the SPI, it was
possible to use direct SPI-to-USB connection to get the data from the memory. The
device we used was manufactured by Microchip. [18]

The board used to obtain data from the device is shown in Fig. 6. A supply
voltage was provided to the board and the communication with the memory, as well
as with the output, was managed via SPI. The SPI required a clock input (SCK),
data input (SI) and data output (SO), which were controlled by the fourth connected
signal, chip select input (CS). The pins for all of these signals were included on the
board. Additionally, a ground pin was added to the board, and the ground wire from
the SPI connector was used.
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Figure 6. 23LCV512 SRAM attached to the board used for the testing.

The SRAM study was a continuation for a previous study done inside the company.
The goal was to build more data on top of the previously acquired data and thus use
the same device and test method. Previously for the SRAM the study was done only
with heavy ions so the test method was designed just for heavy ion testing in mind.
The previous data as well as the codes used for the SRAM study were received from
private communications with Radtest Ltd.

3.3 Heavy Ion Test Setup

In this study the heavy ion testing was done in UCLouvain, Belgium. UCL’s Cyclotron
Resource Centre (CRC) uses CYCLONE multiparticle cyclotron. CYCLONE has
several beam lines from which we used the heavy ion facility (HIF). HIF offers ions
from carbon (LET = 1.3 MeV/(mg/cm�)) up to xenon (LET = 62.5 MeV/(mg/cm�))
and these heavy ions are produced with an external Electron Cyclotron Resonance
(ECR) source. The LET values for the ions used in this study are shown in Table
1. After acceleration, the different ion types are extracted either with adjusting the
cyclotron magnetic field or by changing the RF frequency. The irradiations in HIF
are done inside a vacuum and the flux is possible to adjust from few ions/(s cm�) up
to 1.5·104 ions/(s cm�). Other important parameters in HIF are the irradiation area
diameter (25 mm) and the ion change time (15 min). [19]
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Ion LET (MeV/(mg/cm�))
Carbon 1.3
Neon 3.3

Aluminium 5.7
Argon 9.9

Krypton 32.4
Xenon 62.5

Table 1. The LET values of the ions used in this study.

3.3.1 Heavy Ion Test Setup for LM124

For the LM124 heavy ion testing, the boards were placed inside the vacuum, and
the board connections were wired to the outside equipment. The used board and
the connections placed inside the vacuum can be seen in Fig. 7. The board was
connected to two different power supplies to achieve a dual supply. Measurements
were conducted with two different dual supply voltages. First, the supply voltages
were set to -5 V and +5 V, and for the second set, -10 V and +10 V were used.
Out of these dual voltages the analyzing was later conducted for the ±10 V sets due
to the bigger transients we acquired with these voltages. Two test pins (out of the
four possible amplifiers) were connected to a PicoScope to obtain waveforms, which
served as the output. The measurement setup is presented as a block diagram in
Fig. 8.

Figure 7. The board connections for LM124 inside the vacuum.
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Figure 8. Block diagram presenting the setup of the LM124 testing.

Measurements were conducted by applying the supply voltage to the board and
turning the beam on. The flux was set to the maximum (1.5·104 ions/(s cm�)), and
the fluence was set to 106 ions/cm� for all LM124 measurements. The test was run
until the target fluence was reached. The device was irradiated with five different
ions: carbon, neon, argon, krypton, and xenon. The LET values of these ions can be
seen in Table 1. Transients were obtained with all ions except neon. The obtained
waveforms were saved and analyzed later with different methods.

3.3.2 Heavy Ion Test Setup for 23LCV512

For the testing of the digital device – 23LCV512 – the SPI was wired to the board
inside the vacuum and the board was connected to power supply wires. The board
connections for the 23LC512 inside the vacuum are presented in Fig. 9. The power
supply was controlled with STS code, which is Radtest Ltd’s system controlling
software. With the STS code the board was given voltage of 3,3 V and current was
limited to 5 mA. The STS code was used to guard the device from the cases where
Single-Event Latchup might happen. In this situation the STS code turns the power
supply off before the latchup can damage the device. Outside the vacuum the SPI
was connected to C++ code which controlled the SPI and collected the SEUs. After
collecting the SEUs, the number of SEUs could be calculated from the raw data by
using SEU calculator made with Python. In Fig. 10 the setup is presented as a block
diagram.
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Figure 9. The board connections for 23LCV512 inside the vacuum.

