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Abstract—New alpha counters make accurate measurements
of low emissivity samples possible. Modeling results set lower
limits for measurements at sea level of silicon substrates to about
0.3 a/khr-cm*. Our measurements demonstrate the effect of
cosmic ray shielding on the measured alpha-particle emissivity. A
few atoms of radon contamination can cause elevated emissivities
many days after exposure.

Index Terms—Alpha particles, energy spectra, ionization detec-
tors, low-background, radon, terrestrial neutrons.

I. INTRODUCTION

T is well understood that the alpha-particle contribution

to single-event upsets (SEUs) is crucially important. Au-
tran et al. have shown in bulk SRAM memories that although
both the alpha and neutron contributions to the SEU error rate
have decreased with scaling, from 130 nm to 65 nm (with the
alpha component decreasing faster than the terrestrial neutron
component) the alpha component continues to be larger than
the neutron component [1], [2]. Recently, Autran published re-
sults from testing of a 40 nm SRAM. These results showed that
while the combined SEU rate is lower than that for the 65 nm
SRAM, the 40 nm SRAM neutron component is larger and the
alpha-particle component is smaller than the results from the 65
nm SRAM. They attribute the increase in neutron sensitivity to
an increase in multicell upsets and possible new upset mech-
anisms. The continued reduction in the alpha-particle compo-
nent has been due to a decrease in the wafer-level alpha-particle
emissivity from 2.3 o/khr-cm® to 0.9 a/khr-cm® for the 130
nm and 40 nm technology respectively [3].

These trends observed by Autran for 130 nm and 65 nm
SRAM devices have been modeled by Wrobel ef al. using
Monte Carlo methods [4]. Wrobel showed that a few tenths of
a ppb of uranium in silicon could cause an SEU rate similar to
that of neutrons for the 130 nm SRAM data [5].

Recently, many papers have appeared that discuss the relative
importance of U and Th in bulk silicon to the alpha-particle
emissivity and the alpha-particle component of the SEU rate
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[5TH10]. Reference [9] discusses modeling results that show
that only 76 ppt of 223U and 101 ppt of 2*2Th can give an alpha-
particle emissivity from a silicon wafer of 0.4 v/ khr-cm?. This
is in part based on the measured 238U /232Th ratio in silicon
wafers by Dyer [11]. Dyer used neutron activation analysis to
measure the amount of 2*3T and ?*2Th in silicon wafers, and
the concentrations were on the order of 20 ppt [11]. IBM also has
data on 238U and 2*2Th content of silicon wafers from neutron
activation studies which show levels < 7 ppt [12].

Recent work from Martinie et al. has shown modeling results
of the alpha-particle emissivity caused by 2**U and ?*?Th in
bulk silicon as a function of the silicon thickness for a variety of
detector threshold energies [10]. Unfortunately, the nomogram
in the paper that shows the results of U and Th does not show
the alpha-particle emissivity for detection thresholds <2 MeV.
In any event, they show that for a silicon wafer, using a detec-
tion threshold of 2 MeV, ~86 ppt of 233U corresponds to an
alpha-particle emissivity of ~ 0.3 «/ khr-cm?. The alpha-par-
ticle emissivity increases to ~ 0.5 a/khr-cm? if, in addition to
the 86 ppt of 223U, ~200 ppt 22> Th is included in the bulk of
the silicon.

These ppt levels of U and Th present a measurement chal-
lenge. Several variants of inductively coupled plasma mass
spectrometry (ICP-MS) might be considered for detecting U or
Th in Si. Vapor phase decomposition (VPD) ICP-MS is useful
for measuring the contamination on the surface of a wafer, how-
ever, bulk Si dissolution coupled with high resolution magnetic
sector (HR) ICP-MS was developed to determine ultratrace
elemental impurities within a bulk silicon. The detection limits
of HR ICP-MS for U or Th are <100 ppt [13].

In addition to the emissivity from the contamination of U
and/or Th in the bulk Si wafer, one might also introduce contam-
ination in the back end of the line (BEOL), underfill, or solder
bumps which could all contribute to the alpha-particle compo-
nent to the SEU error rate. For reference, an alpha-particle emis-
sivity of 0.7 a/khr-cm?, corresponds to the detection of only
0.5 a/hr for a 300 mm wafer. Measuring these low emissivi-
ties accurately is now possible using a new class of ultra-low
background alpha-particle detector [14], [15]. The alpha-par-
ticle spectrum can be obtained in addition to the sample emis-
sivity which can allow for isotope identification in the case of
surface emission [15]. Accurate, direct measurements of the
alpha-particle emissivity from the BEOL and from the silicon
substrates is a goal is this work, so that the alpha-component to
our SEU model can be verified and reduced.

