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Chapter I: Introduction

Electronic systems enhance our ability to explore, observe, and operate in
extreme environments. Extreme environments that make the reliability of electronics an
issue, and where precision is of great importance, include neutron and proton radiation
environments. Intense neutron radiation occurs in and around nuclear reactors and
could arise in military conflict [1]. Intense proton radiation occurs in the orbital space
environment and can be created by particle accelerators of all types (i.e. medical,
industrial and scientific) [2]. Understanding the performance of electronic systems and
their components in laboratory-based environments is imperative to predicting their

performance in operational radiation environments.

The characteristics of laboratory-based radiation sources can vary significantly
and consistent measurement techniques for characterizing the particle fluence (integral
of particle flux, total number of particles/cm?2) received by the device under test (DUT)
are necessary. Presented in this thesis are proof of concept examples of how to use a
specific electronic component -the bipolar junction transistor- as a particle radiation
sensor for measuring atomic displacement damage. Previously, this technique has had
a limited measurement range but offers benefits over traditional techniques [3]. This
work sets out to demonstrate its use over a wide range of neutron fluences and evaluate

its application for measuring proton fluences.

The use of bipolar junction transistors (BJTs) as displacement damage sensors
was established as a standard technique in the early 1990s by Kelly & Griffin [3]. The
methodology of utilizing transistors as displacement damage sensors was originally

applied to:



e Provide a useful displacement damage metric for environments where the
neutron spectrum is difficult to characterize or in which a test object will

significantly perturb the neutron spectrum;

e Improve the determination of neutron spectra in the important 0.5-3 MeV
energy region when fission foils cannot be easily used and where other

activation sensors fail to exhibit adequate response [3].

The BJT damage methodology was shown to be an effective means of quantifying
neutron fluence as an 1-MeV damage equivalent neutron fluence in silicon (1-MeV(Si)
n/cm?), a widely used metric when pursuing device performance qualification and
quantifying neutron displacement damage [4]. The use of device response for
displacement damage measurement is standardized in test method ASTM E1855,
Standard Test Method for Use of 2N2222A Silicon Bipolar Transistors as Neutron
Spectrum Sensors and Displacement Damage Monitors [5]. The use of this test method
is particularly favorable when the results of the experiment will be used in the
verification and validation of device performance models. This method offers a less
expensive and minimally invasive means to measuring neutron displacement damage
and presents significant advantages over performing a full spectral characterization of
a neutron environment using neutron activation analysis (NAA) [6]. Increasing the
sensitive fluence range of this method is important for displacement damage testing at
High Energy Density Physics (HEDP) facilities, like the Z-Machine [7] and National
Ignition Facility [8], for which typical neutron fluences are below the lower threshold of

the current standard ASTM E1855-15 test method.

The methodology of ASTM E1855 relies on the Messenger-Spratt equation

presented below [9]. Originally derived in 1958, the Messenger-Spratt equation indicates



a linear proportionality between the change in the reciprocal gain (or increase in base
current at fixed collector current) and the incident particle fluence for a given

spectrum/energy in BJTs:

1 1 Ki®p  Alg

Bpost BO fT N IC,1 mA (1)
where B, is the initial gain, Bpost 1S the gain after the irradiation, K; is an empirically
derived damage factor, fr is the cut-off frequency, @, is the particle fluence, I¢ 1 ma is the
collector current fixed at 1 mA, and Alg is the excess base current. While this form of
the Messenger-Spratt equation provides the theoretical basis for the application of a
particular transistor as a sensor, it also lends insight into how to predict the sensitivity
of different transistors. This is captured in the transistor cut-off frequency, fr on the
right-hand side of the equation. The Messenger-Spratt equation indicates that the
reciprocal of the cut-off frequency will be proportional to the change in reciprocal current
gain. This proportionality is a consequence of the variation of f; with transistor base
width. Therefore, a transistor with lower f; will experience a larger change for the same
fluence, i.e., be more sensitive to displacement damage. The transistors used in this
work have fr ranging from 1.2 MHz to 300 MHz. The 1.2 MHz transistor, the 2N1486,
performs with the increased sensitivity to displacement damage needed for use at HEDP
facilities [10]. In addition to the interest in displacement damage from neutron radiation
sources, displacement damage from proton radiation has been found to be important in
a common application environment, the satellite orbitals around the Earth [2]. For this

reason, the correlation between proton and neutron irradiation is of scientific interest.

The experiments performed at proton and neutron radiation sources during this

thesis reveal advantages and disadvantages when seeking to investigate displacement



damage from either source. Proton irradiation facilities provide a single particle energy
and can be operated inexpensively in a controlled manner (rapid on/off, controlled flux).
However, these facilities usually require samples to be exposed under vacuum, have
small uniform exposure areas, and they do not include the broad spectrum of proton

energies usually encountered in operational space and high altitude environments.

Neutrons can be experimentally produced by either fission, fusion, radioactive decay or
spallation. With nuclear fission and fusion reactors there can be repeatability issues
due to the stochastic nature of nuclear chain reactions, especially with HEDP
experiments. However, the neutron radiation spectrum can be tailored to approximate
the operational environment spectrum and reactor facilities can allow for large areas of
uniform irradiation conditions. Radioactive neutron sources include californium-252,
which undergoes spontaneous fission, and americium-beryllium that produce neutrons
via the (a,n) nuclear reaction. These sources typically have low neutron flux (<102
n/cm?2-s at testing positions for AmBe [12] and <108 n/cm?2-s for Ca-252 [13]) and
require lengthy irradiation times to reach a significant fluence level. In the case of
spallation, benefits and drawbacks are similar to that provided by proton accelerators
[11]. In all neutron irradiations, materials used in testing will experience some degree
of neutron activation and require radiation protection precautions, which can delay

experimenter access.

The prevalence of nuclear reactors and the vast database established in the
investigation of nuclear weapons effects made neutron displacement damage testing
more advantageous in the past [14]. However, increased safety regulations, the closure
of many research reactors [15], and, in recent years, the cost effectiveness have

increased the favorability of using ion beams [16] and proton radiation testing [17].



Regardless, the optimal particle radiation source is that which is present in the actual

application environment.

The specific aims of this thesis are twofold:

e Provide evidence for the use of the 2N1486 transistor as a silicon
displacement damage sensor at lower neutron and proton fluences then

currently-used sensors [10];

e Correlate the silicon displacement damage sensor performance observed
experimentally for proton and neutron irradiations with the calculated
non-ionizing energy loss (NIEL) for three different types of silicon bipolar
devices (2N1486, 2N2484, 2N2222) over a wide range of particle fluences
(1-MeV(Si) neutrons: 1 x 1010 to greater than 1 x 1014*; 4-MeV(Si) protons:

1 x 1010 to 1 x 1013%).

The following sections will develop the fundamental theory of device physics and
particle/crystal interactions necessary to understand the primary effects of
displacement damage and ionizing radiation on BJTs. The methodology for using
displacement damage sensors is outlined and the devices and facilities utilized for
experiments are described. The measurements attainable by using the three different
type bipolar devices as particle fluence sensors as well as notable observations are
included in the results section. A discussion section addresses physical complexities
and considerations for measuring displacement damage before the concluding remarks.
Fig. 1 is the cartoon representation of a typical bipolar device cross-section and is

representative of the devices used in this thesis.

* Units: particles of a particular energy per square centimeter, or the equivalent thereof.
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Fig. 1: Bipolar device cross-section highlighting the regions where radiation effects contribute to altering device
performance. Displacement damage effects are most significant in the neutral base region and emitter-base depletion
region; whereas, total ionizing dose effects appear in the oxide layer over the base and at the silicon/silicon dioxide
interface.



Chapter II: Theory

This section discusses the BJT device physics and energetic particle/crystal
phenomena necessary to understanding the impact of radiation induced displacement
damage and ionizing radiation dose on BJT performance changes (e.g., gain
degradation). Context is provided for previous research developments and the historical
roots of displacement damage. Once this fundamental framework is established, an

overview of the standardized displacement damage sensor methodology is presented.

Section A: Bipolar Device Physics

The BJT was invented by John Bardeen, Walter Brattain, and William Shockley
in 1947 and honored with the Nobel Prize in 1956. The basic model describing current
flow in a BJT is referred to as the Ebers-Moll model [18]. The BJT is a minority carrier
device (because its operation depends on both majority and minority carriers) and its
current gain is inherently dependent on defects that reduce minority carrier lifetimes.
Defects exist in BJTs with and without energetic particle exposure because of imperfect
manufacturing processes. Recombination processes associated with defects that alter
current flow in the base and emitter-base depletion region are understood using the
Shockley-Read-Hall model [18]. The connection between energetic particle fluence and

gain degradation are described by the Messenger-Spratt equation [9].

