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Abstract

Dual-Sided Microstructured Semiconductor Neutron Detectors (DS-MSNDs) have been
developed as a viable alternative to expensive *He for thermal-neutron detection. DS-MSNDs were
designed as an advancement on single-sided MSNDs which comprise high-aspect ratio trenches
backfilled with ®LiF neutron conversion material etched deep into silicon pvn-junction diodes.
Neutrons react in the conversion material, which produces energetic charged-particle reaction
products that are measured in the adjacent silicon microfeatures. Single-sided MSNDs have been
produced with an intrinsic thermal-neutron detection efficiency of 30-35% for normally incident
neutrons, and the key limiting factor in detection efficiency is neutron free streaming paths through
the neutron insensitive silicon fins. The DS-MSND incorporates a second set of °LiF-backfilled
trenches etched on the back-side of a thicker silicon diode that are offset from the front-side
trenches to eliminate the neutron free streaming paths. Monte Carlo simulations show DS-MSNDs
only 1.5-mm thick are theoretically capable of 80% intrinsic thermal-neutron detection efficiency,
which could directly match commonly available *He detectors. This work describes the design of
DS-MSNDs including electric field modeling and microfeature geometry optimization with
MCNP simulations, and fabrication process improvements implemented that elevate the state-of-
the-art. The previous world record for intrinsic thermal-neutron detection efficiency for
semiconductor neutron detectors was 53.5 + 0.6%. Advancements in deep-trench etching and éLiF
backfilling methods presented herein have increased the current record intrinsic-thermal neutron
detection efficiency to 69.3 £+ 1.5%.

Several prototype detector systems were fabricated implementing DS-MSND and MSND
technology to aid in search and localization of special nuclear material. Drop-in replacements for
small-diameter, high-pressure 3He detectors, and the DS-MSND-based HeRep Mk 1V measured
80% to 115% of the count rate of a similarly sized 10-atm *He detector based on the detector and
source moderation configuration. Additionally, modular neutron detectors were developed for use
in a high-sensitivity, low profile, wearable neutron detector for covert or overt source detection
missions by warfighters, first responders, or law enforcement personnel. Additionally, MCNP
simulations show the wearable detectors have potential to as operate as high-accuracy, real-time,
neutron dose meters. The DS-MSND-based detector systems with on-board electronics offer a

low-cost, low-power, compact, high sensitivity, alternative to *He neutron detection.
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Abstract

Dual-Sided Microstructured Semiconductor Neutron Detectors (DS-MSNDs) have been
developed as a viable alternative to expensive *He for thermal-neutron detection. DS-MSNDs were
designed as an advancement on single-sided MSNDs which comprise high-aspect ratio trenches
backfilled with ®LiF neutron conversion material etched deep into silicon pvn-junction diodes.
Neutrons react in the conversion material, which produces energetic charged-particle reaction
products that are measured in the adjacent silicon microfeatures. Single-sided MSNDs have been
produced with an intrinsic thermal-neutron detection efficiency of 30-35% for normally incident
neutrons, and the key limiting factor in detection efficiency is neutron free streaming paths through
the neutron insensitive silicon fins. The DS-MSND incorporates a second set of °LiF-backfilled
trenches etched on the back-side of a thicker silicon diode that are offset from the front-side
trenches to eliminate the neutron free streaming paths. Monte Carlo simulations show DS-MSNDs
only 1.5-mm thick are theoretically capable of 80% intrinsic thermal-neutron detection efficiency,
which could directly match commonly available *He detectors. This work describes the design of
DS-MSNDs including electric field modeling and microfeature geometry optimization with
MCNP simulations, and fabrication process improvements implemented that elevate the state-of-
the-art. The previous world record for intrinsic thermal-neutron detection efficiency for
semiconductor neutron detectors was 53.5 + 0.6%. Advancements in deep-trench etching and éLiF
backfilling methods presented herein have increased the current record intrinsic-thermal neutron
detection efficiency to 69.3 £+ 1.5%.

Several prototype detector systems were fabricated implementing DS-MSND and MSND
technology to aid in search and localization of special nuclear material. Drop-in replacements for
small-diameter, high-pressure ®He detectors, and the DS-MSND-based HeRep Mk IV measured
80% to 115% of the count rate of a similarly sized 10-atm *He detector based on the detector and
source moderation configuration. Additionally, modular neutron detectors were developed for use
in a high-sensitivity, low profile, wearable neutron detector for covert or overt source detection
missions by warfighters, first responders, or law enforcement personnel. Additionally, MCNP
simulations show the wearable detectors have potential to as operate as high-accuracy, real-time,
neutron dose meters. The DS-MSND-based detector systems with on-board electronics offer a

low-cost, low-power, compact, high sensitivity, alternative to *He neutron detection.
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Chapter 1 - Introduction

1.1. Motivation for Detector Development

National security concerns focusing on nuclear non-proliferation in a post 9/11 era has
spurred renewed interest in the development of new, high efficiency, thermal-neutron detectors.
The next-generation detectors would serve as a replacement for expensive neutron detectors based
on rare 3He-gas, which has been in limited supplied in the post nuclear warhead production era
[1].

Detecting special nuclear material (SNM), which can be used to make weapons of mass
destruction, is a significant research area for neutron detectors, because a common method for
locating and interdicting illicit trafficking of SNMs is to detect the radiation emitted from the
material, namely, gamma rays and neutrons. Focusing on neutron detection is attractive, because
the spontaneous fission neutrons may be more challenging to shield than the gamma rays emitted
from SNM. The neutrons must first be slowed by a low Z-material and then absorbed by certain
isotopes with high neutron capture cross sections like *He, °Li, 1°B, or *3Cd. Comparatively,
gamma rays can be shielded by surrounding the source with high-Z material like lead. Neutron
signatures are also relatively unique in nature, limited to only a few sources that often warrant
additional investigation if detected. Additionally, the natural neutron radiation background level
tends to be much lower and more constant than background gamma-ray levels [2-4]. Therefore,
neutron detectors provide a measurable advantage in the search and localization of SNM mission
space.

Neutron detectors also play an important role in radiation health physics. Neutron detectors
can be used to estimate the neutron dose or dose rate an individual receives while working in
radiation areas. The estimations can then be correlated with stochastic and deterministic health
effects. Neutron dosimeters are commonly employed in radiation facilities such as nuclear reactors
and particle accelerators. Additionally, neutron detectors have applications in space exploration,
science, and industry. One common application is deploying a neutron detector to monitor neutron
scattering characteristics of terrestrial or extra-terrestrial soil to estimate its hydrogen content while
searching for oil or water. Thus, a market need has persisted for inexpensive, high-efficiency
neutron detectors with many of the applications benefiting from reduction in Size, Weight, and

Power (SWAP) parameters. Dual-Sided Microstructured Semiconductor Neutron Detectors (DS-



MSNDs) have emerged as a feasible next-generation neutron detector technology with reduced
SWAP parameters and high thermal neutron-detection efficiency.

Reducing the SWAP parameters is critical for many radiation detection applications
including battery-operated handheld or wearable instrumentation and detectors deployed on
satellites, rovers, or probes for space exploration where increased size, weight, and power
significantly increase mission cost. Retaining high detection efficiency is also critical, because the
relative precision of a radiation measurement is inversely proportional to the square root of the
total number of counts recorded. Thus, a neutron measurement can be performed in a much shorter
period of time if the neutron detector has high detection efficiency, which becomes extremely
important for detecting weak sources and in applications where the detector may only be in the
vicinity of the source for a short period of time. Built upon previous successes with thin-film coated
detectors [5-14] and single-sided Microstructured Semiconductor Neutron Detectors [15-28], the
newest generation of DS-MSNDs have achieved intrinsic thermal-neutron detection efficiencies

on par with common ®He neutron detectors at a fraction of the cost [29-33].

1.2. Contributions to DS-MSND Technology, Science, and Instrumentation

The following list is a brief summary of the significant contributions that advanced the

state of the art for MSND and DS-MSND technology detailed within this dissertation.

e In-depth characterization and measurement of °LiF backfill powder packing fraction
critical for solving neutron detection efficiency discrepancies between simulation and
measurement

e Development of simulations for °LiF and 1°B DS-MSNDs with realistically achievable
powder packing fractions

e Development of simulations showing the benefits of packing fraction optimization
based on microfeature geometry

e Application of computer-aided modeling for alternative pn-junction configurations on
DS-MSNDs ultimately providing evidence to support fabrication of new pvp-n-ring
profile DS-MSNDs

e Fabricated prototype pvn- and pvp-DS-MSNDs to validate results from computer

models



e Developed VLSI processes to achieve deeper, higher-aspect ratio, microfeatures on
1.5-mm thick Si substrates to ultimately improve neutron detection efficiency

e Characterized factors effecting 6LiF backfill packing fraction and developed process to
improve the powder packing fraction from 30% to approximately 50%

e Fabricated DS-MSNDs with new record intrinsic thermal-neutron detection efficiency
at69.3 + 1.5%

e Performed studies and prototyped alternative doping profiles for fast charge collection
DS-MSNDs

e Investigated spin-on-dopant and ion implantation as a means to form various diffusion
profiles for MSNDs and DS-MSNDs

e Designed and characterized HeRep Mk V detector implementing DS-MSNDs

e Fabricated and characterized wearable detector systems implementing modular neutron
detectors outfitted with single-sided MSNDs

e Designed and simulated neutron response for state-of-the-art modular radiation
detectors implementing high-efficiency DS-MSNDs

e Performed simulation ground work showcasing the DS-MSND-based modular

radiation detector’s potential to operate as a highly accurate neutron dosimeter

1.3. Organization of Thesis

DS-MSNDs have evolved from the earliest inception of the single-sided MSND by
McGregor [15] showing a small but statistically significant improvement in neutron detection
efficiency over thin-film coated neutron detectors to presently having the highest reported intrinsic
thermal-neutron detection efficiency for a semiconductor-based neutron detector [29]. Previous
work by McNeil [20], Bellinger [21], and Fronk [33] describe the efforts to produce MSNDs with
large improvements (5X) in intrinsic thermal-neutron detection efficiency over thin-film coated
detectors, the development of a batch processing method for single-sided MSNDs along with
further improved intrinsic thermal-neutron detection efficiency (~30%), and the realization of the
first DS-MSNDs which achieved an intrinsic thermal-neutron detection efficiency of 53.5% with

the implementation of a novel pvp-type doping scheme, respectively. All three dissertations detail



the challenges of tailoring the Very-Large Scale Integration (VLSI) processing techniques required
to fabricate successful detectors.

A brief overview of the aspects of neutron detection and semiconductor detectors is
provided in Chapters 2 and 3, respectively. Discussed in Chapter 4 is the design of DS-MSNDs
including internal electrical property models for optimized doping profiles as well as MCNP
simulations used to optimize the microfeature geometry of DS-MSNDs based on new éLiF packing
fraction studies carried out after the conclusion of Fronk’s work [33]. Detailed in Chapter 5 are
major processing hurdles that have been overcome to achieve further improved neutron detection
efficiency with an emphasis on deeper trench etching, LiF backfilling, and alternative junction
formation. Characterization of individual DS-MSND diodes is also discussed in Chapter 5.

The small form factor, readily array-able, DS-MSNDs serve as a top candidate for
alternatives to *He for thermal neutron detection especially where low-profile, lightweight, and
low-power consumption are desired such as handheld and wearable radiation detectors that can be
used for detection and localization of SNM. Detailed in Chapter 6 is the design and characterization
of radiation detector prototype systems implementing MSND and DS-MSND technology. Finally,
outlined in Chapter 7 are conclusions from the content presented herein and suggestions for future

work.



Chapter 2 - Introduction to Neutron Detection

lonizing radiation was first discovered in 1895 by Rontgen when x rays emanating from a
Crookes tube across the room caused barium-platinocyanide-coated plates to scintillate [34]. Over
the next few years, alpha particles, beta particles, and gamma rays were discovered by several
esteemed researchers [35-37]. Today, nearly 125 years later, radiation is measured and utilized all
around us in fields including space exploration, particle physics, energy production, medical
imaging, radiotherapy, industrial manufacturing, and, of great importance to this work, nuclear
non-proliferation. The remainder of this chapter will focus primarily on neutron interactions and

detection to provide a brief overview of considerations required for neutron detector design.

2.1. Discovery of the Neutron

James Chadwick identified the neutron in 1932 by measuring the properties of the
emissions from beryllium and boron targets irradiated with polonium alpha particles [38, 39].
Although speculated to have existed as early as 1920 by Rutherford [40], neutrons were discovered
after the discovery of many the other types of radiation including x rays, gamma rays, alpha
particles, beta particles, and protons, partly because neutrons are more challenging to detect due
to their charge neutrality.

Neutrons are composed of two down quarks and one up quark and are part of the nucleus
of an atom®. Free neutrons can be produced in a variety of ways, e.g. cosmic-ray interactions,
fission (spontaneous or nuclear), fusion, and bombardment of specific target material with
radiation, e.g. (a,n) , (y,n) , (p,n) reactions. Cosmic-ray interactions are the primary source of
natural neutron background radiation. Highly energetic charged particles interact in Earth’s
atmosphere and produce a variety of secondary radiation which includes neutrons. The neutron
background energy spectrum peaks around 1 MeV on Earth’s surface, and neutron flux levels vary
from approximately 0.01 to 0.03 n cm? s [2, 41]. Man-made neutron emitting sources such as
AmBe, where the alpha-particle emission from 2**Am produces highly energetic (Eavg = 5 MeV)
neutrons from the (a,7) reaction in the beryllium target, are commonly found in soil density gauges
used for applications ranging from soil moisture monitoring to construction to oil well logging.

Spallation neutron sources use highly energetic protons to eject neutrons from targets and are often

! Hydrogen is the one exception.



used to study molecular material properties. Neutrons are also produced through fission, and the
neutron flux in a nuclear reactor can be monitored to determine the reactor power level. Also,
radiation workers who interact with or around any of these neutron sources or facilities must keep
track of not only their dose from gamma rays and charged particles, but also from neutrons, which
are more challenging to detect and to accurately measure radiation dose. As the primary motivation
for the development of the technology in this work, the detection of spontaneous fission sources

classified as SNM is of interest in nuclear non-proliferation efforts.
2.2. Methods of Interaction

Neutrons are neutral, and therefore, neutrons do not interact coulombically with the
surrounding medium like electrons, protons, alpha particles, and heavy charged particles. Instead,
neutrons interact through scattering or absorption with a target nucleus. At low energies, neutron
scattering and absorption events are both prominent. When a neutron scatters off a target nucleus,
the neutron imparts some energy into the nucleus, which is scattered and interacts through
coulombic interactions until it transfers all its kinetic energy to the surrounding material. The
neutron is scattered into a different direction dictated by conservation of energy and momentum.
At thermal energies, typically less than 0.5-1 eV, the magnitude of kinetic energy transferred to
the target material, which could be a radiation detector, is relatively small and would contribute
little to a person’s dose or a radiation detector signal. Alternatively, neutrons can be absorbed by
a target nucleus, which then produces directly ionizing reaction products. For some targets,
thermal-neutron absorption leads to gamma-ray emission, but for the most common thermal-
neutron detector conversion materials (3He, 1°B, and °Li), charged-particle reaction products are
emitted upon absorption of a neutron. The cross section for neutron absorption in these conversion
materials is proportional to 1/v in the thermal energy region with v being the velocity of the
neutron. At high neutron energies, neutron scattering interactions dominate. Shown in Fig. 2-1 are
the total interaction and absorption cross sections for *He, 1°B, and °Li. Neutron attenuation when
passing through a medium is described by Eq. 2-1 where / is number of remaining unattenuated
neutrons at thickness ¢ into the target material, /o is the initial intensity of neutrons, and 2'is the
total macroscopic interaction cross section, defined as the probability per unit path length that a

neutron interaction occurs [42-46].
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Fig. 2-1. Total neutron interaction cross sections and neutron absorption cross sections for *He, 1B, and
®Li, the most common conversion materials for thermal neutron detectors [47].

One method of neutron interaction is scattering wherein an energetic neutron hits and
scatters off the nucleus of an atom transferring some or all its energy to the recoil atom. Neutron
scattering events can be elastic or inelastic and is described by Eq. 2-2 where £ and £’ are the
initial and scattered energies of the incident neutron, respectively, A is the atomic mass of the

target nucleus, &sis the neutron scattering angle, and Q is the Q-value of the interaction [43].

1 2 -
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In an elastic scatter, the kinetic energy of the neutron and target nucleus before the scatter

equals the kinetic energy of the neutron and nucleus after the scattering interaction. In an inelastic
scatter, Kinetic energy is not conserved, and the target nucleus is left in an excited state, which
often decays to the ground state by emitting a gamma ray. For elastic scattering, the minimum
fraction of initial energy of the incident neutron after a scatter interaction is a function of the atomic
number of the target material, shown in Eq. 2-3. The maximum fraction of energy imparted on the

recoil nucleus is shown in Eqg. 2-4 [43]. Highly hydrogenous materials are considered the best



neutron moderators, because all the energy of an incident neutron can be transferred to the recoil

proton for scattering events with *H nuclei. For isotropic scattering, the average fraction of energy

transferred to the recoil proton for elastic scatters is 0.5(1 — a ) [43].

Many common neutron detectors rely on neutron moderation to thermalize neutrons so

they can be efficiently absorbed by a conversion material, which subsequently results in the

emission of highly energetic reaction products. The goal is then to detect these reaction products.

Some fast neutron detectors are designed to measure the charged-particle interactions of the recoil

nuclei from high-energy neutron scatter events, such as the PRESCILA dose meter [48]. The

detectors described in this dissertation focus mainly on thermal neutron detection, and the

generalized thermal neutron detection process is as follows.
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Fast neutrons, if present, must be slowed down to thermal energies through neutron
scattering events. Typically, the detectors are surrounded by a HDPE moderating cask to
achieve this goal.

Thermal neutrons are absorbed in neutron conversion material.

Charged-particle reaction products are subsequently emitted following the thermal neutron
absorption. Some common neutron conversion materials and their reaction products are
shown in Fig. 2-2.

The reaction products then deposit energy in the detection medium.

The deposited energy is measured. The method of measurement varies depending on the
type of radiation detector, e.g. collecting electrons and ions (gas detectors), measuring
scintillation light (scintillation detectors), or drifting electrons and holes (semiconductor

detectors).
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Fig. 2-2. Thermal neutron (0.025eV) capture cross section and reaction product energies for common
thermal neutron conversion materials, *He, °B, and °Li [44].



2.3. Review of Common Thermal Neutron Detectors

A radiation detector must be designed so that a measurable phenomenon occurs when
radiation interacts within the detector. Some of the earliest radiation detectors were fluorescing
plates that gave off visible light that could be qualitatively observed when radiation interacted in
the fluorescent coating. Other devices were photographic plates that became exposed through x-
ray interaction in the emulsion [34]. Other measurement devices were soon used to measure
radiation interactions, such as the gold leaf electroscope used by Rutherford and the spinthariscope
invented by Crookes [49, 50]. Eventually, as other technologies progressed, more sophisticated
radiation detectors were developed that convert the energy deposition within the detector to a
quantifiable voltage pulse. The three most common types of modern neutron detectors are
presently gas-filled detectors, scintillation detectors, and semiconductor detectors. This section
aims to provide a brief overview of the design and operation of these modern neutron detectors.
2.3.1. Gas-Filled Thermal-Neutron Detectors

Gas-filled thermal-neutron detectors operate by detecting the interactions of the charged-
particle reaction products in the fill gas emitted following the absorption of a neutron in the
conversion material. For ®He and *°BF3 neutron detectors, the conversion material is the detection
medium, because ®He and 1°BF; are gaseous under standard operating conditions. As previously
mentioned, *He detectors are considered the “gold-standard” for neutron detectors and are capable
of achieving high intrinsic thermal-neutron detection efficiencies. This good performance is
achieved because 3He has a high thermal-neutron absorption cross section and emits promptly two
energetic charged-particles with appreciable kinetic energy. However, the rising price and limited
supply of 3He has caused concern about the availability of He in the future and has motivated the
research into alternative neutron detectors [1]. °BFs gas-filled detectors are a long known
alternative which utilizes the °B(n,a)’Li reaction. For detectors of similar size, 1°BFs detectors
will have lower detection efficiency than *He detectors, because °BFs has a smaller thermal-
neutron absorption cross section than *He. Furthermore, the fill pressure of 1°BF; is limited to
about 1 atm, because electron and ion transport in 1°BFs is poor at higher pressures [45]. Finally,
19BF; is toxic thus limiting its marketability. The other category of gas-filled detectors include
detectors typically filled with Ar or P-10 gas and have a solid neutron sensitive layer coated onto
the inner walls of the detector [44, 45] or suspended inside the detectors [51-60]. The thickness of



the neutron conversion layer is limited by the range of the higher energy reaction product, therefore
limiting the neutron detection efficiency. The detection efficiency can be improved by inserting
additional suspended neutron conversion layers [60] or incorporating internal coated fins which
increases the volume of neutron conversion material within the detector without adversely
affecting the reaction product escape probability [61, 62]. Shown in Fig. 2-3 are two examples of

gas-filled detectors.

®Li Foils

°- A \LO

Cathode Cathode

Fig. 2-3. Simplified diagrams of gas-filled neutron detectors. (Left) Cross section of a cylindrical detector
where the fill gas is the conversion material. (Right) Rectangular detector with suspended ®Li-foils and °Li
coated walls.

Many gas-filled neutron detectors operate as proportional counters. The charged particles
emitted following a neutron absorption ionize the surrounding gas. Electrons are drifted towards
the anode by the influence of the electric field created by the voltage between the cathode and
anode. The electric field is high enough to cause Townsend avalanching near the anode which in
turn reduces the pulse height dependence on interaction location in the detector. However, if
interactions occur near the wall of the detector chamber, the “wall effect” is observed wherein
some or all the energy from one of the charged-particle reaction products is absorbed in the detector
wall and does not contribute to the signal. For coated detectors, every interaction demonstrates the
wall effect. This reduced pulse height from not measuring all the energy of both reaction products
can cause some of the neutron-induced signal to overlap and be lost in electronic noise and gamma-
ray background at the lower energy portion of the pulse height spectrum [44, 45]. Fortunately, gas-
filled neutron detectors are relatively insensitive to gamma rays, because the gamma rays are
unlikely to interact in the low-density gas within the detector. Most gamma-ray interactions occur
in the metal detector walls and require a freed electron to enter the chamber to be measured.

10



Finally, since the detectors have strung anodes biased at high voltage (1000-3000 V), the gas filled
detectors have microphonic sensitivity to shocks and vibrations, which can induce undesirable
spurious counts [45].

2.3.2. Scintillation Neutron Detectors

Scintillation detectors are materials that promptly emit measurable light when irradiated.
When ionizing radiation interacts in a scintillation material, electrons are excited to higher energy
bands. The electrons then de-excite through an activator site in an inorganic scintillator or between
singlet states for organic scintillators and emit visible light. The visible light is then converted to
electrons and amplified in either a traditional photomultiplier tube (PMT) composed of a
photocathode and cascading array of dynodes in a vacuum tube or a silicon photomultiplier (SiPM)
composed of arrays of silicon photodiodes operated near its breakdown voltage. Utilizing either
light collection method, the result is an amplified electronic pulse proportional to the amount of
light incident on the PMT or SiPM. The electronic pulse can then be further amplified, quantified,
and binned into discrete energy bins based on the magnitude of the pulse.

Scintillation neutron detectors are typically based on °B or °Li neutron conversion
material. Bulk neutron sensitive scintillating materials include 5Lil, which has similar chemistry
to common Nal scintillation detectors, °B or °Li loaded plastic scintillators, and elpasolite
materials like Cs;LiYCls:Ce (CLYC), CszLiLaBrs:Ce (CLLB), and CszLiLa(Br,Cl)s:Ce (CLLBC).
An alternative to incorporating neutron conversion material into the crystal is to simply coat the
material on the surface of the scintillator. Common examples of coated scintillators are 8Li-coated
scintillating fibers and SLiF-coated ZnS(Ag) screens. Scintillation detectors have higher density
and often higher Z-number than gas-filled detectors making them more sensitive to gamma rays,
which can lead to more gamma-ray induced false alarms. In some cases, the gamma-ray sensitivity
is advantageous allowing for simultaneous dual-mode gamma-ray and neutron detection.
However, additional pulse processing electronics are required to differentiate the gamma-ray
signal from the neutron signal. An alternative to dual-mode detection in a single crystal is to have
a dedicated neutron detector with low gamma-ray sensitivity and a dedicated gamma-ray detector
within the same package. The separated approach would allow for operation in higher radiation

flux environments by reducing the number of interactions processed per detector.
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2.3.3. Semiconductor Neutron Detectors

As the name suggests, a semiconductor neutron detector is composed of a semiconductor
substrate where neutron sensitive material has either been integrated as part of the crystal lattice,
coated onto the surface, or backfilled into perforations in the semiconductor. Neutrons interact
with the conversion material and emit reaction products, typically charged particles or gamma
rays. The reaction products then interact in the semiconductor substrate creating electron-hole pairs
through coulombic interactions. Next, the charge carriers are drifted by the influence of an electric
field, and the net movement of the charge carriers induces a measurable current at the detector
electrodes.

Bulk semiconductor neutron detectors like LiZnP, LiZnAs , CdZnTe , Hglz, BN, and
LilnSe have been investigated for solid-state thermal-neutron detection, but limitations in crystal
growth size, detection efficiency, and poor charge transport properties have limited their
deployment in real world detector systems [63-68]. Conversely, thin-film coated detectors with
neutron conversion material coated onto pn- or Schottky junction diodes have been developed as
thermal neutron detectors for decades [5-12, 14]. The planar diodes are rugged, compact, mass
producible, and thanks to a booming silicon electronics industry, are relatively inexpensive.
Unfortunately, single layer detectors are limited to 4-5% intrinsic thermal-neutron detection
efficiency, and stacking multiple thin-film detectors has a diminishing return on improving
detection efficiency [6]. The better solution, to improve neutron detection efficiency while
retaining all the advantages of semiconductor detectors, was realized through the invention of
MSND:s followed by DS-MSNDs, which comprise high-aspect ratio microfeatures etched into the
semiconductor diode subsequently backfilled with neutron conversion material. MSNDs were
theorized as early as 1987 [69, 70], developed at Kansas State University in recent years [15-27,
71], commercialized by Radiation Detection Technologies, Inc. [28], and has also received
research interest from other groups [72-76]. Chapter 4 includes detailed discussions on previous
work performed on MSNDs and the current progress of state-of-the-art DS-MSNDs.

2.3.4. Design Considerations

The key criteria for evaluating a neutron detector are intrinsic thermal-neutron detection
efficiency, gamma-ray detection efficiency or gamma-ray rejection ratio, size, weight, power

consumption, and cost. In nearly all applications high intrinsic thermal-neutron detection
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efficiency is desired, except for example, reactor in-core instrumentation where the neutron flux
is exceedingly large and needed to sustain the nuclear reactions ultimately responsible for
generating electrical power. Intrinsic thermal-neutron detection efficiency is the probability a
thermal neutron incident on the detector is measured (Eq. 4-8). For a given measurement time,
higher intrinsic detection efficiency improves the precision of a measurement. Therefore, an
operator looking for SNM with a neutron detector can search an area quicker, or more
measurements can be performed in a laboratory environment in a day generating more data than if
a neutron detector with lower detection efficiency was used.

Ideally, the gamma-ray detection efficiency or gamma-ray rejection ratio of a neutron
detector should be low. Many radiation environments include a mixed field of neutron and gamma
rays. Falsely recording gamma-ray interactions as neutron interactions reduces the certainty of the
measurements. The two common methods to improve the gamma-ray rejection ratio of neutron
detectors are to only use materials in the detector that are largely insensitive to gamma rays (i.e.
low-Z materials) and to implement pulse shape or height discrimination to separate gamma-ray
interactions from neutron interactions.

In most scenarios, it is safe to assume that reducing the cost of the detector is desired;
hence, the recent research interest in funding alternatives to expensive and rare *He for thermal-
neutron detection [1]. SWAP parameter constraints of neutron detectors are dictated by the
application or mission space. For example, stationary neutron detectors in radiation portal
monitors, require large detector active area to improve the solid angle between the detector and
the vehicles passing through the inspection area. Detector weight and power consumption are of
less concern, because the detector is mounted on the ground and can be connected to a nearby
power supply. Gas-filled or plastic-scintillating neutron detectors tend to fit well into this market,
because they can be scaled to large sizes cost effectively. On the other side of the scale, reduction
in SWAP parameters is desired for handheld, wearable, or space-based neutron detection
applications. Semiconductor neutron detectors like the DS-MSND are a viable choice in this arena,
because high detection efficiency can be achieved in a comparatively small volume and can be

designed to operate with minimal power consumption.

