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ABSTRACT

This work describes the new facility for applied nuclear physics at the University of Sao Paulo, mainly for irradiation of electronic devices. It is
a setup composed of a quadrupole doublet for beam focusing/defocusing plus multiple scattering through gold foils to produce low intensity,
large-area, and high-uniformity heavy-ion beams from 'H to '’ Ag. Beam intensities can be easily adjusted from 10 particles cm?/s to
hundreds of nA for an area as large as 2.0 cm? and uniformity better than 90%. Its irradiation chamber has a high-precision motorized stage,
and the system is controlled by a LabView™ environment, allowing measurement automation. Design considerations and examples of use

are presented.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138644

I. INTRODUCTION

The increasing use of semiconductor devices for high relia-
bility applications subjected to ionizing radiation has led to the
study of the degradation of such systems exposed to different types,
energies, doses, and/or fluxes of ionizing radiation.' Although the
initial concern was related to aerospace applications,' the develop-
ment of more powerful particle accelerators has also shown the need
for radiation-tolerant front-end electronics for nuclear and particle
physics.’

From encapsulation contaminants to cosmic rays and
accelerator-based sources,”” the investigations of the effects of
ionizing radiation on electronic devices were conducted by both
research institutions and private companies in order to establish the
response of devices to each type of radiation and the development

of mitigation techniques of these effects by means of physical and/or
logical design.” * With the evolution of electronic device technolo-
gies and materials, the response to the effects of ionizing radiation
can be different, asking for new hardening approaches, thus making
this field of research a continuously growing one.

Regarding aerospace applications, satellites over South Amer-
ica are subjected to an increased particle flux (mainly protons) due
to the South Atlantic Magnetic Anomaly,’ a terrestrial magnetic field
deformation that causes higher particle fluxes at lower altitudes. For
countries in this region that need operational satellites for commu-
nication and territorial monitoring, such satellites must be built with
radiation-tolerant electronic devices to ensure long-term operation
and reliability.

Outside the domain of semiconductor applications, a heavy-
ion beam irradiation facility in the MeV energy range is necessary
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to conduct experiments of radiation effects on polymers,'’ ceram-
ics,'"'” metals, and alloys,”’1 0 allowing the study of phase changes,
modifications in mechanical and optical properties, and the sim-
ulation of neutron environments,"” as higher particle ranges than
those obtained with ion implanters provide a near-constant dose
near the material surface. Materials science applications also
include ion beam analysis techniques'®'” and their damage effects
on cultural heritage objects.” On the other hand, the devel-
opment of irradiation facilities opens a wide range of applica-
tions, such as radio-biology'’ ' and the testing of radio-protective
drugs.”

In order to develop studies of radiation effects on materials,
mainly in semiconductor electronic devices, the use of appropriate
radiation fields ensures data quality, comprehensive experiments,
and testing efficiency. In semiconductor devices, the radiation effects
of interest and experimental methods for each kind of test are
described in Secs. I A and I B.

A. Radiation effects on electronic devices

The ionizing radiation effects on electronic devices can be
divided into three main categories: total ionizing dose (TID), dis-
placement damages (DD), and single event effects (SEEs), with TID
and DD cumulative effects and SEE stochastic.”*’ The most notable
differences between these categories are in the energy deposition
density and the behavior of the generated charge in the semicon-
ductor.

The total ionizing dose effects are deterministic and related
to the total deposited energy during device operation. Although all
ionizing radiation can cause TID effects, most considerations deal
with photons, electrons, and protons, as their low energy depo-
sition density does not create a high concentration of electron-
hole pairs to trigger SEE. The charge generated by radiation is
trapped in defects in the SiO; layer or at the Si/SiO; interface. This
charge accumulation may modify the electrical properties of the
device.

Displacement damages occur when an impinging particle, a
proton, a neutron, or a heavy ion, for example, dislocates an
atom of the semiconductor’s crystalline structure, thus creating
an energy level in the semiconductor bandgap and, therefore,
affecting its electrical parameters. On structural materials (metals,
alloys, and ceramics), displacement damages can affect mechanical
properties.