Current and voltage can be applied and measured at the three contacts of a bipolar
transistor: the collector, the base, and the emitter. The flow of electron current from
emitter to collector in an NPN transistor operated in forward-active mode can be
summarized as follows: Electrons are injected from the forward-biased emitter-base
junction, diffuse across the neutral base, and are swept through the base-collector

depletion region by the electric field [18]. The current components that are seen at the

7



Emitter Base Collector

Recombining electrons

Fig. 2: Primary current components in forward-active biased npn bipolar transistor.

Recombination processes associated with Ig, and Igs increase with the addition of

energetic particle induced displacement damage.
base contact (base current) include the back-injection of holes from the base to the
emitter, recombination current in the emitter-base depletion region, and recombination
current in the neutral base. Fig. 2 shows the current components for a forward-biased
NPN transistor. The following current equations can be understood by considering the
modulation of barrier height by applied voltage, visualized in the energy band diagram
in Fig. 3. A pristine device without significant defect concentrations will have the base
current dominated by the back-injection of holes. In normal operation, collector and
base current can be represented as I, and Iz; in the egs. 2 and 3. Both ideal current

components follow that ~60 mV being applied across the emitter-base junction results

in a decade of increased current (eq. 4).

_ qDppn;? (qVBE)
I =4, NpWg EXP\ %t (2)
. ADpgn;? ( qVBE)
g, = A, Nelpg EXP\ 7 (3)



In(I¢ or Ip;) « (%) VBE (@)

where ¢ is the collector current, Iz, is the base current due to back injection of holes,
A, is the emitter-base junction area, % is the thermal voltage, D, is the diffusivity of
electrons in the base region, n; is the carrier concentration in the base, Ny is the base
doping concentration, and Wy is the width of the neutral base region. D, and Ny are
the corresponding values in the emitter region while L,y is the diffusivity of holes in the

emitter. Eq. 4 is in the log-lin form BJT current and voltage are typically plotted in.

In addition to back-injection of holes into the emitter, base current has two

contributions from recombination that depend on the minority carrier lifetime, which

Emitter Base Collector

: Reverse bias
iR Ll 1 sweeps electrons
Vo Pl out of base region
v ,f’ Py and across
T A depletion region
'\
H : R R Py Ef
- SRttt E,
Forward bias
reduces barrier :
height and injects}
carriers across : E
depletion region v
. X
Emitter-base Base-collector
depletion region depletion region

Fig. 3: Energy band diagram of a forward-active biased npn bipolar transistor. At each
junction the applied bias creates a quasi-fermi level for both electrons and holes
whose distance from the respective band edge modulates that charge carrier’s
concentration. The curvature of an energy band indicates the presence of an electric

field that can act on charge carriers (e.g. € = % (dEC/ da))-
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represents the average amount of time carriers exist before recombining. Minority
carrier lifetime is dependent on the accessibility of defects that act at recombination
sites. The lifetime decreases as the probability of encountering a defect and recombining

is increased.

Recombination current originating in the emitter-base depletion region has an
ideality factor (‘n’ in exp(q BE)) of approximately 2, while recombination current

occurring in the neutral base has an ideality factor of approximately 1 [19] (see Table I).
Recombination in the emitter-base depletion region can occur at the Si/SiO; interface
and be proportional to surface recombination velocity or it can occur in the material
bulk and be proportional to the minority carrier lifetime [20]. Due to the large ideality
factor (n = 2) associated with emitter-base depletion region recombination, its effect is
more prevalent at low-bias conditions. The difference in ideality factors can be related
to the availability of charge carriers in each region. In the depletion region the presence
of both carrier concentrations is exponentially dependent on the applied bias. In
contrast, in the bulk region there is an abundance of majority carriers and only the

minority carrier concentration is limited by the applied bias.

The equations in Table I provide insight into the subthreshold slope expected
from each recombination current contributor. Shockley-Read-Hall (SRH) recombination

theory can provide a better understanding of how defect concentrations (that will later

Table I: Recombination current contributions from different regions in a bipolar
junction device.

Emitter-base depletion region Neutral base
d
In(Ig,) « V In(Ig3) x (=) V,
(Ig2) & GGH) Vs (Ig3) () Vg
[~120 mV/decade] [~60 mV/decade]
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be linked to energetic particle irradiation) contribute to changes in device performance
by increasing base current. The SRH representation for recombination rate in both

regions of interest (the emitter-base depletion region and the neutral base) can be

approximated as [18]:

.2
(pn—n;?) -

[p+n+ Znicosh(Etk_TEi)]‘co

U=

Where U is the recombination/generation rate, p and n are the carrier concentrations,
Eiis the intrinsic energy level, E; is the trap energy level, and 7, is the carrier lifetime
(with the assumption that electron and hole recombination cross-sections are equal). If
the pn product is greater than the intrinsic carrier concentration squared, n;2, then U
will be positive and there will be net recombination. If U is negative there will be net
generation. The denominator at a minimum when E; = E;, therefore U is at a maximum
when the trap energy level is close to the middle of the bandgap (midgap). This is

depicted in Fig. 4 where the bold line represents recombination in an un-depleted region

Tt
I
1H0.8
11
1)1
| Lo
g .6
I \
'! 1
I " 0.4
[} \
’l \‘
] - 0.2
! \
’ \
’ \
| ] | < [ ] 1 |
' 0 4 8 12 16

(E, - E)KT —

Fig. 4: Shockley-Read-Hall recombination/generation rates as a function of trap
energy level with respect to the intrinsic level. The bold line represents net
recombination in an un-depleted region and the dashed line represents generation

in a depleted region [18].
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and the dashed line represents generation in in a depleted region [18]. Recombination
in a depleted region is maximized by two conditions: a trap energy level near midgap as
well as recombination events occurring at a location within the depletion region where
the hole concentration and electron concentration are approximately equal (n=p). Most
important for this work in eq. 5, is that the recombination rate increases with decreasing
carrier lifetime, t,. Minority carrier lifetime and transistor current gain are typically
proportional, with current gain defined as the ratio of collector current to base current.

The principle displacement damage effect of particle radiation on bipolar device
performance is an increase in the amount of defects with trap energy levels within the
forbidden bandgap that take part in SRH recombination processes, increasing the base
current components Ig, and Iz; and decreasing the current gain. In Fig. 5, an example

Gummel plot (log Ic and Is vs. Vgg) is shown for a 2N1486 device used in this work.

o - 250.00
102
. 200.00
103
7 -4
g 10 - 150.00 .g
g &
= 10° %
5 g
=
5o - 100.00 3
107 Collector
Base - 50.00
s L] e Current Gain
oo - 0.00
0.35 0.45 0.55 0.65

Emitter-Base Voltage (Volts)

Fig. 5. An example Gummel plot with log(l) and log(ls) plotted vs. emitter-base
voltage. Plotted on the secondary axis is the corresponding current gain. A
compliance current of 20 mA in the collector is reached by ~0.6 V.
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Section B: Displacement Damage

As an energetic particle traverses the crystalline lattice of a solid it can transfer
its energy to the atoms that make up the host lattice through ionizing and non-ionizing
processes. In ionizing energy transfer processes, the incident particles transfer their
energy to electrons by promoting them from the valance band to the conduction band
of the lattice atoms (i.e. the creation of electron-hole pairs) [21]. In non-ionizing
processes, energetic particles collide with and displace lattice atoms (i.e. displacement
damage) [22]. The non-ionizing processes that occur with proton and neutron irradiation
include elastic scattering, where the kinetic energy of the incident particle and the target
atom are conserved, and inelastic scattering, where a portion of the kinetic energy is
transferred to other processes. Other processes transfer energy to phonons, nuclear
excitation, or nuclear reactions such as (n,p) and (n,a) reactions [22]. Rutherford
(coulombic) scattering will also occur between the charge bearing protons and lattice
atoms [20] [23]. The lattice atom that is initially displaced is referred to as the primary

knock-on atom (PKA).

The significance of understanding how energetic particle radiation can alter the
properties of a material was first highlighted by Eugene Wigner in 1946 when presenting
experimental details of the first nuclear reactor experiments, one year before the
invention of the transistor [23]. The early studies of displacement damage effects in
materials, especially material embrittlement, are summarized by Kinchin and Pease

[24].