This paper is organized as follows. First we review the oper-
ating principles of the ultra-low background ionization counter
used in this work. Next we discuss limits to the detection of
ultra-low alpha-particle emission levels. In this regard, we have
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developed a model to predict the alpha-particle production from
the interaction of cosmogenic particles on silicon, and in the
argon gas in the counter, and we show how these reactions gen-
erate a lower detection limit even for samples with zero-emis-
sivity. Finally we discuss the influence of radon on the sample
being measured. This can affect the first few hours or days of
measurement. Another advantage of being able to measure the
energy of alpha particles emitted from the sample is that we can
track the time-evolution of the number of alpha particles and
understand their origin.

II. IONIZATION COUNTER OPERATION

The alpha-particle data shown in this paper were obtained
from an early commercial ionization detector (UltraLo-1800)
from XIA that has a very low background count rate and the
ability to measure the energy and arrival time of each alpha-
particle emitted from the sample. It is a refined version of the
prototype version discussed in [14] and [15]. The sample resides
on the cathode and is immersed within the electric field of the
counter. The anode is biased to 1000 V and contains two user-
selectable segments: either a 300 mm diameter circle or a 1800
cm? square.

When the alpha particles ionize the argon counter gas, the
electron tracks drift toward the anode and induce a steady cur-
rent in the attached electronics that generates a linear rise in the
pulse shape. Once the topmost (earliest) electrons in the track
strike the anode, they stop contributing to the current induction
process and the pulse shape transitions from a linear to a para-
bolic rise. This “rounding” persists until the final electrons are
collected on the anode. The total risetime of the pulse (in this
case, linear+parabolic) indicates how far the electrons drifted.
The amount of time that the pulse is parabolic (or “round”) is a
measure of the vertical projection of the track orientation in the
counter.

Each pulse is analyzed and an amplitude is measured which
corresponds to the energy of the original alpha particle. The
alpha-particle energy defines its track length in the argon, and
also sets the maximum amount of roundness that the event could
possibly attain. If a pulse is analyzed, and determined to be
too round for its measured energy, the event is categorized as
“Round”. For example, a signal generated by an ionization track
from a particle or fragment with a dE/dx less than that of an
alpha particle is but one physical cause for the observation of a
“Round” event (not an “alpha”). A discussion of the origin of
these events will be given in Section III-D.

A guard ring surrounds the anode and is used to veto alpha
particles emitted from the side walls. Every event is tagged with
the time of arrival, and the pulse shape is fit in real time. De-
pending on the pulse amplitude, risetime, the shape of the anode
signal, and whether an event induces a charge on the guard elec-
trode, the event is classified as a valid alpha particle or not. A
file is exported for offline analysis and contains the classifica-
tion of the event, pulse amplitude, risetime, energy and arrival
time.

A cross section of the counter is shown in Fig. 1.
Alpha-particles emanating from the sidewall, anode (ceiling)
and sample are shown symbolically as ay, «. and «, respec-
tively. Another class of events known as “mid-air” is shown and
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Fig. 2. Scatter plot of risetime as a function of pulse height, and the classifica-
tions, for events detected.

is labeled as «.,,. The mid-air events are those in which alpha
particles appear above the sample surface, generating signals
whose risetimes are smaller than those from alpha particles
emanating from the sample. These alpha particles might be due
to radon production in or on the counter materials. The radon
gas may then be released and can later emit alpha particles
anywhere in the counter volume. The minimum signal risetime
for alpha particles coming from the sample is determined by
placing a low-activity source on the sample stage. Another
origin of the mid-air events might be cosmogenic particles like
protons.

For samples with dimensions smaller than the sample tray,
alpha particles emitted from the tray are indistinguishable from
alpha particles emitted from the sample. For the work reported
here, all samples used are larger than or equal to the active area
of the sample tray (300 mm diameter) to eliminate any influence
from the sample tray.

A scatter plot of events that have been classified is shown in
Fig. 2, where the event risetime is plotted as a function of the
signal pulse height (energy). This shows that round events have
small amplitude, ceiling events have both small amplitude and
small risetime, and mid-air events can have appreciable risetime
and pulse height, but smaller risetimes than sample alpha-par-
ticle events.