Single-event effects (SEEs) are stochastic effects caused mainly
by heavy-ions due to their high stopping power, which leads to
a large quantity of energy deposited through ionization along its
path in a semiconductor device. If this energy deposition occurs
in a device’s sensitive node, a large number of charge carriers may
be enough to result in an unexpected signal or even to activate a
state of high current that could permanently damage the device.””
While less frequent, SEE can also be triggered by recoils or nuclear
reaction products of proton, neutron, or heavy ion interactions”*
or even by direct ionization caused by protons in very sensitive
technologies.”

SEE can be divided into destructive and non-destructive effects,
and this classification depends mainly on device characteristics.
Among the destructive events, the single-event burnout occurs in
power devices when an ion creates a charge carrier density large
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enough to trigger a permanent conducting channel; the most impor-
tant non-destructive events are Single-Event Transients (SET), a
current pulse generated by deposited energy in the presence of an
electric field, and Single (or Multiple) Bit Upsets (SBU-MBU), when
a SET modifies the logic state of a bit. From the physics point of
view, the modeling of SEE depends not only on device characteris-
tics but also on energy deposition 3D profile and ion impact position
in a way that exhaustive experiments in different conditions may
significantly improve the models’ accuracy.”® **

B. Experimental methods

TID effects are usually studied with photon sources (gamma
and x-rays), as well as electron accelerators. Displacement damage
investigations are done mainly in neutron and proton irradiation
facilities.”

The most common way of studying SEE is using heavy-ion par-
ticle accelerators, although alternative techniques, such as using « or
fission fragment sources (such as **! Am and **>Cf) or highly focused
lasers to mimic the high-density electron-hole pair creation,” are
used due to their simplicity compared to an accelerator operation
and/or schedule.

As SEE occurrence depends upon energy deposition density,
it is common to characterize a device’s response as a function of
energy deposition per unity along the path in the device (the Linear
Energy Transfer—LET), which varies with ion species and energy.
For a complete characterization and device qualification for space
applications,” LET values should be as high as 120 MeV cm’/mg,
but it is not necessary to investigate charge collection phenomena,
structural influence, and testing of mitigation techniques.

There are some standards for radiation testing of SEE using
heavy-ion particle accelerators” "' to ensure data without severe
accuracy errors and proper comparison between different laborato-
ries. Some recommendations are as follows:

e Low ion flux: for SEE studies, usually between 10? and 10°
ions/cm?s. The ion flux should be adjusted according to
device readout time.””

e High coverage area: 1-2 cm diameter beam to cover the
entire area of the device and also the beam monitoring sys-
tem. This is not a crucial characteristic when dealing with
small size devices, but mandatory when dealing with large
samples Field Programmable Gate Arrays [(FPGAs), for
example].

e High uniformity: spatial intensity and energy variations
should not exceed 10%.

e Long ion ranges: at least 30 ym of silicon is required by ESA
and NASA for device qualification. However, several studies
are usually conducted with shorter ranges.

Although these characteristics are also adequate for irradiation
of biological materials, there is a need for higher particle fluxes when
investigating displacement damages in both electronic devices and
structural materials, thus calling for a design that could provide both
operation modes.

As the standard configuration of an accelerator for nuclear
physics delivers a very intense beam on a small area, it is necessary
to modify the beam characteristics. The first SEE studies carried out
in Brazil used a Rutherford scattering setup to achieve the desired
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characteristics.”” This setup, however, was not adequate to obtain
higher fluxes, and the lack of a sample manipulation system, pro-
cess automation, better uniformity, and a multi-purpose character
for applied nuclear physics led to the development of the SAFI-
IRA setup.””” SAFIIRA design details are presented in Sec. II, its
main features in Sec. III, and some applications for irradiation of
electronic devices in Sec. I'V.