The first study of displacement damage effects on semiconducting materials
(Germanium in this case) was produced one year after the invention of the transistor in

1948 by Davis et. al [25]. In semiconducting materials, the study of displacement
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damage is especially interesting because the resulting defects can substantially alter
the properties of the material by creating localized defect states in the otherwise
forbidden bandgap. The dominant effect of localized states in the bandgap is to act as
electron-hole recombination centers. In 1958, Messenger and Spratt produced that
equation that has been successful in describing an enduring relationship observed
between particle fluence and device performance, measured as current gain degradation
or equivalently as increases in base current [9]. A cartoon depiction of displacement

damage can be seen in Fig. 6.

The Messenger-Spratt equation presented in Chapter I (eq. 1) describes the
fundamental observed effect of displacement damage in bipolar devices, the reduction
of minority carrier lifetime. The minority carrier lifetime decrease (At), that occurs with
the introduction of recombination centers, is directly related to the increase in base
current in the bulk region by eq. 7 and the emitter-base depletion region eq. 8,

analogous to the relationships presented in Table I [26].

® ) ® D

- ) @®  Energetic Particle

-
--" ‘) q ’3 Lattice Atom

/oo, ¢ : Lattice Vacancy
»-’ »-) /j T \‘

q Dopant/Impurity

— — = = Frenkel Pair

= = = = Divacancy

’j \:: 4 E-center

Fig. 6: Defects in a crystalline solid. In the upper left, an energetic particle dislodges
a PKA that becomes an interstitial. Pairs of interstitial atoms and vacancies are
known as Frenkel pairs and are the most common defect created with energetic
particle bombardment. E-center defects (impurity/vacancy pairs) and divacancies
are less mobile than Frenkel pairs and substantially anneal only at elevated
temperatures. These defects also have energy levels near midgap, increasing their
recombination efficiency.
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The change in the minority carrier lifetime encapsulates the effect induced by the
displacement of lattice atoms and the creation of recombination centers, which is a
complex process. Bombarding particles can displace atoms in the host lattice if they
have energy above the material specific displacement threshold energy, Tq (for silicon,
Ta =~ 21 eV [27]). In the case of low to moderate energy electrons [28] and low energy
protons and neutrons point defects are created (i.e. individual vacancy-interstitial pairs,
or “Frenkel pairs”) [22]. The interstitial (I) atom and the single vacancy (V) from the initial
Frenkel pairs are both very mobile and can readily recombine (anneal). However, if a
vacancy migrates into close proximity of another vacancy or to a dopant impurity atom,
a more stable and less mobile defect can form. Stable defects made from two vacancies
are referred to as a divacancy (V2) and a vacancy and an impurity combination is referred
to as an E-center (e.g. vacancy-phosphorus [VP]) (see Fig. 6) [22] [29]. The ability for
defects to migrate and their dependence on time and temperature creates the first

complication.

Table II: Silicon defect types and positions in the forbidden bandgap [56].

Defect E;[eV] Cross sectionijgcmz]
V E+ 0.47 0, = 9-10°
| E.—0.44 0,=210"
VP E.— 0.46 0, =410
V, E.—0.43 0,=210"

Representative energy levels which these defects can introduce in the forbidden
bandgap are shown in Table II. The energy level of each trap affects its efficiency in

capturing electrons/holes and varies depending on the type of defect, a second
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complication. Trap energies near midgap display the largest electron and hole capture
cross-sections, making them effective as recombination sites where either an electron
or a hole is captured. The divacancy and E-center defects are only capable of substantial

time-temperature annealing at temperatures of approximately 420 K or higher [22].

With higher energy particles, enough energy can be transferred to the lattice
atoms that, after their initial displacement, dislodged atoms will collide and displace
additional lattice atoms in a cascade. The resulting creation of many displaced atoms is
referred to as a cascade and may contain densely clustered defects. The initially
displaced recoil particle is the PKA. For particle elastic and inelastic scattering, this PKA
is one of the lattice atoms. For a neutron transmutation reaction, such as a (n,p) or (n,a)
reaction, this PKA atom will have a different atomic number and atomic weight. The
complexities presented by defect cluster formation and variable defect types are best
addressed with computational modeling and are areas of active research [29] [30]. The
impact of these complications will be discussed in Chapter VI; however, the Messenger-

Spratt equation for the devices and environments in this thesis still applies.

A simplified expression for approximating only the amount of elastic and inelastic
interactions that contribute to displacement damage for a given particle and energy is

referred to as non-ionizing energy loss (NIEL, ‘s’) [14] [22]:

N
NIEL = (Z) [0,T, + 0,T;] @)
where N is Avogadro’s number, A is atomic weight, o, is the elastic interaction cross-
section, o; is the inelastic interaction cross-section, T, is effective average recoil energy
from elastic interaction, and T; is the effective average recoil energy from inelastic

interaction. NIEL provides a good way to approximate how different particles and
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energies will create displacement damage and has been used with significant success
[14] [31]. NIEL does have limitations and does not address the complete physical reality;
complications that arise when applying NIEL for displacement damage correlations are
addressed in Chapter VI. Fig. 8 shows how NIEL can provide effective particle/energy
damage correlation for protons and neutrons. The damage factor along the y-axis in Fig.
7 comes from the Messenger-Spratt equation and its calculation is presented in Section

D of this chapter.
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Fig. 7: Non-ionizing energy deposition vs. damage factor for 1-MeV(Si) equivalent
neutrons and a range of proton energies. The value of NIEL is shown to correspond
directly with the damage factor in the Messenger-Spratt equation [10].
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Section C: Ionizing Radiation Dose

Ionizing energy deposition can occur when an energetic ion, photon, or electron
passes through a material. The resulting electron-hole pairs can contribute to the
degradation of bipolar devices by reducing current gain and increasing base current [21]
[32] [33] [34]. During irradiation, ionizing dose generates transient photocurrents
measurable at all gates that can disrupt device measurements [11] [31]. After
irradiation, base current increases due to two total ionizing dose (TID) effects: the

creation of interface traps and trapped charge in the oxide [21] [32].

Oxide- and interface traps occur at oxygen vacancies in SiO2 and dangling silicon
bonds at the silicon/silicon dioxide interface [21]. Proton transport to the interface
creates the dangling silicon bonds (Py centers) as well as gaseous hydrogen (Fig. 8, right).
Interface traps, occurring as Py, centers, act as recombination sites. Recombination sites
at the interface contribute to increasing the surface recombination velocity [35]. Surface
recombination occurring near the emitter-base depletion region will increase base
current and have an ideality factor of 2, much like with displacement damage. Oxide

trapped charge near the emitter-base junction alters the surface electric potential and

e-h pairs (@) Mﬁa({g t)raP ’
created ormation (P, .
= Sio, Si

by ionizing — A " /_
radiation + o+ _]
N,: deep hole , =
%WK trapping (E') , at F~
near interface +
proton
gate traNSWK’“ .
proton h@:j '
re—lcia‘sg fj 2
—/(> hopping transport of A

holes through localized
states in bulk Si02

Fig. 8: Ionizing dose effects (left) [34] and creation of Si-dangling bonds (right) [21].
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modulates the size of the emitter-base depletion region [32] [35]. In Fig. 8 is a depiction

of TID effects.

TID effects vary with ionizing radiation sources. Different types of radiation can
result in different initial separation distances (thermalization distance) between
electrons and holes [36]. Different charge carrier density distributions will recombine,
migrate, and/or form interface and oxide traps at different rates. In some
circumstances, degradation increases with lower ionizing dose rates, a phenomenon
known as Enhanced Low Dose Rate Sensitivity (ELDRS) [37]. The fraction of charge
carriers that survive initial recombination is referred to as charge yield [38]. Charge yield

can be related to the mass-stopping power of different radiations. Fig. 9 show the mass-
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Fig. 9: Stopping power of various ionizing radiation sources. The secondary electrons
from 10-keV x-rays have a stopping power approximately equal to 20-MeV protons.
The secondary electron stopping power from Co-60 gamma rays are also labeled [48].
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stopping power for protons of different energies and the secondary electrons from 10
keV x-rays, and cobalt-60 gamma rays. Important in Fig. 9 is the approximately
equivalent mass-stopping power for 10-keV x-rays and 20-MeV protons. The ionization
charge yield behavior for various protons, x-rays and gamma rays is shown in Fig. 10.
When the separation of individual electron-hole pairs is large compared to the
thermalization distance, a geminate (consisting of identical pairs) model is applicable
which treats them as specific, individual pairs [36]. If the separation of different pairs is
similar or less than the thermalization distance, the entire yield of charge carriers must
be treated statistically with a columnar model (Fig. 10) [36]. TID effects are also
dependent on applied bias conditions and dose rate, however these factors are not

within the scope of this work.
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Fig. 10: Charge yield ratio for a range of proton energies [36]. The geminate model
applied when electron-hole pairs generated by ionization are separated further
apart than the mean separation between pairs. Whereas a columar model is used
when electron-hole separation is less than the the mean separation between
different pairs.
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Section D: Standard Procedure for Displacement Damage
Sensors

The experimental methods used in this thesis are guided by the ASTM standard
test method E1855 [5]. A flow chart summarizing ASTM E1855 can be seen in Fig 11.
The test method provides instructions for the use of 2N2222 silicon transistors as
displacement damage sensors; however, its methodology can be extended to 2N1486

and 2N2484 silicon transistors.