III. ALPHA PRODUCTION MECHANISMS

A. General Comments

For the proportional counters in use in large numbers by the
electronics industry, the counter background (count rate in the
absence of a sample) is on the order of a few counts/hr and
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is controlled by the judicious choice of materials used to con-
struct the counter. Typically the background is counted before
the sample, and the background count rate is subtracted from
sample count rate. Often the background is measured before and
after the sample and the average count rate is subtracted from
the sample count rate, or a moving average of the background
count rate is used [16].

The UltraLo-1800 in use for this work has active signal rejec-
tion, as mentioned above. As such, it is expected that a sample
with no alpha-particle emission would necessarily register zero
alpha-particle events during a measurement without the need for
background subtraction.

We have observed an alpha-particle emissivity of
~ 0.3c/ khr-cm® on several different unprocessed 300
mm wafers using several of the UltraLo-1800 counters in
two of our IBM sites. As mentioned in Section I, neutron
activation studies of bare silicon wafers have shown levels
of 223U and #*2Th that are < 20 ppt [11], [12]. According
to [9] and [10], this should yield alpha-particle emissivities
of < 0.1 a/khr-cm2 (< 2 alpha particles detected per day
for a 300 mm diameter wafer). In order to help explain this
discrepancy, we began a modeling effort to describe two effects
that have not been considered, to our knowledge, in discussions
of ultra-low alpha-particle counting.

B. 288i(n, a) Nuclear Reaction

Many of the samples under investigation in our laboratory
are silicon wafers with different levels of wiring, known as
back-end-of-line (BEOL), which include dielectrics, aluminum,
titanium, copper, tungsten and tantalum. For new technologies
it is important to confirm our alpha-particle emissivity estimates
based on the materials and processes used since the emissivity
is an input to our SEU models. It is therefore critical to know if
the baseline alpha-particle emissivity measured for bare silicon
wafers is a detection threshold (in which case one could subtract
this from subsequent wafer-based measurements) or if it really
represents their true alpha-particle emissivity.

Several researchers have investigated neutron-induced spal-
lation events on silicon and BEOL materials in an effort to
predict or explain the neutron component of the single event
upsets. For example, Wrobel et al. calculated the number of
neutron-induced nuclear reactions on a sample of material
1 mm? x 1 um thick, as a function of the atomic number of the
sample [17]. The number of reactions increases monotonically
with atomic number for the naturally-occurring elements. This
model is simplistic because not all nuclear reactions lead to
the emission of a particle that can cause a bit upset. Recently
Uznanski et al. calculated the proportion of secondary ions
for neutron-induced reactions on Si, including He, that could
produce more than 0.5 fC of charge, which is useful for SEU
calculations, but did not calculate the flux of alpha particles
emitted from the Si [18].

For our application we assume all alpha particles are pro-
duced by hadronic processes. Our first model considers the ef-
fect of terrestrial neutrons, protons and pions on a 300 mm diam-
eter silicon substrate to estimate the alpha-particle yield in the
detection direction. The model estimates are based on Monte
Carlo calculations done in the framework of IBM’s SEMM-2
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SEU simulation system [19]. They depend on three major in-
puts: 1) the high-energy spallation reactions of neutrons, pro-
tons and pions on silicon (20 MeV-1.5 GeV) simulated by the
NUSPA code [20], [21]; 2) the measured (n, ax) cross sections
for low-energy reactions (neutron energy <20 MeV)[22]; and
3) the terrestrial neutron flux (1 MeV-1.5 GeV) taken from the
measured data [23], [24] and the published terrestrial proton and
pion flux [25].

We simulated a Si slab with a thickness of 760 pm radiated
by cosmic ray particles. The basic setup is the same as in [26],
involving three basic steps. In step 1, random nuclear collision
points are generated in the Si slab. In step 2, at each collision
point secondary particles—which typically consist of protons,
neutrons, alpha particles, light ions and recoil nuclei are gener-
ated by the NUSPA code. In step 3, each of the nuclear reac-
tion products generated in step 2 is transported in the slab using
the SRIM-based particle energy-range relation [19], [27]. The
transport calculation terminates when the secondary particle ei-
ther reaches the slab surface, or stops in the slab interior. We are
only interested in the secondary alpha particles in this work. The
code is set to follow the alpha particles reaching the detector side
of the slab. Their energies at this surface are computed, and to
match the upper cut-off energy of the detector only those alpha
particles below 10 MeV are counted.