Figure 10. Block diagram presenting the setup of the 23LCV512 testing.

SEU data collection protocol was started by reading the memory once with the
C++ code. After this the next step was to write a checkerboard pattern (01010101)
in to the memory. As mentioned before the memory has 64K x 8-bit organization so
the addresses had eight bits in total and the write function placed 01010101 pattern
in them. This corresponds to decimal number of 170. When the beam was turned
on during the measurement, the code was set in continuous read-write-mode. In
this mode the code kept writing the checkerboard pattern to the memory and before
each write command the memory was read and the addresses were saved. If SEU
happened, the decimal value of the affected address would change from 170. This is
how the SEUs were captured and with the Python code it was possible to calculate
how many times the value 170 was changed by looking at the read files obtained
from the measurement.
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The SRAM was tested with three ions – carbon, neon and argon. The LETs for
these ions can be seen in Table 1. From the company’s previously acquired data it
was possible to see the flux and fluence values that gave SEUs without triggering
SELs. From this previous data it was possible to see that the 23LCV512 was much
more sensitive than the LM124 and the flux and fluence could not be as high without
latchup happening. This is why the study was started with the flux of 103 ions/(s
cm�) and the fluence of 105 ions/cm�. These values worked well for the ions with
the lower LETs (carbon and neon). However, for argon this value of flux triggered
SEL immediately before any SEU data was obtained. This is why the flux was set
to 8·102 ions/(s cm�) and the fluence was set to 4·103 ions/cm�. With this flux and
fluence it was possible to avoid SEL and obtain SEUs for argon as well.

In the heavy ion experiments the previously stated test method was used for
all three of the ions and the test was run until the target fluence was reached or a
latchup happened. The read files were then read through the Python SEU calculator
from where the amount of SEUs was observed. This data was analyzed with the
Radtest Ltd’s previously acquired data. This previous data included more SEU data
for carbon and neon and in addition it had data for aluminium which was a useful
addition since its LET is 5.7 MeV/(mg/cm�) which is between neon and argon (Table
1). Because of the limited beam time it was not possible to acquire data from more
than three ions, so the previous data was useful in order to get wider range for the
analysis.

3.4 Pulsed Laser Testing

The laser testing part in this study was done with SEREEL2 pulsed laser testing
system in Radtest Ltd’s own facility. SEREEL2 is meant for simulating the impact of
heavy ions and to make it possible to do radiation testing without particle accelerators.
The high cost and limited availability of beam time are two important reasons for
the need to improve laser testing possibilities. SEREEL2 has also the advantage of
higher controllability compared to heavy ion testing as we are able to choose more
precisely where the laser is targeted. SEREEL2 system is shown in the Fig. 11.
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Figure 11. A) SEREEL2 pulsed laser testing system B) Closer image to the
inside of the SEREEL2 system.

In SEREEL2 – as in laser testing often – it is possible to change certain parameters.
For the objective lens the options are 5x, 20x, 50x and 100x and in this study for
that the choice was 50x lens. Other parameters used for all the measurements in
this study, were the wavelength of 1064 nm and the numerical aperture (NA) of 0.65.
The pulse duration was set to the width of 200 fs. For the study of the digital device
the pulse frequency was set to 200 Hz. The scans were done with Single-Photon
Absorption.

The parameters that were varied between the measurements were the step size
and pulse energy. For the step size the values of 2 µm and 5 µm were tested but all
the final scans were done with the spacing of 2 µm. For the digital device the pulse
energies were varied between different measurements to get comparison data from
these values. The pulse energies were changed from 1 nJ up to 6 nJ.
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With the known wavelength and numerical aperture the spot size of the laser
can be calculated. For this, the equation 4 is used and the following value can be
obtained

R = 1.22 · 1064nm

0.65 = 1.9970...µm

R ¥ 2.00 · µm

This equation gives the lateral diameter of the spot size and this spot size was
used in all the measurements. All the laser testing parameters are shown in Table 2.

Pulse duration 200 fs
Wavelength 1064 nm

Pulse frequency 200 Hz
Numerical aperture 0.65
Spot size (diameter) 2 µm

Step size 2 µm
Pulse energy 1–6 nJ

Table 2. The laser testing parameters used in this study.