The procedure begins with measuring each transistor’s current gain at a
reference value of 1 mA of collector current. This reference value remains consistent
throughout the procedure and was verified to be applicable to the 2N1486 and 2N2484.
The reference is appropriate because it is in the linear region for forward-active bias, no
injection current annealing has been observed experimentally, and it is convenient for

standardized procedure [10]. A common-emitter circuit scheme is used during readout

(Fig. 12).
e
Expose to Perform stabilization
Measure initial gain | =) displacement ) anneal
damage environment
v
Measure post- = Performrecovery |
irradiation gain anneal

Fig. 11. Flow chart summarizing the displacement damage sensor procedure. After the
recovery anneal is performed the procedure can be repeated. During each step of the
procedure, besides IV measurements, the device is unbiased with leads grounded. Note:
Before measuring the post irradiation gain the transistor is exposed to a thermal
stabilization anneal of 80° C for 2 hours [10].
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Fig 12. Common-emitter circuit diagram used to measure current gain.

Once the initial current gain values are recorded, a calibration exposure is
performed in a reference neutron environment. The reference environment must be well-
characterized and monitor dosimetry must be included to enable the determination of
the reference 1-MeV(Si) equivalent fluence. To be considered well-characterized, the
neutron radiation field must be stable, reproducible, and a record must be available for
the spatial and energy-dependent radiation intensity during irradiations. This data must
then be incorporated with nuclear reactor physics and radiation transport models to

create a detailed understanding of the radiation environment impingent upon the DUT.

After the devices are exposed in the calibration environment, they undergo a two-
hour elevated temperature “stabilization” anneal at ~350 K. The stabilization anneal is
used to reduce the amount of gain readout variability due to time-dependent annealing
that occurs at room temperature. The stabilization anneal is particularly helpful since
it is not always convenient to fix the exact time after the irradiation at which the
transistor current gain is measured as well as to control the environmental temperature
during this time interval. The stabilization anneal is intended to eliminate sensitivity to
normal variations in the storage temperature of the device during a potential several day
delay between exposure and gain measurement. After the stabilization anneal, a post

irradiation gain measurement is taken (Bpost)-
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With a change in current gain and reference 1-MeV(Si) equivalent fluence known,
the displacement damage factor (DDF) for each individual device can be calculated by
rearranging eq. 1 into eq. 10. The DDF incorporates the damage factor and transistor

cut-off frequency.

DDF = X1 - (2

fT Bpost

1
- E)/ D _Mev(si) 9)

Once the DDF for each transistor is known, the devices can be used in the
determination of 1-MeV(Si) equivalent fluences in unknown environments by following

eq 11.

1

1
D1 _mev(si) = ( - _3)/DDF (10)

Bpost

The new initial current gain measurement (f;) in eq. 11 is performed after an
elevated time-temperature anneal of 24 hours at ~450 K before for the next irradiation
(see Fig. 11) [5]. This is referred to as the “recovery” anneal with the intention of
annealing some of the damage and restoring the device sensitivity. The ASTM annealing

conditions are further investigated in Chapter IV.

The current standard requires the use of control transistors to provide a relative
temperature correction. This enables practical application of the standard for a broad
group of users and experimental circumstances. Experiments at SNL did not require the
use of control transistors because all readouts were performed with the device
temperature controlled. At Vanderbilt University all measurements and experiments
were performed in the same climate-controlled laboratory basement, which introduces

negligible change in current gain readout (+ 2 K 2 + 1%, see Fig. 13).
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Chapter III: Experiment Details

The radiation exposure experiments for this thesis were performed at Sandia
National Laboratories located in Albuquerque, New Mexico and Vanderbilt University
(VU) located in Nashville, TN. Sandia National Laboratories (SNL) is a Department of
Energy laboratory. SNL is home to many radiation producing facilities including: Ion
Beam facility, Z-Machine, Hermes-III, Saturn, Annular Core Research Reactor (ACRR),
and the Gamma Irradiation Facility (GIF) [39]. VU is home to the largest university based
radiation effects research institute, the Institute for Space and Defense Electronics
(ISDE) and the Radiation Effects and Reliability research group. VU has experimental
capabilities with radioactive sources, ARACOR x-ray irradiators, and a pelletron particle
accelerator [40]. In this work the ACRR [41] and GIF at SNL are utilized as well as the

ARACOR and pelletron at VU.

The displacement damage and ionizing dose experiments were performed on
three different types of bipolar transistors, all of the NPN polarity. The devices are all
commercial off-the-shelf (COTS) produced by Microsemi Corporation and have the
identification numbers: 2N1486, 2N2222, and 2N2484. The 2N1486 and 2N2484 were
chosen for their low cut-off frequency parameters, which indicates the potential for
increased sensitivity to displacement damage. The 2N2222 was selected for its long
track record of use in radiation effects research [3] [13] [14] [31] [42] [43] and the ASTM
E1855 standard test method, which is based upon the 2N2222. Each of these parts
appear in the NASA radiation shielding report for the International Ultraviolet Explorer
with measurements suggesting their level of sensitivity [44]. The following sections
describe the characterization of these parts and the description of each test

environment.
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Section A: Devices and I-V Measurements

The current and voltage (I-V) characteristics of each device are taken as Gummel
plots acquired with either a Hewlett Packard 4142B parameter analyzer with an HP
16058A Test Fixture (used at SNL) or Hewlett Packard 4156A parameter analyzer and a

custom fabricated prototype board (used at VU).

For the SNL experiments, the devices were measured a significant duration after
irradiation due to neutron activation and decay processes. Devices were mounted in a
custom-sized temperature-controlled mounting block installed inside the test fixture.
During readout, the mounting block is maintained at precisely 273 K using a Lakeshore
temperature controller. A one-minute delay was allowed for each transistor to
equilibrate in temperature with the mounting block and gloves were worn to reduce the
amount of body heat absorbed by the device from the experimenter. Experimental
measurements with variable device temperature indicated a dependence of the gain
measurement on temperature of less than +0.5% per Kelvin (Fig. 13). Due to the weak
dependence of current gain on device temperature and the relatively constant
temperature maintained in the radiation effects laboratory at VU, the temperature
control block was determined to be unnecessary for the VU experiments (see Fig. 13).

The parameter analyzer was setup to obtain a Gummel plot with the following
parameters:

e The collector voltage is set at a constant 10 V
e The emitter voltage is held common, 0 V
e The base voltage is varied in sweep mode from O to 0.75 V
e A compliance current of 20 mA is set for the collector current
Example Gummel plots obtained for each device before and after irradiation are

shown in Figs. 15 and 16. The base current and current gain are shown after
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considerable degradation (50%-75%). At emitter-base bias below ~0.3 volts, the base
current is below the effective measurement range of the parameter analyzers and a
noisy, un-physical current gain is recorded; for this reason, the plots begin at an
emitter-base bias of 0.35 volts. The base current ideality in each device is shown to
increase (decreased slope), indicating increased emitter-base depletion region
recombination. Current gain measurement distributions for 2N1486 transistors before
and after irradiations are shown in Fig. 17 and appear Gaussian, although limited by

sample population.