To understand the underlying physics, let us examine the most
important case, namely, alpha-particle production from neutron-
induced reactions. The frequency of nuclear collisions (n + Si)
in the slab depends on four parameters: 1) the neutron energy
differential flux ¢, 2) the number density p of the target atoms
(in this case Si), 3) the thickness L of the slab, and 4) the re-
action cross section og for neutrons on Si. Here the reaction
cross section refers to the inelastic collisions which produce
many kinds of secondary particles. Since elastic collisions do
not produce alpha particles, the elastic events are not simulated
in this work. The neutron flux ¢,, and reaction cross section o
are both strongly dependent on neutron energy. In particular, the
terrestrial neutron flux is large at low energies. A plot of the ter-
restrial neutron flux as function of energy is shown in [23] and
[24]. Neutron, proton and pion reaction cross sections are com-
puted in [21]. Because of the rapid rise of neutron flux at low
energies (below 100 MeV), one may be inclined to expect that,
compared with high-energy neutrons, low-energy neutrons pro-
duce larger alpha-particle flux. The simulations show that this
is not the case. There are two important factors to consider: the
alpha-particle production threshold, and the multiplicity of sec-
ondary particles in the collisions. For the n + Si system, the
threshold of alpha-particle production is around 5 MeV [22].
That is, at neutron energy below 5 MeV, no alpha particles can
be produced despite the large neutron flux. From 5 MeV up to
around tens of MeVs, the incident neutrons produce some alpha
particles. For incident neutrons with energies >50 MeV, the col-
lisions tend to produce multiple particles. High-energy reactions
tend to produce more secondary alpha particles. The above rea-
soning applies to proton and pion interactions as well.

The results of the model are shown in Table I, and suggest
that the neutron-induced reaction contributes about 90% to
the total from the three reactions, and at sea level, in NYC,
these reactions can produce an alpha-particle emissivity of
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TABLE 1
ALPHA-PARTICLE EMISSIVITY (a/khr-cm?) FROM NUCLEAR
REACTIONS FROM NEUTRONS, PROTONS AND PIONS
ON A Si SUBSTRATE AND 3 cm OF ARGON GAS AT STP

Incident Particle Si Ar

Neutron 0.108 0.194

Proton 0.011 0.022

Pion 0.001 0.002

Total 0.120 0.218
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Fig. 3. Differential alpha-particle emissivity from model.

0.12 a/khr-cm®. This amounts to about 1/2 of the lowest
emissivity we have measured to date. This emissivity will scale
with the flux of the incident particles (e.g., higher emissivity
at higher elevation). Fig. 3 shows the differential emissivity
(e/khr-cm® /MeV) as a function of the alpha-particle energy
from this reaction.

C. * Ar(n, @) Nuclear Reaction

Nuclear reactions from the passage of terrestrial neutrons,
protons and pions interacting with the argon counter gas can
also produce alpha particles which can be detected in the counter
volume. Unlike the inelastic reactions in the bulk silicon, (pre-
vious section), where some of the alpha particles are produced in
the “wrong” direction, and many alpha particles are attenuated
in number and in their energy by the bulk silicon above, all alpha
particles created in the argon gas are eligible to be counted, even
those traveling away from the active counter volume.

The calculations show a significant alpha-particle flux from
neutron-argon reactions. It may seem paradoxical given the fact
that the atomic number density of argon is much smaller than sil-
icon; however, there are several contributing factors. The neu-
tron-argon reaction cross section is larger than that of silicon
and the argon gas is thicker than the silicon slab. The most im-
portant reason is that the stopping power of the alpha particles
in argon gas is negligible.

Alpha particles created from the interactions within the argon
gas near the anode and side walls of the counter are summarily
rejected, as discussed above, based on either their pulse height,
risetime, or charge induced on the guard ring. Alpha particles
produced in the middle of the counter are rejected based pri-
marily on their anode signal risetimes (classified as “mid-air”
events).
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One parameter required in the model is the effective “thick-
ness” of the argon gas since the number of nuclear reactions
depends on the number of target argon nuclei. We experimen-
tally determined the gas thickness by placing a low-activity
230Th source on insulating cylinders (to minimize distortion of
the electric field within the counter) at a variety of distances
d (see Fig. 1) above the sample tray. At distances greater than
3 cm, alpha particles from the 22°Th source were classified as
“mid-air” events since the majority of the events had risetimes
less than the 60 us threshold established by placing the same
source on the sample tray. However, for distances d <3 cm,
more than 85% of the alpha particles emitted from the 2*°Th
source were classified as “alpha particles”.