For the operating system and user interface, SEREEL2 is combined with a
software called SEESIM. SEESIM can be used for defining scan patterns, scan rates
and pulse energies. It can also be used for analyzing the results and studying the
heat map of the device.

3.4.1 Pulsed Laser Test Setup for LM124

Because LM124 is a quadruple operational amplifier it was possible to focus just on
one of the four amplifiers since it can be assumed all four amplifiers would have the
same response. By scanning only one amplifier, a lot of time was saved compared
to scanning through the entire chip. In this scan the pulse energy was 2.06 nJ.
Other parameters were the same as shown in Table 2. In Fig. 12 is presented the
measurement setup for the LM124 testing inside the SEREEL2. The setup was
built in the exact same way as for the heavy ion testing and the block diagram
presentation of this is shown in Fig. 8. In this setup two different voltage sources
were used in order to give the device the dual voltage of ±10V and the output test
pins were connected to a PicoScope that collected the transients as voltage pulses.
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Figure 12. LM124 board setup inside SEREEL2.

In Fig. 13 is presented the heat map of the device. In this map the voltage
transients are seen so that the darkest red color represents the amplitudes up to
10 V – whether going positive or negative – and the lightest blue is closest to zero,
meaning that these areas have no voltage peaks. The map was created with SEESIM
and with this system it was possible to analyze and see the transients by clicking the
wanted area in the heat map. In this map it is possible to see already some possible
positions for the sensitive transistors but this is compared more in Section 4.

Figure 13. Heat map image of LM124 after the pulsed laser scanning with
SEREEL2. The zero level of voltage is shown in blue and high voltage transients
(up to 10V) are presented with the deep red color.
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3.4.2 Pulsed Laser Test Setup for 23LCV512

For the testing of the 23LCV512 the same codes and basic methodology used in
heavy ion testing were employed. The power supply was controlled again by using
the STS code, which provided the board the voltage of 3.3 V and limited the current
to 5 mA. The read-write methodology was implemented using C++ code, and SEUs
were collected accordingly. The saved data files were processed through the Python
code to calculate the number of SEUs. This measurement setup was presented in
Fig. 10. Just like with the heavy ion data, the checkerboard pattern was used as a
reference, and a change in the decimal number 170 indicated that SEU had occurred.
In Fig. 14 the 23LCV512 board and the device are shown inside the SEREEL2
system.

Figure 14. The 23LCV512 board setup inside SEREEL2.

For the laser testing of the 23LCV512 some things needed to be taken into
account since the previous study – for on top of which this study was built – was
only designed for heavy ion testing. Also it needed to be taken into account that
the structure of the chip was fairly unknown so it was not clear where the sensitive
areas were. With LM124 it was possible to focus on just one amplifier since the
amplifiers have the same functionality between each other. This way it was possible
to save scanning time. With 23LCV512 there was not as clear areas that could have
been eliminated from the scan due to similarities. It also would not have been time
efficient to scan the entire device multiple times with different pulse energies, so in
the beginning of the study the sensitive areas had to be located.
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The device was initially examined by conducting few scans in the areas with
different textures to determine if SEUs could be found. After some SEUs were
obtained with a pulse energy of 4.08 nJ, the entire board was scanned in ten sections
to identify the exact sensitive area. It was discovered that SEUs were obtained only
from the side of the chip which is shown as blue color in Fig. 15. The mosaic layout
in this figure has been built with the mosaic assembling code further described in
Section 3.4.3.

Figure 15. The layout of the 23LCV512 with the sensitive area marked in blue
and the memory cell areas marked in red.

Once the area was narrowed down, it was scanned multiple times with four
different pulse energies: 1.01 nJ, 2.13 nJ, 4.08 nJ, and 6.23 nJ. After collecting the
data, it was put through the Python SEU calculator and it was noted that SEUs
were found with all the pulse energies except for 1.01 nJ. Other than the pulse energy,
the parameters remained the same as shown in Table 2.

Since the C++ code for SEU collecting was designed for heavy ion testing it was
not perfectly synchronized with the laser scanning. The C++ code was slower at
reading and writing the data than the laser was at scanning the chip. The dead time
caused by the code was approximately half of the read time (2 s) and half of the
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write time (0.6 s). This is because SEU can happen while the read or write time
is going on and the SEU could be in these cases either not read or written on top
of. Some dead time also came from the time it took for the code to change between
the read and write operations. One possibility for tuning the code and the laser to
match, would be to make the laser scan slower, but due to time limitations this was
not possible. Also in this study the main point was to see the overall behavior of the
SEUs in the digital device and the dependence of the different pulse energies.