Scanning electron microscope images of the 2N2222 and 2N1486 can be seen in
Fig. 14. The increased fluence sensitivity of the 2N1486 to displacement damage is due
to its larger base width (~37 um vs. ~9 um). The square of base width is inversely
proportional to cut-off frequency; therefore, base width is also an indicator for inherent

high sensitivity to displacement damage [45].
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Fig. 13 Temperature dependence of current gain measurements. Measurements are
performed on three control transistors, one moderately damaged, and one heavily
damaged device. All transistors depicted are 2N1486.
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Fig. 14: Scanning electron microscope images of the 2N1486 (left) and 2N2222 (right).
The feature sizes of each look similar however they are taken at different degrees of
magnification, 1.00 mm for the 2N1486 vs. 300 um for the 2N2222.
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Fig. 15: Gummel plot and current gain of pristine 2N1486 and after significant
damage resulting in 50% current gain degradation.
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Fig. 16: Gummel plot and current gain of pristine 2N2222 and after significant
damage resulting in 50% current gain degradation (upper) and 2N2484 (lower) with
75% current gain degradation.
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Fig. 17: Current gain measurement distributions at the reference point (Ic = 1 mA)
for 70 pristine 2N1486 transistors (upper) and two levels of current gain degradation
in two groups of 15 transistors (lower). The current gain measurements appear
representatitive of a normal distribution (Gaussian) considering the small sample
size. Standard deviation is shown to decrease with severity of degradation.
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Section B: Radiation Environment Descriptions

The Annular Core Research Reactor and Gamma Irradiation Facility are located
in Technical Area V of SNL in Albuquerque, New Mexico. ACRR is a pool-type research
reactor that can operate in a pulsed or steady-state mode. ACRR features a large, dry
central cavity and epithermal/fast neutron energy spectrum originating from fission in
uranium dioxide/beryllium oxide fuel [41]. Fission results in the release of significant

gamma and neutron radiation.

In ACRR, the epithermal/fast flux can be tailored using different spectrum
modifying bucket configurations. To generate a spectrum of high energy neutrons that
participate in displacement damage, as well as minimize ionizing dose from gamma
radiation, the lead-boron bucket (LB-44) configuration is used (spectrum in Fig. 18,

bucket schematic in Fig. 20). Boron has a high thermal neutron capture cross-section
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Fig. 18: Lead-boron bucket neutron energy-fluence vs. neutron energy. The neutron
energy spectrum has a high energy peak with a minimized thermal neutron fluence
[49]. The spectrum structure corresponds to actual reactor material neutron cross-
section resonances.
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and acts as a neutron poison, preventing low energy neutrons from passing through.
Lead has a high atomic number which allows it’s many electrons to efficiently absorb
gamma radiation. The ACRR is an intrinsically safe research reactor. It features a
negative temperature feedback coefficient that limits any super-critical excursions from

reaching dangerous power levels.

ACRR is characterized for use as a reference neutron radiation field. Periodically,
each test environment is fully characterized following standardized procedures with
numerous activation foils, flux maps, and repeatability tests [6] [46] [47] [48]. During
each irradiation, accompanying dosimetry is included in close proximity to the device
under test (DUT). The exposure monitor dosimetry most commonly includes sulfur and
nickel activation samples for fast neutron sensitivity and thermoluminescent dosimeters
as an ionizing dose monitor. Sulfur is more sensitive than nickel to the high energy (>3

MeV) neutron fluence and is favored for low-fluence experiments [47].

To use a measured sulfur or nickel activation reading to infer a reference 1-
MeV(Si) equivalent fluence the following equations are used with conversions provided
from the latest lead-boron bucket spectral characterization report [49]. The sulfur
activation reading uses a transfer calibration from a NIST californium-252 source for an
equivalent fluence that must be converted to total fluence for ACRR and then to the 1-
MeV(Si) equivalent fluence (eq 12). Nickel activation (via the 58Ni(n,p)58Co reaction) is

reported in bequerels (decays per second) and follows a similar conversion (eq 13).

Total Fluence (n/cmz) 1—-MeV (Si) fluence

Total Fluence (n/cmZ)

d1-mev(si) = (Cf Equivalent) x 4.837 (£4.74%) x 0.563(£2.5%)

325(n,p)Cf-equ
(11

Total Fluence

(Bq/ gNi)

1-MeV (Si)fluence
Total Fluence ("/

$1-mev(siy = (Nickel Activity) x 3.412 x 10™(£3.1%)
(12)

x 0.563(+2.5%)

em?2)
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VU’s pelletron linear accelerator is located in the basement of the Free Electron
Laser (FEL) building. It is capable of accelerating light ions to moderate energies with a
1-inch uniform beam diameter. The 4-MeV protons that are used in this work are at the
upper bound of its acceleration capabilities. A custom vacuum chamber with an
adjustable level stage and various cable feedthroughs enable electronic parts testing at
the radiation effects end station. Multiple surface barrier detectors with gold scattering
foils are used for dosimetry and observe Rutherford Back Scattering (RBS) with 10%

fluence uncertainty [40].

Due to significant scattering of protons by the discrete transistor metal lids, each
device must be delidded before irradiation. Three different methods were attempted for
delidding devices: acid etch, mechanical erosion, and mechanical separation. Acid etch
with nitric acid was ineffective due to the significant lid thickness of each transistor
type, even with moderately elevated temperatures. Mechanical erosion with a belt
sander and coarse sand paper was the most rapid method with all devices that survived
the initial delidding (>95%) remaining functional. Mechanical separation with a can
opener-like device custom designed for
transistor delidding by Thor was effective and

delicate; however, a slower process.

The cobalt-60 arrays in the GIF emit
two characteristic gamma rays at 1.17 and
1.33 MeV after beta decay into an excited

state nickel-60. Multiple high-activity sources

are stored underwater and can be raised into

Fig. 19: Gamma irradiation facility

one of several hot cells for irradiation. high-activity cobalt-60 array. The
blue glow is Cherenkov radiation [55].
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Calibrated ion chamber measurements are made at measured distances from the source

for dose and dose rate determination.

The ARACOR x-ray irradiator provides 10 keV x-rays at variable dose rates with
an approximate uniform beam diameter of one and a half inches. Dose rate is controlled
by a calibration relationship between power source voltage and current. For this
experiment series a dose rate of ~30 krad (SiO2)/min is used with the power source at

35 kV and 30 mA.

Fig. 20 and 21 depict the experimental facilities and experimental setups used at
SNL and VU, respectively. In the experiments at SNL, the devices were irradiated
passively, mounted in electrostatic foam with dosimetry in close proximity by a
spectrum of neutron energies or two cobalt-60 gamma ray energies. In experiments at
VU, devices were irradiated while grounded in a DUT board by a single proton or x-ray

energy.

In the ACRR experiments for displacement damage sensor evaluation, numerous
devices were irradiated at a single time and the ASTM E1855 annealing procedure was
performed in its entirety. For irradiations in the pelletron vacuum chamber, the ASTM
procedure was performed without stabilization anneals at each fluence level due to the
time consuming nature of creating and releasing vacuum conditions in the chamber.
This was supplemented with consistent, prompt measurements of I-V characteristics
with a standardized readout time between one and two minutes after irradiation. During
this time period, rapid annealing of current gain can occur (see Fig. 27), which indicates
limited reliability for the displacement damage sensor results obtained. Further
investigation is needed of ionizing dose annealing with these parts to determine

appropriate stabilization and recovery annealing conditions.
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Fig. 20: Two experimenters (Martin and Tonigan) load an experimental package from
the top of ACRR central cavity (top left). Schematic of the lead-boron field modifying
bucket (bottom left). 3D model of the ACRR with the central experimental cavity
highlighted (right). The central cavity is 9 inches in diameter, creating a tight fit for
the LB-44 bucket.
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Fig. 21: Schematic of the VU pelletron and beamlines [34]; the radiation effects
beamline is used in this work (top). Custom fabricated prototyping board (DUT board)

for I-V measurements overhead view (left middle) and board mounted in pelletron
beamline (right middle). ARACOR x-ray irradiator with board mounted and DUTs

connected.



Chapter IV: Experiment Results

The results obtained in these experiments confirm the opportunity for application
of three different types of bipolar transistors as displacement damage sensors for
irradiations with two different energetic particles (i.e., proton and neutron). The
complete application of the ASTM test method in a neutron environment provides a
comparable 1-MeV(Si) equivalent fluence measurement to tradition dosimetry for the
2N2222 and, with increased neutron sensitivity [10], for the 2N1486. An abridged
version of the test method with a batch-averaged damage factor was applied to the
2N2484 device. 1-MeV(Si) fluence measurements deduced using this device had greater
uncertainty. The general trend of proton degradation to neutron degradation is found to

agree with calculated NIEL. The results from an adjusted displacement damage sensor

10°

R? = 0.9798

10! y. |
e

103 % ~

10
1010 1011 1012 1013

Dosimetry Measured Fluence (1-MeV(Si)-n/cm?)

Fig. 22. Reciprocal current gain degradation vs. neutron fluence for 2N1486
transistors in the ACRR LB-44 environment. The figure contains the response of 51
transistors exposed to five levels of fluence ranging from 1.09 x 101°to 1.11 x 1012 1-
MeV(Si)-eqv.n/cm? as measured by sulfur activation dosimetry. The horizontal error
bars represent the uncertainty in each sulfur dosimetry measurement and the
individual current gain measurements [10].
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procedure provides example 4-MeV proton fluence measurements. The proton fluence
measurements only provide order of magnitude accuracy without individual device

specific corrections for ionizing dose and with TID annealing readout variability.