Il. SYSTEM DESIGN

To achieve the desired beam enlargement and uniformity, two
methods are common: beam defocusing, as in Ref. 36, and multiple
scattering by thin foils, as in Refs. 37-39. A defocusing technique is
dependent on beam emittance, focusing capability, and collimation
systems, allowing us to tune beam intensity and uniformity through
better or worse focus. First order ion optics calculations are enough
to determine optimal configuration,”” but this technique is not prac-
tical to easily reduce particle flux to ~10? ions cm?/s. The multiple
scattering method is based on many low-angle scatterings that occur
as a particle passes through a target foil. The scattering probability
follows a Poisson distribution, and thus, thicker targets have higher
scattering probabilities at the cost of elevated beam energy loss and
straggling.”’

From the many theoretical descriptions of the particle distri-
bution emerging from a thin target,"”” the most adequate for the
low-energy case is the one developed by Meyer.” Given that the
beam energy (in keV) satisfies the relation E < 25A12fZ§, where
Ay and Z; are the mass and the atomic number of the projec-
tile and Z, the atomic number of the target, Meyer uses classi-
cal mechanics to determine the emerging distribution. This result
was used by Montenegro et al.”’ to propose a multiple scattering
method to obtain a large and uniform proton beam, where the
uniformity coefficient ¢ is defined as the difference between the
maximum and minimum probability of a particle hitting an spe-
cific area, divided by twice its mean probability [Eq. (1)], and can
be calculated given the setup characteristics. Expanding their the-
oretical expression to any ion, the theoretical value for a given
situation is given by Eq. (2) for an incident beam of energy E
and Z = Z;, delimited by a collimator of diameter D, scat-
tered through a foil of thickness represented by ™ and Z = Z,,
and observed at a distance R, where g(7) is a tabulated function
by Meyer,”’

Pmax - Pmin
=== 77 1
& 2(P) (1)
Quadrupole Slits + Collimator+
doublet Faraday Cup Foil Set 1
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. tanh( 2,26 x 107
f = 23 23
Z%Z%(Zl/ +Z2/ )g(1)?

(DE/R)Z). )

Smaller values of & correspond to smaller differences between
maximum and minimum values of particle’s position probability
density function and thus to a more uniform beam. In addition, a rel-
ative beam current decrease I/Iy can be derived from the expressions
of uniformity,

2¢
L ()
Io 1+ £f

Beam optics simulations have shown that the defocusing
method was not adequate for reducing the beam intensity to desired
levels, given the construction restraints. Calculations using Eqs. (1)-
(3) have also shown an insufficient flux reduction in the simulated
configurations, despite good uniformity values. To work around
these problems, a combination of these two methods is proposed,
inspired by Ref. 39 and using the beamline quadrupole doublet as
the element responsible for beam focusing/defocusing. A scheme for
the mixed-setup is shown in Fig. 1. In this configuration, the set slits
+ Faraday cup is the first beam monitoring element after the beam-
line quadrupole. After this set, there are two vacuum chambers, each
one containing a set of collimator + gold foil (scatterer). In this way,
the beam focusing at the slits results in a diverging beam at the first
collimator, which greatly reduces the beam intensity. The first scat-
tering foil is responsible for enlarging once more the beam for a new
intensity reduction at the second collimator. The second scattering
foil is used then to widen the beam particle distribution and make it
uniform.

To determine the best positions to place the Faraday cup, scat-
tering foils and irradiation chamber, and also the foil thicknesses,
first-order transport and Monte Carlo simulations using transport
of ions in matter (TRIM)"' were conducted for 50 MeV ‘2C ions
and 70 MeV *8Si. Figure 2 shows the simulated particle distribution
at the irradiation plane for 50 MeV ">C ions and both 1.5 mg/cm®
thick foils, and Figs. 3 and 4 present, respectively, the uniformity
and transmittance dependence on foil thicknesses for 50 MeV '2C
ions.

As shown in these figures, due to the collimator in front of the
second scattering foil, the first foil thickness only influences beam
transmittance and the second foil is responsible for the beam uni-
formization. The transmittance in the defocusing section depends
on beam emittance, but it was 5% in this setup. The intensity
reduction in sectors II and III is strongly dependent on beam
species, energy, and scattering foil thickness. In general, between
the two gold foils, transmittance ranges from 14% to 0.1%, and

Irradiation
Chamber

Collimator+
Foil Set 2

FIG. 1. Schematic drawing of the defocusing-multiple scattering method. Distances in meters.
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FIG. 2. Simulated particle distribution at the irradiation plane for 50 MeV '2C ions
and both gold foils of 1.5 mg/cm?.
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FIG. 3. Uniformity dependence on gold foil thicknesses for 50 MeV 12C ions.