3.4.3 Mosaic Image of LM124

As a part of this master’s thesis one goal was to build a software application for the
mosaic tiling of the images acquired from the laser scanning. In the laser scanning
the chip area is filmed in tile images. Since the laser scanning step size often does
not align perfectly with the image sizes, the tiles can not be built together by simply
placing them next to each other. In the case that the step size is smaller than the
images, the image tiles need to be overlapped with each other to create the perfect
mosaic image. Matlab code created during this internship was able to take a folder
with the tiled images and create a mosaic as long as the overlap was known.

The interface that was created for this thesis is shown in Fig. 16. In this
application first step is to choose a folder with the tiled images. All images must be
the same size and type (png, tiff and jpg are supported). For the mosaic building
the amount of rows and columns – as well as the stitching pattern and the starting
point of the stitching – must be known. If the images overlap, the overlap number
needs to be placed either in pixels of percentages.

In addition to these it is possible to do flat-field correction, contrast enhancement
(increases the contrast) or Fourier filtering to the image. The flat-field correction –
where the intensity around the image is set to equal value – can be useful especially
in the case that the tiles have strong vignetting for example due to the camera lens.
The flat-field correction is done to each tile individually. The Fourier filtering has a
similar effect and it is also meant to even out the intensity across the image. Fourier
filtering in this case is done for the stitched mosaic. As an example of a built mosaic
that has been flat-field corrected, the Fig. 15 is presented. The colored areas were
added after the processing for the presentation of the scanned areas.

This application was used in the study for the comparison of heavy ions and
pulsed laser. From the pulsed laser scan for the LM124, the tile images were acquired.
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These tiles were built as a mosaic with the Matlab application and the resulting
image can be seen in the Fig. 17. This mosaic was used to identify and show the
places of the transistors that were studied for the SET comparison. With the circuit
diagram of the LM124 shown in Fig. 4 and by comparing this to several previous
studies [17, 20], it was possible to name the transistors in the built mosaic. This
made the pulsed laser analysis with SEESIM much easier.

Figure 16. Matlab interface created for the mosaic building of tiled images.

Figure 17. Mosaic image built with the Matlab interface with the transistors
named in the image.
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4 Results

In this section the results for both heavy ion and pulsed laser testing are processed
and analyzed. As the results and obtained effects were different for the two studied
devices (LM124 and 23LCV512), the data was also analyzed in different ways. When
possible, the analyzed data was compared between the heavy ion and pulsed laser
testing.

4.1 Analysis of the LM124 data

Five different LET values (shown in Table 1) were used in order to obtain transients
from the LM124 with heavy ions. With the lower LETs it can be seen that the
amount of transients was clearly lower. The SET cross sections are presented as a
function of LET in Fig. 18. These cross sections were calculated with the equation 1.
For the amount of events, the used value was the total number of transients collected
for each LET with the fluence of 106 ions/cm�.

In Fig. 18 the error estimations for SET cross sections are also presented. The
errors were calculated with the equation 2 where the error for number of events was
considered to follow Poisson’s distribution. Thus the error for events was estimated
by using the equation 3. Error for the fluence was approximated to be ±10 %. In
this graph it can be seen that the error is much higher for the lower LETs which
seems like a reasonable result since for these LETs much less data was collected and
thus the error margin increased.

In Fig. 18, the cross sections calculated with the amount of acquired transients
is shown. For lower LETs, such as carbon, lower cross section is observed. At higher
LETs, like xenon and krypton, saturation begins to occur, and the cross sections no
longer exhibit significant changes with increasing LET. It is important to note that
there is some possible error in these results. For instance, since no transients are
observed with neon, which has a higher LET than carbon, the error margin might
be the reason why a lower LET gives us transients while the higher one does not.

Fig. 18 shows that the obtained SET cross section does have similar shape and
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Figure 18. SET cross sections calculated from the heavy ion data presented as
a function of LET (flux of 1.5·104 ions/(s cm�) and fluence of 106 ions/cm�).

values compared to the previously measured SET cross section versus LET graph
found from the literature [21]. This previous study was done to the same operational
amplifier as used here. When comparing these graphs it is possible to see that the
saturation starts around the LET of 30 MeV/(mg/cm�) and the cross section stays
around the same after this. The cross section value reached in both this study and
the compared article is around 10≠3 cm�. Overall, when comparing the results in
this study to the literature, the results for the heavy ion testing looked promising.