The most important relationship to observe for displacement damage sensors is
the linearity of reciprocal current gain degradation (or excess base current at a fixed
collector current). In Fig. 22, the linearity observed for the 2N1486 transistor is shown
at fluences as low as 1 x 1010 1-MeV(Si) eqv. n/cm?2. Fig. 23 is a log-log plot of reciprocal
current gain degradation vs. fluence for 4-MeV proton and neutron irradiations for the
three devices (i.e., 2N1486, 2N2484, 2N2222). A linear relationship plotted on a log-log
plot will always have a slope of 1 (see bottom left of Fig. 23). Fig. 23 shows the response
the three types of transistors is linear in the neutron response range of 1 x 1010 1-

MeV(Si) n/cm?2 to >1 x 101* 1-MeV(Si) n/cm?2.

A linear response is obtained for the 2N1486, 2N2484, and 2N2222 in a proton
response range of 1 x 1010 to >1 x 1013 4-MeV p/cm?2. For the proton curves, a
representative individual device response is plotted over multiple fluence levels, without
a stabilization anneal because of the ease of measuring devices frequently during
irradiation and the difficulty of irradiating many devices (due to beam size and vacuum
pumping). The ratio of proton to neutron degradation for each device is of the same
order of magnitude as the corresponding NIEL ratio of 10, with a lower damage factor
ratio of 6.1 (2N2484) and an upper damage factor ratio of 15.3 (2N1486). The spread in
these ratios is likely due to varying contributions from ionizing dose in the proton
irradiations from manufacturing variability (most importantly oxide thickness [21]). The
use of device response on a part by part basis in both environments would improve

performance predictions and displacement damage sensor accuracy.
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Fig. 23: Reciprocal current gain degradation vs. particle fluence for three types of devices. The secondary y-axis has
the excess base current, Alz, and the secondary x-axis has the equivalent ionizing radiation dose for 4-MeV protons.
Proton results are corrected for ionizing dose degradation following eq. 16. The ionizing dose equivalence of 4-MeV
protons is done following a MRED simulation in [13] with a value of 1.16 x 109 krad(SiO;) per proton. A linear
relationship plotted on a log-log plot will always have a slope of 1 (i.e. In(y)= B In(x) with B=1). B = ~1 for all data sets.
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The following section contains details of the device response in each environment
and displacement damage sensor measurements. The uncertainty calculation for
displacement damage sensor measurements and the adjustment of proton results to
account for ionizing radiation is described. The effect of both annealing conditions,

stabilization and recovery, is quantified for neutron irradiations.

With a linear response of increasing base current (or reciprocal current gain
degradation) with particle fluence confirmed for each device, the standard test method
can be used to calculate a damage factor and subsequent displacement damage sensor

measured fluence. Table III and IV has measured fluences for the 2N1486 and 2N2222

Table III: 2N1486 1-MeV(Si) eqv. neutron sensor performance

2N1486 DD SENSOR MEASUREMENT COMPARED WITH
SULFUR/NICKEL DOSIMETRY

Sulfur/Nickel Dosimetry 2N 1486
1.13x 1010 = 11% 1.06 x 1010 £+ 11%
1.36 x 1011 +12% 1.10x 1011 £+ 11%
1.11 x 1012 =+ 9% 1.12x 1012 + 11%

Average Damage Factor: 8.00 x 10-1¢

Table IV: 2N2222 1-MeV(Si) eqv. neutron sensor performance

2N2222 DD SENSOR MEASUREMENT COMPARED WITH
SULFUR/NICKEL DOSIMETRY

Sulfur/Nickel Dosimetry 2N2222
1.16 x 1012 = 9% 1.08 x 1012 + 9%
1.14x 1013 = 7% 1.08 x 1013 + 9%
1.14x 10 + 4% 1.10 x 104 + 9%
*¥1.33x 104 = 6% 1.26 x 1014 £+ 9%
1.24x 105 =+ 4% 8.53x 10 £ 9%
*¥1.07x 1015 = 6% 1.04 x 1015 + 9%

Average Damage Factor: 1.11 x 10-13

*indicates a pulse mode irradiation

39



103

104
-
3
10°
<
+~
g
o
H 6
5 10
Q
Q
3
M 107
—— 1. Prerad -+ = 4. Recovery Anneal
2. Calibration e 5. Sensor Test
108 3. Calibration (Stabilized) —— 6. Sensor Test (Stabilized)
0.35 0.40 0.45 0.50 0.55 0.60
Emitter-base voltage (Volts)
200
—— 1. Prerad -- - 4. Recovery Anneal
180 2. Calibration e 5. Sensor Test
160 3. Calibration (Stabilized) —— 6. Sensor Test (Stabilized)

Current gain

0.35 0.40 0.45 0.50 0.55 0.60
Emitter-base voltage (Volts)

Fig. 24. Base current (upper) and current gain (lower) as a function of emitter-base
voltage during each step of the displacement damage sensor procedure. The device
response shortly after the calibration and sensor test irradiation is shown as well as
after the corresponding stabilization anneals (stabilized). The specific transistor
response shown was exposed to a calibration fluence of 3.09 x 101! 1-MeV(Si)-n/cm?2
and a sensor fluence of 1.08 x 1012 1-MeV(Si)-n/cm? [10].
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devices when used as displacement damage sensors compared to the traditional
dosimetry fluence measurements (NAA with either sulfur or nickel). The displacement
damage sensors provide comparable accuracy to NAA and no significant difference is
observable with pulsed irradiations. An example of base current and current gain
measurements at each step in the displacement damage sensor procedure can be seen
in Fig 24. The irradiation steps (1-2 and 4-5) and recovery anneal step (3-4) displayed
the greatest changes in base current and current gain while the stabilization anneal
resulted in minor changes. The first stabilization anneal (2-3) recovers more base
current than the second stabilization anneal (5-6) for unknown reasons; however, the
second stabilization anneal was performed after the device experienced the increased

time-temperature recovery anneal.

Assigning an accuracy to a sensor’s measured 1-MeV(Si)-equivalent neutron

fluence requires knowing the uncertainty of three values:

e Single current gain measurement (0 )
e Calibration fluence measurement (NAA or other) (op)

e Conversion of calibration dosimetry measurement to 1-MeV(Si) equivalent
fluence (spectral adjustment uncertainty) (os)

The spectral adjustment uncertainty from each type of calibration dosimetry
(sulfur or nickel) is provided in the LB-44 radiation environment characterization report
[49]. The calibration dosimetry uncertainty was provided by facility support staff for
each experiment’s dosimetry report. To obtain an uncertainty for an individual gain
measurement, repeated measurements of transistor gain for both un-irradiated and
irradiated devices were performed many times. The combination of nearly 100 repeated
measurements on ten 2N 1486 transistors (3 pristine transistors and 7 transistors with

a range of minor to major gain degradation) demonstrated that the gain measurement
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fractional standard deviation was 1.1% or less. The magnitude of the standard deviation
decreased with increased current gain degradation. A value of 1.5% is assigned as the

relative uncertainty for a representative current gain measurement.

With each contribution to the displacement damage sensor identified in the
bullets on the previous page, the total relative uncertainty is found using the following

equation based on the component uncertainty contributions being uncorrelated [50].

— 2 2 2
OpD Sensor,neutron — \/Gtxr + GD + GS (13)

For proton irradiations, a similar uncertainty can be found using eq. 15, which

does not require a spectral adjustment conversion due to the single particle energy.

— 2 2
OpD Sensor,proton — v Otxr T Op (14)

The transistor measurement uncertainty is added in quadrature for each current
gain measurement performed in the above equations. If desired, a batch-averaged
damage factor can be used by including the uncertainty for the device-to-device
variation, the standard deviation of the group’s measured current gain values is

satisfactory if the population is observed to follow a normal distribution (see Fig. 17).