13



Chapter 3 - Semiconductor Radiation Detectors Basics

Semiconductor detectors were used to measure radiation as early as 1941 [77] and received
significant interest throughout the 1960s and 1970s [77-93] and again in recent years [94-107].
Originally, semiconductor detectors became interesting especially in spectroscopy, because they
are capable of extremely high energy resolution, only requiring a few eV of energy to create
electron-hole pairs, which are the measurable charge carriers [44]. Additionally, semiconductors
have much higher density than common gas detectors, and therefore, small semiconductor
detectors could replace large gas-filled detectors without reducing radiation stopping power [45].
For thermal neutron detection, energy resolution is not as important than for charged-particle,
gamma-ray, and Xx-ray spectroscopy, but semiconductor-based detectors offer several
advantageous over other types of neutron detectors including size, weight, micro-machinability,
low-voltage requirements, power consumption, gamma-ray insensitivity, and mass-producibility
through modern VLSI processing techniques. This chapter provides a very brief overview of the
general properties of silicon and its use as a radiation detector pertaining to MSND and DS-MSND

operation.

3.1. Semiconductor Physical Properties

Semiconductors are classified as solid materials occupying the partially electrically
conductive region between insulators and conductors. Electrical conductivity is largely dependent
on the band gap, or lack thereof, between the valence band and conduction band in a material.
Generally, in an insulator the valence band has no free electrons, in a semiconductor the valence
band contains a few thermally excited electrons at room temperature, and in a conductor the
conduction band is partially filled with electrons providing many free electrons capable of charge
transport through empty states (Fig. 3-1) [108, 109].
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Fig. 3-1. Diagrams of energy band electron populations for insulators, semiconductors, and conductors.
Image was based on images from [108, 109].

Early studies of the discretized light emission from excited hydrogen atoms supported
Bohr’s model that electrons can only occupy specific energy levels around an atom. An isolated
silicon atom has 14 protons and 14 neutrons in its nucleus surrounded by 14 electrons with 10
electrons in tightly bound bands and 4 electrons in the outer 3s and 3p energy bands (Fig. 3-2)
[108, 110, 111]. Each electron has discretized energy, and from the Pauli Exclusion Principle, no
two electrons can occupy the same state. When two isolated silicon atoms are brought near each
other, the allowed energy levels overlap causing the allowed energy states to split, and the two
atoms can now share outermost electrons. As more silicon atoms are added to the crystal lattice,
the energy bands continue to split forming a quasi-continuum of allowed energy bands. The lower
energy band becomes the valence band, which has an upper energy limited denoted as £y, and the
higher energy band becomes the conduction band, which has a lower energy limit designated as
E.. Notice that there is a forbidden energy region between the upper limit of the valence band and
lower limit of the conduction band aptly named the band gap, £z In silicon, the band gap energy
is 1.12 eV [108, 110, 111].
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Fig. 3-2. Simplified diagram depicting formation of valence band and conduction band in silicon. As
additional silicon atoms are bonded to the system the original discrete allowed electron energy states split
to form quasi-continuous energy bands with a forbidden (band) gap forming between the valence band and
conduction band.

The movement of charge carriers, electrons in the conduction band and holes in the valence
band, induces current in a detector circuit. In semiconductors, thermal energy is enough to cause
valence electrons to jump to the conduction band leaving behind a hole. However, at room
temperature, the number of free electrons generated by thermal interactions in silicon is small
enough to be distinguished from radiation events. In an intrinsic (pure) semiconductor, the electron
or hole density at steady state is described as the integral over the energy band of the density of
states of that band multiplied by the Fermi-Dirac distribution function (Eq. 3-1) [108]. The density
of states is the density of allowed electron energy states in an energy range per unit volume, and
the Fermi-Dirac distribution function describes the probability an electron occupies an energy state
[108].

Etop
n = f N(E)F(E)dE Eq. 3-1
Epottom
1
F(E) = Eq. 3-2

1 + e(E-EFR)/kT
k — Boltzmann constant

T — Absolute temperature

Er— Fermi Level

Substituting the density of state equations found in [108, 112] and solving Eq. 3-1, the electron

density in the conduction band and hole density in the valence band for an intrinsic semiconductor
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is described by Eq. 3-3 and Eq. 3-4, respectively, where Nis the effective density of states in the
conduction band, and ANy is the effective density of states in the valence band. M:and Ny for Si is
shown in Eq. 3-5 and Eq. 3-6, respectively [108]. m»and mi, are the effective masses for electrons
and holes, respectively, and 4 is Planck’s constant. A diagram depicting the density of states is
shown in Fig. 3-3 [108].

n = Nye (EcER/kT Eq. 3-3
p= Nve_(EF_EV)/kT Eq 3-4
N, = 12(2mrm, kT /h?)3/? Eq. 3-5
N, = 2(2mm, kT /h2)*" Eq. 3-6
E E E E

! ! ! Eg‘ n=n; E(‘- ED _____ gc n>=ny E(.
——————————————— EF [T~~~ ~=~=~=========- EF [T 4 [T~~~ ——=—======—=-— EF
OO0 O Ey e Ey o) Ey oo Ey

Intrinsic Semiconductor Extrinsic (n-type) Semiconductor

Fig. 3-3. Diagrams of electrons, holes, and Fermi level in an intrinsic semiconductor and n-type
semiconductor.

In an intrinsic semiconductor, the electron and hole populations are equal, because every
thermally generated electron leaves behind a hole, and a perfect crystal does not have any ionized
impurities. However, in practice, a small amount of impurities or dopants is intentionally added to
the silicon crystal lattice in the ingot growth process to precisely control the charge carrier
population. Phosphorus and boron are the most common n-type and p-type dopants for silicon,
respectively. Phosphorus has five valence electrons and therefore can “donate” one electron to the
conduction band. Conversely, boron has three valence electron and therefore accepts an electron
from the valence band, leaving behind a hole. The donor and acceptor levels are very close to the
conduction band and valence band, respectively, and can be considered completely ionized at room
temperature. Since the carrier concentration changes as a function of the doping level, the Fermi
level shifts up or down based on the dopant type. The dopant concentrations, Np or Na, are
routinely orders of magnitude greater than the intrinsic carrier concentration, which is nominally

10'° cm3, and therefore the electron and hole density can be estimated by Eq. 3-7 and Eq. 3-8 for
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n-type and p-type semiconductors [108]. Eq. 3-9 shows the relationship between the electron
concentration, hole concentration and intrinsic carrier concentration. For reference, DS-MSNDs
are fabricated on 5 kQ-cm resistivity, n-type, phosphorus-doped, silicon which corresponds to a

donor concentration, Np, of about 9x10* atoms cm™.

For n-type silicon, n = N, Eq. 3-7
For p-type silicon, p = N, Eq. 3-8
np = n? Eg. 3-9

3.2. Semiconductor Depletion Region Formation

Resistive semiconductor devices have two or more ohmic contacts on a semiconductor
substrate, and a bias is applied to create in internal electric field to influence charge carrier motion
within the detector. This simpler device requires the resistivity of the device to be sufficiently high,
on the order of 10'° Q cm or higher, to limit leakage current across the detector. High leakage
current results in a high noise floor which can compete with or completely drown out the radiation
induced signal. The resistivity of silicon wafers used to fabricate DS-MSNDs is near 5x10° Q cm,
and therefore, DS-MSNDs cannot be operated as resistive devices. Instead, a rectifying contact or
junction must be fabricated. DS-MSNDs utilize pn-junctions to limit the leakage current and
establish the internal electric field critical for measuring the charge carriers created by radiation
interactions within the detector.

A pn-junction is formed when two regions of opposite type silicon are brought together,
see Fig. 3-4. In n-type material, the Fermi level is near the conduction band, and in p-type material
the Fermi level is near the valence band. When the p-type and n-type regions are brought together,
the Fermi level must remain constant [108], and therefore, the bands appear to bend to connect the
conduction bands and valence bands between the n-type and p-type material. On the n-type side
of the junction, an excess of electrons exist that will diffuse into the p-type region leaving behind
positively charged stationary donor sites. Similarly, the concentration of holes on the p-type side
of the junction is high compared to the n-type side. The concentration gradient causes holes to
diffuse from the p-type side to the n-type side leaving behind stationary, negatively charged,
acceptor states. The stationary charged dopant sites in the space charge region create an electric
field that opposes the diffusion of electrons and holes across the junction and promote drift of
minority carries across the junction opposite the direction of diffusion. At thermal equilibrium,

with no external bias or irradiation, the net current from either charge carrier must equal zero.
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Thus, the current contributions from drift and diffusion are equal in magnitude and opposite in

direction.
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Fig. 3-4. (Left) Band diagram of p-type and n-type semiconductors. (Middle) Diagram showing a pn-
junction. (Right) Diagram of electron and hole diffusion and drift caused by charge carrier imbalances and
the electric field formed in the space charge region.

The electrostatic potential, I/(x), and electric field, £(x), in the space charge (or depletion)
region is described by Poisson’s equation and shown in Eq. 3-10, where pis the net charge density,
and &sis the dielectric permittivity [108]. The built-in potential that arises from the difference in
charge density across the junction is defined in Eqg. 3-11 [108]. An example of the potential and
electric field is shown in Fig. 3-5 for a hypothetical 1-D, abrupt, pn-junction defined by Eg. 3-12
through Eqg. 3-15 using the depletion approximation [113]. Notice that the maximum electric field
occurs at the interface between the p-type and n-type material. Additionally, in calculating the
voltage potential, it was assumed that V(x,) was equal to zero, and therefore, V(xx) was equal to

the built-in potential.

0%V(x) _  9E(X) _ —p )
azx ax & EQ. 3-10
kT NaN Eq. 3-11
Vpi = i In (%) q
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Fig. 3-5. (a) Simplified 1-D, abrupt junction, pn-junction diagram with the p-side having higher dopant
concentration than the n-side. (b) Net dopant concentration on each side of the junction. (c) Electric filed
in the depletion region. (d) Voltage potential in the depletion region.

E(x) = “i’s"’* (x, + x), for -x,< x<0 Eq. 3-12
E(x) = _qEISVD (x,, — x), for 0< x< xu Eq. 3-13
V(x) = % (xp + x)z, for -xp<x<0 Eq. 3-14
V(x) = _;IZD (x, — x)2 4V, for 0< x< xn Eq. 3-15

An important relationship is realized by equating Eq. 3-12 and Eq. 3-13 at xequals 0 and
is shown Eq. 3-16 [113]. Thus, if one side of the junction has a much higher dopant concentration
the depletion region will extend deep into the lighter doped side. The average dopant concentration
for the 1~type material used DS-MSNDs is approximately 102 phosphorus atoms per cm?, which
is much smaller than the p-type dopants diffused into onto the surface of the microstructures that
can range in concentrations from 10 to 10'° boron atoms per cm®. This phenomenon allows pvp-
DS-MSNDs to operate solely on the built-in potential and electric field. The width of the depletion
region is given by Eq. 3-17 and can be simplified to a one-sided approximation shown in Eq. 3-18
when the dopant concentration on the p-type side is much higher than the n-type side [108, 113].
Finally, the depletion region width can be manipulated by biasing the diode as shown in Eq. 3-19
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with the one-sided junction approximation. MSNDs and pvn-variants of DS-MSNDs operate with
a reverse bias, meaning negative voltage applied on the p-type side or positive voltage applied on
the n-type side, which increases the width of the depletion region and strength of the electric field.
Radiation interactions are only measured if they occur in the depletion region, and the electric field

is critical for drifting and measuring the charge carriers.

NAxp = NDxn Eq 3'16
_ [2&Vbi (Na+Np Eq. 3-17
W= q ( NgNp )
W [%sVbi Eq. 3-18
qNp
W e /ZSS(VM_V) Eqg. 3-19
qNp

One way to characterize a pn-junction is to measure the current vs. voltage (IV) and
capacitance vs. voltage (CV) characteristics. The pn-junction should be rectifying, meaning
current flow is suppressed in one direction as shown in Fig. 3-6. If a pn-junction is forward biased,
the voltage potential between the p-type and n-type side is reduced which increases the diffusion
current across the junction. When the junction is reverse biased, the diffusion current is reduced
because of the increased voltage potential, and the next current flow is from drifting minority
carriers across the junction. When the reverse bias is increased past a critical voltage, the
magnitude of the current starts to increase exponentially. The breakdown of the junction is caused
by charge carrier avalanching, where the electrons and holes gain enough Kinetic energy drifting
through the high electric field to excite additional charge carriers when colliding with lattice atoms.
The newly excited charge carriers can then be accelerated and create additional electron-hole pairs
to further amplify the current. MSNDs and DS-MSNDs are operated with reverse bias below the
breakdown voltage where the current is suppressed, which reduces noise, and charge carriers
excited within the depletion region of the pn-junction can be drifted and measured. Note that real
devices deviate from “ideal” pn-junctions diode under reverse current due to thermal generation
within the depletion region which expands as the voltage increases. A theoretical CV curve is also
shown in Fig. 3-6, and the equation describing the capacitance for an abrupt one-sided pn-junction
as a function of applied bias, V; is shown in Eq. 3-20, where A s the area of the contact [113]. The

capacitance decreases as the depletion width increase until the diode is fully depleted. Additional
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discussion on pn-junction properties and derivations of the 1V and CV curves can be found in the
literature [108, 112, 113].

- gA qesNp 4 Eg. 3-20
w2V = V)
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v

Fig. 3-6. Theoretical (Left) IV and (Right) CV curves for a pn-junction diode.

3.3. Charge Carrier Production and Signal Generation in Semiconductors

Radiation detection in semiconductor detectors is much like radiation detection with a gas
filled detector. lonizing radiation incident on semiconductor imparts energy in the medium and
creates electron-hole pairs with about 3.6 eV required to create each pair of charge carriers in Si
[44, 45, 109, 114]. For MSNDs and DS-MSNDs, the ionizing radiation of interest is the charged-
particle reaction products emitted from the neutron conversion material and gamma rays that are
commonly present as background radiation. After the charge carriers are created, the internal
electric field, either intrinsic or from the applied bias, influences the motion of electrons and holes
causing them to drift towards their respective contacts. Current is induced in the electrodes as the
charge carriers move through the weighting field of device. The magnitude of charge collected is
proportional to the separation distance of the electrons and holes for the planar, two-electrode
device shown in Fig. 3-7, because the weighting field is uniform throughout the detector [109].
For low electric fields, the average drift velocity of the electrons and holes are show in Eq. 3-21
and Eq. 3-22, respectively, where E'is the electric field, e is the electron mobility, and u»is the

hole mobility.
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Fig. 3-7.(left) Diagram of radiation interaction in a pvn-diode and subsequent charge drift from the electric
field present in diode shown on the right. (right) Electric field strength in the pvn-diode.

Ve = U E Eq. 3-21
Vp = upE Eq. 3-22

While the electrons and holes drift, the localized concentration gradient causes the charge
carriers to diffuse outwards equally in both directions. This charge-carrier diffusion induces equal
amounts of current on each electrode, resulting in zero net current contribution. If no electric field
is present, the electrons and hole will diffuse equally until they recombine, and the radiation
interaction would not be detected. However, as long as an electric field is present to drift the
expanding charge clouds, the net separation of their centroids will induce current in the detector
electrodes. An example of the simultaneous drift and diffusion of electrons and holes is shown in
Fig. 3-8. The magnitude of the voltage inputted to the preamplifier from a radiation event is defined
in Eq. 3-23 where Qis the amount of charge collected and C'is the detector capacitance. An ideal
detector would have low capacitance to maximize the voltage output and low leakage current to
minimize background noise. Unfortunately, as the bias voltage is increased to increase the width
of the depletion region which lowers the capacitance, the leakage current tends to increase. Thus,
a tradeoff exists between high bias operation that provides a high internal electric field with low
capacitance, and low bias operation which reduces the electronic noise and reduces power

consumption.

A -
AV=TQ Eqg. 3-23
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Fig. 3-8. Example of simultaneous drift and diffusion of charge carrier clouds within a semiconductor. The
electron-hole pairs are initially created at x=0.
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Chapter 4 - Dual-Sided Microstructured Semiconductor Neutron

Detectors: Design

4.1. Design and Operation

Dual-Sided Microstructured Semiconductor Neutron Detectors are built upon years of research
aimed at developing a cost-efficient, high-efficiency, alternative to rare and expensive *He for
thermal-neutron detection. This section covers a brief history of detector development leading up
to the present state-of-the-art DS-MSNDs.

4.1.1. Thin-Film Coated Semiconductor Detectors

One early, solid-state alternative to *He for thermal-neutron detection was realized through
thin-film coated diodes in which a thin-film of neutron conversion material was deposited on the
surface a semiconductor diode, see Fig. 4-1 [5-15, 70, 115, 116]. Incident neutrons are absorbed
in the conversion material which produces secondary reaction products, typically energetic
charged particles. 5LiF and °B are two of the more common conversion materials, because they
emit heavy charged particles with relatively high Q-values of 4.78 MeV and 2.79 (6%) / 2.31
(94%) MeV, respectively. For both conversion materials, the reaction products are emitted in
opposite directions. If one of the reaction products enters the semiconductor substrate, the reaction
product deposits energy through coulombic interactions with electrons in the semiconductor,
which produces electron-hole pairs. The electrons and holes can then be drifted through the
semiconductor diode by the internal electric field in the depletion region. The motion of the charge
carriers (electrons and holes) through the weighting potential in the semiconductor induces current
in the detector’s electrodes that is used to form a measurable voltage pulse.

Simple thin-film coated diodes are easily mass-produced through simple VLSI processing
procedures, and are compact, rugged, and generally operate on low voltage. However, the
maximum intrinsic thermal-neutron detection efficiency is limited to 4-5% for the devices as those
shown in Fig. 4-1 [6]. The two factors limiting the intrinsic-thermal neutron detection efficiency
are neutron absorption efficiency and reaction product escape probability, which is the probability
for a reaction product to exit the conversion material and enter the semiconductor. The neutron
absorption efficiency is described by Eq. 4-1 where 2 is the macroscopic neutron absorption cross

section, and ¢ is the neutron pathlength in the absorption material. 2 is determined by the

25



composition and density of conversion material. The thickness can be increased to absorb more
neutrons; however, as the thickness of the conversion material increases, the reaction product
escape probability decreases due to the finite range of the charged-particle reaction products. The
optimum conversion material layer thickness is realized when the product of the neutron
absorption efficiency and reaction product escape probability is maximized.
Eavsorption = 1 — e %at Eq. 4-1

More complicated designs involving multi-layer coatings of different conversion materials
can improve the intrinsic thermal-neutron detection efficiency to approximately 13% [6]. Also,
stacking multiple thin-film coated detectors can improve the detection efficiency, but there is a
limited, non-linear return on the number of detectors required to increase the detection efficiency,
and detector stacks require additional signal processing electronics which ultimately increases
costs [6].

Neutron

Conversion Material 8

= Neutron Absorption Reaction Product Drift Charge Carriers
Interaction in

Semiconductor

Fig. 4-1. Example of neutron detection process for thin-film coated neutron detector. Neutrons are
absorbed in the conversion material layer which then causes the release of charge- particle reaction
products that can enter semiconductor diode. The reaction products deposit energy in the semiconductor
diode, thereby creating electron-hole pairs that are then drifted and measured.

4.1.2. Single-Sided Microstructured Semiconductor Neutron Detectors

The Microstructured Semiconductor Neutron Detector (MSND) was theorized as early as 1987
[69] and later developed as an improvement on the thin-film coated detector for alternative
thermal-neutron detection technology [15-27, 69, 70, 72-76, 117, 118]. MSNDs have perforations
etched into the semiconductor substrate that are subsequently backfilled with neutron conversion
material, commonly ®LiF or °B. MSNDs operate in the same method as the thin-film coated
detectors as shown in Fig. 4-1. Neutrons are absorbed in the neutron conversion material.

Immediately afterwards, reaction products are emitted from the neutron absorption, and if one of
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the charged-particle reaction products enters the semiconductor substrate, then electron-hole pairs
are created. The electrons and holes are drifted and induce current at the electrodes which is
measured indicating a neutron had been absorbed by the detector.

The MSND improved on both factors limiting the detection efficiency of thin-film-coated
detectors. First, more neutron conversion material can be placed in the detector without adversely
affecting the reaction product escape probability. Second, the geometry of the micro-perforations
can be tailored to improve the reaction product escape probability by limiting the critical
dimension of the micro-cavity to less than the range of the highest energy reaction product.
Furthermore, in MSND:s it is possible to have both reaction products enter the semiconductor
substrate and deposit energy unlike in the thin-film coated design, because the reaction products
are emitted in opposite directions. These two major improvements increase the theoretical limit
for thermal-neutron detection efficiency to greater than 45% for a 500-um thick detector [18], and
single-sided, straight-trench MSNDs have been fabricated with detection efficiencies greater than
35% [26].

Neutron
_V I I ﬁ w -
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Fig. 4-2. Example of neutron detection process for a MSND. Neutrons are absorbed in the conversion
material in a MSND microcavity which produces charged-particle reaction products that can enter the
semiconductor diode. The reaction products deposit energy in the semiconductor diode creating electron-
hole pairs that are then drifted and measured.

MSNDs retain many of the benefits realized with the thin-film coated diode neutron detectors.
MSNDs can still be batch processed with common VLSI processing techniques which lowers
overall manufacturing costs as production volume increases. They operate on low bias which
simplifies the electronics and reduces power consumption. The detectors are also compact and
rugged, and therefore, can be deployed in a wide range of detection systems [119-130]. At the time
of this work, MSNDs are commercially available with intrinsic thermal-neutron detection
efficiencies of 30% [28].
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4.1.3. Dual-Sided Microstructured Semiconductor Neutron Detectors

The Dual-Sided Microstructured Semiconductor Neutron Detector (DS-MSND) was devised
and developed as an improvement over the single-sided MSND [29-33]. DS-MSNDs have
microfeatures on the back-side of the semiconductor substrate that are can either be offset or
inverse images of the front-side microfeatures to eliminate neutron free streaming paths through
the semiconductor, i.e., if a neutron passes through a fin on the front-side of the device, it will
intersect a conversion-material backfilled trench on the back-side of the device. Shown in Fig. 4-3
is an example of the detection process for a DS-MSND, which similar to that of MSNDs. However,
different doping schemes are possible on DS-MSNDs, which have different influences on the
charge carrier drift properties. Several doping profiles for DS-MSNDs are described in Section
4.2.2.

Neutron
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Fig. 4-3. Example of neutron detection process for a DS-MSND. Neutrons are absorbed in the conversion
material in a DS-MSND microcavity which produces charged-particle reaction products that can enter
semiconductor diode. The reaction products deposit energy in the semiconductor diode creating electron-
hole pairs that are then drifted and measured.

Back-side features on DS-MSNDs complement front side-features to increase the neutron
absorption efficiency of the detector without adversely affecting the reaction product escape
probability. The increased sensitivity boosts the theoretical maximum intrinsic thermal-neutron
detection efficiency to over 75% which is on par with small-diameter, high-pressure He detectors
[33, 131]. Again, the DS-MSND retains many of the properties desired in a *He replacement
technology being affordable, mass-producible, compact, rugged, power-efficient, and now having
a detection efficiency truly comparable to common gold standard ®He detectors. Previous work
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reports progress made to develop and improve the intrinsic thermal-neutron detection efficiency
of DS-MSNDs to 53.5 £ 0.6% [33], and described in the next two chapters is the progress made to
develop the current state-of-the-art DS-MSNDs.

4.1.4. Design Considerations
Semiconductor

Several practical decisions must be made when designing solid-state thermal neutron
detectors, The first of which is the choice of the semiconductor substrate. The common options
included Si, GaAs, SiC, and diamond detectors, all of which have unique advantages and
disadvantages, listed in Table 4-1. Much of the recent work on MSNDs and DS-MSNDs and the
present work utilize Si as the semiconductor substrate, because Si has many beneficial features.
The cost of Si has been reduced drastically by its widespread use in the semiconductor industry,
making high purity Si readily available and affordable. Additionally, Si with a relatively low Z-
number and density has limited sensitivity to gamma rays, an ideal property for a neutron detector
(see Fig. 4-4). Furthermore, Si is relatively simple to process into diodes. Common VLSI
processing techniques and anisotropic wet etching can be used to batch process racks of wafers
simultaneously with a high degree of accuracy. Microfeature etching in GaAs, SiC, and diamond
detectors have to utilize reactive ion etching (RIE) systems which are costlier and have limited
throughput. If certain features are mission critical, such as high temperature operation or radiation
hardness, then GaAs, SiC, and diamond become more attractive options, but for many applications,

Si is the best choice and can be orders of magnitude more cost effective.
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Table 4-1. Properties for common semiconductor materials investigated for thin-film coated semiconductor
neutron detectors, MSNDs, and DS-MSNDs. X represents that property is generally accepted as true.

Si GaAs SiC Diamond

Bandgap (eV) 1.12 1.42 2.3-3.2 5.45
Density (g/cm?®) 2.32 5.32 3.21 3.51
Low Bias Voltage X X
Radiation Hard X X X
Low Gamma-Ray Sensitivity X X X
Low-Cost X
Large Wafer Size X
High-Temperature Operation X X
Ease of Machinability X

—Si ----- C SiC GaAs

1.0E+05
1.0E+04
1.0E+03
1.0E+02
1.0E+01
1.0E+00
1.0E-01
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Fig. 4-4. Total linear attenuation coefficient for photons for Si, C, SiC, and GaAs. Cross section data were
retrieved from [132].

Neutron Conversion Material

198, eLi, and **'Gd have been the three main conversion materials studied as alternatives
to 3He for thermal neutron detection (see Table 4-2). °B has a relatively high thermal-neutron
capture cross section and a Q-value of 2.8 MeV. °B or °B4C have also been used in neutron
detectors where the converter is either coated on the interior of a gas-filled detector, coated onto a
thin-film detector, or backfilled into a MSND. ®Li has a lower, but not insignificant, thermal-
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neutron capture cross section and has the largest Q-value at 4.78 MeV. The range of the ®Li(n,t)a
reaction products are longer than '°B(n,a)’Li reaction products, and therefore, larger conversion
material layers can be used while still retaining high reaction product escape probability. Pure °Li
metal has been implemented in detectors, however, the metal must be handled and sealed in a
water-free environment to prevent degradation. SLiF is non-reactive and commonly used in thin-
film and microstructured detectors. A tradeoff between 1°B and 8Li is neutron absorption efficiency
vs. reaction product range. °B-based detectors can be slightly smaller than LiF-based detectors
but must have smaller features to capture energy from the reaction products. 6LiF-based detectors
must be slightly thicker to achieve the same detection-efficiency. However, the signal to noise
ratio is better for SLiF-based detectors, because the ®Li + *n reaction has a higher Q-value. **'Gd
is an interesting option for *He alternatives because of the extremely large thermal-neutron capture
cross-section, which would allow for extremely thin conversion material layers. However, the
reaction products for a thermal-neutron absorption include a cascade of gamma rays and
conversion electrons, which can be challenging to capture and measure because they produce
signals near the noise floor of the pulse height spectrum and are difficult to differentiate from
electronic noise and background gamma-ray radiation.

Table 4-2. Cross Sections and reaction products for common neutron conversion materials.

Isot Thermal Neutron (0.0253 eV) Reaction Products
sotope
P Absorption Cross Section [47]
3He 5315 b p (0.574 MeV) + t (0.191 MeV)
94%: o (0.84 MeV) + "Li (0.84 MeV) +y (0.48 MeV)
108 3844 b
6%: o (1.78 MeV) + "Li (1.02 MeV)
®Li 938 Db t (2.73 MeV) + « (2.05 MeV)
17Gd 252928 b Gamma rays and electrons

Microfeature Geometry

The final consideration is the microfeature or microcavity shape. The most common shapes
are circular hole, circular pillars, and straight trenches, however, other interesting shapes like a
sinusoidal trench pattern have been investigated [16]. Key factors to consider when choosing the
microcavity geometry are neutron absorption efficiency, reaction product escape probability, and

manufacturability. Holes have the highest reaction product escape probability, but like pillars,

31



often require slow and more costly manufacturing processes like RIE. In the straight trench
geometry, a small reduction in reaction product escape probability is made for a large gain in
manufacturability, because the trenches can be etched in a scalable anisotropic wet etching bath.
Section 4.3 contains and in-depth MCNP simulation study of the three main microfeature

geometries and their theoretical intrinsic thermal-neutron detection efficiencies.