From the heavy ion data several different shaped pulses were observed. However,
with just this data it is not possible to connect the pulse shapes to specific transistors.
This is where the pulsed laser testing analysis is needed. After the laser testing –
which has been detailed in Section 3.4.1 – the analysis was done for the laser data
with SEESIM. In SEESIM the heat map (Fig. 13) gave the locations of the most
sensitive areas in the amplifier. By pressing a certain spot in the heat map a type of
SET pulse specific to that area was shown. Just like with heavy ion testing several
different shapes of pulses were shown across the device. The parameters used for the
laser testing can be found in Table 2.

The mosaic image representing the layout of LM124 with the transistor places
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located (Fig. 17) was used as a map for finding the specific transistors. When the
transistor locations were known it was possible to press this location in SEESIM and
connect a pulse shape to a transistor. From the heavy ion data it was possible to
divide the pulse shapes in four categories. When studying the response from the
pulsed laser data the different transistors could also be categorized into these four
groups. The distribution of transistors in different groups is described in Table 3.

Group Transistor(s)
A Q18
B Q9, Q11, Q19
C Q2, Q3, Q4, Q5, Q20
D Q13, Q14

Table 3. The classification of the transistors according to their pulse shape.

The four groups of laser pulse shapes are shown in Fig. 19 with the xenon pulses
showed in red and the laser pulses in black and blue. Here only the transistors that
gave clear pulses were compared. The heavy ion data was obtained by using xenon
ions.

In Fig. 19 the group A type pulses were only found from the area of Q18. In the
heavy ion data this pyramid shape was only seen with very low amplitudes. Around
Q18 these low amplitude shapes were most common but higher amplitudes could also
be acquired with the pyramid shape. In this pulse shape it could be seen that with
the same amplitude, the laser data gave always pulses with larger width compared
to the heavy ion data.

For the group B it can be seen that the transistors Q11 and Q19 give a pulse
shape very close to the one obtained from the heavy ion data. Transistor Q9 gave
also a negative pulse but as can be seen the width of the pulse was clearly larger.
Also for the Q13 and Q14, in the group D, very similar pulse shapes are found
between the heavy ion and laser testing. However, in this case we did have more
changes in the amplitude in both heavy ion and pulsed laser data even though the
shape stayed the same.

Much like with the group A, the group C also shows larger width for the laser
data when the same amplitude is considered. Group C, which contains Q2, Q3, Q4,
Q5 and Q20, has more variations in the pulsed laser data shapes than the other
groups. Even though the laser data did vary, the pulses were placed under the same
category as the heavy ion data was not possible to be divided into more groups. All
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Figure 19. Comparison of Xe and pulsed laser induced SETs divided into four
groups based on the shape of the transient.

the pulses in both heavy ion and laser data had a positive amplitude and a small
dip to the negative values. The laser data could also be categorized under the same
group because those pulses had constantly wider widths compared to the heavy ion
data with the same amplitudes.

In addition to comparing the heavy ion and laser data with each other, the data
could also be compared to a similar study done before. In [20] the same device
(LM124) was irradiated with heavy ions and pulse-laser and as a result it can be
seen that similar pulse shapes were acquired. Few different transistors were covered
here that were not part of the previous study and vice versa. For the group A and
B graphs it is possible to see similar shapes – with the exception that Q11 was not
studied before. In both studies also the shape of the group D was found. However,
in [20] this shape was identified from the transistor Q16 from which in this study we
did not get clear pulse shape.

Another difference between these studies was that in [20] Q20 was separate from
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the rest of the group C. For this study the heavy ion data did not present clear enough
differences for the positive pulses in this category. Even though with the pulsed laser
data alone the separation could have done, it was not possible when heavy ion data
was considered as well. The possible reason for the differences between these shapes
could be the changes in the manufacturing. Since the article was made in 2004, it is
possible that some changes have happened since this. One reason to suspect this is
the observed changes in the layout of the device. This can be seen when comparing
Fig. 17 in this study and the equivalent photomicrograph of LM124 presented in the
article [20]. Between these layouts it can be seen that the physical appearance of
the device has changed so it is possible that the functionality of the transistors has
changed as well.