The results of this model are also shown in Table I. As with
the reactions on silicon (Section IT1-B), the effect of the neutrons
is about 90% of the total. The total alpha-particle emissivity
from the reactions on the silicon substrate and in the argon gas
is 0.34 oz/khr—cmz. This means that at sea level, in NYC, in a
lightly-shielded laboratory, one would not expect to observe an
emissivity less than 0.34a/khr—cm2, on a blank silicon wafer
(with no contamination). Of course, the neutron flux is larger at
higher elevations, and lower in shielded laboratories (e.g., in the
lower levels of buildings).

The commercially available proportional gas counters in use,
world-wide, typically use either P-10 or P-5 (90% argon-10%
methane, or 95% argon-5% methane, respectively). The active
counter volume is smaller than that in the ionization counter, so
the effect of the interactions on the argon gas would necessarily
be smaller than the calculations shown above for the ionization
detector.

D. Experimental Data

Recently McNally discussed the results of alpha-particle
emissivity measurements using a “traveling detector” [28]. The
alpha-particle emissivity of a silicon substrate was measured
using a beta prototype of XIA’s ionization detector for the
same 48 hours measurement time, in an identical configu-
ration at several locations, including two underground sites,
and one high in the French Alps.! The data shown in Fig. 4
present a clear altitude-dependence, and once underground, the
alpha-particle yield apparently saturates with increasing depth.
The inset shows data from two locations at sea-level, with one
being underground. These trends are consistent, qualitatively,
with our model calculations: that the alpha-particle emission
scales with the neutron flux. The alphas observed during
measurements at the underground sites are understood to be
due to 22°Rn production from the internal components of the
prototype instrument used during the experiment.

For this work, we measured the alpha-particle emissivity of
a blank 300 mm wafer using the UltraLo-1800 detector in two
locations in the same building, at the IBM TJ Watson Research
Center. The first location was in the basement which houses the
3MYV tandem Van de Graaff accelerator, used for SEU and ma-
terials analysis studies. The second location was on the second

ILSM: http://www-Ism.in2p3.fr/, Soudan: http://www.soudan.umn.edu/,
ASTEP: http://www-Ism.in2p3.fr/
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TABLE II
THE NUMBER OF ALPHA PARTICLES, MID-AIR EVENTS, ROUND EVENTS, AND
CEILING EVENTS FOR THE TWO DIFFERENT DETECTOR LOCATIONS

Alpha | Mid-air | Round | Ceiling
Basement 30 11 55 29
2" floor 53 67 186 38
Basement 25 22 48 27
Ratio 1.9 4.1 3.6 1.4

floor, in the corner of the building, where the detector was sur-
rounded by two large plate-glass windows. To eliminate any ef-
fects of radon (see Section I'V), we took data for 10 days or more
in each location; and in the following analysis, we show and
discuss the data from the last 5 days of each measurement. Ad-
ditionally, the UltraLo-1800 was brought back to the basement
location and the counting was repeated.

Fig. 5 shows the data for this experiment: the number of de-
tected alpha particles, as well as events classified as “mid-air”,
“round” and “ceiling” for the three 5-day periods (basement,
second floor and basement). For reference, the 25 alpha parti-
cles detected on the last 5-day basement run amounted to an
alpha-particle emissivity of 0.35 + / — 0.06 a/khr-cm?. The
data are summarized in Table II. Clearly there were more events
of all types in the second-floor location compared to the base-
ment location.
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To estimate the effect of the building materials on the
shielding of the neutron flux for the two measurement loca-
tions, we used a portable neutron detector, an ASP2E monitor
from Thermo Fisher Scientific attached to a 9" polyethylene
REM ball. The 9" polyethylene sphere allows for the detection
of neutrons from thermal energies to ~10 MeV [29]. Although
the true terrestrial neutron energy distribution extends to many
10’s of GeV [23], [24] this neutron monitor gives us an idea
about the attenuation of the neutron flux in the building mate-
rials and earth. We observed about a 2X flux difference between
the two locations. The ratio of the number of alpha-particle
events, from the second floor to the basement, shown in the
second column of Table II is consistent with this ratio of neu-
tron flux. We expected to see about this 2X difference in the
other classes of detected particles, but we observed ~4X for
the mid-air and round events. This increase might be due to the
increased attenuation of lightly-ionizing protons compared to
neutrons between the second floor and the basement locations.

In order to estimate the absolute value of the shielding of the
building materials to estimate the flux loss from the terrestrial
flux used in the models (see Sections I1I-B and III-C), we exam-
ined the building structure on the second floor and the basement
where the experiments were performed. We consulted the ar-
chitectural drawings for the IBM T.J. Watson Research center
to determine what building materials were used above the area
where the experiments were performed. For the second floor lo-
cation, there was a 4.5” concrete slab above, on the roof, and
roofing materials The basement location was actually under-
ground, just outside the perimeter of the building, with 22" of
dirt and 6" of concrete above. For neutrons with non-normal an-
gles of incidence, additional shielding would be provided by the
concrete slabs on the first and second floors, and from the roof,
to one side.