Beam Transmittance - 2C 50 MeV

Transmittance (%)

FIG. 4. Transmittance dependence on gold foil thicknesses for 50 MeV 2C ions.
Reprinted with permission from Seixas et al., “New setup for SEE measurements
in South America,” in 17th European Conference on Radiation and Its Effects on
Components and Systems (RADECS). Copyright 2017 IEEE.*
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between the second foil and irradiation chamber, it ranges from
82% to 2%.

I1l. SAFIIRA FACILITY
A. Structure

The facility scheme is shown in Fig. 5. It is installed at the zero-
degree beamline in the Nuclear Physics Open Laboratory of Univer-
sity of Sao Paulo (LAFN-USP) in Brazil. The laboratory houses an
8 MV Pelletron accelerator equipped with a cesium sputtering ion
source, providing heavy-ion beams from 'H to ' Ag and energies
from 10 MeV to 125 MeV, allowing surface LET values in silicon
between 0.02 and 50 MeV cm”/mg.

SAFIIRA is composed of three sectors: a focusing sector (I), a
scattering sector (II), and an irradiation sector (III). Sector I starts at
the laboratory’s switching magnet (1) and comprises the quadrupole
doublet (2) for beam focusing/defocusing, a pair of trimmers to
adjust the beam trajectory (3), an ion pump (4), and the beam diag-
nostics elements: a wire scanner (5), a four-motorized-slits set (6),
and the Faraday cup (7). Sector II starts at the gate valve (8) and is
composed of a ceramic insulator (9), a 67 /s turbo molecular vac-
uum pump (11), and the two scattering chambers (10 and 12), each
one with a set of 1.5 mm Ta collimator and 2 Au scattering foils. In
the first chamber, the flux control system composed of a surface bar-
rier detector is also located. The third sector is composed of a gate
valve (13), the irradiation chamber (14) and its accessories, a 260 1/s
turbo molecular vacuum pump (15), and a port with thin foil for
obtaining an external beam (16).

The operation consists in focusing the ion beam in the set slits +
Faraday cup; therefore, the beam will be defocused at the first cham-
ber. Changing the focus, it is possible to increase or decrease the ion
flux. Each chamber contains two gold foils to scatter the beam, and
the choice between them is the compromise between energy loss and
flux reduction, for the first set, and energy loss and uniformity, for
the second set.

The irradiation chamber (Fig. 6) is a 50 cm diameter stainless
steel chamber with six 6 flanges, a 4 1/2"” beam exit flange, and
several KF flanges. Its main features are

o shielded 50-pin DB, 32 pin circular, and BNC feedthroughs;

e a proportional gas chamber for elastic recoil detection anal-
ysis (ERDA) at 45°%

e a 25 um-1.0° precision 4-axis motorized stage for sample
manipulation;

o standard NIM-CAMAC electronics;

e a1 GHz oscilloscope for device characterization;

e a National Instruments-PCI eXtension for Instrumenta-
tion (NI-PXI)* station for device electrical characterization,
sample control, and data acquisition;

e a Mylar beam exit window for in-air irradiations;

e a CCD camera for observation from the control room;

e a ?*' Am alpha-particle source for low-LET irradiation and
off-line device readout testing; and

o surface barrier detectors for flux calibration and RBS analy-
sis.

B. Software control

Several features in the new setup were developed in
a LabView™ environment, allowing process automation and
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FIG. 5. A schematic (not in scale) view of the new beam line (see text for references). Reprinted with permission from Seixas et al., “New setup for SEE measurements in
South America,” in 17th European Conference on Radiation and Its Effects on Components and Systems (RADECS). Copyright 2017 IEEE.*

reproducibility. Serial communication was used for the motorized
stage control and a NI-DAQ-MX"® module for data acquisition and
digital I/O. These tools were used in a spectrum acquisition software,
a motion control software, a scanning software, and a slit control
software. A NI-FGEN 5406 was used as a configurable digital pulse
generator unit.

