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1. Introduction and Background

Microelectronic devices flown in space are exposed to energeti
heavy particles in the form of cosmic-ray nuclcil’2 and trapped protons.3 The
published models of thesoft-error phenomena in space attribute the upsets to
interactions of energetic charged particles with electronsl’z’4 or nuc]ei3’5_8
of atoms in or near some sensitive volume element or elements in the device.
These sensitive regions may, depending on the device type, correspond to the
memory or register cells, the reference capacitance elements, bit lines, sense
amplifiers or some other circuit structures on the devices. Proposed mechanisms
involve the creation of electron-hole pairs in or about the sensitive structure;
if enough charge is generated within the sensitive volume to alter the electrical
state of the element sufficiently to change its logic state, the result is a
soft error. The necessary charge can be generated along the trajectory of the
incident particle or afong the trajectories of any of the secondary charged
particles created through interactions. Since nuclear reactions provide a
potential mechanism whereby even the lightly ionizing proton component of the
space radiation can induce upsets and because protons are more numerous than
any of the heavier cosmic ray nuclei, we initiated a series of experiments to
explore the role that energetic particles play in the soft-error phenomena in

space. Having demonstrated in earlier studies3’7’8

that energetic protons could
induce upsets in LSI static and dynamic RAM devices, we proposed a micro-

dosimetry study of the single nuclear events induced by protons in thin silicon

slabs.

The proposal was to use transmission-type surface-barrier detectors

to measure the energy deposition in thin slabs of silicon and determine how the

energy deposition varies with proton energy and detector thickness. These

measurements would provide data for comparison with theoretical simulation models.
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When the model has been thoroughly tested for slabs having thicknesses ranging
from a few microns to hundreds of microns, it can be used to make predictions
for interactions in volume elements having all dimensions comparable to those
of volume elements on LSI and VLST devices. !

For some geometrics the detector measurements may be directly
comparable. Many LSI1 devices have sensitive volumes with lateral dimensions
which are high multiples of their thickness. The reader is referred to Bradford9
for a detailed discussion of the distribution of track segments in volume
elements having microscopic dimensions. The error introduced by approximating
the volume by a slab of the same thickness with infinite surface areas is relatively
small for volumes having lateral dimensions at least five times the thickness.
Because our own calculations suggest that its nuclear recoil with its short
range is an increasingly important contributor both as the dimensions of the
volume element decrease. and as energy required for an upset increases, we feel that
the energy-deposition data for the thinnest detectors may be a reasonable approx-
imation for devices with comparable thicknesses and lateral dimensions at least
five times the thickness.

We also proposed to develop computer simulation models used
to compare with experimental data in the range of proton energies from 50 to 160 MeV.
We feel the model that has been developed is useful for incident proton energies
up to 350 MeV.

2. Progress to Date

A series of experiments have been conducted using the Harvard
Cyclotron. The experiment and some preliminary results are discussed in Appendix A
which is a paper presented at the IEEE Conference on Nuclear and Space Radiation
Effects in Seattle. The energies deposited in silicon layers with thicknesses
varying from 2.5 to 200 um have been measured for incident proton energies of

51, 91, 132 and 158 MeV. These measurements have been found to agree within

[
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statistics with the predictions of the simulation model developed by us under this
DNA contract for 2.5 and 100 um thickness as illustrated in Fig. 3 of Appendix A.
The event rate for single-cvent depositions exceeding thresholds of from 2 to 8 MeV
in a 4.1 pm thick laver increase with increasing incident proton energy in a
manner very similar to the dependence on proton energy exhibited by the soft-error
cross section measured previously. For the reader's convenience the figures published
for the soft-error cross sections and the energy deposition data are presented as
Figs. 1 and 2.
3. In Progress

The experiment is being modified to allow considerable increase
in statistics, perhaps by a factor of 100. We expect to complete this and to
perform some irradiations on the current contract. We are also preparing papers
on the simulation model. We are submitting a renewal proposal to DNA through NRL
under separate cover, W? propose to extend both the experimental technique and
the computer model to higher incident proton energies. The model should also be
modified to calculate the energy-deposition rates for volume elements exposed to
the energetic particles at a variety of locations in space.