4.2. Silvaco TCAD Simulations for Electrical Properties

Silvaco’s Technology Computer-Aided Design (TCAD) software [133] was used to model
the electric field for different doping profiles and detector biases for MSNDs and DS-MSNDs.
Additionally, the current induced in the detector’s electrodes from a Single Event Upset (SEU) in
the fins, which simulates a charged-particle track, was calculated to compare the charge collection
efficiency of presently used and proposed doping profiles. The ATLAS program within the Silvaco
TCAD package is a physics-based device simulator for two-dimensional (2D) and three-
dimensional (3D) devices. All the simulations presented herein were 2D simulations. The 2D
simulations should give a good approximation of the center of the diode (away from the diced
edges) but would likely not accurately model edge effects at the perimeter of the detector. The
program solves coupled Poisson’s Equation, carrier continuity equations, and drift-diffusion
equations at prespecified nodes to predict the electrostatic potential, electric field, and charge
carrier motion leading to current induction within the device. Eq. 4-2 through Eq. 4-7 show the
coupled equations used in the ATLAS simulations [133]. Example input files for the TCAD
simulations are in Appendix A.

The electric field within the DS-MSND is critical for drifting the electrons and holes within
the silicon to induce current in the detector electrodes which ultimately forms a measurable voltage
pulse. Silvaco’s TCAD software was used to simulate the internal electric field and the signal
current induced in the detection circuitry from a charged-particle interaction for several MSND
and DS-MSND contact configurations shown in Fig. 4-5 and Fig. 4-13 [133]. Conformal, planar,
and partial-conformal diffusion profiles were considered. In a conformal diffusion profile, the
dopant is deposited evenly on all surfaces of the microfeature (bottom of trench, trench sidewalls
and tops of fins). A planar diffusion profile only has dopant only on the tops of the fins, and in a
partial-conformal diffusion profile, the dopant covers the tops of the fins and extends partway

down the trench sidewalls but tapers off before reaching the bottom of the trench. Phosphorus was
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used for the n-type dopant, and boron was used for the p-type dopant. The resistivity of the silicon
was set at 5 kQ-cm with phosphorus has the n-type dopant resulting in bulk, v-type silicon. The
minority carrier lifetime was set to 1000 us based on specifications delivered from silicon suppliers

for 5 kQ-cm resistivity silicon.

Poisson’s Vel = —p Eq. 4-2
E=-" Eq. 4-3
Ly +G.-F Eq. 4-4
Carrier at q nooon n .
Continuity op 1 . .
E:5V.]P+GP_RP Eq. 4-5
Drift- - R
Diffusion Jn = qnunEy + qDpVn Eq. 4-6
Transport - -
Model Jp = anipEp + qD,Vp Eq. 4-7

€ — local permittivity
1 — electrostatic potential
p — local space charge density

E — electric field
n — electron concentration
p — hole concentration

Jnp — €lectron or hole current density
Gn,p — electron or hole generation rate

Ry, — electron or hole recombination rate
q — electron charge
Iin,p — €lectron or hole mobility

E,,, — electron or hole effective electric field
D, ,, — electron or hole diffusion coefficient

The dopant distributions for the p-type and n-type dopants are shown in Fig. 4-6. For the
p-type contacts, the peak boron concentration was 6.2x10*° atoms cm at the surface of the silicon.
The peak concentration for the n-type, phosphorus-doped contacts was 4.75E+19. Each doping
profile was estimated to be Gaussian, serving as a good approximation for drive-in diffusion
processes where an initial amount of impurity is introduced to the wafer, with the temperature
subsequently ramped to drive the dopant into the silicon. This solution can be used as long as the
characteristic diffusion length during predeposition is significantly less than the characteristic
diffusion length for drive-in [134].
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Fig. 4-5. Drawings of MSND doping profiles used in initial TCAD simulations to estimate the validity of
simulations when compared to actual device performance.
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Fig. 4-6. Doping profiles for boron (p-type) and phosphorus (n-type) dopants in the TCAD simulations used
to estimate the internal electric field of DS-MSNDs for various doping schemes. The doping profiles were
estimated from total dose and drive in procedures for solid-source diffusion commonly used to process
MSNDs and DS-MSNDs.

4.2.1. MSND TCAD Simulations

Single-sided pvn-MSNDs were simulated first so that the simulation results could be
compared to previously completed TCAD simulations [20, 21] and well-characterized MSNDs
[16, 17, 19-24, 26-28]. The internal potential, electric field, and charge induction from a single
event upset were determined for the conformal and partial-conformal doping profiles. The trench
depth and fin width for the TCAD models was 400 um and 10 pm, respectively. The total thickness
of the diode was 500 um, and the unit cell width was 30 pm.
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Conformal pvn-MSNDs

The internal electric field and voltage potential for the conformal pvn-MSNDs from Fig.
4-5 was determined with a -2.7-V bias applied to the top of the fin on the p-type contact, and the
results are shown in Fig. 4-7. Charge induction in the detection circuitry occurs when charged
carriers move through the weighting potential of device. In the conformal MSND most of the
charge induction occurs when electrons are swept through the bulk silicon under the fins where
the largest potential gradient occurs. Some signal will be induced when electrons and holes move
horizontally across the voltage gradient within the fins. An electric field is present nearly
everywhere within the conformal pvn-MSND. However, there is no vertical component to the
electric field within the fins of the MSND meaning electrons ionized from the charged-particle
interactions will not be drifted vertically and must rely on diffusion to travel to the bottom portion

of the fins where charge can be induced.
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Fig. 4-7. (Top) Voltage potential (Bottom Left) internal electric field and (Bottom Right) vertical component
of electric field for a conformal pyn-MSND with -2.7-V bias on the p-type contact on the top of the fins.
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Time-dependent charge induction from SEUs were modeled at different heights within the
MSND fin to simulate charge induction following energy deposition from a charged-particle
reaction product such as the triton or alpha particle from the ®Li(n,t)a reaction. A 5-um radius,
horizontal charge-particle track was modeled at 150, 300, and 400 um with a charge density of
2x10* electron-hole pairs cm. The current induced from the charge motion within the MSND s
shown in Fig. 4-8. The amount of charge induced from the motion of the electrons and holes
increases as the distance from the top of the fin increases with comparatively little charge induced
for interactions occurring at depths of 150 um and above.
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Fig. 4-8. Simulated signal current for SEUs at 150, 300, and 400 um in the fin of the conformal pvn-MSND
doping profile. The amount of signal induced increases as the interaction depth increases, because more
electrons can diffuse beneath the fins where the weighting potential is the largest.

Recall there is little to no vertical component to the electric field with the conformal pvn-
doping profile, and most charge will be induced when charge carriers travel through the bulk
silicon beneath the fins. Therefore, most of the charge induction must come from diffusion of the
charge carriers within the device, because the charge-carriers cannot be drifted vertically by the
internal electric field. This claim is supported by the time-reel of SEU simulations shown in Fig.
4-9 and simulations presented in previous work [20]. The time-reel shows the electron
concentration at 0's, 1 ps, 2 ps, 5 us, 10 us and 20 ps after the SEU. Electrons that diffuse to the
bulk silicon between the fin and back-side contact are quickly collected when they enter the high
electric field regions. Electrons that diffuse upwards towards the top of the fin are slow moving
and likely to eventually recombine. An ideal detector would have a strong electric field throughout

the entire active region to promote good charge collection and prevent electron-hole
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recombination, which reduces the average pulse height for neutron interactions. Similar results
shown in [20] indicated that charge motion within the fins of the MSND were largely diffusion

dependent.

ATLAS ATLAS ATLAS
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Fig. 4-9. Time-reel for a horizontal SEU at a depth of 300 um for a conformal pvn-MSND. The simulations
indicate that the majority of the charge carrier motion is driven by diffusion for this doping profile.
Snapshots are at t=0, 1, 2, 5, 10, and 20 us.

The results for the conformal pvn-MSND doping profile simulations indicated that up to
half of the MSND fins would have poor charge collection efficiency which would significantly
reduce the neutron detection efficiency of the device by shifting a portion of the pulse height
spectrum towards the noise/background signal. The downshifted spectrum would reduce or
eliminate the theoretically valley between background and neutron signal; however, previous work
shows a valley persists between the neutron signal and background signal [22, 24]. Thus, the actual
doping profile of fabricated MSNDs may not be fully conformal.

Partial-Conformal pvn-MSNDs

The simulated electrical characteristics of a partial-conformal pvn-MSND are shown in
Fig. 4-10. The p-type contact extends part way down the fins but tapers off before reaching the
bottom of the fin. Negative 2.7-V bias was applied to the top of the fin as in the conformal pvn-

MSND simulations. With the partial-conformal design, more signal is induced with charge carrier
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motion within the fin, and electric field is present within nearly all the fin. Also, a vertical electric
field is present at the edges of the fins and directly following the bottom edge of the p-type dopant

on the fin sidewalls.
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Fig. 4-10. (Top Left) Dopant concentration (Top Right) Voltage potential (Bottom Left) internal electric
field and (Bottom Right) vertical component of electric field for a partial-conformal pvn-MSND with -2.7-
V bias on the p-type contact on the top of the fins.

SEUs were modeled at depths of 150, 300, and 400 pm with the same parameters described
in the previous section, and the time-dependent induced current is shown in Fig. 4-11. Each SEU
induced measurable charge in detection circuitry, and the induced charge is less dependent on the
location of the charged-particle interaction location than the conformal design. However, the signal
is still suppressed near the top of the fins where the p-type dopant concentration on the fin sidewalls
is higher which reduces the vertical electric field.
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Fig. 4-11. Simulated signal current for SEUs at depths of 150, 300, and 400 pum in the fin of the partial-
conformal pvn-MSND doping profile.

The time-reel for the SEU at 150 um is shown in Fig. 4-12. The majority of the electrons
are swept out almost immediately, the location of the interaction coincides with the high electric
field region of the device. With the high electric field region closer to the center of the fin, the
location of the charged-particle interaction has less effect on the signal. The effect of the doping-
profile shape on induced signal should be similar for DS-MSND designs and are discussed in the

next section.
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Fig. 4-12. Time-reel for a horizontal SEU at a depth of 300 um for a partial-conformal pvn-MSND. The
simulations indicate that the charge carriers are drifted by the internal electric field in addition to diffusion.
The signal induction is more uniform as function of interaction depth than the conformal pvn-design.
Snapshots are at t=0, 1, 2, 5, 10, and 20 us.
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4.2.2. DS-MSND TCAD Simulations

The doping profiles DS-MSNDs shown in Fig. 4-13 were modeled in TCAD to estimate
the electrical properties and to predict the charge collection characteristics of the thicker (1.5 mm)
dual-sided detectors. Just like the single-sided MSND, the resistivity was set to 5 kQ-cm n-type,
the unit cell width was 30 um, and the fin width was 10 um. The dopant distribution for the boron
and phosphorus, p- and n-type, contacts remained the same and are depicted in Fig. 4-6. The trench
depth was increased to 600 um, and the thickness of the diode was increased to 1500 pm to more
accurately model DS-MSNDs capable of greater than 60% intrinsic thermal-neutron detection

efficiency [29].

[l Boron-doping () [l Phosphorus-doping (7) [l Silicon (v) [ SiO; (Field Oxide)

alalar

Partial Conformal pvp Partial

Conformal pvp Conformal pvn Partial Conformal pvp with n-ring

Fig. 4-13. Drawings of the DS-MSND doping profiles for Silvaco TCAD simulations. The simulations were
used to model the internal electric field of the DS-MSND and estimate charge induction in the detection
circuitry from charged-particle interactions in the silicon. The vertical dimension on the DS-MSND is not
drawn to scale.

Conformal pvp-DS-MSND

The conformal pvp-DS-MSND have p-type contacts (boron) uniformly covering the fins
and trenches on both sides of the DS-MSND. The pvp-DS-MSND design was developed to
eliminate charge collection problems with early DS-MSNDs fabricated with a vertical pvn-type
structure [33]. The anode and cathode are the top-side fins and back-side fins, respectively. The

pvp-DS-MSNDs operate on 0-V bias and rely solely on the built-in potential at the pn-junction for
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an internal electric field. Since both sides of the diode are doped p-type the direction of the electric
field in the top-side fins is opposite the direction of the electric-field in the back-side fins.
Therefore, the polarity of the voltage pulse formed created depends on which set of fins in which
the reaction occurs. Although, this device eliminates the need for bias electronics, an additional
set of signal processing electronics or bipolar amplifier is required to measure interactions in both
sides of the device. The potential and electric-field within the 0-V bias, conformal pvp-DS-MSND
is shown in Fig. 4-14. The built in electric-field depletes the entire fin, because the fins are only
10-um wide. Again, the electric field is largely horizontal which will promote lateral charge

motion.
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Fig. 4-14. (Left) Voltage potential and (Right) electric field within a 0-V bias, conformal, pvp-DS-MSND.
The device operates solely on the built-in electrochemical potential created by the highly doped p-type
region at the pn-junction on the surface of the fins and trenches.

SEUs were modeled in the top-side fin at depths of 150, 300, 450, and 600 um, and in the
back-side left fin at depths of 900, 1050, 1200, and 1350 um. The parameters of the charged cloud
remaining the same as described in the MSND TCAD simulation section. The predicted current
induced in the DS-MSND electrodes following the SEUs is shown in Fig. 4-15. The simulations
show that the polarity of the resulting pulse is indeed dependent on which side of the DS-MSND
the interaction occurred. Additionally, like the conformal MSNDs, the amount of charged induced
in the detection circuit is largely dependent on the depth of the charged-particle interaction.
Interactions near the tops of the fins induced less charge than interactions closer to the bulk silicon
between the sets of fins. Also, note that the total amount of charge induced is significantly less

than the biased, pvn-MSND designs, and the charge induction is slower requiring longer
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integration times to measure all the current. The time-reel for an SEU at 300-pum depth in the top-
side fin is shown in Fig. 4-16. Charge motion is largely diffusion dominated due to the relatively
weak internal electric field.
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Fig. 4-15. Simulated signal current for SEUs at depths of 150, 300, 450, 600, 900, 1050, 1200, and 1350
«m in the fins of the conformal pvp-DS-MSND doping profile.
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Fig. 4-16. Time-reel for a horizontal SEU at a depth of 300 um for a conformal pvp-DS-MSND. Significant
diffusion occurs to the electron charge cloud following the interaction. The charge cloud then slowly is
extracted upwards and outwards at the anode on the top-side fin. Snapshots are at t=0, 1, 2, 5, 10, and 20

US.

42



Partial Conformal pvp-DS-MSND

The partial conformal pvp-DS-MSND has p-type dopant on both sides of the diode
extending partway down the fin and tapering off before reaching the bottom of the trench. The
design also must be operated at 0-V bias to prevent forward biasing on the of the contacts, therefore
relying on the built-in potential of the pn-junction on both sides to drift charge. The potential and
electric field of the 0-V bias, partial conformal, pvp-DS-MSND is shown in Fig. 4-17. The intrinsic
electric field the forms the built-in potential is present in most of the fin volume with this design.
Again, the only vertical electric field lines are beneath the end of the p-type dopant. The electric
field is mostly horizontal in the rest of the fin. The signal current for horizontal SEUs at different
vertical locations within the DS-MSND is shown in Fig. 4-18. The amount of charge induced as a
function of interaction location is more uniform than the fully conformal pvp-DS-MSND design,
but the average amount of charge induced is less. The time-reel for a SEU at 300 um is shown in
Fig. 4-19.
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Fig. 4-17. (Left) Voltage and (Right) intrinsic electric field for the partial conformal pvp-DS-MSND
operated at 0-V bais.
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Fig. 4-18. Simulated signal current for SEUs at depths of 150, 300, 450, 600, 900, 1050, 1200, and 1350
wm in the fins of the partial conformal pvp-DS-MSND doping profile.
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Fig. 4-19. Time-reel for a horizontal SEU at a depth of 300 um for a partial conformal pvp-DS-MSND.
Charge diffusion is still dominate due to the weak electric field. Snapshots are at t=0, 1, 2, 5, 10, and 20

HUS.
One explanation for the reduced charge induction in the pvp-DS-MSNDs compared to the

pvn-MSNDs is evident on the time-reels of the electron concentration for the pvp-DS-MSNDs.
The motion of the electrons appears to be diffusion dominated; and therefore, a significant portion
of the current is canceled out because current with opposite signs is induced in both electrodes
simultaneously. The weak electric field within the device only can cause a small net charge motion
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and only this small drift distance is what is recorded. The reduced charge induction downshifts the
neutron spectrum towards the noise floor which negatively impacts the gamma-ray rejection
properties of the detector [29].

Partial-Conformal pvn-DS-MSND

The partial-conformal pvn-DS-MSND was briefly studied by Fronk et. al. in [30, 31], but
was abandoned because it was assumed that poor charge collection efficiency in the n-type side of
the DS-MSND was the cause of lower than expected thermal-neutron detection efficiency. Later
in [29, 33] more accurate measurements of the °LiF powder packing fraction indicated that the
SLiF density assumed in the MCNP simulations was significantly higher than the apparent °LiF
powder density in the DS-MSNDs. Interestingly, when correcting for the reduced ®LiF density, the
measured detection efficiency reported by Fronk [33] matches well with simulation results, and
the measured pulse height spectrum shows good separation between background and neutron
signal. Thus, the partial conformal pvn-DS-MSND was revisited with TCAD simulations.

The partial conformal pvn-DS-MSND has a p-type dopant extending partway down the
top-side fins and n-type dopant extending partway down the back-side fins. The vertically operated
pvn-diode can be biased to increase the depletion depth and magnitude of the electric field within
the diode. For the simulations presented, a maximum bias of -50 V was applied, because the DS-
MSNDs were ultimately designed for compact, low power operation. Higher voltage circuitry
typically requires larger components, standoffs, and board space to operate properly. Additionally,
as the voltage increases, the dark current also increases, thereby increasing power consumption.
The voltage potential and electric field for the partial conformal pvn-DS-MSND with 50-V reverse
bias is shown in Fig. 4-20. The results indicate the top fins are depleted, but the depletion region
does not extend very far into the bulk silicon between the sets of fins. The electric field on the
back-side diodes is then likely created by the n-n+ homojunction caused by the mismatch in dopant
concentration near the surface of the detector [135]. The direction of the electric field is uniform

with respect to the electrical contacts indicating all pulses will have the same polarity.
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Fig. 4-20. (Left) Potential and (Right) electric field for 50-V reverse bias, partial conformal, pvn-DS-
MSND. Only the top fin is fully depleted. However, a mostly horizontal electric field exists in the back-side
fins from the n-n+ homojunction formed from the highly doped n-type contact adjacent to v material.

The same SEUs were modeled in the partial conformal pvn-DS-MSND, and the transient
signal current is shown in Fig. 4-21. The charge induced for interactions in the p-type doped fins
is much greater than either of the pvp-DS-MSNDs designs. Interactions in the backside, n-type
doped fins induce current in the detector electrodes much slower, and the resulting voltage pulse
will likely be truncated by the comparatively short charge integration times (10-20 ps) of the
preamplifier/amplifier circuit.

Time reels for interactions in the top-side and back-side fins are shown in , respectively
Fig. 4-22 and Fig. 4-23. In the top-side fin, charge is swept out and measured quickly due to the
high electric field region that exists below the p-type contact. The charge motion for events in the
back-side fins is slower. Electrons are swept out horizontally in the weak electric field on the back-
side of the diode, and holes must slowly diffuse across the diode to the high electric field in the

top-side fin to be measured.
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Fig. 4-21. Simulated signal current for SEUs at depths of 150, 300, 450, 600, 900, 1050, 1200, and 1350
um in the fins of the partial conformal pvn-DS-MSND doping profile.
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Fig. 4-22. Time-reel for a horizontal SEU at a depth of 300 um for a partial conformal pvn-DS-MSND.
Charge diffusion is still dominate due to the weak electric field. Snapshots are at t=0, 1, 2, 5, 10, and 20

Us.
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Fig. 4-23. Time-reel for a horizontal SEU at a depth of 1200 um for a partial conformal pvn-DS-MSND.
Charge diffusion is still dominate due to the weak electric field. Snapshots are at t=0, 1, 2, 5, 10, and 20

Uus.
Partial-Conformal pvp-DS-MSND with n-ring

The partial-conformal pvp-DS-MSND with an n-type ring was designed as a way to operate
the pvp-type DS-MSND doping scheme with an applied bias. The front and back-side fins are
doped with p-type dopant, and an n-type ring is deposited on the top surface surrounding the p-
type doped features and is separated by an oxide layer to prevent the contacts from shorting on the
surface. The two p-type sides of the diode can be connected to form the anode, and the n-type ring
becomes the cathode. The outside set of trenches next to the bulk silicon at the edge of the diode
were not doped to prevent unnecessary depletion into the bulk silicon adjacent to the microfeatures.
The voltage potential and internal electric field under 10 V reverse bias is shown in Fig. 4-24. The
results are similar to the original pvp-DS-MSND design except now a larger potential gradient and
electric field forms below the p-type contacts. Additionally, the electric field points in the same
direction with respect to the anode for both sets of fins meaning all radiation induced voltage pulses
will have the same polarity as seen in Fig. 4-25. The amount of charge induced on the electrodes
is greatest when the interaction occurs near the high electric field region below the edge of the p-
type contact at about 450 and 1050 um. Also, the signal produced for interactions elsewhere in the
fin is still significant and greater than signals for interactions at the same location in the original,
unbiased, pvp-DS-MSND.
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Fig. 4-24. (Top) Potential and (Bottom) electric field for the partial conformal pvp-DS-MSND with n-ring.
The left images display the anode and cathode. The images on the right show the details within the two
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The time-reel of the electron cloud after an SEU at a depth of 300 um is shown in Fig.
4-26. Electrons that diffuse down towards the bulk silicon are quickly swept out while some
electrons still slowly diffuse upwards towards the top of the fin. However, unlike the 0-V bias,
pvp-DS-MSND, the electrons do not enter the backside fin which would decrease the current
measured at the electrodes. Instead, the strong electric field in the backside fins blocks the electrons
from the backside anode. Also, a further increased bias can enhance the strength of the electric

field in the fins if necessary.

ATLAS ATLAS ATLAS
Data from pvp_part conf nondot str_300um_JustAferSEU.str Data from pvp_part_canf nondot.str 300um seu_ str Data from pvp part_conf nondot.str 300um seu_2.str

ATLAS
Data from pvp_part_conf nondot.str_300um seu_20.str

Fig. 4-26. Time-reel of electron concentration for a horizontal SEU at a depth of 300 um for a partial
conformal pvp-DS-MSND with n-ring and -10-V bias. Snapshots are at t=0, 1, 2, 5, 10, and 20 us.

4.2.3. TCAD Simulations Summary

Four different DS-MSND pn-junction doping schemes were analyzed and compared with
single-sided MSNDs doping schemes with known, good charge collection efficiency. The pvp-
DS-MSND was developed under Fronk [32, 33] and later improved to achieve 69.2% intrinsic
thermal-neutron detection efficiency [29]; however the gamma-ray discrimination was relatively
poor compared to the single-sided DS-MSNDs. The results from the TCAD simulations indicate
the magnitude of the signal for charged-particle interactions in the silicon fins (SEUSs) indicate the
conformal and partial-conformal pvp-DS-MSNDs operated at 0-V bias have orders of magnitude

lower signal current induction than their pvn-MSND counterpart for the same energy deposited in
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the silicon fin. The partial conformal pvn-DS-MSND with 50-V reverse bias showed better signal
current in the top-side, p-type doped, fins, but the charge induced in the electrodes from interaction
in the backside fins was significantly slower, on the order of 100 pus, likely caused by the relying
on diffusion for vertical charge transport due to the weak vertical electric field. Finally, the biased
(-10 V), pvp-DS-MSND with top-side n-ring showed the best charge collection efficiency of all
the proposed DS-MSND doping profiles. By attaching the cathode to the n-ring and shorting the
two sets of p-type doped fins together, the applied bias increases the electric field within the fins
and improved charge carrier transport. The n-ring pvp-DS-MSND requires extra fabrication steps
than the pvp- or pvn-DS-MSND, but the tradeoff for improved performance may compensate the
extra costs. The higher charge collection efficiency should shift the neutron induced signal to
higher energy channels leading to better gamma-ray discrimination and a higher range of
temperature operation capabilities, because the LLD can be set higher without adversely affecting
the neutron detection efficiency. Comparisons for two SEUs for the different DS-MSND doping

schemes compared to partial-conformal pvn-MSNDs are shown in Fig. 4-27.
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Fig. 4-27. Comparison of signal current for SEUs at 150 um (left) and 300 um (right) for partial conformal
pvn-MSNDs, partial conformal pvp-DS-MSNDs, partial conformal pvn-DS-MSNDs, and partial conformal
pvp-DS-MSNDs with n-ring.

4.3. DS-MSND Detection Efficiency Optimization Simulations

One of the most important performance metrics for a thermal-neutron detector is the
intrinsic thermal-neutron detection efficiency. Intrinsic thermal-neutron detection efficiency, &,
is described in Eqg. 4-8 where n is the net number of counts recorded by the detector, A is the

activity of the source, BR is the branching ratio for thermal-neutrons, and Qx is the fractional solid
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angle between the neutron source and detector [44, 45]. Simply stated, the intrinsic thermal-
neutron detection efficiency is the number of neutrons counted by the detector divided by the
number of neutrons incident on the detector. For DS-MSNDs, the goal was to maximize the
intrinsic-thermal neutron detection efficiency. High detection efficiency can decrease the required
time and increase the certainty of measurements of neutron sources both in laboratory settings,
where the size and location of a source is known, and in search and locate missions where the

source size and location are not known to the operator,

n

€tn = A(BRo); Eq. 4-8

4.3.1. Monte Carlo Simulation Overview

Monte Carlo simulation is a common method to model neutron transport and can be used
to determine optimal detector geometries to maximize detection efficiency prior to device
fabrication thereby saving time and money. The detection efficiency of DS-MSNDs was estimated
using a Monte Carlo simulation platform developed by Los Alamos National Laboratory,
MCNP6.1 [136]. The first step of the simulation was to set up the problem geometry. For all the
efficiency simulations presented here, the active area of the DS-MSND was 1 cm?, and a 0.5-cm
diameter circular beam of thermal neutrons, 0.0253 eV, was set to normally intersect the surface
of the DS-MSND. The following parameters pertaining to the DS-MSND geometry were then
defined, see Fig. 4-28: substrate material, wafer thickness, microfeature shape, microfeature depth,
microfeature width, pitch or unit cell width, backfill material, and backfill material density.

h — Feature Height
UC — Unit Cell Width or Pitch
Tw — Trench Width

H

U

C

I

Fig. 4-28. Example of offset straight-trench DS-MSND. The feature height, unit cell width, and trench width
were adjusted in MCNP simulations for detector optimization.
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After the device and problem geometry are defined, the simulation begins by randomly
sampling the initial location of the incident thermal neutron within the diameter of the neutron
beam. To uniformly sample the neutron starting location in the beam, two random numbers are
required. The first number is between 0 and the radius or the beam and the second number is
between 0 and 27 to give the radial and azimuthal coordinates of the starting location, respectively.
Then, a new random number is sampled to determine if an interaction occurs in the DS-MSND
based on the underlying probability density function (PDF) of the interaction probability in the
material on which the neutron is incident (see Eq. 4-9) [42]. If no interaction occurs, then the
neutron is transported to the boundary of next material, and the process is repeated. If no interaction
occurs before the neutron exits the problem geometry, no tally is recorded, and the next neutron
history is started in the initial neutron beam. If a neutron scatter event occurs, a new neutron
direction would be randomly sampled, and the corresponding neutron energy is calculated by the
scatter angle. The neutron would then continue to be transported through the problem geometry
until it exits the problem space or another interaction occurs. If an absorption event occurs, likely
in the neutron-conversion material filling the microfeatures, the charged-particle reaction products
are created at the location of the absorption. For 6Li and 1°B, two charged-particle reaction product
energies are created based on Eqg. 4-10, and the initial direction of one of the reaction products is
randomly sampled uniformly in 47 steradians. The second reaction product travels in the opposite
direction of the first reaction product to satisfy conservation of momentum. The paths of the
reaction products are tracked as they traverse the detector, and the energy deposited in the
semiconductor substrate through coulombic interactions is tallied. If the sum of the reaction
product energy deposition in the semiconductor material is above the lower level discriminator
(LLD), which was 300 keV for these simulations, a “count” is tallied. The entire process is repeated
for as many neutron histories required to have low uncertainty in the result (often more than 1
millon), and then, the intrinsic thermal-neutron detection efficiency can be determined by dividing
the number of tallies by the number of neutrons incident on the detector. Eq. 4-8 reduces to Eq. 4-
11, because the fractional solid angle and branching ratio are unity for the problem geometry. The
net count rate, n, is the number of “counts” tallied, and the activity, 4, is the total number of neutron
histories. Additionally, the energy deposition in the semiconductor can be tallied with a F8 tally
and used to create theoretical pulse height spectra for the detector [136].
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1
d= —Zlnp Eqg. 4-9

d = depth of interation
A = mean free path of neutron
p = random number betwee

°Li + n —» *He(2.05MeV) + 3H(2.73 MeV)
’Li(1.01 MeV) + *He(1.78 MeV) n = 6% Eq. 4-10

g 4+ In > ; 4
Li(0.84 MeV) + *He(1.47 MeV) + y(0.48 MeV) n = 94%

n Tallies above LLD

£ = —=
"7 47 Num. of Neutrons

Eq. 4-11

4.3.2. DS-MSND Simulation with MCNP6

MCNP6.1 simulation software was used to optimize the DS-MSND microfeature
geometries. Straight trenches, circular holes, and circular pillars were the three microfeature types
simulated for the detection efficiency optimization simulations, because they have been the most
prominent microfeatures investigated for single-sided MSNDs [15-19, 21-27, 29-33, 69, 70, 72-
76, 118, 137-141]. Both LiF and °B were considered as neutron conversion material. ®Li has a
lower thermal-neutron absorption cross section at 938 b than °B, which has a thermal-neutron
absorption cross section of 3844 b [47]. However, the Q-value of the ®Li(n,t)o reaction is 4.78
MeV is higher than the Q-value of the °B(n,a)®Li reaction which is 2.79 MeV for 6% of neutron
absorptions and 2.31 MeV for 94% of neutron absorptions [45], which is one factor that dictates
the average energy imparted in the surrounding semiconductor material and plays a large role for
noise and gamma-ray radiation discrimination.