Now that the heavy ion data has been connected to specific transistors, it can
be also useful to compare the amount of pulses obtained for different shapes and
different ions. In Fig. 20 the amount of pulse shapes is shown as a histogram. These
transients were observed with the flux of 1.5·104 ions/(s cm�) and the fluence of 106

ions/cm�.
From Fig. 20 it can be seen that the shapes of group C and D are the most

seen pulses in the heavy ion data. Partly this can be because the trigger level in
PicoScope was set to +2 V. This meant that the first transients recorded had to
always have the minimum amplitude of +2 V. Therefore, in addition it was possible
to obtain transients with lower or negative amplitudes only after the first transient
was triggered. This means that the group A and B pulses were never seen as the
first transient in the PicoScope data but rather as an additional transients. The
high amount of group C could also be explained with the fact that this group covers
several transistors.

In the histogram the differences between the ions can also be studied. Between
xenon and krypton we have very similar amount of pulses in all the categories. This
also aligns well with the SET cross section results where the saturation happened
around these values of LET. For argon only the group C and D SETs were seen. An
interesting feature about the argon data was that the group C pulses were clearly
observed more than group D pulses whereas for krypton and xenon data group D
was the largest and the difference was not so clear. In the histogram the one carbon
pulse is shown and it is in the shape group C.

For the pulse shape groups C and D, the SET cross section graphs are shown
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Figure 20. Histogram presentation for the distribution of different pulse types
collected with the flux of 1.5*104 ions/(s cm�) and fluence of 106 ions/cm�.

together with the total SET cross section graph in Fig. 21. In this figure it can be
seen that for the group D the SET cross section has the same shape as for the total
cross section. For the group C the argon value is slightly higher as could be seen
from Fig. 20 as well. This could mean that in the group C there are transistors that
are more sensitive since the lower LET is enough to trigger this type of SETs.

The SET cross sections in Fig. 21 were calculated with the equation 1. The error
estimation was done similarly to the Fig. 18 with the equation 3 for the error of the
number of events and 2 for the whole cross section. Here it can be seen that the error
bars are much higher for the argon cross sections. This is due to the fact that for
argon, much less events were detected even though the fluence remained the same.

Because of the technical constraints, only one trigger level was used meaning that
for the groups A and B it is impossible to know the actual number of events since
these were never triggered as the main transient. This is why the cross sections were
not calculated for the groups A and B since the value calculated with this number of
events would not be accurate.
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Figure 21. SET cross sections for the most commonly seen pulse types and the
total SET cross section presented as a function of LET (flux of 1.5·104 ions/(s
cm�) and fluence of 106 ions/cm�).

There could be many possible reasons for why we see certain type of pulses
with the heavy ion. Some transistors could be more sensitive to the radiation and
especially in the groups with multiple transistors it is possible that some contribute
more than others. Also the shapes seen with the lower LETs are interesting for the
analysis, as it can be so that these transistors that show pulses even with the lower
LET are more sensitive.

4.2 Analysis of the 23LCV512 data

The second device – 23LCV512 – in this study was a memory hence the data collected
from this was SEU data. SEUs were detected with several different LETs during the
heavy ion testing. This part of the study was built on top of previously collected
data from a study done by Radtest Ltd for the same device. By using this data as a
reference, low enough values for flux (103 ions/(s cm�)) and fluence (105 ions/cm�)
were chosen to avoid SELs and to ensure the detection of SEUs. For the higher LET
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these values were lowered even more to avoid latchups. The SEUs detected with the
heavy ion testing were mostly SBUs but few MBUs (2-bit or 3-bit upsets) were also
detected. SEUs were detected with carbon, neon and argon, which were also used in
the previous data along with aluminium. LET values for these can be found from
Table 1.

With the amount of SEUs and the reached fluence, the SEU cross sections can
be calculated. For the calculation of the SEU cross section the equation 1 was used
as follows

‡SEU = NSEU

� . (9)

where the amount of SEUs and the reached fluences from different runs were
summed for each LET value. The SEU cross sections for the heavy ion data are
presented as a function of LET in Fig. 22.

Figure 22. SEU heavy ion cross section as a function of LET (flux of 103 ions/(s
cm�) and fluence of 105 ions/cm�).