4. Talks Presented and Papers Submitted for Publication Under This Contract

1. '"Proton-Induced Nuclear Reactions in Silicon"”, P.J. McNulty,
G.E. Farrell, and W.P. Tucker, IEEE Conf. on Nuclear and Space Radiation
Effects, Seattle Washington, July, 1981; submitted for publication in the

December issue of IEEE Transactions on Nuclear Science.
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APPENDIX A

PROTON-INDUCED NUCLEAR REACTIONS IN SILICON

Peter J. McNulty and Gary E. Farrell
Department of Physics
Clarkson College of Technology
Potsdam, New York 13676
William P. Tucker
Physics Department

Florida A and M University
Tallahassee, Florida 32307

ABSTRACT

Measurements of the energy deposited in silicon surface-barrier detectors
as a result of proton-induced nuclear reactions were carried out at the
Harvard Cyclotron for protons with incident energies ranging from 50 to 158 MeV
and detectors with~thicknesses of 2.5, 4.2, 24.1, 100, and 200 pym. The
number of events in which a given threshold amount of energy is deposited in
a 4.2 ym detector varied with incident proton energy in a manner similar to
previous measurements of the proton-induced soft-error éross section. The
number of events in which at least a threshold amount of energy was deposited
in the detector fell off in a near exponential manner with increasing threshold
energy. The data were found to be in reasonable agreement with a computer
simulation mode{ developed in our laboratory. The model is used to illustrate
how the mass spectra of the residual nuclear fragments shifts towards lower
masses with increasing recoil energy. Lighter rccoils have larger ranges
and a greater chance of leaving a microscopically thin sensitive volume element

before coming to their end of range.
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INTRODUCTION

The nuclear interaction provides a mechanism whereby an energetic lightly
ionizing particle or non-ionizing neutron can deposit a large amount of encrgy
within a volume eclement. that has microscopic dimensions. The incident particle
interacts with onc of the nuclei of the material in or about the target volume.
Most of the energy deposition takes the form of ionization loss along the tra-
jectories of the charged secondary particles emerging from the "struck” nucleus
and along the trajectory of the recoiling residual nuclear fragment. Large numbers
of electron-hole pairs are generated as a result of this ionization loss. If such
a nuclear event takes place within or near one of the sensitive elements on a
large scale integrated (LSI) RAM memory device and sufficient charge is generated
the result can be a change in the logic state of the memory element. The alteration
of information stored at some location in memory without observable physical damage
to the device is called a soft error or bit upset.

Energetic protons have been shown to induce soft errors in a number of LSI
dynamic and static RAM devices,l-5 preéumably through (p.a) reactions at low

. 1,6,7 2,5,8
proton energies

and more complex reactions at higher energies. Besides
providing a potential mechanism for soft errors in space, proton-induced nuclear
reactions have been proposed to explain anomalous signals observed in Defense
Meteorological Satellite Program (DMSP)9 and LANDSAT satellite systems10 as well as
the light flashes observed by astronauts on Skylab.ll’12
This paper describes a study of nuclear interactions using silicon surface-
barrier detectors of varying thickness ranging from 2.5 to 200 pm. The objective
of the study is to provide data on the deposition of energy in volume elements
having microscopic dimensions as an aid to developing models capable of predicting

cevent rates to be expected for devices of different geometries exposed to protons

with a given energy distribution. Some preliminary results on 24.1 ym thick
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detectors werc included in last year's paper.5

SURFACE BARRIER DETECTORS

Figure 1 shows a schematic cross scction of a thin transmission-type silicon
surface-barrier detector. The froﬁt and back surfaces are 400 ugm/cm2 layers
of gold and aluminum, respectively. They provide the electrical contacts of the
detector and voltage applied across them (bias) results in a uniform field
through the silicon slab. Each detector used in this study was run at sufficient
bias to ensure that the detector volume was fully depleted. The charge generated
within the slab from ionization-loss processes is swept by thé applied field to
the electrodes. The silicon slab portions of the detector varied in thickness from
2.5 to 200 ym. The thickness and area of each detector used are listed in Table 1.
Energetic protons incidc;t normal to the detector may interact with nuclei in the
silicon slab, in one of the contacts o? in the air. Only in the thinnest detectors

do a significant fraction of the interactions occur outside the silicon slab.

Only thosc segments of the trajectories of the cecondary particles emerging

from the interactions that traverse the silicon slab or generate charges that migrate

to the slab contribute to the observed signal. Most of the secondary particles
emerging from a nuclcar interaction in a thin detector leave the silicon slab
before depositing significant encrgy {>2MeV). This is shown schematically in Fig. 1.
The exception is the nuclear recoil. The recoiling nuclear fragments have short
range most can be expected to deposit their entire energy within all but the
thinnest detectors.