The three microfeature shapes were considered in an “offset” DS-MSND design and an
“opaque” DS-MSND design. For the offset DS-MSNDs, the microfeature from the front-side of
the diode was repeated on the back-side of the diode and offset by half of a unit cell. For the
straight-trenches, the back-side trench was shifted laterally by half a unit cell. For the circular holes
and pillars, the back-side microfeature was shifted diagonally to the corner of the unit cell, i.e. if
the hole was centered in the unit cell on the front-side of the diode, a hole was centered on each of
the corners of the unit cell on the back-side of the diode. For the opaque DS-MSNDs, the back-
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side microfeature was the inverse of the front-side microfeature, i.e. if the front-side of the DS-
MSND contained an array of repeated circular holes, the back-side of the DS-MSND had an array
of circular pillars aligned vertically with the circular holes. By definition, the opaque DS-MSND
design does not have any neutron free streaming paths for normally incident neutrons, because the
back-side microfeatures are the inverse of the front side features.

The offset DS-MSND design is easier to fabricate than the opaque design, because the size
and shape of the microfeature is the same on the front and back of the diode and therefore, can be
processed with the same photomask. Additionally, the etch, diffusion, and backfill characteristics
for the front and back microfeatures should be identical. One drawback of the offset DS-MSND is
that neutron free streaming paths, where a neutron can pass through the diode without intersecting
neutron conversion material, exist for normally incident neutrons if the trench width to unit cell
width ratio is less than 0.5 for the straight trench design. Additionally, for the hole and pillar

designs, if the hole width to unit cell width ratio is less than 1.0 for the circular hole design, and if

the pillar diameter to unit cell width is greater than v/2/2 for the circular pillar design.

Simulations for 50% Backfill Packing Fraction

The six simulated DS-MSND geometries are shown in Fig. 4-29. The simulation
environment was similar to previous work done for MSND and DS-MSND optimization [18, 33]
and listed in more detail in [131]. The intrinsic thermal-neutron (0.0253 eV) detection efficiency
for normally incident thermal neutrons was determined for DS-MSNDs with various microfeature
widths and depths, unit cell widths, and neutron conversion material. Each microfeature pattern in
Fig. 4-29 was simulated with the microfeatures backfilled with SLiF and repeated with the
microfeatures backfilled with *°B. For the ®LiF-backfilled DS-MSNDs, the device thickness was
limited to 1500 um to compensate for the lower neutron absorption efficiency, but the dimensions
of the features were larger to capitalize on the longer reaction-product ranges. The device thickness
for the 1°B-backfilled DS-MSNDs was limited to 500 um and the microfeature dimensions were
smaller to accommodate the higher thermal-neutron absorption efficiency and shorter reaction-
product ranges, respectively. The density of ®LiF was defined as 1.27 g cm®, and the density of
198 was defined as 1.075 g cm™ to represent 95% enriched backfill powder with a 50% powder
particle packing fraction, which was near the maximum achievable packing fraction at the time
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[29]. All DS-MSNDs in the simulation were made of silicon, because of silicon’s availability, cost,
machineability, and gamma-ray insensitivity.

A F8 tally was used to record reaction-product energy deposition in the Si substrate [136].
The simulations reported here assume all energy deposited in the silicon from the reaction products
can be collected and measured, in other words, perfect charge collection efficiency. Therefore, the
simulations serve as a best-case scenario benchmark for a given geometry and conversion material

specification.

.S conduct l:l Conversion Unit Cell
CIICONAUCLOt Material Boundary

Fig. 4-29. Drawing of DS-MSND geometries considered for microfeature size optimization study with
MCNP simulation. The geometries nomenclature was the following: (a) offset straight-trench DS-MSND,
(b) offset circular-hole DS-MSND, (c) offset circular-pillar DS-MSND, (d) opaque straight-trench DS-
MSND, (e) opaque circular-hole DS-MSND, (f) opaque circular-pillar DS-MSND. Geometries (e) and (f)
are identical; however, in the simulations (e) was irradiated on the circular-hole side and (f) was irradiated
on the circular-pillar side.

108 packfilled DS-MSNDs

MCNP6 simulations were performed for opaque and offset DS-MSNDs with straight
trenches, circular holes, or circular pillars utilizing 1°B as the neutron conversion material with an

effective density of 1.075 g cm™. For each design, the microcavities were assumed to be
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completely and uniformly backfilled with the conversion material. Microcavity depths of 20, 40,
60, and 80 um were considered representing 0.5, 1, 1.5, and 2 mean free path lengths for thermal
neutrons, respectively. The following sections display the results for a subset of the 1°B-backfilled
DS-MSND optimization simulations. The entirety of the simulation results are shown in Appendix
B, and an example MCNP input card for 1°B-backfilled DS-MSND is also in Appendix B.
10B-Backfilled Offset Patterns

The results of the MCNP optimization simulations for theoretical intrinsic thermal-neutron
detection efficiencies for the 1°B-backfilled, offset DS-MSNDs shown in Fig. 4-29 (a-c) are shown
in Table B-1 through Table B-3 in the Appendix B. Greater than 70% intrinsic thermal-neutron
detection efficiency is achievable for all the offset geometries. The maximum intrinsic thermal-
neutron detection efficiency with an LLD of 300 keV was 81.4% and was achieved with the offset,
circular hole DS-MSND with 80-um deep holes, a unit cell width of 4 um, and a 3.6-um diameter
hole. The optimum microfeature width to unit cell ratio was 0.5, 0.8-0.9, and 0.7-0.8 for the straight
trench, circular hole, and circular pillar microfeature patterns, respectively.

The intrinsic thermal-neutron detection efficiency as a function of LLD for the three offset
DS-MSND geometries with a 4-um and 6-pum wide unit cell is shown in Fig. 4-30. For 4-um wide
unit cells, the circular hole pattern has the highest intrinsic thermal-neutron detection efficiency,
but the detection efficiency rapidly decreases for LLD settings greater than 300 keV. Thus, the
circular hole pattern can work well if the LLD can remain low by limiting the background gamma-
ray flux and temperature. If the detector is deployed in high (>45°C) temperature environments or
in a high gamma-ray field, the LLD will need to be increased to maintain sufficient noise
suppression and gamma-ray discrimination which will then significantly reduce the neutron
detection efficiency. Comparatively, the straight trench design is affected the least by the LLD
setting, indicating that on average the reaction products deposit more energy in the surrounding Si
per neutron interaction than in the other designs. The detection efficiency for the pillar design falls
between the detection efficiencies for the circular hole and straight trench design but suffers similar
LLD dependencies as the circular hole pattern. For the 6-um wide unit cell, the different
microfeature patterns perform more similarly, because the LLD dependency for the circular hole
and circular pillar patterns is reduced. The reaction product spectra shown in Fig. 4-31 also indicate

that the average energy deposited in the Si substrate by the reaction products is greatest for the
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straight trench design. Although the straight trench design may not offer the highest detection

efficiency, it should have the best signal-to-noise ratio and gamma-ray discrimination.
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Fig. 4-30. Simulation estimations for the intrinsic thermal-neutron detection efficiencies for *°B-backfilled,
offset DS-MSND with 4-um wide (left) and 6-um wide (right) unit cells and microfeature depths of 80 um.
The optimum microfeature width to unit cell ratio for a 300 keV LLD was plotted for each microfeature
shape. Legend: Straight Trench (ST), Circular Hole (CH), Circular Pillar (CP), Unit Cell width (UC),
Trench width (T), Hole or Pillar Diameter (D).
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Fig. 4-31. Simulated reaction product spectra for 1°B-backfilled, offset DS-MSND with 4-um wide (left) and
6-um wide (right) unit cells and microfeature depths of 80 wm. The optimum microfeature width to unit cell
ratio for a 300 keV LLD was plotted for each microfeature shape. Legend: Straight Trench (ST), Circular
Hole (CH), Circular Pillar (CP), Unit Cell width (UC), Trench width (T), Hole or Pillar Diameter (D).

10B-Backfilled Opaque Patterns

The results of the MCNP optimization simulations for theoretical intrinsic thermal-neutron
detection efficiencies for the 1°B-backfilled, opaque DS-MSNDs shown in Fig. 4-29 (d-f) are listed
in Table B-4 through Table B-6 in Appendix B. Note that the opaque circular hole and opaque

circular pillar device are physically the same, but the opaque circular hole DS-MSND was
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irradiated on the hole side of the detector, and the opaque circular pillar DS-MSND was irradiated
on the circular pillar side. Again, greater than 70% intrinsic thermal-neutron detection efficiency
is achievable with all the designs. The opaque circular pillar pattern has the highest intrinsic
thermal-neutron detection efficiency with a 300 keV LLD at 81.0% for 80-um deep features on a
4-um wide unit cell with 0.9 diameter to unit cell ratio. Intuitively, the next highest efficiency
design was the opaque circular-hole pattern at 80.6% with the same cell and depth and a 0.8
diameter to unit cell ratio. Interestingly, the straight-trench design has a flat response over a large
range of trench width to unit cell ratios. For 4-um wide unit cells and 80-um deep trenches, the
intrinsic thermal neutron detection efficiency varies between 70.5% to 75.0% for trench width to
depth ratios ranging from 0.2 to 0.8 with the maximum detection efficiency occurring with a trench
width to depth ratio of 0.5.

The intrinsic thermal-neutron detection efficiency as a function of LLD for the 300 keV,
optimized opaque DS-MSND is shown in Fig. 4-32. For 4-um unit cells, the circular hole and
pillar design slightly outperforms the straight trench design at low LLD levels, but as the LLD
increases, the straight trench design is dominant. All the designs have similar performance when
the unit cell width was increased to 6 pum. The opaque circular hole and pillar pattern is slightly
less affected by changes in the LLD than the offset design. However, care must be taken in the
fabrication process for the optimized circular hole and pillar pattern opaque DS-MSND to ensure
good etching and diffusion process outcomes for microfeatures with different shapes and sizes.
The simulated reaction product spectra for the opaque DS-MSNDs are shown in Fig. 4-33. The
average energy deposition is highest in the straight-trench design. The reaction product spectra for
the circular hole and circular pillar opaque DS-MSND with 6-um wide unit cells are nearly
identical, because the device geometry is the same with the side irradiated being the only

difference.
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Fig. 4-32. Simulation estimations for the intrinsic thermal-neutron detection efficiencies for *°B-backfilled,
opaque DS-MSND with 4-um wide (left) and 6-um wide (right) unit cells and microfeature depths of 80 um.
The optimum microfeature width to unit cell ratio for a 300 keV LLD was plotted for each microfeature
shape. Legend: Straight Trench (ST), Circular Hole (CH), Circular Pillar (CP), Unit Cell width (UC),
Trench width (T), Hole or Pillar Diameter (D).
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Fig. 4-33. Simulated reaction product spectra for *°B-backfilled, opaque DS-MSND with 4-um wide (left)
and 6-um wide (vight) unit cells and microfeature depths of 80 um. The optimum microfeature width to unit
cell ratio for a 300 keV LLD was plotted for each microfeature shape. Legend: Straight Trench (ST),
Circular Hole (CH), Circular Pillar (CP), Unit Cell width (UC), Trench width (T), Hole or Pillar Diameter

(D).
6LiF-backfilled DS-MSNDs

MCNP6 simulations were repeated for the opaque and offset DS-MSND patterns with
straight trenches, circular holes, or circular pillars now utilizing °LiF as the neutron conversion
material with an apparent density of 1.273 g cm™ representing a 50% powder packing fraction. As
with the last set of simulations, the microcavities were assumed to be completely and uniformly
backfilled with the conversion material. 6LiF has a smaller thermal-neutron capture cross section
than 1°B, and therefore, deeper microfeatures are required to achieve the same neutron absorption
efficiency. The silicon diode thickness was increased to 1500 um, depths of 175, 350, 500, and

650 um were considered representing 0.5, 1, 1.4, and 1.9 mean free path length for thermal
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neutrons in the reduced density 8LiF. Unit cell widths of 20, 40, 60, 80, and 100 um were
considered for the simulations. The following sections display the results for a subset of the SLiF-
backfilled DS-MSND optimization simulations. The entirety of the simulation results and an
example MCNP input card for ®LiF-backfilled DS-MSNDs is in Appendix B.

SLiF-Backfilled Offset Patterns

The results of the MCNP optimization simulations for the ®LiF-backfilled, offset DS-
MSNDs shown in Fig. 4-29 (a-c) are listed in Table B-1 through Table B-3 in Appendix B. Over
70% intrinsic thermal-neutron detection efficiency is achievable for all the offset geometries. The
maximum intrinsic thermal-neutron detection efficiency with an LLD of 300 keV was 84.2% and
was achieved with the offset, circular hole DS-MSND with 650-pum deep holes, a unit cell width
of 20 pum, and 18-pum diameter holes. The optimum microfeature width to unit cell ratio was 0.5-
0.8, 0.8-0.9, and 0.7-0.8 for the straight trench, circular hole, and circular pillar microfeature
patterns, respectively, dependent on the unit cell size.

The intrinsic thermal-neutron detection efficiency as a function of LLD for the three offset
DS-MSND geometries with a 20-um and 40-um wide unit cell are shown in Fig. 4-34. The circular
hole-pattern had the highest intrinsic thermal-neutron detection efficiency for the 20-pm wide unit
cells and was affected the least by changes in LLD setting. In order to achieve ultra-high detection
efficiency, large feature width to unit cell width ratios are required. The circular hole and circular-
pillar designs can achieve higher average energy deposition per reaction product than the straight
trench pattern for these designs. However, one has to consider the practicality of achieving such
high-aspect ratio microstructures while retaining good charge collection efficiency after the
diffusion processes where dead regions are formed in the silicon on the p-type side of the junction.
In the 40-um wide unit cell patterns, the circular-hole shape still retains the highest detection
efficiency for low LLD settings. However, the straight-trench design has comparable efficiency
and a nearly flat response to changes in LLD settings up to 1 MeV primarily attributed to the larger
fin dimensions of the optimized design which has a 0.5 fin width to unit cell width ratio. This
effect is also shown in the reaction product spectra shown in Fig. 4-35. Note that counts in the
pulse height spectra appear in higher energy channels than the 1°B-backfilled counterparts due to
the higher energy reaction products from neutron absorption with °Li.
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Fig. 4-34. Simulation estimations for the intrinsic thermal-neutron detection efficiencies for °LiF-
backfilled, offset DS-MSND with 20-um wide (left) and 40-um wide (right) unit cells and microfeature
depths of 650 um. The optimum microfeature width to unit cell ratio for a 300 keV LLD was plotted for
each microfeature shape. Legend: Straight Trench (ST), Circular Hole (CH), Circular Pillar (CP), Unit
Cell width (UC), Trench width (T), Hole or Pillar Diameter (D).
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Fig. 4-35. Simulated reaction product spectra for °LiF-backfilled, offset DS-MSND with 20-um wide (left)
and 40-um wide (right) unit cells and microfeature depths of 650 um. The optimum microfeature width to
unit cell ratio for a 300 keV LLD was plotted for each microfeature shape. Legend: Straight Trench (ST),
Circular Hole (CH), Circular Pillar (CP), Unit Cell width (UC), Trench width (T), Hole or Pillar Diameter

(D).
SLiF-Backfilled Opaque Patterns

The intrinsic thermal-neutron detection efficiency simulation results for the opaque DS-MSNDs
(Fig. 4-29 e-f) are listed in Table B-4 through Table B-6 in Appendix B. Over 70% detection
efficiency is possible with all designs for normally incident thermal-neutrons, and very-high-
aspect-ratio, circular hole-pillar DS-MSNDs can theoretically achieve 80% detection efficiency
with a 300 keV LLD. The circular hole/pillar design capable of 81.8%-82.0% intrinsic thermal-
neutron detection efficiency can be obtained with a hole diameter to unit cell width ratio of 0.9

and 650-um deep perforations. The optimum trench width to unit cell ratio for the straight trench
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opaque DS-MSND was 0.5 resulting in 77.1% intrinsic thermal-neutron detection efficiency.
Additionally, the conservative trench width to unit cell ratio can be more easily manufactured than
DS-MSNDs with higher feature width to unit cell ratios.

The intrinsic thermal-neutron detection efficiency as a function of LLD setting for the 20-
um wide and 40-um wide unit cell, opaque DS-MSNDs are shown in Fig. 4-36. The straight-trench
pattern was least affected by changes in LLD settings but was slightly less sensitive to neutrons
than the circular hole and pillar patterns for both the 20 um and 40 pum unit cell widths. The pulse
height spectra shown in Fig. 4-37 indicated that the reaction products deposit more energy in the
silicon substrate on average with the straight trench design. The feasibility of a 650-um deep
hole/pillar with 20-pum wide unit cells and 18-um diameter features is questionable, but those
dimensions can theoretically break past the 80% detection efficiency threshold. For more easily
attainable feature width to unit cell width ratios (i.e., 0.5) the straight-trench design exhibits higher
detection efficiency than the circular holes and pillars design. Again, note that the counts in the
pulse height spectra of SLiF-backfilled DS-MSND tend to fall in higher energy channels than °B-
backfilled DS-MSND; however, deeper microcavities are required to attain high detection

efficiency.
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Fig. 4-36. Simulation estimations for the intrinsic thermal-neutron detection efficiencies for °LiF-
backfilled, opaque DS-MSND with 20-um wide (left) and 40-um wide (right) unit cells and microfeature
depths of 650 um. The optimum microfeature width to unit cell ratio for a 300 keV LLD was plotted for
each microfeature shape. Legend: Straight Trench (ST), Circular Hole (CH), Circular Pillar (CP), Unit
Cell width (UC), Trench width (T), Hole or Pillar Diameter (D).
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Fig. 4-37. Simulated reaction product spectra for °LiF-backfilled, opaque DS-MSND with 20-um wide (left)
and 40-um wide (right) unit cells and microfeature depths of 650 um. The optimum microfeature width to
unit cell ratio for a 300 keV LLD was plotted for each microfeature shape. Legend: Straight Trench (ST),
Circular Hole (CH), Circular Pillar (CP), Unit Cell width (UC), Trench width (T), Hole or Pillar Diameter

(D).

Angular Response

In the previous simulations, a thermal-neutron beam was normally incident on the front-
side of the DS-MSND. This simulation environment is beneficial, because it can be easily
reproduced in the diffracted thermal-neutron beam port at the Kansas State University TRIGA Mk
Il nuclear reactor. However, when deployed in the field, the DS-MSNDs are likely to be intersected
by neutrons from a variety of angles. Therefore, MCNP simulations were performed on DS-
MSNDs and MSNDs to compare the detector response to angle of incidence for thermal neutrons.
It is already known that the angular response for straight-trench DS-MSNDs is flatter than the
angular response for straight-trench MSNDs [33]; however the simulations presented herein were
performed with more readily achievable backfill packing fractions and straight trench, circular
hole, and circular pillar patterned DS-MSNDs and MSNDs. The simulation parameters are listed
in Table 4-3. The DS-MSNDs and MSNDs were modeled with similar dimensions to recent work
performed in [29] and [28, 124]. The thermal-neutron (0.0253 eV) beam diameter was the same
width as the thickness of the DS-MSND or MSND diode and was rotated from 0° to 90° angle of
incidence, with 0° being normally incident on the front-side of the detector. Charge collection

efficiency within the silicon diode was assumed to be perfect.
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Table 4-3. MCNP problem geometry parameters for the DS-MSND and MSND angular response
simulations.

Parameter DS-MSND (Offset) MSND
Straight Trench, Straight Trench,
Microfeature Shapes Circular Hole, & Circular Hole, &
Circular Pillar Circular Pillar
Wafer Thickness 1500 um 500 um
Microfeature Depth 600 um 400 um
Unit Cell Width 30 um 30 um
Microfeature Width to Cell Width Ratio 0.67 0.67
Backfill Material SLiF SLiF
Packing Fraction 50% 50%
Lower Level Discriminator 300 keV 300 keV
Neutron Energy 0.0253 eV 0.0253 eV
Neutron Beam Diameter 1.5mm 0.5 mm
Angle of Incidence 0-90° 0-90°

Shown in Fig. 4-38 are the angular response to thermal neutrons for straight trench, circular
hole, and circular pillar patterned DS-MSNDs and MSNDs. The straight trench and circular pillar
DS-MSNDs have the flattest response out of all the simulated geometries. The intrinsic thermal-
neutron detection efficiency was about 73% for normally incident neutrons (0°) and peaks at 85%
for 80° angle of incidence before dropping to approximately 38% for side-on irradiation (90°). The
slight increase in detection efficiency for the DS-MSNDs stems from longer neutron path tracks
through the °LiF neutron conversion material which increases the probability for neutron
absorption. The intrinsic-detection efficiency for single-sided MSND:s is strongly affected by the
neutron angle of incidence. For example, the detection efficiency for the straight trench MSND
ranges from 38% at 0° all the way to 80% at 80°. The change in detection efficiency as a function
of neutron angle is initially dominated by closing neutron free streaming paths through the silicon
microfeatures where neutrons can pass directly through the detector diode without traversing any
conversion material. Once the neutron free streaming paths are eliminated, the detection efficiency
continues to rise as the track length in the conversion material increases as a function of incident
angle up to about 80°. All the detectors have suppressed detection efficiencies for side-on
irradiation caused by neutron streaming paths in the bulk silicon below microfeatures for the
MSNDs and between the front-side and back-side microfeatures in the DS-MSND. However, the
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solid angle for side-on irradiation is comparatively small and DS-MSNDs-based instruments can
be designed to limit the probability of side-on irradiation during operation.

100% (DS-)MSND Angular Response
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Fig. 4-38. (Left) DS-MSND and MSND angular response to a collimated thermal-neutron beam. The DS-
MSND CP and DS-MSND ST response are nearly identical. (Right) Example of DS-MSND straight trench
geometry used for angular response simulations. The neutron beam was rotated around the y-axis with 0°
corresponding to the negative x-direction and 90° was the beam pointed in the negative z direction towards
the DS-MSND. Similar orientations were used for the other DS-MSND and MSND patterns.

Gamma-Ray Sensitivity

MCNP6 simulations were performed to estimate the gamma-ray sensitivity of an offset,
straight-trench DS-MSND for photons with energies ranging from 10 keV to 10 MeV. A
collimated beam of monoenergetic gamma rays was normally incident on the front face of the DS-
MSND for the simulations. It was assumed that all silicon within the DS-MSND was active which
may not be a completely accurate correlation to real-world devices but should give a worst-case

scenario estimation for gamma-ray sensitivity. The parameters used for the simulations are

outlined in

Table 4-4.
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Angle of Incidence 0° 0°

Table 4-4. Parameters used for DS-MSND gamma-ray sensitivity simulations.

The theoretical gamma-ray detection efficiency for DS-MSNDs as a function of gamma-
ray energy with and LLD setting of 300 keV is shown in Fig. 4-39. One can notice that the DS-
MSND is much more sensitive to gamma rays than its MSND counterpart at approximately 102
compared to 3x107°. The increased sensitivity is most likely caused by the increased thickness of
the DS-MSND, which is 1.5-mm thick compared to 0.5-mm thick, allowing for significantly more
gamma-ray interactions and subsequent electron energy deposition in the silicon. High gamma-
ray detection efficiency is undesirable in neutron detectors. Neutrons detectors are often deployed
in mixed radiation fields consisting of gamma rays and neutrons, and a high sensitivity to gamma
ray will trigger “false” neutron counts in the neutron detection system. There are a couple methods
to discriminate or reduce the sensitivity to the gamma rays. One method would be to implement
pulse shape discriminating electronics that can determine when charge deposition in the silicon
was caused by electron interactions or heavy charged-particle interactions such as tritons and alpha
particles. This method can greatly improve the gamma-ray discrimination capabilities of the
system, but comes at the price of increased electronics cost, increased power consumption, and
increased dead time from the increased processing time required to measure the pulse shape.
Another method to reduce the gamma-ray sensitivity would be to reduce the thickness of the DS-
MSND diode. By reducing the volume of the DS-MSND, the probability for gamma-ray
interactions within the detector will decrease; however, smaller microfeatures and more optimized
SLiF backfill packing fraction would be required to retain high detection efficiencies. Finally, the
easiest method to decrease the gamma-ray sensitivity of the DS-MSND is to increase the LLD
setting. The right-side image in Fig. 4-39 is the reaction product spectra for a neutron-irradiated
DS-MSNDs and a number of gamma-ray-irradiated DS-MSNDs. The gamma-ray interactions tend
to fall in the lower energy channels due to the small feature sizes of the DS-MSND and relatively
low stopping power of electrons in silicon. If the LLD was increased to 600 keV, the gamma-ray
detection efficiency drops into the 107 to 10 for the gamma-ray energies simulated while the
intrinsic thermal-neutron detection efficiency only falls to 72.6%. The neutron detection efficiency
is less affected by the increased LLD, because the reaction product escape probability for tritons
and alpha particles are high, and the energy deposition per unit path length (dE/dx) in silicon for

alpha particles and tritons is much greater than dE/dx for electrons.
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Fig. 4-39. (Left) Theoretical intrinsic gamma-ray detection efficiency of a DS-MSND and MSND with
parameters described in

Table 4-4. The DS-MSND is significantly more sensitive to gamma rays primarily because of the increased

Parameter DS-MSND (Offset) MSND
Microfeature Shape Straight Trench Straight Trench
Wafer Thickness 1500 um 500 um
Microfeature Depth 600 um 400 um
Unit Cell Width 30 um 30 um
Microfeature Width to Cell Width Ratio 0.67 0.67
Backfill Material 6LiF 6LIiF
Packing Fraction 50% 50%
Lower Level Discriminator 300 keV 300 keV
Gamma-ray Energy 10 keV — 1 MeV 10 keV — 1 MeV
Neutron Beam Diameter 50 mm 50 mm
Angle of Incidence 0° 0°

thickness of the diode. (Right) DS-MSND pulse height spectra for normally incident gamma rays in and
thermal neutrons showcasing the lower level discriminator can be increased significantly with minimal
effect on the neutron detection efficiency while drastically reducing the gamma-ray sensitivity.

Simulations for Variable Backfill Packing Fractions

Thus far, for all of the DS-MSND and MSND simulations, it was assumed that the backfill
packing fraction was 50%, because it was the highest achieved and reported packing fraction for
®LiF powder particles [29]. However, 50% packing fraction may not necessarily be the optimum
packing fraction for MSND and DS-MSNDs currently in production. Therefore, MCNP
simulations were performed to determine the optimum packing fraction for a subset of °LiF-
backfilled, offset, straight-trench DS-MSND geometries commonly produced in the KSU
S.M.AR.T Laboratory. Only SLiF was considered, because it allows for larger features within the

DS-MSND easing the manufacturing burden. The following DS-MSND dimensions were
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considered for this simulation study: trench depths of 300 pm to 600 um in 50 um increments, unit
cell widths of 20 um to 40 um in 5 um increments, trench width to unit cell width ratios from 0.5
to 0.8 in 0.05 increments, and ®LiF backfill packing fractions from 0.05 to 1.0 with increments of
0.05. All neutrons were normally incident on the front-face of the DS-MSND with initial energy
of 0.0253 eV, and the LLD was 300 keV. The simulation parameters are summarized in Table 4-5.