The 2N2484 was irradiated in three different fluence irradiations and provides a
good opportunity to observe the efficacy of using a batch-averaged damage factor for a
displacement damage sensor measurement. From the first two test level exposures, 1.27
x 1011 and 1.11 x 1012 1-MeV(Si) n/cm?, an average damage factor of 5.80 x 10-16 is
obtained with an uncertainty of 10% in the calibration dosimetry (sulfur), a batch-

fractional standard deviation of 13.2% (number of transistors = 20), and a transistor
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current gain measurement uncertainty of 1.5%. The batch-averaged damage factor
combined with an average reciprocal current gain degradation of 0.0102 (number of
transistors = 5; 0 = <1%), produces the sensor measured fluence in the third irradiation
of 1.75 x 1013 + 16.6% 1-MeV(Si) n/cm?2 compared to the dosimetry measured fluence
1.18 x 1013+ 6%. The relatively high uncertainty is due to the use of a batch-averaged
damage factor with a small batch size (15 transistors); however, the measurement

provides a reasonable 1-MeV(Si) equivalent neutron fluence measurement.

Table V-VII contains sample results for the use of each transistor type as a
displacement damage sensor in 4-MeV proton irradiations at the VU pelletron. For these
measurements, a damage factor is calculated after the first irradiation and then applied
(eq. 10 and 11) to each subsequent irradiation and compared with the RBS detector
measured fluence. The most accurate example device predictions are presented. Select
other devices performed poorly as sensors with results differing from RBS dosimetry as
much as an order of magnitude. Rapid room temperature annealing could account for

results obtained from devices that deviated from RBS, despite a controlled readout time.

It is desirable to relate the proton and neutron irradiations based upon their
calculated NIEL values. A calculated NIEL value for neutrons in silicon is 2.04 x 10-3
MeV-cm?2/g [14] and for 4-MeV protons in silicon is 1.42 x 102 MeV-cm?2/g [17], making
the corresponding NIEL ratio approximately ~7 or on the order of magnitude of 10!.
NIEL captures the relative sensitivity to particle radiation of the devices used in this
work, with each being significantly more sensitive to 4-MeV protons. Corresponding
damage factor ratios for each device are seen in Fig. 23 and demonstrate that NIEL

provides accurate order of magnitude estimation.
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Table V: 2N1486 4-MeV proton sensor performance

2N1486 DD SENSOR MEASUREMENT COMPARED WITH

RBS MEASUREMENT
RBS Fluence 2N1486
2.47x 1010 £ 10% 2.56x 101 £ 10.5%
5.54x 1010 + 10% 5.38x 1019 £+ 10.5%
1.06 x 1011 £ 10% 8.04x 101 + 10.5%
2.07x 101! +£ 10% 1.33 x 1011 £ 10.5%
5.09x 101t +£ 10% 6.05x 1011 £ 10.5%

Adj. Device Damage Factor: 1.22 x 10-12

Table VI: 2N2222 4-MeV proton sensor performance

2N2222 DD SENSOR MEASUREMENT COMPARED WITH

RBS MEASUREMENT
RBS Fluence 2N2222
291 x 10t + 10% 2.45x 1011 £ 10.5%
5.06x 10t + 10% 4.55x 1011 £ 10.5%
1.02x 1012 + 10% 8.44 x 101! £ 10.5%
2.07x 1012 £ 10% 2.07x 1012 £ 10.5%
5.05x 1012 £ 10% 493x 1012 + 10.5%
1.01 x 1013 £ 10% 1.18x 1013 + 10.5%

Adj. Device Damage Factor: 2.73 x 10-14

Table VII: 2N2484 4-MeV proton sensor performance

2N2484 DD SENSOR MEASUREMENT COMPARED WITH

RBS MEASUREMENT
RBS Fluence 2N2484
1.02x 1012 £ 10% 1.20x 1012 £+ 10.5%
2.02x 1012 £ 10% 2.59x 1012 £+ 10.5%
5.05x 1012 £ 10% 591 x 102 £+ 10.5%
1.01x 1013 £ 10% 1.12x 103 £+ 10.5%
2.0l x 1013 £ 10% 1.90x 1013 £ 10.5%
501l x 101 = 10% 5.17x 1013 + 10.5%

Adj. Device Damage Factor: 1.36 x 10-13
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The 4-MeV proton results are corrected for ionizing dose degradation according
to eq. 16 [17]. Proton irradiation creates significant ionizing dose which must be

accounted for to isolate the non-ionizing displacement damage.
AIB(DD,protons) = AIB(total,protons) - (AIB(TID,X—rays) X CYR) (15)

where Algppprotons) 1S the excess base current introduced by proton displacement
damage, Alg(totalprotons) 1S the excess base current introduced by ionizing and non-
ionizing processes due to protons, Alg(ripx-rays) is the excess base current introduced
in an x-ray irradiation at an equivalent ionizing dose, and CYR is the charge yield ratio

between 4-MeV protons and 10 keV X-rays.

As discussed in Section II.C, charge yield can vary between ionizing radiation
sources. Due to similarity is stopping power, 20-MeV protons and 10-keV x-rays are
typically estimated to have the same charge yield [17] [34] [S1] [52]. Based on Fig. 9 in
Section II.C., the CYR between 20-MeV protons/10 keV x-rays and 4-MeV protons is
approximately 0.54, confirmed in [17]. The charge yield ratio between 10-keV x-rays and
cobalt-60 gamma rays was 0.48 (o = 10%, see Fig. 25) if averaged over the linear range
(0.4-0.6 V); however, this ratio varied part to part and its reliability is suspect due to
inadequate control of measurement readout time/conditions during the cobalt-60 and
10 keV x-ray irradiations. However, this charge yield is comparable to what has been
obtained in other experiments for an unbiased bipolar transistor [33] [38]. In all un-
biased charge yield studies, cobalt-60 irradiations produced more excess base current

than 10 keV x-rays when compared at the same ionizing dose [32] [33] [51].

The following equation for CYR can be used in eq. 16 if using the ionizing

radiation response in the cobalt irradiations. The single value of 0.54 CYR is used with
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the Aracor ionizing radiation response. Both methods yield comparable results with only
order of magnitude accuracy and significant variability. An especially hard 2N1486
transistor outlier experienced no significant gain degradation by 100 krad(SiO,) in x-ray
irradiations, an order of magnitude higher than any other. Base current measurements

of pristine devices were more sensitive to ionizing radiation dose than devices previously

irradiated in the ACRR (Fig. 26).

Alg 4—MeV protons AlB 4—MeV protons AIB 10—keV X—-rays
CYR = protons _ P X y

(16)

AIB,Cobalt—eo AIB,10—keV X-ray\20—MeV Protons AIB,Cobalt—60

The similarity of excess base current introduced by 4-MeV protons and
approximately an order of magnitude more 1-MeV(Si) equivalent neutrons in a
characteristic 2N1486 BJT is shown in Fig. 27, supporting this conclusion and the

calculated NIEL ratio of ~101.
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Fig. 25: Excess base current from an equivalent ionizing radiation dose of cobalt-60
and 10-keV x-ray irradiations of 500 krad(SiO.) in a sample 2N1486 transistor.
Results varied significantly from part-to-part.
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Fig. 26. Base current in a previously (upper) un-irradiated and irradiated (lower)
2N 1486 transistor as a function of emitter-base voltage with each curve representing
a different gamma radiation dose. The irradiated device was exposed to 1.16 x 1010
1-MeV(Si)-n/cm?. The prerad, 1 krad(Si) and 10 krad(Si) data curves overlap in both
figures. While the worst case bias (reverse bias on emitter) [33] was not placed on the
device for the GIF experiment, the onset of ionizing dose effects occur at greater than

an order of magnitude higher dose than was experienced in the ACRR-neutron
experiments.
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Fig. 27: Excess base current vs. base-emitter applied voltage for two representative
2N1486 transistors irradiated by an order of magnitude more neutrons in the ACRR
(LB-44) than 4-MeV protons. The excess base current from a cobalt-60 irradiation is
displayed at an equivalent dose level corresponding to the 4-MeV protons. The
ideality factor of the proton-irradiated device is greater than that of the neutron-
irradiated device (reduced slope). This effect is most likely due to an increased
contribution of recombination in the emitter-base depletion region (n=2), an area that
spreads with increased oxide trapped charge associated with proton ionization [19]
[33] [35].

Two annealing conditions are called for in the ASTM E1855 procedure, a
stabilization anneal (2 hours/350 K) and a recovery anneal (24 hours/450 K). The
stabilization anneal is intended to provide a stable current gain measurement regardless
of measurement time and that is equivalent to the current gain if measured an infinite
time after irradiation. Fig. 28 contains the room temperature annealing of current gain
for all three devices compared to the average stabilization current gain recovery. The
annealing at room temperature is rapid for the first ~30 minutes regardless of the

amount of degradation; however, the most degraded devices experienced the largest
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Fig. 28: Current gain measurement displaying room temperature annealing of
degradation. The stabilization anneal usually restores ~10% of the degraded current
gain, which is the approximate long time current gain room temperature annealing
recovery for the two less damaged devices when taking the initial measurement at
~30 minutes.

percent current gain recovery. Measurements taken 70 days after irradiation (~1700

hours) recovered approximately 10% current gain from the first post-irradiation

measurement without stabilization annealing.