The question arises as to whether encrgy-deposition measurcments using these
detectors with their relatively large sensitive areas (25 mmz) provide data that

arcrelevant to cnergy deposition in the sensitive volumes of LSI devices where three

dimensions are microscopic instead of one. First, the data obtalned with detectors
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can be directly compared with modcls13’]'

which attempt to calculate the cnergy
deposition spectra for volume elements of arbitrary size and shape. These models

can then be used to calculate for volumes with dimensions appropriate for a given
device. Second, many LSI devices have sensitive volumes whose lateral dimensions

are high multiples of their thickness. The reader is referred to Bradford's

paper15 for a detailed discussion of the distribution of track segments in volume
elements and the approximations involved. Because our own calculations suggest

that the nuclear recoil with its short range is an increasingly important contributor
as the dimensions of the volume element decrease and the threshold energy increases,
we feel that the energy deposition data from the thinnest detectors may be a reasonable
approximation for LSI devices with comparable thicknesses and-lateral dimensions at

least five times the thickness.

. IRRADTATIONS

The proton exposures were carried out at the Harvard Cyclotron. The ex-
perimentq;,configuration used for these exposures is shown in Fig. 2. The beam

energy was selected by inscrting appropriate degraders upstream. This report
~

includes data from exposures to protons at 51, 91, 131, and 158 MeV. The beam
incident on the detector was collimated by the two defining apértures. It was

'
collimated to 2 mm in diameter for all but the 2.5 um thick detector. ®For the
latter the beam was uniform over dimensions considerably larger than the detector.
ngn the beam is collimated to 2 mm, most of the beam protonébemefging from the
cyclotron interact in the collimator walls or the degrader blocks. This generates
a considerable background of secondary particles. After each exposure was completed
a second run was carried out with the downstream aperture replaced by a beam plug.
The plug prevents any ﬁ}imnries from rcaching the detector. The plug-in runs were

used to provide an estimate of background due to interactions that occur outside the

detector.

B
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The 2 mm beam exposures were monitored by two scintillators, onc just down-

.

strcam of the detector and a second upstream between the first and second apertures.
Plug-in and plug-out runs were carriced out for the same number of counts on the
upstream scintillator. The dnt; prescented in the paper have the plug~in spectra
subtracted.

The 2.5 pum detector was monitored by a ionization chamber upstream of the
detector. This allowed us to increase the beam count rate from slightly less than
106 protons/minute to about lO9 protons/minute. This was advantageous because of
the sharp decrease in event rate in which more than a few MeV are deposited as
the detectors become thinner.

Pulses in the bias voltage across the detector were shapgd and suitably
amplified in an Ortec 172B charge-sensitive preamplifier and an Ortec 450 amplifier
before being recorded in a maltichannel analyzer. The pulses should be pro-
portional to the energy.deposited by the beam protons entering the detector and
any secondary particles generated through interactions inside or outside the
detector. The deteccting systems were‘calibrated before and after the experiment
with a Am alpha source and its linearity tested with a pulser. The pulse-
height spectra obtained with the surface-barrier detectors minus plug-in background
should then represent the spectra of cnergies deposited in the slab of silicon as

a result of nuclear interactions.

PULSE-HEIGHT SPECTRA

16-18
The standard models of soft errors in RAMs assume that if an amount of

energy exceeding some critical or threshold value is deposited within a sen “tive

volume element an upset will occur and the deposition of less than a threshold




amount of energy will not upsct the element.  This makes it instructive to plot
pulse-height spectra as integral spectra, i.e., number of events in which the
encrgy deposited in the slab is greater than or equal to E versus Eo Typical
integral spectra are plotted in Fig. 3 for 131 MeV protons. The 100 ym detector
data are plotted for an cxposure of 107 scintillation counts. The 200 um data
represent 106 counts with the numbers multiplied by a factor of 2. The 4.2 um
data were multiplied by a factor of about 25 to fit them on thescale. The 2.5 um
datawere obtained with an ionization chawmber monitor but we estimate a scale factor
of about 25. No corrections have been made for deadtime or other losses in the
scintillation counters and the ordinate scale may underestimate the true

fluence. The 24.1 um detector was only monitored by the upstream scintillator and
no absolute estimate of fluence was possible. Tt was arbitrarily normalized in
Fig. 3 for convenient plotting. Squeezing the spectra onto one plot as we did in
Fig. 3 facilitates comparison of the shapes and ranges of the spectra, the important
parameters for the soft-error problem.

The integral spectra for the 2.5, 4.2, 24.1 and 100 um spectra in Fig. 3 all
appear to fall off near exponentially with the encrgy deposited. The 200 pm thick
detector, on the other hand, exhibits a sharp decrease at low energies and parallels
the 100 um spectra at large energies. The 200 ym detector had a larger area
(200 mmz) than the other detectors (25 mmz). Plug~in runs showed it to be subject
to much greater background from interactions upstream, probably because it presented
a larger cross-scctional area for secondaries generated upstream. These secondaries
would generate low-cnergy pulses upon traversing the detector.