Table 4-5. Simulation parameters used for ®LiF-backfill optimization study for offset, straight-trench DS-
MSNDs.

Parameter DS-MSND (Offset)
Microfeature Shape Straight Trench
Wafer Thickness 1500 um
Microfeature Depth 300-600 um
Unit Cell Width 20-40 pm
Microfeature Width to Cell Width Ratio 0.5-0.8
Backfill Material SLiF
Packing Fraction 5-100%
Lower Level Discriminator 300 keV
Neutron Energy 0.0253 eV
Neutron Beam Diameter 50 mm
Angle of Incidence 0°

The relationship between the SLiF powder packing fraction and neutron detection
efficiency for straight trench, offset DS-MSNDs with different trench depth for a 30-pum wide unit
cell and a 25-um wide unit cell is shown in Fig. 4-40. The trench width to unit cell ratio (T/UC)
was constant for both unit cell widths. As the trench depth increased, the optimum packing fraction
to maximize intrinsic thermal-neutron detection efficiency decreased. For example, the optimum
packing fraction for 300-um deep trenches was nearly 100% indicating that improving neutron
absorption efficiency is the most important factor for DS-MSNDs with shallower trenches. When
the trench depth was increased to 600-um, the optimum packing fraction was reduced to
approximately 60%. In the deeper-trenched DS-MSND, the neutrons have longer track lengths in
the SLiF powder. Therefore, the macroscopic neutron absorption cross section does not need to be
as high to achieve the same absorption efficiency of tightly packed shallow trenches, and the
reduced powder density in the deep-trenched DS-MSND improves the reaction product escape

probability from the trenches into the adjacent silicon fins.

69



25-pm UC, 0.65 T/UC 30-um UC, 0.65 T/UC

£ 80%- S 80%-
£ % T g 2 ’
sz | s IIIIITT = T
D= - D= I S |
Z 5 60%1 - Z 5 60% -
== =&
£ £
5 g 40% S = 40%-
—ﬁ 2 — 600 pm v-ﬁ 2 —— 600 pm
sial o | 551/ - s
é é) 20% 1 === 400 pm é 8 20%7 £ === 400 pm
E —— 300 pm E —— 300 pm
= 0% - . . - = 0% - : ‘ -

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

SLiF Packing Fraction SLiF Packing Fraction

Fig. 4-40. Results from the °LiF backfill optimization study for straight-trench, offset DS-MSNDs with 0.65
trench width to unit cell width ratio. The intrinsic thermal-neutron detection efficiency is plotted as a
function of °LiF packing fraction for trench depths of 300, 400, 500, and 600 um. (Left) 25-um wide unit
cell. (Right) 30-um wide unit cell.

The effect of unit cell width on the optimum °LiF packing fraction is shown in Fig. 4-41.
For packing fractions less than 30%, the DS-MSND detection efficiency is nearly identical for all
unit cell widths between 20 um and 40 um. As the °LiF packing fraction increases, the performance
between different unit cell widths begins to separate with smaller unit cell widths having higher
detection efficiency for a given °LiF backfill density. The optimum packing fraction for a given
unit cell width also changes as the unit cell width changes. For the unit cell widths ranging from
30 um to 40 um, the optimum packing fraction ranges from 60-80%. When the unit cell width is
only 20 pum, 100% backfill density is optimum. For all unit cell widths, higher °LiF packing
fraction increases the neutron absorption efficiency, but it also decreases the range of the charged-
particle reaction products within the trenches. When the unit cell width is small, the decreased
range has minimal effect of the reaction product escape probability, because the trenches are
already narrow. However, when the unit cell width is increased and the trench width is also
increased to retain the same T/UC ratio, the range of the charged-particle reaction products
becomes more significant thereby reducing the optimum packing fraction.

Finally, the effect of changing the trench width to unit cell ratio (T/UC) on the optimum
packing fraction is shown in Fig. 4-42. When the packing fraction is below 60%, larger T/UC ratio
are desired due to the increased reaction product range in the trenches. At higher packing fractions,
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smaller T/UC ratios have higher detection efficiency, because the improved neutron absorption

efficiency begins to offset the reduced reaction product range.
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Fig. 4-41. °LiF packing fraction optimization simulation results for unit cell widths of 20-40 um. The trench
depth was set to 500 um, and the trench width to unit cell width ratio was 0.6 for the reported results. Only
offset, straight-trench DS-MSNDs were simulated.
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Fig. 4-42. °LiF packing fraction optimization simulation results for unit cell widths of 20-40 um. The trench
depth was set to 500 um, and the trench width to unit cell width ratio was 0.6 for the reported results. Only
offset, straight-trench DS-MSNDs were simulated.

Fabrication Considerations

The two prominent methods for forming microstructures in silicon are dry etching or wet
etching processes. Dry etching techniques, such as inductively coupled plasma reactive ion etching
(ICP-RIE), utilize a reaction gas and carrier gas to interact with the silicon and then subsequently
passivate the microfeature sidewall, respectively. The ICE-RIE process can have significant lateral
etch, bottle necking, ribbing or some combination of all three when etching deep, high-aspect ratio

microfeatures. However, the dry etching techniques are not crystalline plane-orientation specific;
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theoretically, any microfeature shape can be etched with this process. Additionally, the dry etching
process can be used to etch a wider array of materials including Si, SiC, and GaAs.

Alternatively, anisotropic wet etching processes can be used for certain microfeature
geometries on specific substrates. Conveniently, potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH) selectively etch in the [110]- and [100]-direction in Si
much faster than the [111]-direction. Therefore, straight trenches can be aligned parallel to the
(111)-plane of [110]-orientated Si wafers to form high-aspect ratio, deep straight trenches, and
trenches up to 600-um deep by 20-um wide have been fabricated in KOH with this method.
Additionally, KOH wet etching results in smooth sides walls that do not need additional processing
to eliminate excess leakage from sharp or damaged edges. Furthermore, for mass production, wet
etching is more ideal, because the process is typically faster, and the wafer capacity is limited by
the heated bath size. In an RIE system, the wafer capacity is defined by the size of the reaction
chamber, which is more expensive to scale up for large production.

It was assumed in the MCNP simulations that 100% charge collection efficiency was
achieved for the reaction products in the silicon microfeatures. Unfortunately, 100% charge
collection efficiency is not normally achieved in real-world devices, and thus, the simulation
results indicate a best-case scenario. From the TCAD simulation section, it was evident that the
charge collection efficiency changed as function of dopant profile and interaction location.
Imperfect charge collection efficiency smears and shifts the reaction-product pulse height
spectrum to lower energy bins nearer to the background and gamma-ray noise. If the charge
collection efficiency is poor, neutron detection efficiency decreases, and gamma-ray rejection
worsens. Therefore, dopant profiles with uniform, strong electric fields are desired to maximize
charge collection efficiency.

Also note that all the silicon was considered “active” in the simulations. However, in
practical devices, the boron or phosphorus dopant diffuses between 0.5 to 1.5-pum deep into the
silicon surface and forms a “dead” region where only a fraction of the deposited energy will be
measured again shifting the pulse height spectrum to lower energy bins [45]. In some p-i-n silicon
detectors only about 50% of energy deposited in the dead region is measured [142]. This effect is
especially troublesome for DS-MSND designs with small unit cells and large perforation-width to
unit-cell-width ratios, because the volume of “dead” silicon becomes large compared to the volume

of “active” silicon in the microfeatures (Fig. 4-43).
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Fig. 4-43. Schematic visualizing the relative size of the “dead” region and “active” regions in silicon
microfeatures. The perforation-width to unit-cell-width ratio was 0.75 for both the 20-um and 40-um wide
unit cells shown here. This effect is especially bad for °B-backfilled devices, because the short reaction-
product ranges require smaller unit cell widths.
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Chapter 5 - Dual-Sided Microstructured Semiconductor Neutron

Detectors: Fabrication and Characterization

Detailed in this chapter are the fabrication processes involved in making Dual-Sided
Microstructured Semiconductor Neutron Detectors and the characterization measurements
performed after detector fabrication. The pvp-, pvn, and pvp-n-dot DS-MSND designs and several

fast charge collection doping schemes are covered herein.

5.1. Detector Fabrication

The detector fabrication process is described in three subsections. The first subsection
covers silicon wafer processing including oxide growth, photolithography, wet etching, dopant
diffusion, and metallization. The second subsection details the lessons learned and improvements
in the SLiF backfilling process which was a major contributor to the increase in detection efficiency
over previous DS-MSNDs [32, 33]. The final subsection provides an overview of the DS-MSND
diode packaging.

5.1.1. Silicon Processing

DS-MSNDs are fabricated from 1.0 to 1.5-mm thick, 100-mm diameter, float-zone refined,
high-resistivity, phosphorus-doped, n-type (or v-type), (110)-silicon wafers. The primary flat on
the wafer is cut parallel to the (111)-plane so that the trenches can be properly aligned to utilize
the anisotropy of the KOH wet etch. Up to 52 DS-MSNDs can be made on a single wafer, and 25
to 50 wafers can be simultaneously batch processed at the KSU S.M.A.R.T. Laboratory facility.
Previous MSNDs and DS-MSNDs had been processed on 33-kQ-cm resistivity silicon, but the
present generation utilizes 5-kQ-cm resistivity silicon. Higher resistivity silicon improves the
detector performance by limiting leakage current, increasing carrier lifetime, and reducing bias
required to fully deplete the diode, however the price of the wafers also increases as resistivity
increases. The 1.5-mm thick, 5-kQ-cm wafers are commonly priced between $120 to $160 per
wafer. Large scale batch processing can be used to reduce production costs, and the cost per DS-
MSND could be further reduced by increasing the diameter of silicon wafer. However, larger
diameter wafers require larger processing equipment, which would necessitate a large one-time
capital expenditure to upgrade the VVLSI processing equipment. An overview of the DS-MSND

fabrication steps described in this section is shown in Fig. 5-1.
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Fig. 5-1. Simplified process flow for pvn-DS-MSND fabrication. The process for pvp-DS-MSNDs is
identical except only one diffusion (junction doping) process is required where both sets of trenches are
doped simultaneously. The diffusion window patterning is omitted in the diagram for clarity but is required
to insulate the diode from the diced edge. The process diagram for pvp-n-dot DS-MSNDs requires and
additional photolithography process. Finally, after the electrical contacts are deposited the diodes are
diced from the wafer and mounted into ceramic detector boards.
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Oxide Growth

After the silicon wafers are sliced from the bulk silicon ingot and cleaned, a silicon dioxide
(SiOy) layer, up to 4-um thick, is grown simultaneously on both sides of the wafer to serve as an
etch and diffusion mask in subsequent processes. To grow the oxide, the wafers are loaded into a
high-temperature furnace, and the temperature is ramped to approximately 1000°C while oxygen
and hydrogen gas flow through the tube. The hydrogen and oxygen react and form high purity
steam that reacts with the Si surface as described in Eq. 5-1 [134, 143]. This process grows a “wet”
oxide on the silicon wafer surface.

Wet Si+ 2H,0 — Si0, + 2H, Eq. 5-1
Dry Si+0, - Sio, Eq. 5-2

The interaction occurs at the Si-SiO> interface, because the H.O molecules diffuse faster
than the Si atoms through the SiO. layer. As a result, impurities in the oxide from external
contamination sources are limited as long as the wafers are thoroughly cleaned prior to the oxide
growth. Additionally, a portion of the silicon surface is consumed during the process, the interface
point of the final SiO> layer is about 0.44tox below the original silicon surface with tox being the
thickness of the final oxide. If an oxide is grown after the pn-junctions have been doped, special
considerations are required to ensure the dopant re-distribution from the high temperatures and
silicon consumption during the oxide growth process does not adversely affect the performance of
the junction.

A “dry” oxide, which is denser and has less defects than the wet oxide, can be made by
only flowing O gas during the process, but dry oxide growth is significantly slower and therefore,
more expensive than wet oxides of the same thickness. For comparison, using the Deal and Grove
model shown in Eq. 5-3 [134, 143], a 3-um thick wet oxide can be grown in about 34 hours at
1000 °C while the same thickness for a dry oxide requires 812 hours at 1000 °C. Note that a
combination of oxide growth types can be used. For example, it is common to start with a dry

oxide followed by a wet oxide and then finish with a dry oxide again.
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t2, + Aty = B(t — T) Eq. 5-3

A—2D(1+1)
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=N
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tox— oxide thickness, ¢ — time, D — diffusion coefficient, ks — rate constant of chemical surface
reaction of silicon oxidation, 4 — gas-phase mass-transfer coefficient in terms of concentration in
the solid, #— Henry's law constant, pg— partial pressure in the gas next to oxide surface, Nz —
number of molecules of oxygen per unit volume of SiO2 (2.2x10?2 for dry oxide, 4.4x10%2 for wet
oxide), to— initial thickness of oxide

The oxide on the DS-MSNDs ultimately has two purposes. The first purpose is to serve as
a selective etch mask during the KOH etch where the KOH etches silicon in the <110>-direction
orders of magnitude faster than the KOH etches the SiO. masking layer. The second purpose is to
insulate the electrically active DS-MSND trench region from the mechanically diced edge of the
die. The initial oxide thickness for DS-MSNDs, typically 3 um to 4 um, is governed by the required
trench depth.

Photolithography and Oxide Etching

After the oxide layer is grown, the trenches and diffusion windows are patterned into the
oxide layer with photolithography followed by an oxide etch. First, a thin layer of positive-tone
photoresist is spun onto the surface of the silicon wafer. Then, after a short soft-bake, the wafer is
loaded into a photo-aligner, and the straight trenches printed on an UV-opaque photomask are
aligned parallel to the (111)-plane by aligning the wafer’s primary flat to the flat alignment marks
on the photomask. The wafer is then either pressed against the photomask (contact mode) or raised
until it is nearly touching the bottom of the photomask (proximity mode), and the shutter on the
photo-aligner is opened to expose the photoresist to UV light that passes through the transparent
portions of the photomask (see Fig. 5-2). For positive-tone photoresist, the UV light activates the
photosensitizer and caused the photoresist to become soluble in developer. Note that the same

process can be performed with negative-tone photoresist if an inverse photomask is used. When
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negative photoresist is exposed to UV-light, the photosensitizer cross-links the polymer and

reduces the solubility of the exposed regions.

UV Light

Photomask

Photoresist
Si0,

Si

Align and Expose Develop Oxide Etch

Fig. 5-2. Basic diagram showing oxide patterning process with photolithography. The pattern on the mask
is transferred to the oxide layer with positive-tone photoresist in this example.

After the photoresist is exposed, the pattern is developed in photoresist developer to
transfer the mask pattern into the photoresist layer on the wafer. Following development, the
wafers are baked to remove any residual solvent in the photoresist and moisture on the backside
surface of the wafer. A thick layer of positive photoresist is then spun on the back-side of the wafer
to protect the back-side oxide from the subsequent chemical etch. The thickness of the photoresist
layer can be controlled by adjusting the spin speed of the photoresist spinner and selecting
alternative photoresists with different viscosities. Once the backside layer has been deposited, the
wafers are hard baked to fully cure the photoresist to the wafer. This final bake promotes adhesion
of the photoresist layer to the substrate. Finally, the wafers are placed into a buffered oxide etch to
transfer the pattern from the photoresist to the oxide layer. The oxide etch utilizes hydrofluoric
acid (HF) to isotropically etch the exposed SiO through the chemical reaction described in Eq. 5-
4 [144].

Si0, + 6HF — 2H* + SiF?~ + 2H,0 Eqg. 5-4

Photoresist has a negligible etch rate in the HF-solution. However, care must be taken in
the photomask design process to account for photoresist undercut caused by the isotropic SiO-
etch. If the features are too close to each other, or the photoresist does not adhere well to the

substrate, the oxide etch can completely undercut the photoresist layer effectively reducing the
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thickness of the patterned oxide. If the oxide becomes too thin, it will not be an adequate KOH
etch mask or dopant diffusion mask.

After the oxide etch, the photoresist is removed with photoresist stripper. Then, the wafers
are rinsed and dried, and the wafers are ready for the next process. Four photolithography processes
are required to fabricate the pvn-type and pvp-type DS-MSNDs: front-side trenches, back-side
trenches, front-side diffusion window, and back-side diffusion window. One additional
photolithography process is required for the n-dot or n-ring DS-MSND pattern to make the
diffusion window for the small n-type region at the edge of the diode. An example of an oxide

layer patterned with straight trenches and a diffusion window is shown in Fig. 5-3.

Diffusion

/ Window

Trenches

25.0kV 25.3mm x210 SE 1/9/2019

Fig. 5-3. SEM image of the patterned oxide layer on a corner of a DS-MSND diode before KOH wet etching.
The image shows the diffusion window surrounding the trenches that have pre-etch width of approximately
13 um and a pitch of 30 um.

KOH Wet Etching

After the trench and diffusion window patterns have been etched into the oxide layer on
the DS-MSND wafers, the wafers are loaded into a heated KOH bath for the anisotropic wet
etching process wherein the deep, high-aspect ratio, straight trenches are etched into the Si
substrate, see Fig. 5-4. The Si chemical etching process in KOH is described in Eq. 5-5 [145]. As
described by Seidel [145], the KOH molecule disassociates in water to form K* and OH" ions.
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Then, two hydroxide ions near the silicon surface bond with dangling Si bonds where two electrons
are injected into the condition band but held near the surface by a potential well. Next, the Si-Si
back bonds attaching the silicon to neighboring lattice atoms are broken by thermal excitation of
the binding electrons. The silicon-hydroxide atom can then react with two additional OH" ions to
form Si(OH)4 that will diffuse from the surface of the silicon substrate. The Si(OH)4 molecule
breaks down in the bulk electrolyte, and the process continues at the Si surface [145]. In this
process the rate limiting step is the reduction of HO at the silicon surface. The reaction rate can
be described by Eq. 5-6 where ko is and empirical constant, H20 and KOH are the water and KOH
concentration, respectively, £zis activation energy, kis Boltzmann’s constant, and 7'is temperature
[145]. The anisotropic nature of the etch is believed to stem from the number of available bonds
and differences in activation energies for the different crystal planes, {110}:{100}:{111} [145].
Anisotropy etch rate ratios ranging from 100:1 to 600:1 for <110>:<111> directions have been
reported [134, 145]. The straight-trench DS-MSND design takes advantage of this high anisotropy
by aligning the trench side walls to the (111)-plane and etching in the <110>-direction
(see Fig. 5-5.) It should be noted that the above explanation of the KOH etching process is
debatable. Elwenspoek offers and explanation on the mechanism of silicon anisotropic etching
based on the availability of nucleation sites and the step-free energy of the silicon surface [146].
Elwenspoek’s model is based on crystal growth principles rather than chemistry principles. In his
model, anisotropy is based on differences in the step-free energy of the various silicon crystal

planes.
Si+20H™ + 2H,0 - Si0,(0H)%™ + 2H, Eq. 5-5

1 —

R = ky[H,0]*[KOH]ie  “ir Eq. 5-6
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Fig. 5-4. Diagram of silicon wafer before and after anisotropic KOH wet-etch used to form deep, high-
aspect ratio straight trenches in the DS-MSND diode. The diagram depicts both the trench and diffusion
window mask that are patterned in the SiO; layer via photolithography.
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Fig. 5-5. (Left) Wafer orientation and (Right) trench alignment used form the high-aspect ratio straight
trenches for DS-MSND. The anisotropy of the KOH etch allows for deep trenches to etched vertically in
the [110]-direction with minimal lateral etch in the [111]-direction.

Many aqueous hydroxide solutions can be used to anisotropically etch silicon; however
KOH was used rather than the other common anisotropic silicon wet etchants like TMAH and
ethylene-diamine in pyrocatechol (EDP) solutions, because KOH has the highest <110>-etch rate,
highest <110>:<111> selectivity, and high 110:SiO> selectivity [147, 148]. The high <110>:<111>
selectivity is critical to form the high-aspect ratio trenches. If the selectivity was significantly
reduced, the detection efficiency would suffer, because the deep trenches, which are needed for

high thermal-neutron absorption efficiency, would be too wide to have high reaction product
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escape probability. Also, the low etch rate of SiO2 in KOH is important, because it allows for SiO-
to serve as an etch mask in the KOH bath with minimal required thickness. The etch rate of SiO>
is orders of magnitude lower than the etch rate of [110]-orientated silicon. Thus, only a 1-2 pm
mask thickness of SiOzis required to etch trenches 600-pum deep. The high [110]-etch rate shortens
the required etch time, which increases throughput and lowers costs in mass production. For
example, the etch rates for in the <110>-direction, <111>-direction, and SiO; for 20 %wt KOH at
75 °C are 99.7 um/hr, 1.029 um/hr, and 179 nm/hr, respectively [149].

The number of microfeature patterns etchable with KOH is limited. To get the vertical
sidewall, the sides of the feature must align with the (111)-planes. Straight trenches, rhombohedral
holes, and chevron patterns can be fabricated, however; if circular holes, circular pillars, or more
complex patterns like sinusoidal trenches are required, other methods like dry etching must be
implemented. Early iterations of MSND fabrication used dry etching where circular holes were
etched with an ICP-RIE process into GaAs diodes [15]. Sinusoidal trenches in silicon were also
fabricated with RIE [16]. Because the RIE process is not crystal-plane-orientation dependent,
practically any microfeature pattern can be etched into the semiconductor substrate [134].
Furthermore, dry etching can be used on substrates other than Si such as GaAs and SiC. However,
RIE is slow compared to wet etching, has challenges with etching deep features, often creates
damaged and rough microfeature sidewalls, and the wafer throughput is limited by the size of the
reaction chamber which is costly to upgrade. In comparison, KOH wet etching can etch ultra-deep
microfeatures with (110)-orientated Si, results in smooth sidewalls, and is easily and cheaply
scaled for mass production with the wafer throughput ultimately limited by the size of the heated
tank. Fortunately, the straight trench DS-MSND pattern is a high neutron detection efficiency
design and can be achieved with KOH etching which helps reduce manufacturing costs that will
in-turn reduce the cost to consumers, a critical factor for viable *He replacement technologies.

One concern with KOH etching is the K* contaminant left on the substrate after the KOH
etch, because K™ is a fast diffuser and electrically active in silicon, and will negatively affect the
electrical characteristics of the DS-MSND diode. Proper cleaning processes must be performed
following the KOH etch step to ensure complete removal of K* ions prior to dopant diffusion.
Fig. 5-6 is a SEM image showing an example of deep, high-aspect ratio, offset trenches on a DS-
MSND that can be achieved with KOH etching. The trench depth and width are 625 um and 21

pum, respectively, with a unit cell width of 30 pm.
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Fig. 5-6. SEM of cross section of an etched, offset, straight-trench DS-MSND on a 1.5-mm thick silicon
wafer. The trenches are approximately 625+25-um deep and 21-um wide. The unit cell width is 30 um.

Junction Doping and Contact Metallization

After KOH etching, the next step is to clean the silicon wafers in preparation for dopant
diffusion to form the pn-junctions on the DS-MSNDs. The wafers must be thoroughly cleaned to
remove all contaminates prior to the high-temperature diffusion process to prevent any unwanted
dopant species from diffusing into the silicon and adversely affecting the junction properties. A
list of the cleaning baths is provided in Table 5-1.

Immediately following the KOH etch, the wafers are transferred to a HCI:H202:H,O bath
commonly called SC-2, typically the second step in the RCA cleaning process [150, 151]. In this
bath the alkali ion contaminants, namely K*, react with the HCI forming KCI thereby removing
the unwanted potassium ions from the surface. Next, the residual oxide layer on the tops of the
fins within the diffusion window is removed in a buffered hydrofluoric acid (BHF) bath. The
wafers are then loaded into a hot “Piranha” solution (H2SO4:H202:H20) to remove organic
residuals on the surface of the wafer. A short BHF etch is then used to remove the thin oxide that
may have developed in the Piranha bath. Next, the wafers follow the standard RCA cleaning recipe
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[151]. The wafers are loaded into a heated SC-1 bath (NH4OH:H202:H,0) which will remove any
additional organic contamination that may have survived the Piranha clean and remove Group 1B
and 1B metal contaminants [150]. A short BHF dip then removes the thin oxide grown in the SC-
1 bath. Finally, the wafers are placed in a fresh SC-2 bath (HCI:H202:H20) to remove the alkali
contaminants deposited on the silicon during the SC-1 clean [150, 151]. Finally, the wafers are
rinsed with deionized (DI) water and loaded into a spin-rinse-dryer for a final rinse and dry before
being loaded into the diffusion furnace. High purity chemicals and good laboratory cleanliness
practices are necessary to ensure no contaminates are introduced during the cleaning process or

after the cleaning process before the wafers are loaded into the diffusion furnace.

Table 5-1. Chemical cleaning baths for DS-MSND wafers after KOH etch and before diffusion processes.

Cleaning Batch Chemicals
SC-1 HC'ZHzOQZHzO
Piranha H,S04:H,02:H0
SC-2 NH;OH:H,0,:H,0
BHF 6:1 H,O:HF

Dopant Deposition

The next step in the DS-MSND fabrication process is to diffuse impurity atoms into the
silicon surface to form the desired junction doping profile. The impurity dopants act as either
donors (phosphorus) or acceptors (boron). Several methods are available to introduce the dopant
atoms to the silicon substrate including solid source diffusion, liquid source diffusion, ion
implantation, and spin-on-dopant.

In solid source diffusion, the DS-MSND wafer is loaded adjacent to a source wafer, and a
dummy wafer can be inserted on the opposite side of the DS-MSND wafer if dopant is only wanted
on one side of the diodes (see Fig. 5-7). For p-type deposition, hexagonal boron nitride source
wafers are used. The furnace is ramped to high temperatures (850-1000°C) and forming-gas is
introduced in the process tube causing B>O3 glass to grow on the source wafer which then
vaporizes and uniformly coats the surfaces of the DS-MSND wafer [152]. For n-type dopant,
SiP207 source wafers are used, and similarly, volatized P,Os glass from the surface of the source
wafer deposits on the DS-MSND wafers under ambient N at high temperatures [152]. The p-type

dopant deposition process is considered a pre-deposition process, because the dopant is introduced
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only while the forming gas is flowing. This type of diffusion is considered constant total dopant
diffusion [134, 143]. The n-type diffusion would be considered a constant surface concentration
diffusion, because the dopant is continually introduced throughout the entire diffusion drive-in
process [134, 143]. Solid source diffusion is relatively inexpensive and can be used to form

conformal doping profiles or semi-conformal doping profiles.

Source Wafer DS-MSND Wafer Dummy Wafer

Process Gas

éJ_IILU_II[IIIIIIIﬂllli

Fig. 5-7. Example of solid-source diffusion. The DS-MSND wafers are loaded next to source wafers with
or without blocking dummy wafers depending on the desired dopant profile. Dopants diffuse from the
source wafers and deposit on the adjacent silicon wafers. High temperatures then drive in and activate
dopant atoms in the wafer.

In liquid-source diffusion, the dopant is carried by the process gas which passes through a
bubbler containing the dopant species (i.e. BBrs for p-type or POCIl;4 for n-type) and is deposited
on exposed surfaces of the target wafer. Again, blocking wafers can be used to shield one side of
the wafer if necessary. Also, if the design process allows, an SiO> layer can be used to mask regions
of the wafer that can then be opened up later for different type doping. Like solid-source diffusion,
liquid source diffusion is relatively inexpensive. However, special precautions are required to
guard against the release of the toxic dopant sources.

lon implantation is used when precise control of the dopant concentration and dopant depth
is required. In ion implantation, the dopant species is ionized and accelerated into the target DS-
MSND wafer. Precise control of the number of dopant ions implanted is possible by adjusting the
process time, and the dopant depth is controlled by the adjusting the accelerating voltage.

Typically, a small offset is required to reduce implant channeling, but the offset can also be
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controlled to dope high-aspect ratio features as shown in Fig. 5-8. One additional benefit of ion
implantation is that photoresist only a few microns thick can be used as an implant mask. Also,
the dopants can be activated with rapid thermal annealing (RTA) to form shallow, high-
concentration pn-junctions. Compared to the other deposition methods, ion implantation is
significantly more expensive. High implant doses are required to conformally dope high aspect
ratio microfeatures because of the small implant angle where many incident ions scatter instead of
entering the substrate. Additionally, the majority of the implanted ions do not become electrically
active. The high implant doses cause significant damage to the silicon surface and complicates

removal of the photoresist masking layer.

Fig. 5-8. Example of ion implantation geometry required to implant dopants into the sidewall of and MSND
or DS-MSND. The wafer offset angle, 0, for high aspect ratio trenches is ranges from 1-3°.