As can be seen from Fig. 22, the cross section increases rapidly after neon (LET
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= 3.3 MeV/(mg/cm�)) and at the LETs around 10 MeV/(mg/cm�) the growth slows
down. So around the LET of 10 MeV/(mg/cm�) it is possible that some saturation is
already seen. However, it is important to note that there is an amount of uncertainty
in this measurement. Good implication for this data was that it aligned well with
the data from the company’s previous study. The new study added the argon data
to the previous values which shows the possible saturation at approximately LET
of 10 MeV/(mg/cm�). This could not be seen previously as the highest LET was
for aluminium (LET = 5.7 MeV/(mg/cm�)). The previously acquired results also
supported this study since aluminium was a good addition to show the possible
behavior of the cross section between neon and argon.

Since no similar previous study for the 23LCV512 has been published, there is
no literature data to compare this directly to. For other types of SRAM memories,
this type of SEU analysis has been done and in [22] is shown similar graphs for
other SRAM memories. Even though the devices are different, it is possible to see
similarities between these SEU cross sections. In both this study and [22] the cross
sections increase rapidly up to the LET of 10 MeV/(mg/cm�). In both studies the
cross section values around this LET are in between 0.01 cm2 and 0.1 cm2.

The previously conducted SRAM study for the 23LCV512 at Radtest Ltd was
done only with heavy ions as mentioned earlier. Now in addition to this, pulsed laser
SEU data was acquired in this study. When scanning the sensitive area of the device
with different pulse energies, a threshold for triggering SEUs could be found from
between 1.01 nJ and 2.13 nJ. With 1.01 nJ, no SEUs were detected while scanning
the sensitive area. The entire chip was also scanned with the 1.01 nJ energy to make
sure of the threshold and no SEUs were detected this time either. For the 2.13 nJ,
4.08 nJ and 6.23 nJ scans we were able to trigger SEUs. However, since the test
method was originally designed for heavy ion testing the results were not exactly in
the same format as for the heavy ions.

From the laser data, it was observed that, instead of acquiring mostly SBUs –
as happened in the heavy ion testing – the majority of the data consisted of 4-bit
upsets. With closer examination, it was found that this occurs because once a
reading exhibits a 4-bit upset, all subsequent addresses remain at the altered value.
In this case, the checkerboard pattern (01010101) written to the memory changes to
all ones (11111111). One possible reason for this could be that, unlike with heavy
ions, the upsets are not being triggered in the memory cells. Currently, upsets are
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being observed only on the side of the chip, as shown in blue in Fig. 15. However,
the areas where SEUs are triggered by heavy ions are probably in the memory cell
areas, marked as red in Fig. 15. These areas have metallization, meaning that with
front-side testing, which was conducted here, it is not possible to cause any effects
in those areas when using the laser.

Because the SRAM gives all ones after an effect happens, total of millions of
upsets are obtained from the Python calculator. Since most of these upsets happen
after one change in the address, the amount of upsets acquired with the heavy ions
and with the laser are not comparable in the same way. Instead of looking at the
amount of SEUs that can calculated from the laser data, it is possible to look at
the amount of readings that have upsets. This is a better way to examine the laser
results since the change from the checkerboard to all ones only happens once per
reading.

There is a level of uncertainty that comes to the measurement from looking at
only the amount of readings. After the 4-bit flip happens the value can not change
anymore until new reading is done. This means that if another SEU would happen
after the reading has already changed value once, the second SEU would not be
recorded. This increases the dead time of the measurement. Besides this there is
also dead time during the read and write operations in which the SEU would not be
recorded. With the read operation the dead time means that the SEU can happen
in the area that has already been read and saved in a READ file. With the write
operation if the SEU happens before writing, the write operation can rewrite on top
of the SEU data. In both of these cases the dead time can be approximated to be
about half of the operation time.

With the laser, there is no clear fluence like with heavy ions. However, with the
equation 8 the equivalent fluence could be calculated. In this equation the frequency,
summed scan times and the scan area were known. Since it was possible to obtain
the equivalent fluence, the SEU cross section for pulsed laser testing could also be
calculated. For this the equation 7 was used as follows

‡SEU = NSEU · S

ftscan
. (10)

In this equation the NSEU was the summed amount of all the SEUs (or in this
case amount of all the readings that had SEUs) for each energy, S was the scan area
(shown blue in Fig. 15), f was the pulse frequency and tscan was the summed scan
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time of all the measurements. When considering the scan time, the dead time needed
to be taken into account. Because of the read and write operations, the dead time
was approximated to be half of the scan time and this was reduced from the total
scan time.