The 100 um and 200 um spectra illustrate the energics available from nuclear

interactions. The largest events for the 100 and 200 um detectors were 76 and 99 MeV,

respectively. Significant fractions of the cvents deposit 10, 20, 30, and even 40 MeV.

Most of this encergy is deposited over a volume that is considerably larger than a




typical sensitive volume clement on an LST device. Reducing the thickness of

the sensitive volume results in a correspouding reduction in large energy events.
Only one event with greater than 40 MeV deposited was obtained with the 25 pm
detector. Reducing the thickness further results in a dramatic reduction in large-

energy depositions. No cvents of greater than 20 MeV were seen in an exposure of

., 7
the 4.2 pym detector to 25x10° protons. Therefore, even with sensitive volumes that

have only one microscopic dimension, there is a sharp reduction in energy deposition

when the thickness of the element is reduced.

VARIATION WITH PROTON ENERGY

The integral spectra of Fig. 3 provide the number of evc&ts in which at least
some threshold encrgy E is deposited in cach of the detectors as a result of
exposure to 107 protons incident at 131 MeV. The corresponding number of events
exceeding this threshold value can similarly be obtained from the other incident
proton energics. The number of events exceeding threshold per 107 protons
(scintillation counts) is plotted versus incident proton cnergy for different
values of the threshold for the 100 ym thick detector in Fig. 4a and for the 4.2 um
thick detector in Fig. 4b, respectively. In the case of the 100 ym detector the
number of events for a given threshold increases with beam energy for threshold
values from 2 to 45 MeV. Small changes in threshold result in correspondingly small
changes in the number of cvents. The 4.2 ym data in Fig. 4b, on the other hand,
shows evidence of peak.ng at 131 MeV for threshold cnergies from 5 to 8 MeV.
Morecover, small changes in threshold result in substantial changes in the number of
events - an increase in threshold of 1 MeV reduces the number by a factor of 2.

The variation with incident beam energy exhibited by the 4.2 um detector in Fig. 4b
is similar in shape t(;:inecﬁrvos for soft-error cross sectiéns versus proton energy
presented in Ref. 2 for 1.S1 dynamic RAMs. The considerable variation among devices

among the same typce reported in Ref. 2 may according to this analysis be due to

- -y - -




relatively small variations in the critical charge (or energy) necessary for

an upsct.

MODEIL CALCULATIONS

We have recently developed a computer code for calculating the energy deposited
in parallelpiped volume elcments of arbitrary dimensions. It is based on the

19

simulation model of nuclear interactions developed by Metropolis et al. and

Dostrovsky et 31.20

The primary protons and all struck nucleons are followed by Monte Carlo
routines through a series of interactions within the nucleus. All secondary particles
that emerge from the excited residual nucleus during the cascade and evaporation
processes are followed to their end of range. The numbers of each type of secondary
particle and their energy spectrum, were compared with Refs., 19 and 20 to test the
program and found to be -in agreement. The mass—number spectrum of the residual
nuclei were compared with Silberberg and Tsao21 for 130 MeV protons incident on
silicon and found to predict similar mass spectra within f 1 AMU. Their recoil
energy spectra were found to agree with an earlier empirical model of the recoiling
residual fragments which uses the Silberberg and Tsao mass spectra21 and Goldhaber's22
parameterization of the recoil fragment momenta of the data of Heckman et 31.23 The
program then determines the points at which any particles enter the sensitive volume
element and where they leave (see Fig. 5). Interactions may occur inside or outside
the sensitive volume element. The difference in residual range between the exit point
and entry pointis used wdetermine theenergy loss within the volume element. For
the larger volume elements the assumption is made that the energy loss within the
volume element equals the energy deposited in that element. The program totals all
cnergies deposited in the volume clement by the primary proton, all charged secondaries,

and the recoiling nuclear fragment,




Theoretical integral energy deposition spectra for protons incident on
slabs of silicon with arcas of 25 mm2 and thicknesses of 24.1 and 100 um are
plotted as solid curves in Fig. 3. The simulation plots are normalized to the
lowest energy data points in both cases. The programs continued to run until the
number of simulated events roughly matched the experimental number. As a result the
high deposition-energy portions of the theorctical as well as experimental spcctra
have limited statistical significance which can be estimated from the ordinate
scale. Within the statistics the fits at both 24.1 and 100 um are quite encouraging.