There are several references in the literature concerning the
attenuation of neutrons of various energies as a function of con-
crete thickness [24], [30]-[32]. In [24], the attenuation of neu-
trons with energies >10 MeV is given by

$ = o exp(—/0.37) (1)

where ¢y and ¢ are the initial and final flux, respectively, and
x is the thickness of the concrete in m. For the 4.5” (0.11 m)
of concrete (1) gives an attenuation of ~26%, The attenuation
values given in [32] are based on Monte Carlo simulations using
GEANT4 and computed for low energy incident neutrons (0-20
MeV), and both neutrons with energies >20 MeV and >100
MeV. Using table 20 in [32], the attenuation for neutrons with
energy >20 MeV through the 4.5” concrete slab is about 13%.
Similarly, [30] and [31] show minimal neutron attenuation for
0.11 m of concrete. Therefore, the high-energy portion of the
neutron flux for the second floor measurement is nearly identical
to outdoors (for which the model results in Sections III-B and
III-C were based).

Finally, we consulted with Paul Goldhagen who collaborated
with the IBM authors on our terrestrial neutron measurement
paper [23]. At the time the original neutron measurements were
made, the spectrometer was also placed in the same basement
laboratory where the XIA UltraLo-1800 data were taken (see
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Section III-D). The neutron count rate ratio between the data
obtained on the roof-top and the basement laboratory, for high-
energy neutrons was ~2.6—4X (depending on what energy range
was considered, the larger attenuation going with the higher-
energy neutrons). Assuming roughly 20% attenuation between
roof-top and the second floor (see the earlier discussion), leads
to 2-3X reduction in neutron flux between the second floor and
the basement location [33].

IV. RADON ISSUES

A. Isotopes, 1/2-Lives, and Alpha-Particle Energies

There are two isotopes of radon, which are commonly
discussed in the literature, 22°Rn (also known colloquially as
“Thoron”), from the decay of 222Th, and 222RRn from the decay
of 238U Figs. 6 and 7 show the decay schemes, alpha-particle
energies, and 1/2-lives of the daughters of ??2Rn and ?2°Rn,
respectively [34].

Radon is a gas and can permeate through materials before
emitting an alpha particle. The radon daughters are typically
charged [35] and can attach to dust or objects charged with static
electricity. This “plating out” of the radon daughters onto the
surface of a sample leads to elevated alpha-particle emissivity
measurements during the beginning of a measurement, after a
sample is introduced into an alpha-particle counter.

Because the two isotopes of radon and their progeny come
from the decay of 232Th and 22*U, we expect to see evidence of
them from 23?Th and 2% U contamination, whether within the
sample, in the silicon substrate, or in the counter components.
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Fig. 8. The alpha-particle activity as a function of time of 2'4I?a from applying
the Bateman equation.

Because of the material above the escaping alpha particles, the
energy of the alpha particles emitted from within a bulk sample
will necessarily be lower than that observed from the plate out
on the sample surface.

The half-lives of 22°Rn and 222Rn are ~1 min and 3.8 days,
respectively. The half-lives of the daughter isotopes are more
important than those of the parent isotopes since: 1) the radon
itself does not get attached to the sample; and 2) the daughters
control the rate of alpha particles observed during the initial
hours, or days (as we will show) after the sample is put into
the counter.

As shown in the tilted oval in Fig. 6, within the decay chain of
222Rn is a smaller decay chain that starts with 214Ph (T, /2 =
26.8 min) which (3-decays to 2'*Bi (T;;, = 19.8 min.) and
finally 3-decays to 214Po (which emits an alpha particle at 7.7
MeV). The Bateman solution can be used to calculate the effec-
tive 1/2-life of any chain of radioactive decays [36]. Applying
this solution to the alpha-particle emission from 2!*Po we show
in Fig. 8 that it takes about 4.5 hours for the activity of the
7.7 MeV alpha particles to be reduced to ~0.01 of their max-
imum value. For this reason, due to the introduction of radon
when samples are placed into alpha-particle counters, or when
the sample is exposed to radon in storage, it is typical to dis-
card at least the first four hours of data after the introduction of
a sample [16]. We have found that this component is nearly al-
ways present, probably because of the long 1/2-life of 222RRn.