The recovery anneal in ASTM E1855 calls for 24 hours at 450 K. If the
temperature increases 30 K, no appreciable increase in annealing occurs. However, if
the temperature decreases 30 K, significantly less annealing occurs. The majority of

current gain recovery occurs within the first six hours (Fig. 29).
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Fig. 29: Elevated temperature annealing performed on lightly damaged 2N2484
devices, more significant annealing has been observed in more heavily degraded
devices. Increasing the temperature above 450 K doesn’t result in more annealing
however decreasing the temperature below 450 K results in significantly less. This
indicates the 420 K annealing temperature of VP [22] must be surpassed. The
annealing is most significant in the first 6 hours and marginal annealing occurs after
24 hours.
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Chapter V: Discussion

The Messenger-Spratt equation has been used to describe the gain degradation
of BJTs for over 50 years. It is applied in this work to describe the behavior of BJTs used
as displacement damage sensors for multiple device types. The majority of devices yield
comparable accuracy to traditional dosimetry in proton and neutron environments.
Part-to-part response and annealing rate variability are complicated by the following

considerations.

Protons lose energy from linear energy transfer (LET) continuously while passing
through a material. Protons have a sharply peaked Bragg curve, with the majority of
energy deposition happening at the end of range. Messenger et. al [S3] pointed out that

if the thickness of a target region is large compared to the incident particle range,
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Fig. 30: Regions where NIEL does (II) and does not (I,III,IV) provide an accurate
estimate of the energy deposition and defect generation in silicon due to different
particle/crystal interactions [S3].

51



substantial changes in the NIEL result in non-uniform damage. The proton energy and
device dimensions they recommend to avoid this complication lie in region II of Fig. 30.
The large base width device, the 2N 1486, is right at the border of this region for 4-MeV

protons, suggesting NIEL may be in

80
a variable regime of where finite
g‘_i?!. Defect
particle range and non-uniform L Cluster
g
. 60 |-
damage is a concern. The 2N2222
AE D
By

and 2N2484 have critical dimensions

Defect
Cluster

less than 10! um, placing them safely

Distance (nm)
i-Y
(=]
T

in region II for a 4-MeV proton

irradiation.

In studies by Fleming et al,

silicon defect type variety and

clustering that occur with energetic
particle bombardment are
investigated with deep-level transient
spectroscopy  (DLTS). Clustered
defects created by PKAs (see Fig. 31)
enable the formation of significantly
more complex defect types with
chains of vacancies, interstitials, and
impurities combining to create Fig. 31: Formation of defect clusters from an

incident particle at (0,0) (upper) Each
unique electronic states within the clustered region stems from a single PKA

collision and the line stemming to clusters
forbidden bandgap. The complex contain individual frenkel pairs. MD

simulation of a defect cluster behaving as an
transport of charge carriers through amorphous grain (lower) [27].
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large disordered regions, which can be seen as amorphous grains (Fig. 31, bottom),
encouraged early researchers to treat them as space-charge regions in modeling. The
Gossick cluster model [54] was an early attempt at modeling this; however, the extent
of cluster size was assumed to be far larger than found in later silicon cluster studies
[22]. The Gossick cluster model assumed disordered regions to be greater than or equal

to 100 nm in width, whereas actual cluster diameters are found to be < 5 nm [22].

Defects can act as more than recombination traps. Fig. 32 shows multiple ways
that defects can affect charge carrier transport, including thermal generation, temporary
trapping, and majority carrier trapping. In addition to the Fig. 32 examples impurity
type conversion can occur, switching donor-like behavior to acceptor-like and vice versa.

The same defects types can be present in different charge states. Fleming highlights

—YW_V_ . Ecp

(a) (b) (c) (d)

Fig. 32: Defect states created within the silicon forbidden band gap and their effect
on charge carriers. (a) represents the thermal generation of carriers, (b) carrier
recombination, (c) temporary trapping, and (d) reduction of majority carrier [27].
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that, although the damage factor metric remains valid, it is important to recognize the
assumption that recombination traps are assumed to be uniformly distributed and
dominantly act like recombination centers [29]. This assumption enables eq. 18 —the
backbone assumption of this work- that the increased concentration of all trap types is

directly proportional to the minority carrier degradation [26]:

1 1 1
— =———=0v;ANr (17)
At Top To
where 7, is the pristine device minority carrier lifetime, 74 is the minority carrier lifetime

after irradiation, o is the carrier capture cross-section, v, is the carrier thermal velocity,

and ANy is the increase in recombination traps.

In addition to the stochastic variability in NIEL by protons and neutrons and the
assumptions regarding defect types, significant ionizing radiation dose can result in
non-linear combined ionizing and displacement damage degradation. This effect is
described by Barnaby, et al. and leads to enhanced gain degradation in NPN transistors
in proton irradiations [20]. Non-linear degradation occurs with proton irradiation
because ionization-induced defects (in the oxide and at the interface) affect the
recombination rate in the bulk silicon. Surface recombination velocity, from the addition
of ionization-induced defects, and sub-surface bulk recombination, from displacement
damage defects, have been shown to be non-linearly correlated [20]. Although
confirming this enhancement is beyond the scope of this thesis and requires device
modeling to analyze, combined effects could have contributed to the variability of proton

displacement damage sensor measurements.

Recently, an improved Messenger-Spratt equation was presented by Barnaby, et

al. [26]. This modification addresses a simplification in the original equation where only
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the excess base current from bulk recombination (Alg, in Fig. 2) is appropriately
considered. Alg; and minority carrier degradation due to recombination in the emitter-
base depletion region are related with different factors than bulk recombination (eq. 7
vs. eq. 8). This effect is dominant at low biases where emitter-base recombination plays
a more significant role. The reference collector current of 1 mA used in this work, which
occurs above low applied bias, sufficiently mitigates the effect of this correction on

damage factor calculations.

The preceding complications and complexities are reduced by the use of
individual device’s responses (or well defined batch parameters), thoroughly
characterized environments, and the elevated temperature anneals that place readout
in stable temporal regimes. The use of an individual device for quantifying damage
factors and a CYR removes the process variation variables from device-to-device.
Measurements in unknown environments can be conducted with calibrated devices;
however, results should be taken with a degree of skepticism if substantial ionizing
radiation dose is anticipated. Further investigation in the device specific time-
temperature dependent annealing of ionizing radiation effects could remedy the

variability with proton irradiations.

In addition to the complications discussed in this section, the measurement
accuracy can be affected by mechanical or chemical damage, which must be avoided by
careful handling of the devices. If devices are properly secured during irradiation and

stored in a sealed container with anti-static foam these types of damage are avoidable.
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Chapter VI: Conclusion

This thesis presents the 2N1486 transistor as a high sensitivity displacement
damage sensor and demonstrates that the correlation of proton and neutron
displacement damage is described adequately by NIEL for three different bipolar device
types. The 2N1486, 2N2484, and 2N2222 displacement damage sensors are further
applied with a modified procedure to approximate 4-MeV proton fluence. A batch-
averaged displacement damage sensor approach is examined with the 2N2484
transistor and provides 1-MeV(Si) eqv. neutron fluence measurements with higher
uncertainty. The batch-average approach is useful because it allows pristine transistors

to be used in test-level measurements without prior calibration.

The complicated nature of displacement damage is discussed and the validity of
the damage factor metric is verified. The annealing conditions in ASTM E1855 are
investigated, confirming that 24 hours at 450 K is an appropriate recovery anneal
condition. The stabilization anneal condition is confirmed to replicate the long term

room temperature annealing behavior of the three transistors.

Further investigation of the annealing of ionizing radiation degradation is needed
to improve the quality of the displacement damage sensor approach for proton
irradiations. Device-to-device variability can be an issue, but the use of averaged
responses over multiple devices helps deal with this. The displacement damage sensor
methodology successfully estimates particle fluence based on degradation but does not
reveal the fundamental material changes that occur; computational modeling and
improved defect-specific diagnostics are needed to fully capture device response

behaviors.
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The application of the 2N1486 as a displacement damage sensor has been
successfully applied at HEDP facilities such as the National Ignition Facility, University
of Rochester Omega facility, and SNL’s Z-Machine. The drafting of a new standard test
method with the higher sensitivity 2N1486 has been initiated with the ASTM E10:

Nuclear Technology and Applications Committee.
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