Spin-on-dopant is another technique to deposit the dopant atoms onto the surface of the
wafer. In spin-on-dopant, the dopant species is suspended in a solvent, and the solution is spun
onto the wafer much in the same way liquid photoresist is spun onto wafers in photolithography.
The solvent is then baked out, and the dopant remains on the surface in the form of an oxide.
Conformally doping 3D structures with spin-on-dopant has been challenging, and precise humidity
and temperature control are required to ensure the integrity of the dopant layer.

Solid-source diffusion has been utilized for most of the DS-MSND fabrication because it
is inexpensive, available in-house at the S.M.A.R.T. Laboratory facility, and is relatively safe
compared to liquid-source diffusion. Solid-source diffusion can be used to form fully conformal
and partially conformal dopant profiles on the MSND trenches. Recall that the Silvaco TCAD

simulations show a partial-conformal dopant profile is ideal low bias operation. Some MSND and
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DS-MSND doping studies were performed with ion implantation and spin-on-dopant and are
discussed in Section 5.3.

Dopant Diffusion

Once the dopant has been deposited on the DS-MSND wafer by one of the aforementioned
methods, the wafers undergo a high-temperature “drive-in” process where the dopant is diffused
from the surface of the wafer into the silicon and becomes electrically active. The dopant diffusion
is driven by the concentration gradient between the dopant at the silicon surface and the bulk
silicon, and dopant atoms become electrically active when they replace silicon atoms in the crystal
lattice. Boron and phosphorus atoms primarily diffuse through the vacancy method wherein the
dopant atoms replace Si vacancy sites left in the silicon crystal lattice after Si lattice atoms gain
enough energy from the high temperature to vacate the normal equilibrium lattice site [143]. The
dopant diffusion process is described by Fick’s Law shown in Eq. 5-7 where D is the dopant
diffusion coefficient and C(x;¢) is the dopant concentration at depth xand time ¢[134, 143].
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Analytical solutions for Eq. 5-7 are found for the special cases of constant surface
concentrations and constant total dopant assumptions and are shown in Eq. 5-8 and Eq. 5-9,
respectively, where Cs is the constant surface concentration and S'is the total dopant per unit area
[134, 143]. The diffusion coefficients for boron and phosphorus in Si and SiO; are shown in Table
5-2. An example of the dopant distributions for constant surface concentration and constant total
dopant is plotted in Fig. 5-9. The diffusion coefficients are much lower in SiO2 which allows the
oxide layer to serve as an effective diffusion barrier to protect the regions where doping is not
desired, i.e. at the edges of the diode where the wafer will be diced.

X
Clx,t) = C [ Eq. 5-8
(x,t) serfc Nir q
C(x,t) i l le Eq. 5-9
x,t) = exp|—— . O-
VDt P1" ape a
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Table 5-2. Diffusion coefficients, D, for B and P in Si and SiO; at 1000°C [134]

Dopant D (Si) D (SiOy)
Boron 7.42x10% cm?/s 3.18x1018 cm?/s
Phosphorus 1.26x10%4 cm?/s 2.11x10Y" cm?/s
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Fig. 5-9. Normalized dopant distributions for constant surface concentration (Eq. 5-8) and constant total
dopant (Eqg. 5-9) for boron in Si with a one-hour drive-in time at 1000°C.

An outline of p-type and n-type solid-source diffusion processes is shown in Fig. 5-10. For
p-type diffusion, clean wafers with their p-type diffusion windows opened (masking oxide
removed) are loaded into the diffusion furnace at about 750°C. Then, the temperature is increased
and a small amount of H> gas is introduced to the process to enhance boron oxide transfer from
the source wafer to the silicon wafer. Next, the Hz gas flow is shut off and the temperature is raised
and then held steady to drive-in the boron dopant on the surface of the wafer into the silicon. The
drive-in step is performed at approximately 1000°C for 1-2 hours. The time and temperature
control the junction depth with longer times and higher temperatures resulting in deeper junctions.
After the drive in, the temperature is slowly ramped down, and then the wafers are removed. For
pvp-type DS-MSNDs the diffusion process is completed, and the wafers are ready for

metallization.

For pvn-DS-MSNDs and pvp-n-dot or pvp-n-ring-DS-MSNDs, an n-type diffusion process
is required. After the n-type diffusion windows are opened, the wafers are loaded into the n-type
diffusion furnace. The n-type and p-type solid-source diffusion processes are similar except there
is no source step for n-type diffusion. Instead, the phosphorus-oxide is continually deposited on
the wafer during the drive-in step. Any previously-doped p-type areas that are exposed during the

n-type diffusion process will be compensated with n-type dopant. If the n-type dose is low, the p-
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type doped regions will remain p-type (although slightly less); however, if the n-type dose is high
or comparable to the p-type dose, then the exposed region tends return to neutral or n-type. For
pvn-DS-MSNDs, the p-type side is shielded by a dummy wafer during the n-type diffusion to
reduce any areas of co-doping. Additionally, protective oxides can be grown on the previously
doped regions to eliminate co-doping. On the pvp-n-dot-DS-MSNDs, one p-type side can be
shielded, but the side with the n-dot diffusion window is exposed to the n-type source wafers
during the n-type diffusion. On this design either the n-type dose must remain low as to not
completely compensate the p-type regions on that side, or an additional masking oxide must be
deposited on the p-type regions before the n-type diffusion process. Utilizing a doping profile with
n-type and p-type regions increases the manufacturing costs, because two diffusion steps are
required. However, it allows for an external bias to be applied between the n-type and p-type
contacts which increases the internal electric field and ideally improves charge collection

efficiency.
p-type Diffusion Qutline n-type Diffusion Qutline
Temp:t Temp:t
- o R ~1000 °C .
1000 °C m m
~700 °C Source N> ~700 °C N,
Load N»/O,+ Unload Load Unload
N:f(): 1-4% Hl Nl N: N:
— o — St
025 0.5 1 15 [lime 025 05 1 Time
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Fig. 5-10. Example of diffusion process timelines for p-type and n-type solid-source diffusion. The p-type
diffusion utilizes H; injection to promote B,O3 growth and HBO; transfer from the source wafer to silicon
wafer. The diagrams are adapted from [152].

Contact Metallization

After the wafers have been doped, the diffusion oxides are removed with a BHF dip. The
wafers are then loaded into an electron-beam (e-beam) evaporator where Ti/Au ohmic contacts are
deposited on the surface of the wafer. An energetic electron beam is directed into at a crucible of
metal. The metal melts in the crucible and evaporates, thereby coating all surfaces within line-of-
sight of the crucible. The titanium layer on the contact is about 250-A thick and is used to promote
adhesion between the silicon and gold and prevent gold from diffusing into the silicon where it is
a deep acceptor dopant. The outer gold layer (~1000 A) helps to make low electrical resistance

89



contact to the silver epoxy and wire bond in the detector board package and provides a corrosion-
resistant electrical contact. If necessary, areas of the wafers can be masked with photoresist that is
subsequently lifted off to selectively metalize the different areas of the wafer. The wafers are then
flipped to metalize the backside contact if necessary. Shown in Fig. 5-11 are example electrical
contacts deposited on a diode. Note that the contact metallization is optional, and some DS-

MSNDs have been fabricated without metal contacts.

Fig. 5-11. Example of DS-MSND mounted in a ceramic detector board (CDB) with metalized contacts.
5.1.2. ®LiF Backfilling

The key characteristic used to identify the quality of the SLiF backfill is the SLiF powder
packing fraction (PF) defined in Eq. 5-10. For each DS-MSND geometry, there is an ideal packing
fraction that maximizes the product of the neutron absorption efficiency and reaction product
escape probability to achieve the highest possible neutron detection efficiency. The ideal SLiF PF
for commonly produced DS-MSNDs with 25 to 30-pum wide unit cells and trench to unit cell width
ratios from 0.5-0.67 ranges from about 50% to 80% depending on the trench depth.

Apparent Density of ®LiF in Feature

Packing Fraction (PF) = Eq. 5-10

Crystalline Density of °LiF

Previous work mainly utilized qualitative analysis of SEM images of backfilled MSNDs
and DS-MSNDs to judge the quality of the SLif backfill. If there were no large voids of material
in the trench and the trench appeared to be “full” from top to bottom, the backfill was considered
to be good [20, 21, 33]. The authors noted that the powder backfill was not 100% and sought some
methods to melt ®LiF into MSND perforations, but this method proved unsuccessful due to high
process temperatures stressing the silicon features and 6LiF and other impurities diffusing into the

adjacent silicon ruining the pn-junction properties [20, 21]. Recently, the SLiF powder PF has been
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measured and reported quantitatively [29], and the collected data has provided a more reliable
platform to compare SLiF powder backfilling methods presented herein.

SLiF Backfill Packing Fraction Measurement Methodology

Previously, it was assumed that the backfill density for modern MSNDs and DS-MSNDs
was nearly 90% of crystalline density (~2.55 g/cm?®), because only small voids were immediately
apparent in cross-sectional SEM images as shown in Fig. 5-12. The 90% PF fraction assumption
was implemented in MCNP simulations that indicated the intrinsic thermal-neutron detection
efficiency of DS-MSND should be between 65% and 70%. However, advancements in detection
efficiency had seemingly encountered a roadblock, as regardless of the doping chemical or device
electrical characteristics, the maximum intrinsic thermal-neutron detection efficiency was limited
to 50% to 55% [31-33]. The backfill density of the LiF conversion material within the trenches
was then more closely investigated as a possible cause for the apparent detection efficiency ceiling.
The density of a randomly-selected DS-MSND backfilled with the centrifugal method of
backfilling, described and also utilized in [21, 23-27, 30-33, 126], was measured three different
ways: weight, neutron attenuation, and measured neutron detection efficiency compared to
theoretical MCNP6 models.

In the weight method, the mass of an empty, etched wafer was measured before and after
backfilling. A sacrificial diode was then cleaved, and a SEM was used to accurately measure the
microfeature geometry, which was used to calculate the total trench volume of the wafer. The SLiF
PF was then calculated by dividing the mass of °LiF filled into the trenches by the volume of all
the trenches in the device, and the resulting density was only 0.77 g/cm?®, or roughly 30% of °LiF

crystalline density (Table 5-3).
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Fig. 5-12. Cross-sectional SEM image of a °LiF-backfilled DS-MSND showing only small void regions
within the trenches. Later analysis of °LiF PF indicate the apparent density of °LiF within the trenches was
significantly less than previously assumed.

Table 5-3. Results of first quantitative measurement of °LiF PF in a DS-MSND found by comparing the
mass of the wafer before and after backfilling to the known volume of the trenches.

DS-MSND Parameter Value
Mass of SLiF filled in trenches (g) 2.015
Number of DS-MSND Diodes per Wafer 52
Number of trenches per diode 666
Trench Width (um) 20
Trench Length (um) 10000
Trench Depth (um) 400
Total Volume (cm™) 2.632
®LiF Density in Trenches (g/cm?) 0.766
®LiF Packing Fraction 30%

Next, for the neutron attenuation method, a reference detector was placed in a thermal-
neutron beam, and the neutron count rate was recorded. Then, the DS-MSND was placed in the
beam-line in front of the reference detector, and the new neutron count rate was recorded. The
fraction of the attenuated to unattenuated neutron count rate yielded the total neutron attenuation
of the DS-MSND to be roughly 62% (Table 5-4). The neutron attenuation was then compared to
MCNP modeled attenuation rates for DS-MSNDs with the same geometry in a thermal neutron
beam but with variable packing fractions. As shown in Fig. 5-13, this method of measurement
indicated the actual °LiF PF to be about 35%.
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Table 5-4. Results of DS-MSND neutron attenuation measurements performed with reference neutron
detector (HeRep).

Detector Configuration Net Counts Neutron Attenuation
Bare HeRep 7,888 -

Tape + HeRep 7,875 0.16%
DS-MSND + Tape + HeRep 3,002 61.88%
Expected Neutron Attenuation - ~91%

DS-MSND Neutron Attenuation Simulation

100% 1

80% ]

60% 1
40% 1

20%

Thermal Neutron Attenuation

0% 1— : : ‘ ‘ :
0.0 0.2 0.4 0.6 0.8 1.0
6LiF Packing Fraction

Fig. 5-13. Results of MCNP simulation for thermal-neutron attenuation by a °LiF-backfilled DS-MSND
with trench geometry described in Table 5-3 and °LiF PF ranging from 0% to 100%.

In the final method, the measured intrinsic thermal-neutron detection efficiency was
compared to MCNP simulation results of intrinsic thermal-neutron detection efficiencies for DS-
MSNDs with ®LiF PF ranging from 0% to 100% as seen in Fig. 5-14. DS-MSNDs with packing
fractions between 30% and 35% had theoretical intrinsic thermal-neutron detection efficiencies
between 50 and 55%, which matched the range of intrinsic thermal-neutron detection efficiencies
measured with DS-MSNDs at the time. The three methods of measurement conclusively proved
that the actual °LiF packing fraction in the DS-MSNDs (and MSNDs) was not the assumed 90%

and more likely between 30% and 35%.
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DS-MSND Detection Efficiency Simulation
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Fig. 5-14. MCNP simulation results for intrinsic thermal-neutron detection efficiency for a °LiF-backfilled
DS-MSND with trench geometry described in Table 5-3 and °LiF PF ranging from 0% to 100%.

6_iF Powder Production

High purity 8LiF powder for DS-MSND trench backfilling is produced by reacting ®Li-
enriched (95%) metal with distilled water to form aqueous lithium hydroxide (°LiOH). After all
the SLi-metal has reacted, hydrofluoric acid (HF) is added to the solution and reacts with °LiOH in
the manner described in Eq. 5-12 forming ®LiF precipitate. HF is continually added until the pH
becomes neutral indicating that all °LiOH has reacted. Next, the ®LiF powder is compacted to the
bottom of the container by placing the solution in a centrifuge, and then, the remaining water in
the solution is heated and evaporated leaving behind enriched °LiF powder. An example of the
®LiF powder harvested from this production method is shown in Fig. 5-15. A wide range in particle

sizes exist with the upper limits in this example measuring nearly 5.5 um, with larger particle sizes

produced from the same method reported in prior work [21].

2 °Li + 2H,0 — 2 °LiOH + H, Eq. 5-11

°LiOH + HF — °LiF + H,0 Eq. 5-12
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Fig. 5-15. SEM image of titrated °LiF powder. Particle sizes up to 20-um have been obtained through the
LiOH + HF reaction process [21].

Powder Packing Considerations

German [153] identified several major factors affecting particle packing properties
including powder size distribution, particle shape and surface texture, agglomeration tendency,
surface active agents, internal powder porosity, container wall effects, particle segregation, and
bridging and vibration effects. A few of these factors can be easily adjusted in the ®LiF powder.
For example, a mechanical ball mill was used to grind LiF harvested from the HF titration process
into smaller, less cuboid particles (Fig. 5-16). The “nano” °LiF powder can then theoretically be
used to form a bimodal mixture of “coarse” and “nano” LiF for trench backfilling, where
theoretically, the nano-LiF fills in void regions between adjacent coarse particles to improve the
powder packing fraction [153]. The surface active agent is another easily variable factor in which
different wetting solutions can be used to coat or suspend °LiF powder prior to backfilling with
the goal of reducing interparticle friction. Several of the other factors are less variable. For
example, the container wall effect is dependent on the size of the container, and in the DS-MSND,
the trench (“container”) is designed to optimize neutron detection efficiency. Another example is
powder porosity, which is determined during the titration process. As with all engineering, each
process design decision comes with trade-offs. For example, implementing nano 6LiF powder to
form a bimodal mixture, which can improve the powder packing fraction, will also increase the
propensity of particle agglomeration and premature microcavity bridging due to the increased
interparticle friction caused by utilizing smaller particles with larger surface-to-volume ratios. The
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next section describes the experiments performed to optimize the backfill packing fraction for

high-aspect ratio, ultra-deep DS-MSND trenches while maintaining the integrity of the diode.

0.414pm

Fig. 5-16. (Left) Ball mill used to reduce the particle size of °LiF powder harvested titration of LiOH.
(Right) SEM image of ball-milled LiF nano-powder. The average particle size is significantly reduced, and
the shape is less cuboid than the original powder.

SLiF Powder Backfilling Methods

Various methods to backfill MSND and DS-MSND microfeatures have been studied since
their invention [15]. Section 4.3.2 of this work covered MCNP simulations indicating °LiF packing
fractions between 50% and 80% were ideal to maximize neutron detection efficiency.
Additionally, if DS-MSNDs are destined to be mass produced, one must consider the
manufacturing aspects like wafer throughput, yield, and repeatability. McNeil and Bellinger [20,
21] performed in-depth studies on neutron conversion material backfill methods for single-sided
MSNDs including electron-beam evaporation, dry powder hand packing, SLiF melt and casting,
and low pressure condensation. Electron beam evaporation and dry powder hand packing showed
some success for shallow microfeatures but prematurely capped the cavity for deeper features
leaving large void spaces [20, 21]. Melting °LiF and allowing it to flow into the microfeatures and
solidify resulted in high density backfills, but the high temperature required to melt 8LiF (845 °C)
caused unwanted dopant diffusion in the adjacent silicon and ruined the pn-junction of the diode
[20, 21]. Similarly, high temperatures required for low pressure condensation method caused
undesirable dopant redistribution and throughput was low [20, 21].

The centrifugal method for backfilling °LiF into MSND trenches was developed in which
®LiF is suspended in a solution above an etched MSND wafer. The solution and wafer are loaded
into a centrifuge, and the high centripetal force from the spinning action forces the ®LiF powder
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out of the solution and into the MSND trenches [21, 25]. The centrifugal method was also adapted
to backfill early DS-MSND prototypes [33]. As previously stated, the centrifugal method was
largely considered to be the best backfill method, because it had relatively high throughput and
did not leave large void spaces within the trenches as seen with SEM imaging. However, the more
rigorous backfill packing fraction measurements revealed the ®LiF packing density to be sub-
optimal.

The following subsections detail the efforts to develop an alternative high-throughput
backfilling method that would yield high °LiF packing fractions. For the remaining backfill
discussion, the SLiF packing fraction was measured by comparing the mass of diode or wafer
before and after being backfilled. Then, a SEM was used to measure the trench dimensions, and
from that information the volume of the trenches in the diode could be calculated. The backfill
density was compared to the crystalline density of enriched °LiF (2.55 g cm™).

Centrifugal and Hand-packed Backfilling

Initial backfill re-design efforts focused on improving previously tried and true methods of
hand-packing, where LiF powder sprinkled on top of the detector is physically pressed into the
trenches by hand, and the centrifugal techniques. The first idea was to use only nano-sized LiF that
contain ®LiF powder particles with a maximum critical dimension less than 0.5 um. Dry and wetted
hand packing and centrifugal backfilling was tested with this material, and the results are shown
in Table 5-5. The results were worse or no better than the previous centrifugal method using coarse
SLiF. Specifically, for the nano-°LiF centrifuge backfill, we believed the increased surface area of
nano-sized LiF particles likely caused an increase in interparticle friction and friction between LiF
and the trench side walls. Additionally, smaller particles would feel less centripetal force than the
larger, more massive coarse LiF particles, which culminated in lower packing fraction for nano-
only LiF backfill trials.

Table 5-5. Backfilling experiment results for nano-°LiF backfilling.

Sample # Nano wt% Method Packl_ng
Fraction
nl 100% Dry Hand Pack 17.0%
n2 100% Methanol-Wetted Hand Pack 30.6%
n3 100% WD40-Wetted Hand Pack 33.4%
Nano Wafer 3 100% Centrifuge 5:1 H,O, : Methanol 8.2%
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25.0kV 32.0mm x61 SE 3/1/2017

Fig. 5-17. SEM images of nano-only methanol-wetted hand packed backfill (left) and nano-only,
H.O.:methanol centrifuge backfill (right) experiments. Large void regions within the trenches persisted in
both methods.

Next, several variations on the centrifugal and hand packing method were tested to study
the effects of different wetting agents and coarse/nano LiF powder mixtures. A few examples
include: changing the LiF wetting-agent to something that may reduce interparticle friction more
than the methanol:hydrogen peroxide mixture being used at the time, heating the wetting solution
before processing in the centrifuge, and using a mixture of nano and coarse LiF where the nano-
sized LiF could fill in the void spaces between the large coarse-LiF particles. There was minimal
success in the early attempts at increasing packing fraction with many experiments resulting in

about 30% or lower packing fraction (see Table 5-6).
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Table 5-6. Results from LiF backfill experiments focusing on the centrifuge and hand packing backfill
methodologies.

Sample# Nano wt% Method E ackl_ng
raction
1 0% Centrifuge w/ Methanol 24.8%
2 100% Centrifuge w/ Methanol 19.5%
3 33% Centrifuge w/ Methanol 17.8%
4 33% Centrifuge w/ Heated Methanol 14.4%
5 0% Centrifuge w/ Heated Methanol 15.2%
Centrifuge 1:5 H20 (DI): Methanol

0, 0

6 0% Followed by Methanol Hand Pack 27.1%
Centrifuge 1:5 H20: Methanol

0, 0,

! 0% Followed by Methanol Hand Pack 30.0%
Centrifuge 1.5:5 H202: Methanol

0, 0
8 0% Followed by Methanol Hand Pack 37.8%
9 40% Centrifuge 100mL Glycerol 8.6%
10 40% Glycerol Hand pack + Vibration 23.7%
11 40% Methanol Hand pack + Vibration 36.2%
14 100% Centrifuge 1:1 Acetic Acid: Methanol 35.9%
15 40% Methanol Hand pack + Wetted Centrifuge 40.7%
16 40% Methanol Hand pack + Wetted Centrifuge 34.8%
Interdig BS- 4004 Methanol Hand Pack 27.6%

MSND 2

Several SEM images of some of the early results are shown in Fig. 5-18. Random void
regions in the trenches were a common theme for most of the SEM images captured for diodes
that were backfilled using the centrifugal method. Several of the latter combined hand pack and
centrifuge experiments yielded packing fractions between 35% and 40%, but the results were
challenging to consistently reproduce and were still well short of optimal packing fractions. Thus,

the next step was to investigate alternative backfilling methods.
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25.0kV 16.3mm x75 SE 3/22/2017

25.0kV 17.9mm x185 SE 4/6/2017

Fig. 5-18. SEM images of °LiF backfill experiment results for samples 4 (top right), 6 (top left), 11 (bottom
right), and 15 (bottom left).

Isostatic Press

The next backfill test involved loading a MSND or DS-MSND diode with the trenched-
surface coated with wetted ®LiF into a pressure chamber with a gas inlet that allowed compressed
gas to flow into the chamber and hold pressure up to 1500 psi, (Fig. 5-19). The gas exerts equal
pressure to all exposed surfaces in the chamber, and if the LiF coating forms an air-tight barrier
between the gas and the MSND, the LiF would be forced into the trenches. Diodes 17, 18, and 20
all contained some amount of nano-LiF, which resulted in large voids forming in trenches. The
increased surface area in the LiF mixtures containing nano-particles likely increases interparticle
friction forces and friction between the silicon side wall and LiF, which in turn causes the LiF to
“cap-off” and leave a void in parts of the trenches. The isostatic press method worked well with
coarse LiF as shown on diode 19, but 35% packing fraction could also be achieved with the

centrifuge method. It is possible that the packing fraction may increase with increased operating
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pressure, and this method could be used on DS-MSNDs to eliminate the likelihood of the backside
LiF being removed while the front side is being backfilled. This method was ultimately abandoned,
because of the uncertainty of being able to form an airtight LiF coating across a whole wafer and
backfilling individual diodes is slow and costly.

High Pressure Gas
Inlet (1500 psi)

Wetted LiF
Coating

MSND or

DS-MSND

Fig. 5-19. (Left) Diagram showing the basic theory behind the isostatic press backfill methodology.
(Middle) SEM image of Sample 18 (Right) SEM image of Sample 19.

Table 5-7. Results from LiF backfill experiments utilizing the isostatic press.

Sample# Nanowt% Method E?;t(t'ig%
17 100% Isostatic Press 1000 psi 9.8%
18 100% Isostatic Press 1500 psi 15.1%
19 0% Isostatic Press 1500 psi 35.6%
20 40% Isostatic Press 1500 psi 24.4%

Vibration Table (Dry)

Diodes 21-23 were backfilled by attempting to vibrate loose, dry LiF into the trenches of
an MSND on top of a vibration table. Some literature suggested the vibration method was the best
way to achieve high packing density with reported packing fractions of greater than 60% [154].
They packed cube or cube-like solid particles in a large cylindrical container on top of a vibration
table. Unfortunately for MSNDs, the LiF cube-like particle sizes are around the same order of
magnitude of the size as the width of their container (trenches), and high interparticle and particle-
sidewall friction and possible electrostatic charging of the LiF powder particles resulted in low

packing fraction (see Table 5-7 and Fig. 5-20).
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Table 5-8. Vibration table with dry LiF powder backfill experiment results.

Sample# Nano wt% Method E ackl_ng
raction

21 0% Vibration table low amplitude max speed 8.5%

22 0% Vibration table high amplitude max speed 5.5%

23 0% Vibration table low amplitude max speed 7.9%

Fig. 5-20. SEM images of sample 21 (left) and sample (22) right backfilled by shaking dry LiF powder into
the trenches on a vibration table.

Ink Roller Press

The first breakthrough in the packing fraction studies came when the ink-roller method was
implemented. A thick, paste-like solution of LiF wetted with either methanol, methanol: acetic
acid: hydrogen peroxide, or ethylene glycol was prepared and applied on top of a blank MSND or
DS-MSND. Then, a hand roller was used to force the LiF into the trenches and the wetting agent,
which was used to reduce interparticle friction, was subsequently evaporated. Listed in Table 5-9
are the early results of this method of backfilling. LiF packing fractions as high as 55% were
achieved, and the packing fractions were consistently above 40%, a marked improvement over the
centrifugal method of backfilling. SEM images of three of the samples are shown in Fig. 5-21.

Following the success, the next step was to determine the optimum ratio of nano-sized LiF
to coarse LiF in the semi-bimodal powder mixture. Utilizing 15-20% nano-sized LiF by weight
was regularly resulting in packing fractions near 50%. The optimum wetting solution was
determined to be the methanol: acetic acid: hydrogen peroxide mixture, which regularly yielded
packing fractions between 45% and 52% using 15 wt% nano-LiF, and this method was used to

fabricate detection efficiency record breaking DS-MSNDs reported in [29]. Unfortunately, this
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wetting solution was not ideal because it includes the use of a strong acid with nauseating odor.
Additionally, a significant amount of operator skill was involved in the roller backfilling process,
and when the method was tested by others, the LiF packing fraction dropped reduced to 30%.
Thus, a more easily implemented and reproducible backfill method was sought.

Table 5-9. Results from ink roller backfill method experiments. For the first time, packing fractions above
40% were routinely achieved for powder backfill.

Sample # Nano wt% Method Packl_ng
Fraction
28 0% Ink Roller 43.6%
29 0 Ink Roller 44.7%
30 0 Ink Roller 41.9%
31 20 Ink Roller 37.7%
32 15 Ink Roller 49.2%
33 10 Ink Roller 51.7%
34 5 Ink Roller 55.1%
35 25% Ink Roller 54.1%
36 0% Ink Roller 45.5%
37 0% Ink Roller 41.9%
38 25% Ink Roller 51.0%
Al 25% Ink Roller 35.4%
A2 25% Ink Roller 43.3%
A3 25% Ink Roller 40.9%
Ad 25% Ink Roller 24.5%
B1 25% Ink Roller 54.5%
B2 25% Ink Roller 43.7%
B3 25% Ink Roller 49.8%
B4 25% Ink Roller 49.0%
B5 25% Ink Roller 46.3%
C1 15% Ink Roller 49.3%

103



25.0kV 49.6mm x210 SE 6/9/2017

Fig. 5-21. Samples 28 (top left), 30 (top right), and C1 (bottom) backfilled with the ink roller method.
Suspended SLiF in Ultrasonic Vibration Bath followed Ink Roller Press

The current backfill method is to load a wafer into the bottom of a beaker and pour a
solution of titrated °LiF powder suspended in methanol onto the wafer. The beaker is then loaded
into an ultrasonic bath filled with DI water, see Fig. 5-22. The beaker is left in the bath solution
for 1 hour during which °LiF loosely settles into the trenches. Next, the wafer is removed and
methanol-wetted SLiF is pressed into the trenches with an ink roller. The wafer is then dried, and
dry film photoresist is applied and cured on the backfilled side of the wafer. The entire process is
repeated for the back-side trenches of the DS-MSND. The ®LiF packing fractions achieved with
this method ranged between 40% and 50% (see Table 5-10).
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Table 5-10. °LiF backfill packing fractions achieved with ultrasonic vibration backfill with °LiF suspended
in methanol followed by shortened ink roller backfill.