The spectrum acquisition software consists of four parallel
finite state machines (FSMs): the first one is a timer, the second
one is a user-interface state machine that waits for a user com-
mand (“play,” “stop,” etc.) to send control for the other machines.
The third FSM is responsible for normalizer counting (as described
in Sec. III C) and for acquiring spectral data and buffering it into
an array. The analog value is read from an amplifier output, only
when a trigger signal was also received, therefore needing a timing
single-channel analyzer. The fourth FSM refreshes the spectra and
sums up counts in a given interval. It can be run in free-mode in
which data acquisition stops by user command, in fixed-time mode,
fixed-counts, or fixed-peak-counts. As the acquisition is stopped, the
beamline Faraday cup (no. 7 in Fig. 5) can be automatically inserted
for a precise dose control.

The motion control software consists of a loop that configures
the last position and data files and waits for the user command. As
the command, such as “move to x = 0 mm, y = 2 mm, z = 10 mm,

FIG. 6. Internal view of the irradiation chamber with the sample holder attached to
the motorized stage.

6 =45"°, is received, it is processed by a finite state machine respon-
sible for moving x, y, z, and the 6 axis, in that order, and saving each
new position in recovery files. The final state of the sequence draws
the new position on the screen. Sample holder, sample position in it,
and pre-defined positions are configurable options.

Scanning software was developed for uniformity characteriza-
tion and has been used since then for applications. It is a combina-
tion of spectrum acquisition and motion control. The whole spectra
acquisition is then comprised in one state of the motion control
machine after all movements were finished. The configuration step
in motion control software includes then the initial and final posi-
tion setup, step sizes, and stop option (elapsed time or number of
counts). Output files include a general file of position-time-counts
and detector spectra for each position. A simplified flow chart of the
scanning software is shown in Fig. 7.

Slit control software is responsible for NEC motorized slits con-
trol"® and beam current readout. A pulse generator allows us to
insert pulses from —10 V to 10 V up to 10 MHz in any system. It
features sine, square, sawtooth, Gaussian (uni and bipolar), delta,
fast NIM, and configurable exponential decay pulses to match detec-
tor characteristics for instrument testing, dead-time measurement,
noise insertion, etc.

C. Flux control

The flux control methodology is the one described in Ref. 39,
where its reliability is also shown. It is done employing two silicon
surface barrier particle detectors, one placed at an angle (typically
30-45°) relative to the first scattering foil—the normalizer (N), and
the other one at irradiation position (IR), delimited by a collimator
of area A. These two detectors are used to obtain a calibration factor,
defined as
countsir

f= (4)

A X countsy

The calibration measurement is done for enough time to obtain
a relative uncertainty in f below 5%. For the irradiation procedure,
the IR detector is moved away from the target using the motor-
ized stage, and the particle fluence is obtained as the product of
the calibration factor f and the counts in the normalizer detector.
Real-time response is also shown in the acquisition software for flux
monitoring, a special issue when dealing with heavier ions such as
Cu or Ag, as in such cases beam intensity may decrease during the
experiment.

When the beam flux is changed by focusing/defocusing using
quadrupoles located before the laboratory switching magnet, the
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FIG. 7. Flux diagram of scanning software developed in LabView.

calibration factor remains the same up to 10% variation, allowing a proper choice of the second scattering foil thickness, allowing the
fast beam tuning. irradiation of samples with area up to 2.0 cm?.
D. Beam uniformity IV. APPLICATIONS FOR IRRADIATION