The cross sections were calculated with the amount of readings that showed SEUs.
These cross sections are shown in Fig. 23 as a function of LET. From this figure it
can be seen that the cross sections are much lower for the laser than for the heavy
ions which can be partly because only the side of the chip can be effected with the
laser. Some similarities can be seen with the graph shapes between laser and heavy
ion data as the lower pulse energies offer a possibility for higher increase of the cross
section while with the higher pulse energies the development starts to flatten slightly.

Figure 23. SEU laser cross section as a function of the laser pulse energy.

For the laser testing of 23LCV512 there could be few useful developments for
the future. In order to understand the SEU trend better it might be good to add
even higher energies to see if the curve does in fact saturate. However, since with
6.23 nJ we did already acquire millions of SEUs it could be a problem to go to even
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higher energies without destroying the device. Another possible improvement for this
SEU testing could be to do backside testing for the device. Since the metallization
of the cell memory areas could be a reason why we do not get similar SEU data
compared to the heavy ion testing, performing a backside testing could help. Also
for SEL study the backside testing might be a great possibility. The development of
the methodology and possibly reducing the dead time could also help with the SEU
study. One option for reducing the dead time could be by slowing the scanning pace
in order to tune the C++ code better to the rhythm of the laser. The problem in
this is that it can be very time consuming.
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5 Conclusions

The results obtained from this study gave some good comparison data for the heavy
ions and pulsed laser testing. Especially since for this specific laser system, SEREEL2,
this type of comparison study has not been done before so this study gives a good
base for future work. For Radtest Ltd this study also provided the mosaic building
code in addition to the obtained data.

For the LM124, the heavy ion testing revealed that SET cross sections increase
with the LET values up to a certain point, after which saturation occurs. This is
consistent with literature findings where saturation typically begins around a LET
of 30 MeV/(mg/cm�) [21]. The study also showed that the different pulse shapes
were possible to be compared from the pulsed laser and heavy ion data. The shapes
connected reasonably well between the two testing methods and similarities could be
seen with a previous study [20] done for the same device.

The analysis of 23LCV512 SRAM highlighted the challenges in correlating SEU
cross sections from heavy ion and laser testing. Unlike with LM124 testing, with
23LCV512 it was noted that the same testing setup did not work perfectly for both
methods. With the heavy ion data, it is possible to create SEU cross section graph
that is similar to SEU cross sections observed in literature [22]. Since the laser and
heavy ion data were not in the same format, the comparison between these methods
was not entirely comprehensive. In order to obtain better results from the laser
testing the SEU collecting code could be tuned to match the laser setup better.

Overall, the study suggests that some promising comparison results can be
obtained from between the SEREEL2 pulsed laser testing system and heavy ion
data. With some tuning on the test methods – especially for 23LCV512 – even more
accurate data could be observed.
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6 Future Work

As already mentioned in Section 5 there are several possible options to further
continue this study. For the LM124, an interesting continuation could be to study
the dependence of laser pulse energies and LET with the SEREEL2. Seeing how
the different pulse shapes act as the laser pulse energy is changed, could give some
interesting results. One question in this would be whether similar effect as with the
heavy ions – where high LET gives larger variety different shapes than low LET –
is observed with laser testing. This way it might be possible to see further which
transistors are most sensitive and if this kind of analysis is possible to do with pulsed
laser.

For 23LCV512 study, there are several possible ways to further develop the testing.
In the testing method itself the practical way of developing it further would be to
integrate the SEU collecting code and the SEU calculator. This could help with both
the heavy ion and laser testing. Also the code could be tuned better for the laser
testing purposes. Adjusting the laser testing parameters – by for example increasing
the pulse duration – could reduce dead time and give better results. Though it is
good to note that this will also increase the overall scan time so its usefulness is
dependent on the purposes of the future study. Overall, compared to the LM124
study, the method of the 23LCV512 study itself could use more development in the
future.

One useful approach for the future study of the 23LCV512 – or similar memory
devices – could be backside testing. In order to get comparable data from both
heavy ion and pulsed laser testing the same parts need to be hit. Since currently the
metallization of the front-side is the problem when it comes to hitting the memory
cell areas, doing the testing from the backside could be a solution for this. Thus
backside testing could provide more comparable data.
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