Sample# Nano wt% Method E ackl_ng

raction
V+R 1 0% Methanol Suspended Vibration + Roller 42.2%
V+R 2 0% Methanol Suspended Vibration + Roller 45.2%
V+R 3 0% Methanol Suspended Vibration + Roller 50.0%
V+R 4 0% Methanol Suspended Vibration + Roller 46.8%
V+R 5 0% Methanol Suspended Vibration + Roller 43.7%
V+R 6 0% Methanol Suspended Vibration + Roller 42.2%

The ultrasonic vibration followed roller method tends to increase the repeatability of the
backfill procedure over the ink roller only method. During the initial ultrasonic vibration step, LiF
loosely settles out of the solution and into the trenches. The vibration reduces the probability of
the SLiF bridging within the trenches leaving behind void spaces. The ink roller backfill following
the vibration step compacts the powder in the trenches. Additionally, this ink roller step following
vibration is shorter needing only about ten passes to complete the backfill compared to hundreds
of passes required for a high density backfill in the ink roller only process. The wafer throughput
with a six-pocket ultrasonic bath is comparable to the centrifugal method. The throughput could
be increased by implementing larger or additional ultrasonic baths, which are relatively
inexpensive when compared to other VVLSI processing equipment.

25.0kV 21.9mm x71 SE 6/20/201§

Fig. 5-22. (Left) Picture of ultrasonic vibration tank and beaker jig for °LiF-backfilling. (Right) SEM image
of DS-MSND backfilled with ultrasonic vibration followed by ink roller method. The packing fraction was
greater than 45%.
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5.1.3. Diode Packaging

After the DS-MSND wafer is backfilled and encapsulated with dry film photoresist, the
wafer is mounted on UV-sensitive dicing tape and loaded into the dicing saw. The dicing saw uses
a thin diamond-embedded blade to cut the silicon wafers along the bulk silicon paths around each
diode with minimal damage to the silicon. The mounted wafers are then flood exposed with UV
light to reduce the wafer adhesion to the dicing tape. Next, the diodes are removed from the dicing
tape, and the electrical characteristics are measured. DS-MSND diodes with low leakage current
and capacitance are mounted into ceramic detector boards (CDBs) (see Fig. 5-23). Silver epoxy
secures and electrically connects the bottom-side of the DS-MSND to the CDB, and an Al/Si wire
bond connects the top-side DS-MSND bond pad or pads to the CDB. A ceramic lid is then epoxied
to the top of the CDB, and a metal shield is secured to the top of the CDB to shield RF signals.
Conductive vias in the CDB connect the DS-MSND connection points to gold pads on the bottom
of the CDBs, and those surface mount gold pads connect the CDBs onto supporting electronics
circuit boards in completed detector systems. The final dimensions of the shielded CDB package

are approximately 12 mm x 12 mm x 3.5 mm.

Fig. 5-23. (Left) DS-MSND mounted in ceramic detector board with metal shield. (Right) SEM image of
wire bonds connecting the top-side of a DS-MSND to a CDB.

5.2. Detector Characterization

After the DS-MSND are mounted into CDB packages, final electrical and radiological
measurements are performed. Discussed in the following subsections are the leakage current vs.
voltage (V) and capacitance vs. voltage (CV) measurements. Radiation sensitivity measurements

carried out before DS-MSNDs are implemented with the final detector package are also described.
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5.2.1. Electrical Properties

The electric properties of the DS-MSND can be measured at different steps during the
fabrication process to ensure the processes are successful or to potentially identify fabrication
problems such as depleted source wafers or excessive damage from dicing or backfilling. After the
diodes are mounted into CDBs, final electrical characterization is performed to ensure all the
diodes have adequate performance before they are implemented in larger detector systems like the
HeReps or MRDs. The two main electrical properties of interest are the IV and CV curves. The
IV curve is determined by monitoring the leakage (or dark) current while adjusting the voltage
applied across the DS-MSND electrodes. The capacitance is measured by monitoring the current
from the device while an oscillating voltage is superimposed on a constant base voltage that is
adjusted through the potential range of operational bias. The capacitance is then derived by
calculating the RC time constant from relaxation after the peaks of the oscillating voltage at each
step.

Recall, ideal reverse-bias detector diodes have low leakage current and low capacitance.
Leakage current is primarily caused by thermal charge generation in the depletion region, and
fluctuation of current increases the electronic noise of the system. Therefore, the leakage current
can be used to determine the maximum operating voltage based on the tolerance for noise in the
system. The capacitance governs the magnitude of the voltage signal from the diode as shown in
Eq. 5-13 where 4Q is the total charge induced on the detector electrodes and C'is the capacitance
of the detector. The capacitance of the diode is be defined in Eq. 5-14 where gis the permittivity
of the substrate, A4 is the surface area of the electrode, and IW/is the depletion layer width. Therefore,
the detector must be designed such that it can be operated at high enough bias, which increases the
depletion width to have minimal capacitance while simultaneously maintaining low leakage

current which governs the background noise level.

A
AV = —Q Eq. 5-13
C
A -
c= Eq. 5-14
w

All the following IV measurements were performed in an electromagnet radiation shielded
dark box with a Keithley 237 High Voltage Source Measurement Unit, and the CV measurements
were performed with a Hewlett-Packard 4280A 1MHz C Meter/C-V Plotter.
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1-mm thick, pvn-DS-MSNDs

Several pvn-DS-MSNDs with 400-um deep by 16-um wide trenches with 30-pum wide unit
cells were processed on 1-mm thick, 5-kQ-cm resistivity wafers to verify results from previous
work [30, 33]. IV and CV-curves for several of the 1-cm? active area DS-MSNDs mounted in
CDBs are shown in Fig. 5-24. The IV chart indicates the upper limit for operation for these devices
is around 5-V reverse bias, which is safely below the breakdown voltage at about -10 V where
larger leakage currents would cause too much noise in the system. From the CV-curve, the

capacitance at -5 V would be between 50 and 100 pF, well within acceptable limits.
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Fig. 5-24. (Left) IV-curve and (Right) CV-curve for 1-mm thick, partial-conformal, pvn-DS-MSNDs.

1-mm thick pvp-DS-MSNDs

For direct comparison with the 1-mm thick, pvn-DS-MSNDs, several 1-mm thick pvp-DS-
MSNDs with the same microfeature dimensions as their pvn-counterparts were prepared and
mounted into CDBs. The pvp-DS-MSNDs are operated at 0-V bias so neither side of the DS-
MSND is forward biased, which would cause an undesirable increase in leakage current.
Therefore, the IV curve in Fig. 5-25 is of little use other than indicating small biases nominally,
less than 0.5 V in either direction can be tolerated without excessive dark current. The CV-curves
show that the pvp-DS-MSNDs have about the same capacitance of the biased pvn-DS-MSND
which is between 50 pF and 100 pF.
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Fig. 5-25. (Left) IV-curve and (Right) CV-curve for 1-mm thick, partial-conformal, pvp-DS-MSNDs.

1.5-mm thick pvp-DS-MSNDs

The IV and CV curves for 1.5-mm thick pvp-DS-MSNDs are shown in Fig. 5-26. The
thicker DS-MSNDs were fabricated to allow for deeper trench etching in which more °LiF
conversion material could be backfilled to improve the intrinsic thermal-neutron detection
efficiency above the 1-mm thick DS-MSND. Again, the pvp-DS-MSNDs are operated at 0-V
applied bias where there is minimal leakage current, because neither pn-junction is forward biased.
The capacitance for the 1.5-mm thick DS-MSNDs was significantly higher than the 1.5-mm thick
DS-MSNDs likely due to increased area of the partial conformal contact extending down the DS-
MSND fins. This increased capacitance shifts features in the pulse height spectrum to lower
channels. However, the capacitance is still low enough to provide good signal, and high efficiency
devices have been fabricated with this doping scheme [29].

100 : = 200

50 1/

—
Ln
(=]

Current (nA)
(=]
Capacitance (pF)
g

-100 r & : " ‘
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0

Voltage (V) Voltage (V)

Fig. 5-26. (Left) IV-curve and (Right) CV-curve for 1.5-mm thick, partial-conformal, pvp-DS-MSNDs.
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1.5-mm thick pvp-n-ring DS-MSNDs

Prototype pvp-n-ring DS-MSNDs were fabricated on 1.5-mm thick wafers. Both sets of
trenches were doped p-type and were electrically connected on the probe station. The bias was
applied across the p-type regions and a thin n-type doped ring encompassing the trenches on one
side of the diode. The IV can CV curves for the pvp-n-ring DS-MSNDs are plotted in Fig. 5-27.
Good rectifying behavior was observed indicating it may be possible to operate the detectors with

bias up to about -50 V bias. The capacitance was significantly lower than other DS-MSNDs likely

attributed to the small area of the n-ring contact.
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Fig. 5-27. (Left) IV-curve and (Right) CV-curve for 1.5-mm thick, partial-conformal, pvp-n-ring-DS-
MSNDs.

5.2.2. Radiation Sensitivity

DS-MSNDs that pass the 1V and CV measurements are ready for radiation sensitivity
testing. The alpha-particle measurements are used to study the charge collection efficiency of non-

backfilled DS-MSNDs, and two types of neutron measurements are described that measure
intrinsic thermal-neutron detection efficiency.

Alpha-Particle Measurements

Alpha-particle measurements can be performed on empty DS-MSNDs either on a probe
station or mounted in a CDB. Shown in Fig. 5-28 is an example of an alpha-particle measurement
on a DS-MSND wafer on the probe station. The probed diode is then connected to an Ortec 142A
preamplifier and Canberra 2022 amplifier, and the pulse height spectrum is collected with an Ortec

Easy-MCA. A bias can be applied through the probe and back-side pedestal contact points across
the diode.
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Fig. 5-28. Experiment configuration for alpha-particle charge collection efficiency measurement.

The relative charge collection efficiency for 1-mm thick pvp-DS-MSNDs and 1-mm thick
pvn-DS-MSND was measured with an **Am alpha-particle source. The alpha particles have short
ranges in silicon and will only penetrate a few microns. Therefore, a measurement was performed
on one side. Afterwards, the wafer was flipped over and measured again to study the charge
collection efficiency of the backside of the diode. The pvp-DS-MSND was operated at 0-V bias,
and the pvn-DS-MSND was operated with -5 V reverse bias. The gain on the amplifier was 100x
with a shaping time of 12 pus. The pulse height spectra for the 1-mm pvp and pvn DS-MSND study
are shown in Fig. 5-29. The p-type side of the pvn-DS-MSND had the best charge collection
efficiency with most of the pulses landing in higher energy channels. Conversely, the n-type side
of the pvn-DS-MSND had very poor charge collection efficiency for most interactions. The small
peak near channel 650 pvn-DS-MSND n-side irradiation is likely caused by alpha-particle
interactions in the bottoms of the trench nearer to the high-electric field region at the base of the
p-type side of the DS-MSND. A subsequent measurement was performed where the 2*1Am source
was positioned so the angle of incidence was 45° to ensure all interactions occurred near the tops
of the n-type fins. The resulting pulse height spectrum is shown in Fig. 5-30, and the higher energy
peak was no longer present. These results indicate that the back-side trenches on pvn-DS-MSND
will be less sensitive to neutron interactions, because much of the signal will get lost in the
background noise, which was the same conclusion drawn in prior work [33]. Both sides of the pvp-
DS-MSND have nearly identical charge collection efficiency. The results of this study indicate
that the pvp-DS-MSND design will outperform the pvn-DS-MSND in intrinsic thermal-neutron
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detection efficiency, because the both sides of the detector will be equally sensitive to charged-
particle reaction products from neutron. However, as shown by the p-side irradiation of the pvn-
DS-MSND, there is still room for improvement for charge collection efficiency, which would
ultimately improve the signal-to-noise ratio of the DS-MSND. The pvp-n-dot or pvp-n-ring DS-
MSND may provide this improvement by allowing for bias to be applied on both sets of p-type

trenches.
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Fig. 5-29. Pulse height spectra from **Am alpha-particle measurements for 1-mm thick pvn-DS-MSNDs
and 1-mm thick pvp-DS-MSNDs.
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Fig. 5-30. Pulse height spectra for **Am alpha-particle measurements comparing normal and angled
alpha-particle incidence. The y-axis limit is reduced on the right-side plot to show how the high-energy
peak for normal incidence is eliminated when the alpha particles intersect the DS-MSND at an angle so
that the alpha particle cannot reach the bottoms of the trenches.

Neutron Measurements

One of the most important characteristics of a neutron detector is its intrinsic thermal-
neutron detection efficiency. Defined in Eq. 4-8, the intrinsic thermal-neutron detection efficiency
is the number of thermal neutrons recorded divided by the number of thermal neutrons incident on
the detector. Described in this section are the two methods used in this work to measure the
intrinsic thermal-neutron detection efficiency of DS-MSNDs.

Diffracted Neutron Beam Port Measurements

The diffracted thermal-neutron beamport at the KSU TRIGA MK Il nuclear reactor utilizes
a pyrolytic graphic monochromator to diffract a collimated beam of 0.0253 eV neutrons from a
radial beamport in the reactor [155]. The clean, thermal-neutron beam can then be further
collimated by way of a cadmium shutter with variable aperture sizes. An aperture with a 2.5-mm
diameter circular hole is used for DS-MSND measurements. Since the diameter of the collimated
beam is smaller than the active area of the DS-MSND, the solid angle for the configuration is
unity.

The first step to determine the intrinsic thermal-neutron detection efficiency for an
unknown detector is to determine the neutron flux exiting the collimator by calibrating against a
neutron detector with known detection efficiency. Note the calculation is further simplified if the
reference detector also uses a 1/v absorber like *He, 1°B, or 6Li [137]. A 2-in. diameter, 6-in. long,
4-atm, Reuter-Stokes 3He proportional counter with an intrinsic thermal-neutron detection

efficiency of 80.7 £ 0.5% was used as the calibration detector for the diffracted beamport

113



measurements. The 3He detector was positioned in the beamline so that the neutrons were incident
on the side of the detector at the detector midpoint to eliminate the need for corrections due to the
dead regions at both ends of the *He detector caused by the high-voltage insulating standoffs. A
2.5-mm diameter aperture was used so that the fractional solid angle was unity for the 3He detector
and DS-MSNDs.

To start, the reactor is brought up to power, and the net count rate for neutrons in the
diffracted beam was determined by subtracting the count rate of the detector with the shutter
aperture open to a measurement with aperture closed. The number of thermal neutrons incident on
the detector per unit time was then calculated by dividing the net count rate, n, by the known
intrinsic thermal-neutron detection efficiency of the calibrated detector, &cazen, (EQ. 5-15). Then,
the calibrated detector is removed and a DS-MSND was placed in the beam with the beam
normally incident on the trenches. A measurement is performed with the shutter open and then
repeated with the shutter closed. The intrinsic thermal-neutron detection efficiency of the DS-
MSND can then be calculated by dividing the neutron count rate by the number of neutrons
incident on the detector per unit time, (Eqg. 5-16). Note, a correction factor, Ciq, was added to
account for neutron attenuation by the plastic lid covering the DS-MSND in the DS-MSND test
box. The attenuation of the lid was determined by measuring the relative count rate of a *He

detector with and without the lid in front of the detector in line with the diffracted neutron beam.

n
Pth = Eqg. 5-15
gcal,th
n Eqg. 5-16
Epy = ———————
th ©Otn * Ciig

Following the breakthrough in improved éLiF packing using the ink roller technique,
several 1-mm thick, pvp-DS-MSNDs were manufactured, and their intrinsic thermal neutron
detection efficiencies were measured with the diffracted thermal-neutron beamport. Listed in
Table 5-11 is a subset of the detection efficiencies achieved with improved packing fractions up
to 55%, and the pulse height spectra for several of the DS-MSNDs are shown in Fig. 5-31. The
DS-MSNDs had trench depths between 400-450 um, trench width of approximately 20 um, and
unit cell width of 30 um. Coupled with the improved packing fractions these DS-MSNDs were the
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first to break the 60% intrinsic thermal-neutron detection efficiency barrier. The pulse height
spectra still contained a low valley between the background noise and gamma-ray signals. This
valley is critical for setting an LLD wherein gamma rays are discriminated without adversely
affecting neutron detection efficiency.

Table 5-11. Results from diffracted beamport measurements to determine intrinsic thermal-neutron
detection efficiency for 1-mm thick, pvp-DS-MSNDs.

Device Source Time (s) Counts  Detection Efficiency

3He Shutter Open 120 33253 80.70 + 0.5%
Shutter Closed 120 7977

B1 Shutter Open 120 13107 57.2+1.1%
Shutter Closed 120 216

B3 Shutter Open 120 14615 63.9+1.2%
Shutter Closed 120 218

B4 Shutter Open 120 13596 59.1 +1.1%
Shutter Closed 120 279

SHe Shutter Open 300 68660 80.70 £ 0.5%
Shutter Closed 300 19011

AVB2.1  Shutter Open 120 10578 583+ 1.1%
Shutter Closed 120 259

AVB2.2  Shutter Open 120 10812 59.2+1.1%
Shutter Closed 120 327

AVB2.4  Shutter Open 120 11196 61.9+1.1%
Shutter Closed 120 228

AVB2.8  Shutter Open 120 11129 61.5+1.1%
Shutter Closed 120 228

AVB3.1  Shutter Open 120 10913 58.9+1.1%
Shutter Closed 120 473

AVB3.5  Shutter Open 120 11115 60.9+1.1%
Shutter Closed 120 331
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Fig. 5-31. Pulse height spectra for first DS-MSNDs with intrinsic thermal-neutron detection efficiencies
greater than 60%. Measurements were performed at the diffracted beamport with a 2.5-mm cadmium wide
shutter open (S\O) and shutter closed (S\C).

Moderated 252Cf Measurements

The intrinsic thermal-neutron detection efficiency of DS-MSNDs was also measured by
using a moderated 2°2Cf source and comparing the count rate of the unknown DS-MSND to the
count rate of a DS-MSND previously calibrated in the diffracted thermal-neutron beamport. The
relationship between the count rates and intrinsic thermal-neutron detection efficiencies are shown
in EQ. 5-17 where nunknown and ncaiivrateqare the net count rates for the unknown and calibrated DS-
MSNDs, respectively, and &unknown and &caiibratea are the intrinsic thermal-neutron detection
efficiencies for the unknown and calibrated DS-MSNDs, respectively [29]. Because both devices
are the same size, utilize the same backfill material, and the measurements are performed with the
same source-moderator-detector geometry, no additional corrections are required. A diagram of

the measurement geometry is shown in Fig. 5-32.

Ncalibrated _ Nyunknown

Eq. 5-17

Ecalibrated Eunknown
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Fig. 5-32. Diagram of test setup for moderated 2°2Cf measurements. Adapted from [29].

With a new plateau reached in attainable °LiF packing density at approximately 50%, the
remaining option to improve the neutron detection efficiency of the DS-MSNDs was to etch deeper
trenches which required 1.5-mm thick wafers. On the thicker wafers, DS-MSNDs were fabricated
with 550-pum deep trenches with trench widths ranging from 20 to 22 um on a pitch of 30 um. The
SLiF packing fraction for these deeper etched devices ranged from 50-55%. The intrinsic thermal-
neutron detection efficiency of the thicker DS-MSNDs was determined with a moderated 25Cf
source by comparing to a previously calibrated DS-MSND, AVB2.2. The DS-MSNDs were
operated at 0-V bias. An Ortec 142A preamplifier was connected to the test box and a Canberra
2022 amplifier. The bipolar output of the amplifier was connected to an MCA to record the pulse
height spectra. Recall, the pulse polarity of pvp-DS-MSNDs is depend on which side of the DS-
MSND the neutron interaction occurs. Thus, bipolar output allows for measurement of both sets
of fins simultaneously.

Shown in Table 5-12 are the intrinsic thermal-neutron detection efficiencies of several
1.5-mm thick DS-MSNDs, and the pulse height spectrum for DS-MSND B0812 is shown in Fig.
5-33. The LLD was set in the lowest point between the neutron signal and the background signal.
The highest intrinsic thermal-neutron detection efficiency achieved was 69.3 + 1.5%, which was
a new record for neutron detectors of its type. Also, note that all the detectors tested had detection
efficiencies greater than 65%. The increased performance is attributed to the deeper trenches and

improved °LiF backfill density.
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Table 5-12. Intrinsic thermal-neutron detection efficiencies of 1.5-mm thick DS-MSND measured with the
moderated 2*2Cf source method.

Device Source Time (s) Counts  Detection Efficiency
AVB 2.8 Mod. 2°Cf 300 12799 61.5+ 1.1%
Background 300 6
B0811 Mod. 52Cf 300 14186 68.2 + 1.5%
Background 300 20
B0812 Mod. 52Cf 300 14413 69.3+ 1.5%
Background 300 16
B0814 Mod. 52Cf 300 13537 65.1+ 1.4%
Background 300 2
B0815 Mod. 252Cf 300 13528 65.0 + 1.4%
Background 300 279
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Fig. 5-33. Pulse height spectrum for DS-MSND B0812 which had an intrinsic thermal neutron detection
efficiency of 69.3% + 1.5%.

Gamma-Ray Measurements

The gamma-ray rejection ratio (GRR) is an important metric for neutron detectors and is
defined in Eq. 5-18 where n s the net count rate for gamma rays falsely recorded as neutron counts,
A is the source activity, (2ris the fractional solid angle, and BR is the branching ratio. In an ideal
neutron detector, the GRR would equal zero indicating the neutron detector is not sensitive to
gamma rays. For reference, the GRR of commercially available MSNDs is 107 [28].
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n
GRR = A*.Qf—*BR Eg. 5-18

The GRR for the pvp-type 1.5-mm thick DS-MSND was measured with a *’Cs gamma-
ray source placed directly on top of the test box providing an exposure of approximately 13 mR/hr
and was found to be 2.26x10° when the LLD was set at the lowest point in valley between the
neutron signal and background signal. Shown in Fig. 5-34 is the DS-MSND pulse height spectra
for a moderated 2°2Cf and *’Cs source, and the gamma-ray signal intersects the neutron signal
significantly. However, if the LLD is increased to achieve a more acceptable GRR of 5.5x10°, the

intrinsic thermal-neutron detection efficiency decreases to approximately 60%.
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Fig. 5-34. Pulse height spectra from DS-MSND B0812 for background, moderated ®2Cf, and **'Cs.

The next generation of DS-MSNDs will focus on shifting the neutron induced signal to
higher energy channels by improving charge collection efficiency and re-optimizing the trench
geometry. Charge collection efficiency might be improved in the pvp-DS-MSND by reducing
dopant drive-in time and temperature thereby reducing the volume of dead-region in the fins by
limiting dopant depth. Additionally, implementing the pvp-n-dot or pvp-n-ring design would allow
for a bias to be applied across the p-type trenches on both sides and the n-contact, thereby
increasing the electric field in the DS-MSNDs fins, which should improve charge collection

efficiency. Also, the trench geometry could be further optimized for better signal-to-noise ratio by
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etching deeper and narrower trenches which would result in thicker fins. More reaction-product
energy can then be deposited in the fins and measured. The deeper trenches offset losses in neutron

absorption efficiency caused by reducing the trench width.
5.3. Other MSND and DS-MSND Variants

Described in the following subsections are efforts made to develop fast charge collection
along with MSNDs and other fabrication techniques aimed at improving the signal to noise ratio
of DS-MSNDs by adjusting the dopant profile. The results from these experiments were largely
unsuccessful but are included in this work for completeness.

5.3.1. Fast Charge Collection MSNDs

The charge carrier motion in traditional single-sided MSNDs and pvp-DS-MSNDs is
largely vertical along the lengths of the fins and requires 10-20 ps charge integration time to
measure most of the reaction product energy. The longer integration time is completely acceptable
for the detection scenarios DS-MSNDs have been designed for such as source search and
localization, and personnel monitoring. However, if the required charge integration time was
reduced, DS-MSNDs could operate in even higher radiation flux environments with limited dead
time. The methods used to try to reduce the required charge integration time were to (1) increase
the electric field in the device’s fins which increases the velocity of the charge carriers and (2)
change the path of the charge carriers to the electrodes from being drifted vertical through long
fins (400-650 um) to being drifted laterally across the width of the fins (8-12 um).

Co-Doped MSNDs

Several Co-Doped MSNDs were fabricated which had a planar backside contact, a deep
diffused contact in the trenches, and a contact on the tops of the fins of opposite type of the trench
contact, see Fig. 5-35. After KOH etching and cleaning, the trench junction was diffused by solid
source diffusion while an oxide layer remained on the tops of the fins leaving the tops of the fins
undoped. Afterwards, the oxide layer on the top of the fins was removed, and the opposite type
dopant was diffused onto the fin tops. The backside planar contact was then diffused. This doping
procedure leaves regions of overlapping dopant types at the top corners of the fins hence the name
co-doped MSNDs. The anode was attached to the contact on the top of the fins, and the cathode

was attached to the backside planar contact with the trench junction left floating. Ideally, the two
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different types of dopant on the fin top and sidewalls would create a larger electric field in the fins

than standard pvn-MSNDs and promote faster charge collection.

n-type n-type p-type

Contact Contact Contact
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Fig. 5-35. Co-doped Fast-MSND designs. All were fabricated with solid-source diffusion on v-type silicon.

Recall that the depth of the dopant is controlled by the time and temperature of the drive-
in step in the diffusion process. A set of npp-, npn-, and pnn-MSNDs were fabricated with deep
junctions for all the contacts, and a second set of npp- and npn-MSNDs were produced with a
shallow junction on the tops of the fins. Reducing the junction depth should decrease the co-doped
areas at the corners at the tops of the fins. Note, the nomenclature for Co-doped MSNDs was top
fin contact, trench wall contact, and backside contact. Sample IV curves for each type of Co-Doped
MSND are shown in Fig. 5-36. All MSNDs with a deep diffused junction in the fin tops had high
leakage current with no rectifying behavior. This was likely caused by junction breakdown in the
heavily co-doped regions. Conversely, the MSNDs with shallow-diffused junctions had low
leakage current with good rectifying behavior.
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Fig. 5-36. IV curves for Co-Doped MSNDs. The MSNDs with shallow junctions on the tops of the fins
showed good rectifying behavior.

The charge collection efficiency of the shallow-junction co-doped MSNDs as a function of
amplifier shaping time was estimated using an empty MSND and a collimated 2*!Am alpha-particle
source. In the MSND pulse height spectrum, for a given shaping time, two peaks form if the alpha
particles are normally incident on the trenches. A false full energy peak occurs at lower channel
numbers and appears from interactions near the tops of the fins. The true full energy peak occurs
at higher channel numbers and is from interactions occurring in the bottoms of the trenches. The
ratio of the channel number between the false full energy peak and true full energy peak gives an
estimate of the charge collection efficiency for that shaping time. This process is described in more
detail in the following references [33, 156]. The pulse height spectra for charge collection
efficiency measurements for the two shallow-junction co-doped MSNDs and a traditional pvn-
MSND are shown in Fig. 5-37. The ratio of the full energy peaks (FEPs) for traditional pvn-MSND
was approximately 90% with a 12-us shaping time. Conversely, the maximum FEP ratio for the
npn- and npp-co-doped MSNDs was about 0.55 and 0.25, respectively, with 12-us shaping time.
For shaping times less than 1-us, all designs had suboptimal charge collection efficiency, and
therefore, the design was abandoned for fast charge collection MSND designs.

If the design is ever revisited, more complex diffusion masks should be implemented that
will allow for an electrode to be attached to the dopant deposited in the trench. The three-terminal
design may show improved electric field in the fins if a bias is held across the top of the fins and
trench side walls. However, the design may still ultimately fail if the electric field in the co-doped
region is higher than silicon’s breakdown electric field which could occur at relatively low

voltages, because the distance between the electrodes is small.
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Fig. 5-37. Pulse height spectra for 2*!Am charge collection efficiency measurements for (Top Left)
traditional pvn-MSND, (Top Right) npn-co-doped MSND, and (Bottom Left) npp co-doped MSND. (Bottom
Right) Ratio of the false full energy peak (FEP) to true FEP for the three designs shown.

Alternating Trench MSNDs

The alternating trench MSND was designed to have adjacent trenches doped with opposite
type material to provide a horizontal electric field where charge carries are drifted across the width
of the fins (~10 um maximum) rather than vertically (400-600 um maximum). Shown in Fig. 5-38
is the proposed design where there are two contact fingers on the top surface of the MSNDs, one
for the n-type trenches and one for the p-type trenches. lon implantation was chosen as the junction
formation method, because photoresist could be used as an implantation mask on every other
trench which eliminated the need for multiple oxide growth steps. Wet and dry oxide growth
require high temperatures and significant time to grow. If a dopant was previously deposited and
then an oxide growth was performed, the dopants would continue to diffuse deeper into the fins,
thereby, increasing the size of the dead region in the fins which ultimately reduces the signal-to-
noise ratio. With ion implantation, RTA can be used to activate the dopants with minimal diffusion

into the fins.
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Fig. 5-38. Alternating Trench MSND diffusion profiles. Alternating n- and p-type trenches will create an
intrinsic electric field within the fins causing charge carries to be swept out laterally. There are no floating
contacts in this design.