Another important decay chain occurs within the decay of
22031, as shown in the tilted oval in Fig. 7. It starts with 212Ph
(T1/2 = 10.6 hr), which 3-decays to ?'?Bi, (T /5 = 60.6 min)
which then 3-decays to 212Po (T1/2 = 0.3 psec). The 22p;4
and ?'2Po daughters emit alpha particles, nearly simultane-
ously, at 6.1 and 8.8 MeV, respectively. As we will show, this
can cause elevated alpha-particle activity for several days due
to the long half-life of 2!2Ph.

The 2!°Ph — 219Po decay chain is also within the decay
chain of ?*’Rn as shown in Fig. 6. 2'%Pb (T, = 22 years)
B-decays to 219Bi (T, /2 60.6 min) which then 3-decays again
to 2'9Po (T2 = 138 days) which is an alpha-particle emitter
at 5.3 MeV. The Bateman solution applied to this decay chain
produces the alpha-particle yield as a function of time shown
in Fig. 9. The alpha-particle yield increases with time until it
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Fig. 10. The alpha-particle energy as a function of time, for a sample stored in
dry nitrogen.

reaches secular equilibrium in a little over 2 years, then decays
with the 22-year half-life of 2'Ph. The fact that the alpha-par-
ticle yield increases initially comes as a surprise to many people
and for this reason it is important to make several alpha-par-
ticle measurements of Pb-based samples and project the results
to secular equilibrium. We have found that electroplating can
“reset the clock”, which can cause the alpha-particle activity of
samples to follow the distribution shown in Fig. 9 [15].

B. Experimental Evidence of Radon Plate-Out

As we will demonstrate, several factors affect the alpha-par-
ticle counting rate during the first few hours or days, such as:
sample preparation; storage conditions; and the length of time a
counter is open to allow for a sample to be introduced. A two-di-
mensional scatter plot showing the alpha-particle energy as a
function of time can show the presence and decay activity of
alpha particles from different isotopes of radon, as described
above.

Fig. 10 shows the alpha-particle energy as a function of time,
after a 45 min purge, for a sample that was stored in a dry-
nitrogen environment. The inset shows the time evolution of the
~7.7 MeV alpha particles from ?14Po over the first few hours
as expected.

To demonstrate the influence of radon plate out, we exposed
the same sample that was used to obtain the data in Fig. 10 to
air, next to the UltraLo-1800, for a 24-hour period. The alpha-
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Fig. 11. The alpha-particle energy as a function of time for the same sample
shown in Fig. 10, but exposed to air for 24 hours.

TABLE III
STORAGE, EXPOSURE, AND MEASUREMENT CONDITIONS
Storage condition Exposure Measurement
Dry Nitrogen days None
Air 1 hour 120 hours
Air 2.5 hours 120 hours
Pillbox 5 hours 120 hours
Air 5 hours 120 hours

particle energy plotted as a function of detection time, for this
sample, is shown in Fig. 11. Three groups of alpha particles are
shown by the ovals in the figure. The group near 7.7 MeV (from
214Pg) dies off after a few hours, as described above. The other
groups, near 8.8 MeV and 6 MeV take at least 2 days to be
reduced to background. This is a long time considering the time
required to obtain a statistically accurate measurement result for
samples with such low activity.

What we have observed so far, from measuring many sam-
ples, is that the 7.7 MeV alpha particles from 2'4Po, coming
from the plate out of the daughters of 222RRn tend to be the only
Rn daughters of importance for samples stored in dry nitrogen
environments. In contrast, for samples exposed to air, for any
length of time, 8.8 MeV and 6.1 MeV alpha particles will be
observed from the decay of 212Pb in the 22°Rn chain, in addi-
tion to the 7.7 MeV alpha-particles previously mentioned from
214p,

As a final example of the effect that a sample’s storage has on
the initial count rate, we took a different sample and alternately
exposed it to air for different times and measured the alpha-par-
ticle yield in the UltraLo-1800. Table III describes the storage
and measurement cycles.

Fig. 12 shows a histogram of the alpha particles detected
in eight, 8-hour bins for each of the four exposure conditions.
There is a dramatic difference between the number of alpha-par-
ticle events in the first several time bins when the sample is
stored in the pillbox for 5 hours, compared to being exposed
to open air in the laboratory for the same period of time.