We have previously shown that the 24.1 pmspectrumhas a shape similar to the
energy spectrum of recoiling residual nuclear fragments§ The shallower slope of the
100 pm spectrumreflects the larger contribution from other charged secondary
particles to the energy deposited. As the thickness of the detectors decrease, the
secondaries contribute a correspondingly smaller fraction of the energy. For the
very thin detectors even some of the recoiling nuclear fragments leave the detector

-

before reaching their end of range.

] RESTDUAL NUCLEAR FRAGMENTS

The large mass of the recoiling residual nuclear fragment implies that it has
a very short range. For RAM memory elements, as for the very thin detectors, the
, nucléar recoil provides a mechanism for depositing energies larger than the
threshold values for upsets. However, not all recoils reach their end of range

within a few microns of the interaction. The more energetic nuclear recoils tend

to occur in interactions where the number of secondary particles emitted from the
nucleus is large. This Implies residual fragments with less mass, i.e., the more
energetic residual nuclei would tend to be lighter than the average and, therefore,
have larger ranges. This is illustrated in Fig. 6 which shows the mass spectra of

the residual nuclear fragments for nuclear fragments having recoil kinetic energies

above 0, 10, 20, and 30 MeV. The spectra are plotted for 90 and 350 MeV protons
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incident on silicon. At both incident cnergies the spéctrn shift towards lowor
masses as the minimum energy is increased. The largest shift occurs for valucs
between 0 and 10 MeVv.

The interactions at an incident proton energy of 350 MeV are more energetic

than at 90 MeV. This is reflected in Fig. 6 by the larger number of energetic

{ragments and a sizable shift towards lower masses for the same threshold energy.
A fragment with a wmass of 16 AMU and a kinetic energy of 10 MeV would have a
range of about 2.3 pm in silicon; if the kinetic energy was 30 MeV the range

would be increased to about 11 um.

SUMMARY AND COXNCLUSIONS

The measurcments described in this report provide data on the energy deposition
spectra and their dependence on incident narticle energy which can be comnared with
theoretical models of tgé microdosimetry of nuclear interactions. Once thoroughly
tested such a model can be used to preaict the energy-deposition spectra for volume
elements of arbitrary dimensions. This provides a means of quantitative estimates

¢ -
p of the soft-error rates to be expected for LSI*and VLSI .devices to be exposed to
' /
energetic particles in space. The cross section for events in which at least
a few MeV is deposited within a sensitive volume 4.2 pym thick increases with the
proton beam energy in a manner similar to that reportedearlicrzjfor soft crrors in
LST RAMs. Small increases in the threshold energy result in large decreases in
R
the number of events exceeding threshold in a 4.2 dh‘thick detector. This may explain
the large variation in upset sensitivity reported for devices from the same batch.2

Decreases in the thickness of the sensitive volume greatly reduce the range of

energies deposited. This suggests that devices with thinner sensitive elements for

the same threshold may have greatly reduced soft—error sensitivity. Such a

correlation between sensitivity to soft errors and thickness of the sensitive volume

~
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is apparent for exposures to heavy ions.iTTiaT?ﬁ
A computcr code for calculating the energy deposition in volume clements of
arbitrary dimensions as a result of nuclear interactions has been developcd,qt
Clarkson and shown to agreec in shape within statistics with the integrated spectra
obtained for 24.1 and 100 pm thick detectors exposed to 131 MeV protons. The model
suggests that recoiling nuclear fragments with kinetic energies above 10 MeV have
lighter masses and correspondingly longer residual ranges. This may somewhat

reduce the effectiveness of the recoil nucleus in inducing upsets in very small

sensitive volume elements.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS

Schematic of a nuclear reaction occuring in a thin transmission-type
silicon surface barrier detector.

Experimental configuration for exposures carried out at the Harvard
Cyclotron. Scintillators mounted bechind the detector and upstream
between the collimators were used to monitor the peam.

Integral spectra for energy deposition in thin detectors of various
thicknesses for 131 MeV protons. The solid curves are the results of
computer simulations carried out to roughly the same statistics. The
2.5 and 4.2 um data were obtained for fluences 25 x 107 protons.

Number of events per 107 incident protons in which at least a threshold
amount of energy is deposited in the detector. (a) Curves for threshold
energies of 2 to 8 MeV deposited in a 4 um thick detector. (b) Curves
for 2 to 50 MeV deposited in the 100 um thick detector.

Schematic of a nuclear interaction occurring near a sensitive volume
element. The C.C.T. wmodel calculates the energy deposited in
volume elements of arbitrary dimensions.

Mass spectra of residual nuclear fragments as calculated by the C.C.T.
model for 90 and 350 MeV proton interactions with silicon. Spectra
are shown fot recoils having greater than 0, 10, 20, and 30 MeV for
both incident proton energies.
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