OF ELECTRONIC DEVICES

Beam uniformity measurements were performed by moving

the IR detector with a 0.5 mm collimator in a 2 x 2 cm” area with the In this section, some of the results for the irradiation of elec-
aid of the scanning software. Several ion-energy-scatterer combina- tronic devices obtained in the new beamline are presented. To deter-
tions were tested. Results are presented in Figs. 8 and 9, normalized =~ mine the irradiation position of a fixed sample with respect to a
by the counts in the detector at the first chamber, and Tables I and 0.5 mm collimator in the motorized stage, an annular surface barrier
IL. silicon detector was placed in front of the sample. Scanning soft-

As smaller uniformity values ¢ represent more uniform beams, ware was then used to find the inner edge of the detector in order
these results show that adequate uniformity values for these experi- to determine the sample irradiation position based on the collima-

ments can be achieved for several heavy-ion beams and energies with tor position. The scanning was done with 1.0 mm steps in the x and
y directions, and the results in Fig. 10 show intensity counts in the

: 19
Beam Profile F 49 MeV Beam Profile - 63Cu 78 MeV
2 0
5 =
o >
v S
°
8 :
£ g
g s
FIG. 8. Normalized particle distribution for 49 MeV '°F ions with gold foil F, = FIG. 9. Normalized particle distribution for 78 MeV ®*Cu ions with gold foil
0.55 mg/cm?. F, = 0.65 mg/cm?.
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TABLE I. Uniformity measurements for 1°0 42 MeV ion beams and varying second
foil thickness.

Second foil thickness (mg/cm?) Uniformity
0.65(6) 0.146(9)
1.30(13) 0.0787(20)
0.66(7)" 0.096(15)

*Using just the first foil set.

TABLE II. Uniformity measurements for several heavy-ion beams and second foil
thickness of 0.65 mg/cm?.

Ion Energy (MeV) Uniformity
2c 35 0.163(16)
50 35 0.139(22)
8gj 47 0.096(41)
el 42 0.09(5)
$Cu 78 0.05(6)

detector as a function of the collimator position. The asymmetry
seen in this figure is due to the sample position regarding the center
of the scanning area.

Regarding the study of radiation effects on commercial elec-
tronic devices, several experiments have been done with analog
and digital devices, mainly for single event effect device character-
ization, mitigation techniques development, and charge collection
modeling.”*’

The results of ion beam irradiations on a 28 nm SRAM FPGA
are presented in Fig. 11 where the configuration bit-flips were
recorded to obtain the single event upset cross section.”’ The cross
section dependence for the '>C and °F ions reflects the device struc-
ture and influence on charge collection. The characteristics of an
electrostatic accelerator make it easy to change beam species and/or

Annular Detector Profile

FIG. 10. Annular surface barrier detector count profile for 49 MeV '°0 ions.
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FIG. 11. Single-event upset cross section as a function of ion range for 12C and °F
ions for energy ranging from 11 MeV to 42 MeV and 21 MeV-53 MeV, respectively.
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FIG. 12. Transient (top) and burnout (bottom) signals observed in an IRLZ34NPBF
power transistor under 70 MeV **Cl ion bombardment.

energy; in the case of SAFIIRA, the effective beam energy can also
be changed by using different sets of scatterer foils, thus increasing
beam-time efficiency.

The example of a power MOSFET drain current during heavy-
ion irradiation is shown in Fig. 12. Two types of signals are observed:
a mA-order transient signal, which can change the transistor logical
state, and an A-order signal, which occurs when an avalanche pro-
cess leqclls to a high current state that can permanently damage the
device.”

V. CONCLUSIONS

This work describes the new facility for nuclear applied physics
at the Nuclear Physics Open Laboratory of University of Sao Paulo,
named SAFIIRA, currently in use by several research groups for
ion beam irradiations of electronic devices and material analysis. It
was designed using beam optics and multiple scattering methods to
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deliver ion beams of high uniformity and fluxes ranging from 10°
to 10° particles/cm?s for low dose irradiations and up to nanoam-
peres (with collimators) or hundreds of nA (without collimators)
for high-dose irradiations or material analysis. System control and
automation under LabView, the possibility of in-air irradiations, fast
beam tuning, and a broad range of ion beams, energies, and LET
values are some of the main characteristics that make this facility a
turning point in the research of radiation effects in electronic devices
and other materials.
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