The experiments which demonstrated the effects of radon,
shown in Figs. 10-12, were performed in the basement labo-
ratory at the IBM T.J. Watson Research Center. We used a Dur-
ridge model RAD?7 radon detector to survey the radon in the
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Fig. 12. The number of detected alpha particles in 8-hour bins for the same
sample following different amount of time exposed to air.

area where the samples were exposed to the ambient air [37].
The air was sampled for 48 one-hour periods at two locations in
the laboratory. The average levels measured were ~ 4 Bq/ m®,
or ~0.1 pCi/L. We had expected a much larger level of radon
since the lab is in the basement, however it must have been low
due to large number of air exchanges due to the heating and ven-
tilation system. We want to stress that this measured radon level
is about 40X lower than the EPA action limit of 4 pCi/L where
it recommends remediation [38] and is a very low level.

We infer from these results that the amount of radon plated
out onto the surface of samples depends on the total volume of
air above the sample, to which it is exposed. Having the sample
in the pillbox reduces the volume of air, even though the pillbox
is not hermetically sealed. Over a long enough time, the radon
plate-out would have increased due to radon permeating into the
plastic pillbox, although still far less than if the pillbox was not
present. The take-away from this, is that if the sample has to be
exposed to air, it should be for as short of a time as possible.

The lingering effect of the radon daughters can occur when a
high-activity 2*2Th calibration source is left in the counter for
short time, or a low-activity sample for an extended period of
time.

C. Radon Plate-Out Modeling

As we have seen, even trace amounts of radon exposure can
lead to an appreciable amount of activity during the early stages
of ameasurement. To illustrate this, from a modeling standpoint,
we looked into how many atoms of either 22°Rn or 22?Rn, de-
caying near the surface of a 300 mm diameter sample (with no
activity), with all of the progeny ending up on the sample sur-
face, would be responsible for producing measurable alpha-par-
ticle activity on the sample. A Monte Carlo simulation was
set up to determine when the decays occur, and whether the
alpha-articles were emitted into 27 for a 24 hour measurement
period (after a 45 min exemption period, to simulate the purge
time). The results, shown in Fig. 13 indicate that only a handful
of atoms are required to produce measurable and substantial
emissivities. In fact, only about a dozen atoms of either 222Rn
or 22°Rn are needed to produce alpha-particle emissivities of
~ 0.3 a/khr-cm®.
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V. CONCLUSIONS

The measured levels of U and Th in the literature and from
IBM measurements, on bare silicon wafers using neutron ac-
tivation analysis, are <20 ppt. Based on those data and Mar-
tinie’s model [10], we expect the alpha-particle emissivity to be
~ 0.1 ar/khr-cm?, yet we observed ~ 0.3 cv/khr-cm?. In this
work we investigated two sources that could contribute at this
level.

First, we developed a model where cosmogenic neutrons,
protons and pions interacted with silicon atoms in bulk silicon
wafers, and in the argon gas within the UltralLo-1800 and
produced appreciable alpha-particle emissivities. Monte Carlo
methods were used to track the alpha particles in a geometry
consistent with the instrument. The results of the model suggest
that the neutrons are responsible for ~90% of the alpha particles
generated. The alpha-particle emissivity, outdoors, in NYC, is
~ 0.34 of khr-cm?, and is comparable to the emissivity we
have measured for bare silicon wafers in the basement within
the IBM T.J. Watson Research Center.

Second, we examined the effects of radon contaminants,
which we found were significant, even at very low concen-
tration levels of ~0.1 pCi/L. We presented some data in a
two-dimensional scatter plot of alpha-particle energy vs. time,
after a 45 min purge cycle, for samples stored under different
conditions where they would be exposed to different amounts
of laboratory air. The data clearly show 7.7 MeV alpha particles
from the decay of ?14Po, which dies off in less than 4 hours.
Alpha particles from the decays of ?!2Po and 2'2Bi, however,
at 8.8 MeV and 6.1 MeV, respectively, can take several days
to die off due the 10.6 hour 1/2-life of the parent, 2*2Ph. We
showed that this effect could be greatly reduced by storing the
sample in a pillbox, which limited the amount of laboratory air
it was exposed to. Exposure to air should be kept at a minimum,
including the time between manufacturing and arrival at the
measurement laboratory. If these times are large, samples
should be kept in closed containers, preferably hermetically
sealed in an inert gas.
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A Monte Carlo model of radon plate-out on a 300 mm diam-
eter surface showed that only a dozen radon atoms are required
to produce an alpha-particle emissivity of a few tenths of an
alpha particle/khr-cm2.

Lastly, we propose to the industry that we adopt the use of
emissivity in units of a/khr-cm?, rather than the older a /hr —
cm?—since the use of a/ khr-cm? seems more appropriate for
ultra-low emissivity samples. This will eliminate typing three
zeros all of the time.
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