An abbreviated processing diagram for alternating trench MSND fabrication is shown in
Fig. 5-39. After the wafers were etched, a photolithography process was performed to open an
implantation window for alternating trenches while protecting the remaining trenches. The wafers
were then sent out for n-type ion implantation, where half of the trenches would have phosphorus
implanted, and the photoresist layer would serve as an implantation mask on the adjacent trenches.
The wafers were then sent back to the S.M.A.R.T. Laboratory, and the photoresist was removed,
re-applied, and re-patterned for p-type ion implantation. Following the p-type implantation the
wafer was cleaned and annealed, and a final photolithography process was performed to pattern

the contact fingers.

(] [ [ I [ . .
Traditional PR PR patterning PR patterning Annealing
and wet etch n-type . ptype PR for contacts
process lan Implantation lon Implantation E-Beam contacts,

Fig. 5-39. Fabrication process for ion-implanted, alternating trench MSNDs.

A Dry-Film Photoresist (DFPR) processing method was developed to make the implant
mask, because spin-on liquid photoresist failed to adequately bridge the high aspect ratio trenches.
The DFPR is applied with a heated laminator and then processed like standard photoresist with a
soft bake, alignment, UV expose, and development steps. The process was fine-tuned to limit the
DFPR extrusion into the trenches such that the photoresist layer was thick enough on the tops of

the fins to stop all incident ions during the dopant implant step (see Fig. 5-40).
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Fig. 5-40. DFPR on an MSND showing minimal extrusion into the trenches and providing an adequate ion
implantation mask on the surface.

Boron and phosphorus were used as the p-type and n-type dopants, respectively. The
dopant atoms were implanted at 200 keV to form high-concentration shallow junctions (less than
0.1-um deep). A dose of approximately 10*® cm was used. The high dose was required due to the
shallow implant angle necessary to implant the entire fin sidewall (see Fig. 5-8). Wafers were
patterned and sent to INNOVION for p-type implantation. INNOVIiON started the implant process
and performed implants with dose intervals of 5x10%* cm to check the ruggedness of the implant
mask. After the eighth pass, they noticed severe photoresist liftoff on the edges of the wafer and
some liftoff on the diodes (see Fig. 4-40). Three of thirteen wafers had severe delamination on the
trenches, four had minimal delamination on the edges, and six had good photoresist adhesion.
When the implant masks were reworked, a plasma ashing step was added prior to HMDS
application. The final bake time and temperature was also increased to improve adhesion during
the implant. The wafers were then returned to complete the implant. After the p-type implant was
completed, a new implant mask was formed using DFPR for the n-type implant. Similar adhesion
problems were observed during the n-type implantation, and the DFPR mask had to be reprocessed
halfway through the implant indicating that the dry film mask was not robust enough to withstand
the high dose required. Furthermore, damage to fragile silicon fins was observed and likely caused

during transport of the etched wafer to and from the implantation facility.
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Fig. 5-41. (left) Severe photoresist delamination during ion implantation. Heat and damage incurred during
the process degrades photoresist adhesion to the underlying substrate. (right) Example of a dry-film
photoresist mask with good adhesion to the substrate.

The IV and CV curves from the best wafer with the alternating trench MSND pattern are
shown in Fig. 5-42. The IV curves show characteristics of a rectifying junction, which was not
observed for previous Fast-MSND wafers with severe delamination problems. The capacitance of
the Fast-MSND diodes ranged from 200-300 pF at 0-V bias. The capacitance is higher than
vertically operated pvn-MSNDs, which consequently will decrease the signal size. The higher
capacitance was expected, because the surface area of the contacts increased and the distance

between contacts decreased.
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Fig. 5-42. (Left) IV and (Right) CV curves for alternating trench MSND prototype diodes.

The required charge collection time was estimated by performing an alpha-particle charge-
collection-efficiency experiment with a normally-incident, collimated 2**Am source. The pulse
height spectra for shaping times of 0.5, 1, 4, and 12 ps are shown in Fig. 5-43. A distinct full

energy peak begins to emerge over the noise floor for shaping times greater than or equal to 1 ps.
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The peak continues to shift to higher energy channels as the shaping time increases indicating that

charge collection efficiency increases as the charge integration time increases up to at least 4 ps.
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Fig. 5-43. Alpha-particle charge-collection-efficiency experiment for alternating trench MSND prototype
wafer. Distinct full-energy peaks were observed for shaping times greater than 1 ps.

The next processing step was to evaporate electrical contacts onto the bond pads, and then,
backfill, dice, and mount the diodes into CDBs. Unfortunately, after the contacts were evaporated
onto the wafers, the leakage current increased to over 1-uA at 0-V bias which also increased the
noise floor and consequently rendered wafers unusable. The alternating trench MSND design was
ultimately abandoned due to the high processing costs of implantation and low yield from wafer
damage and poor photoresist adhesion.

L-Shaped Doping Profile MSND

An L-shaped MSND diffusion profile was fabricated when photoresist adhesion challenges
surfaced during ion implantation processing of Fast-MSND wafers. The L-shaped diffusion profile
implements ion-implantation to dope the entirety of one of the fin sidewalls and top of the fins,
but unlike the alternating trench diffusion profile, the "L-shape™ design does not require a
photoresist implantation mask (see Fig. 5-44). After the p-type implant was completed, an n-type
contact was diffused onto the backside of the wafer using solid source diffusion. The drive-in
stages of the n-type diffusion were used to simultaneously anneal and activate the p-type

implantation on the trenched side of wafer.
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Fig. 5-44. “L-shaped” diffusion profile. This profile was fabricated with a combination of ion implantation
(p-type) and solid-source diffusion (n-type). An implantation mask was not required to achieve the desired

junction geometry.

IV and CV curves for the L-shaped MSNDs are shown in Fig. 5-45. Next, an alpha-particle
charge-collection experiment was performed to estimate the required charge collection time for
the MSNDs. Ideally, the location of the peaks on the pulse height spectrum formed from
interaction in the tops and fins and bottoms of the fins will be close to each other and be minimally
affected by a reduction in shaping time. As shown in the Fig. 5-46, a decreased shaping time from
12 ps to 1 ps significantly shifts the false full energy peak to lower energy channels. This result
indicates that the L-shaped diffusion profile may not serve well as Fast-MSND with charge
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collection times less than 1 ps.
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Fig. 5-45. (Left) IV and (Right) CV curves for L-shaped MSND prototypes.
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Fig. 5-46. (Left) Alpha-particle charge-collection experiments performed with an 241Am source. The shift
in the “false full-energy peak” indicates not all charge was collected for the 1 us shaping time. The MSND
was operated with -2.5 V bias. (Right) Reaction-product spectrum for “L-shaped” MSND measurements
with moderated 252Cf. The shaping time for the *°Cf measurement was 12 ps.

The intrinsic thermal-neutron detection efficiency of the L-shaped prototype MSNDs was
measured using a moderated Cf-252 source. The theoretical intrinsic thermal-neutron detection
efficiency for the MSND and implant geometry was 30%, and the prototype MSNDs measured
approximately 25% intrinsic thermal-neutron detection efficiency. The reaction-product pulse-
height spectrum (Fig. 5-46) showed a significant valley between the gamma-ray/background noise
and neutron signal portions of the spectrum. Although the "L-shape" diffusion profile design was
not suitable as a Fast-MSND, it demonstrated a successful implantation method, anneal, and
activations of p-type dopants.

5.3.2. Other DS-MSND Variants

The following sections describe three DS-MSND variants. The interdigitated DS-MSND
was designed to offer fast charge collection times with moderate intrinsic thermal-neutron
detection efficiency. The LL-DS-MSND and Spin-on-Dopant DS-MSND were experiments
performed to investigate alternatives to solid-source diffusion for junction formation.
Interdigitated DS-MSND

The interdigitated DS-MSND design shown in Fig. 5-47 was investigated to reduce the
required charge collection time to less than 1 us. The dopant profile would not require ion
implantation and could be achieved using solid-source diffusion or spin-on-dopant. As with the
MSND, the interdigitated DS-MSND should have an intrinsic thermal-neutron detection efficiency

of about 30% for normally incident neutrons.
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Fig. 5-47. Interdigitated DS-MSND design. One side of the DS-MSND is conformally doped with p-type
dopant, and the opposite side is doped with n-type dopant. Lateral charge carrier movement should be
induced with this design and thus sub-microsecond shaping times may be achieved.

Interdigitated DS-MSNDs were processed on 500-um thick, (110)-orientated silicon
wafers. The p- and n-type junctions were formed using solid source diffusion. Long sourcing and
drive-in times were used to try to ensure that the dopant would conformally dope the trench region.
After the DS-MSMD was backfilled, 1V and CV measurements were performed, and IV curves
for seven diodes are show in Fig. 5-48. Rectifying-junction behavior was observed, and the leakage
current at 0-V bias was less than 1 nA for six of the seven devices tested. The leakage current then
increased rather quickly into the micro-ampere region around -0.2 V applied bias. Zero-volt bias
operation was adequate because the fins are narrow and charge is swept laterally. The capacitance
of the interdigitated DS-MSND prototype was likely greater than 1.9 nF, which is the maximum

capacitance that can be measured with the available CV-meter.

Neutron sensitivity measurements were performed using a moderated 2°2Cf source, 142 1J
preamplifier, Canberra 2022 amplifier, and an Ortec Easy-MCA. The resulting pulse-height
spectra for shaping times of 12 ps, 4 ys, and 2 ps with 0-V bias are shown in Fig. 5-48. Response
above background levels was observed for each measurement, but there was not a clear valley
typical of the MSND reaction product spectra. The small pulse heights could be attributed to high
capacitance and large dead regions from deep junctions. In order for the interdigitated design to
be successful, the dopant drive-in times could be reduced to decrease the “dead” volume and the

diode active-area must be decreased to reduce the capacitance.
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Fig. 5-48. (Left) IV measurements for interdigitated DS-MSNDs. (Right) Reaction product spectra for an
interdigitated DS-MSND. Low count rates were likely due to a poor LiF backfill, and the low signal to noise
ratio may be attributed to high capacitance.

LL-Shaped Doping Profile DS-MSND

Before discovering that the °LiF backfill density was the main factor contributing to low
intrinsic thermal-neutron detection efficiencies for DS-MSNDs, the leading theory was dead
regions within the DS-MSND from solid-source diffusion and less than optimum charge collection
efficiency were the main causes for poor detector performance. Thus, ion implantation was
considered for the junction formation process, because shallow junctions can be fabricated.
Following the success of the ion-implanted L-shaped, single-sided MSND, LL-shaped DS-
MSNDs were processed with a similar ion-implantation and RTA process. To minimize costs, the
LL-shaped DS-MSND were implanted simultaneously with several of the alternating trench
MSNDs. Due to the timing of the implants the LL-Shaped DS-MSND would only be able to
receive n-type implants on both sides of the wafer, and therefore, the LL-Shaped DS-MSNDs were
processed on 5-kohm-cm, p-type silicon instead of n-type silicon (see Fig. 5-49).

After the n-type (phosphorus) implant, the DS-MSND wafer was cleaned and a thin oxide
layer was grown to limit dopant-out diffusion before the wafers was annealed at 1000°C for 1 hour.
The pulse height spectrum was measured with a moderated >2Cf neutron-source after the DS-
MSNDs had been backfilled, diced, and mounted into CDBs. The intrinsic thermal-neutron
detection efficiency of the “LL-shape” DS-MSNDs was approximately 31%. High manufacturing
cost, increased lead times, and damage to the delicate silicon fins during shipment to and from the
implantation facility prohibited further probing into the viability of using ion implantation as
means to dope high-efficiency DS-MSNDs.

131



n-type implant

800 1 ®  Mod. 232Cf
é ©  Background
600 4
2 °
. Za0| }
p-type silicon 0
2001 o
o
() e ey .
0 50 100 150 200 250

Channel Number

n-type implant

Fig. 5-49. (Left) Drawing of npn-type, LL-shaped, DS-MSND. (Right) Pulse height spectra for a moderated
%2Cf source and background. Elevated noise floor and poor packing fraction limits detection efficiency to
~31%. The shaping time was 12 us for both measurements.

Spin-on-Dopant DS-MSND

Spin-on dopant (SOD) was another semiconductor doping method investigated as an
alternative doping process to solid-source diffusion. In the SOD process, a solvent-based solution
containing p- or n-type dopants is spun onto a wafer, and then, the solvent is baked out leaving
only the dopant behind. The wafer is then placed into a high temperature furnace so that the dopants
on the surface of the wafer diffuse into the wafer and become electrically active. Spin-on-dopant
is relatively inexpensive when compared to ion implantation. Furthermore, SOD can be used to
fabricate conformal junction profiles, because it is initially applied to the wafer in liquid form.
Several fully conformal pvp-type wafers were fabricated using SOD, and the maximum measured
intrinsic thermal-neutron detection efficiency was nearly 45%, close to the maximum achievable

detection efficiency at that time of about 53% (see Fig. 5-50).
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Fig. 5-50. (Left) Schematic of diffusion profile formed from SOD processing. (Right) Pulse height spectrum
of pvp-type DS-MSND fabricated with boron-loaded SOD.
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Chapter 6 - Microstructured Semiconductor Neutron Detectors

Instruments: Design and Characterization

Recall that the MSND technology was funded to provide an alternative to 3He for thermal
neutron detection and simultaneously provide high-fidelity tools to the warfighter to improve their
capabilities to detect, locate, and identify illicit radioactive material. The detection of SNM, which
if possessed by rogue entities could be used in a nuclear weapon, is of particular interest because
the materials classified as SNM constitute a handful of elements that spontaneously emit neutrons.
Therefore, if a detector registers a neutron signature above the background rate an alarm should
be triggered, and the nature of the source should be closely investigated. In addition to national
security concerns, neutron detectors are commonly used in industrial applications, personal
dosimetry, and basic science research including neutron scattering and space exploration. MSND
and DS-MSND based instruments were designed to provide affordable, high efficiency,
alternatives for neutron detection in all these areas.

When performing a radiation measurement, the relative uncertainty (or precision) in a
measured count rate is inversely proportional to the square root of the total number of counts
recorded [44, 45, 157]. The total number of counts recorded is a function of (1) the activity of the
source and any shielding or moderation around the source, (2) the distance between the source and
the detector, (3) the active area of the detector, and (4) the detection efficiency of the detector. In
many cases, such as standoff detection or dosimetry, the first two factors cannot be changed by the
operator. The size of the detector is usually bound by the mission space. For example, a handheld
or wearable detector must be reasonably small and light weight while a radiation portal monitor
can span several square meters. The final factor, detection efficiency, is arguably the most
important, because improved detection efficiency increases the probability of measuring incident
neutrons. Thus, much effort has been concentrated on maximizing the intrinsic thermal-neutron
detection efficiency of individual DS-MSNDs. These devices were subsequently implemented into
larger arrays for field deployable detectors systems. Introduced in this chapter are the design,
simulations, and characterization of the latest iterations of Helium-3 Replacement (HeRep)
detectors, Modular Neutron Detectors (MNDs), and Wearable Detectors Devices (WDDs).
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6.1. Direct *He-Replacement (HeRep) Detectors

Historically, the “gold standard” for thermal-neutron detection was defined by *He gas-
filled detectors. Decreased availability and increased price has motivated research into alternative
neutron detector technologies. MSND technology is compact, rugged, mass-producible, low-
power, and can be arrayed to form larger detector systems. Two generations of HeRep detectors
were developed based on single sided MSNDs to serve as a drop-in replacement for 2-in. diameter,
4-atm, 3He neutron detectors [21, 33, 126, 128]. The HeRep Mk 1l measured 102% and 95% of
the count rate of a similarly sized *He neutron detector for a bare 22Cf with an without detector
moderator, respectively [128].

When DS-MSNDs were developed, the focus on the HeRep instrumentation shifted to
provide a replacement for compact, high-pressure, 3He detectors that could replace legacy
detectors in smaller, light weight, handheld detector systems.

6.1.1. HeRep MK 111

The HeRep Mk IIl was the first detector system to implement DS-MSNDs and was
designed as a replacement for 6-atm, 4.5-in. long, 0.75-in. diameter, 3He neutron detectors [33,
122, 125]. The HeRep MK Il comprises 12 pvp-type DS-MSNDs with intrinsic thermal-neutron
detection efficiencies greater than or equal to 50%, two sets of pulse processing and discrimination
electronics, and a TTL-pulse generator that produced pulses when the input pulse was greater than
a programmable LLD. No bias circuitry was required, because the pvp-DS-MSNDs operate on the
built-in potential of the pn-junctions in the fins. Two HeRep MKk Ills were produced, one based
entirely on common FR4 circuit board material and one based on Kapton®-based flexible circuit
board material (see Fig. 6-1). FR4 is the more widely available and cost-effective option for printed
circuit boards, but boron and bromine present within the FR4 board material have relatively large
thermal- and fast-neutron absorption cross-sections and can reduce the internal neutron flux
without contributing to the reported count rate. However, at the time of development, the cost of
Kapton® circuit board was roughly one hundred times that of identical FR4 material. The two
HeRep MK I1l detectors were developed to study how the circuit board material affected the

thermal neutron detection efficiency of HeRep detectors.

134



o T
Wi DA
Fig. 6-1. FR4-based HeRep Mk 111 with 12 DS-MSNDs.

The angular dependence of the HeRep MK 111 response to a moderated, 35-ng 25>Cf source
at 25 cm with and without the HeReps encased in a 3-in. diameter HDPE moderator cask is shown
in Fig. 6-2. The count rate for the flexible circuit board HeRep was approximately 15% higher
than the FR4 based HeRep when the detectors were placed in the HDPE moderator cask. The
depressed count rate of the FR4-based HeRep was was mostly likely caused by the °B content of

the FR4 circuit board acting as a thermal neutron sink. The HeReps had the same count rates in

the bare source, bare detector configuration. If the cost of flexible circuit board material starts
decline as it is implemented more in other industries, the benefit to cost ratio may improve so that

mass produced HeRep systems could implement the Kapton-based circuit boards.
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Fig. 6-2. HeRep MK IV response to moderated °°Cf at 25 cm. The responses for the unmoderated FR4 and
unmoderated flexible Kapton based HeReps are nearly identical. The background count rate ranged from
1.5 cps to 3.3 cps for all measurements.

In addition to not needing high voltage insulating standoffs that create dead regions within
the detector where neutrons are absorbed but not detected, the option to add moderator to void
regions in the interior of the detector case is another advantage solid-state neutron detectors have
over gas-filled neutron detectors like *He tubes. Small HDPE moderator beads were added to the
interior regions of the flexible, Kapton-based HeRep MK I11. The detector response to a moderated
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252Cf source was measured and compared to measurements performed without interior moderator
beads (see Fig. 6-3). The interior moderator improved the response for the bare detector
configuration but had negligible effect in the moderated detector configuration likely due to the

relatively small volume of interior moderator compared to the volume of exterior moderator.
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Fig. 6-3. (Left) Bare HeRep Mk I11 and (Right) Moderated HeRep Mk 1V response for the interior moderator
and no-interior moderator configurations to moderated ***Cf at 0.25 m.

The HeRep MK 11l was directly compared to a 0.75-in. diameter, 3-in. long, 10-atm 3He
detector that had a total length of 4.5-in. when including the SHV connector. Measurements were
performed with a moderated 2>2Cf source at 25 cm with and without the HeRep and *He detector
in a 3.0-in. diameter by 5.75-in. long HDPE moderator cask. The results are shown in Table 6-1.
The HeRep MKk 111 response ranged from 45.4 + 0.2 % up to 56.7 + 0.2% of the 10-atm 3He detector
depending on the source and detector moderator configuration. Finally, the GRR was 1:5x10 for

137Cs at a dose rate of 50 mR/hr.

Table 6-1. Direct comparison to *He for a moderated 30-ng 2*°Cf source at 25 cm.

Bare Detector Moderated Detector
Net Count Rate Net Count Rate
Detector % of 10-atm He % of 10-atm 3He
(cps) (cps)

10-atm °He 441 +0.02 100% 19.97 £ 0.04 100%
HeRep MK I11

) 2.09 +0.01 47.4 +0.3% 10.88 + 0.03 54.4 +0.2%
(No Interior Moderator)
HeRep Mk 111

2.00 £0.01 45.4 + 0.3% 11.33 +0.03 56.7 + 0.2%

(Interior Moderator)
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6.1.2. HeRep Mk IV

Two square form factor HeRep Mk IV detector prototypes were fabricated. The square
form factor was achieved by attaching the DS-MSNDs perpendicularly to the main motherboard
strip instead of using a planar surface mount arrangement and allowed for more efficient utilization
of the detector packaging. One HeRep MKk IV had dimensions of 0.75 in. x 0.75 in. x 3.1 in, and
the other had dimensions of 0.75 in. x 0.75 in. x 6.1 in. Each design integrated 15 of the 1-cm? DS-
MSNDs with intrinsic thermal-neutron detection efficiencies between 50% and 55%. The shorter
HeRep MK IV design implemented the maximum number of DS-MSNDs per unit volume possible,
and the larger HeRep Mk IV included interior moderator between adjacent DS-MSNDs and also

the electronic boards containing all required signal processing electronics (see Fig. 6-4).

Fig. 6-4. (Top) 0.75-in by 0.75-in by 3.1-in HeRep Mk IV (Bottom) 0.75-in by 0.75-in by 6.1-in HeRep Mk
IV. Each were populated with 15 DS-MSNDs and 16 pieces of HDPE moderator placed in void spaces
between adjacent detectors and electronics in the longer HeRep Mk 1V.

The neutron response of the HeRep Mk IV detector systems were compared to the
previously described 10-atm 3He detector, with results shown in Table 6-2. In bare detector
configurations, the 3.1-in. HeRep Mk IV measured approximately 93%, 79%, and 117% of the
count rate of the 10-atm 3He detector for bare 2°2Cf, moderated 2>2Cf, and bare AmBe sources,
respectively. With the detectors in a 1-in. thick by 3.1-in. tall HDPE moderator cask the 3.1-in.
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HeRep MK IV count rate was about 78% and 82% of the count rate of the 3He detector for bare
2%2Cf and moderated 2°°Cf, respectively. These results indicated that the 3.1-in. HeRep Mk IV
responds better when compared to the 10-atm *He detector to sources that have a higher-energy
neutron spectrum. As the average neutron energy decreases, as in the case for moderated sources
and/or moderated detectors, the 3He response improves over the HeRep MK 1V detector. Therefore,
the 3.1-in. HeRep Mk IV may be desirable over a *He detector for small detector package
applications, where the use of external moderator may be limited by size and weight constraints.
Additionally, the 3.1-in. HeRep Mk IV would offer a more cost-effective alternative to He while
maintaining nearly 80% of the performance of the 3He detector if external moderator is used.

The 6.1-in. long HeRep Mk IV was developed to study the effect of interior moderator in
the HeRep MK IV. Fifteen DS-MSNDs were used in the 6.1-in. long HeRep Mk 1V, just like the
3.1-in. long Mk 1V, but the space between detectors in the 6.1-in. long version was filled with
blocks of HDPE. The goal of adding HDPE was to improve the detector response to fast-neutrons
and to be able to increase the length of the detector without increasing the number of DS-MSNDs
while not significantly increasing the dead regions of the detector not sensitive to neutrons. For
the 6.1-in. HeRep Mk IV to have the same intrinsic detection efficiency as the 3.1-in. HeRep Mk
IV the count rate of 6.1-in. long detector would have to be approximately twice the 3.1-in. long
detector count rate. The longer HeRep Mk 1V had higher count rates than its shorter counterpart,
but the count rates were not twice as high. This result indicated additional DS-MSNDs would be

required to achieve the same intrinsic neutron detection efficiency.
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Table 6-2. HeRep Mk 1V direct comparison to a 0.75-in diameter by 3.1-in long, 10-atm *He detector. A
26.5-ng **Cf source and an AmBe source emitting 200,000 neutrons per second were used for the
measurements. The source-to-detector distance was 25 cm for all measurements.

Detector Net Count Rate (cpm) % of 10-atm 3He

Bare 252Cf, Bare Detector

10-atm 3He 19.0+0.3
3.1-in HeRep Mk IV 17.6+0.2 92.8+1.8%
6.1-in HeRep Mk IV 20.6+0.3 108.5 + 2.0%
Moderated 2°2Cf, Bare Detector
10-atm 3He 208.8+1.4
3.1-in HeRep Mk IV 165.8+1.2 79.3+0.8%
6.1-in HeRep Mk IV 2446 +15 117.1 £ 1.0%
Bare %2Cf, Moderated Detector
10-atm 3He
355+2
1" thick x 3.1" tall HDPE
3.1-in HeRep Mk IV
) 277+ 2 78.1 £ 0.8%
1" thick x 3.1" tall HDPE
10-atm He
_ 195+ 1
5/8" thick x 6.1" tall HDPE
6.1-in HeRep Mk IV
) 255+2 130.4 £ 1.2%
5/8" thick x 6.1" tall HDPE
Moderated 22Cf, Moderated Detector
10-atm 3He
6105
1" thick x 3.1" tall HDPE
3.1-in HeRep Mk IV
) 502 +4 82.2+0.9%
1" thick x 3.1" tall HDPE
10-atm 3He
549 + 4
5/8" thick x 6.1" tall HDPE
6.1-in HeRep Mk IV
_ 625+ 5 113.8+ 1.2%
5/8" thick x 6.1" tall HDPE
Bare AmBe, Bare Detector
10-atm 3He 35.3+04
3.1-in HeRep Mk IV 41.2+0.4 116.7+1.7%
6.1-in HeRep Mk IV 41.2+0.4 116.5+1.8%
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6.1.3. HeRep Mk V

The HeRep Mk V combined features from the HeRep Mk 11l and Mk 1V designs. It has a
rectangular form factor measuring 1-in. X 1-in. X 6-in. and implemented 20 DS-MSNDs with
intrinsic thermal-neutron detection efficiency of 50-55% arranged onto two strips. The DS-
MSNDs alternate on the front and back side of the circuit board with the accompanying electronics
on the opposite side, and the two strips were arranged in an “L-shaped” pattern, see Fig. 6-5. This
design limits streaming paths between detectors, which were apparent in the Mk 111 design, while
maximizing active length. As with previous generations, all required signal processing electronics
are included within the HeRep package, and the HeRep Mk V interfaces via USB-C to an external
measurement monitoring system, i.e. a computer, tablet, or phone. The void space within the
detector was filled with an HDPE moderator block. The angular response of the detector to a
moderated 25?Cf source at 25 cm is shown in Fig. 6-5. The HeRep Mk V exhibits a marked
improvement over the previous generation devices when one or both of the detector strips are
pointed towards the source. When the HeRep Mk V is rotated 180 degrees, the HeRep Mk V
performs similar to the 6.1-in. long HeRep MK IV. The suppressed response is caused by the HDPE
interior moderator reflecting already thermalized neutrons from the moderated 2°>Cf source. When
comparing the area corrected responses of the HeRep Mk 111, Mk IV, and Mk V, the 3.1-in Mk IV
was the most efficient followed by the Mk V, the 6.1-in. MKk 1V, and Mk I11.
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Fig. 6-5. (Left and Middle) HeRep Mk V detector system with 20 DS-MSNDs that have intrinsic thermal-
neutron detection efficiencies of at least 50%. (Right) Angular response of the HeRep Mk V compared to
both HeRep Mk IV detectors and the HeRep MKk 111 detector
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6.2. Modular Neutron Detectors (MND)

The Modular Neutron Detector (MND) was designed to serve as a compact, lightweight,
high-sensitivity neutron detector to fulfill a need for detectors sizes between small arrays like the
Domino and larger stationary panel arrays or cumbersome handheld detectors. The first two
generations of MNDs developed are described in prior work [33]. The MNDs were designed
specifically to be low-profile to allow for covert deployment. This work describes the design and
performance of the MSND-based MND Mk |11 and the design of the MRD Mk |, the first modular
detector to implement DS-MSNDs.

6.2.1. MND MKk 111

The MND MK I11 is composed of 24, 1-cm? active area, individually shielded MSNDs with
intrinsic thermal-neutron detection efficiencies of approximately 30% and on-board preamplifier,
amplifier, discriminator, TTL-pulse generating, and bias electronics (see Fig. 6-6 and Fig. 6-7).
Additionally, the MND Mk |1l could be attached to an on-board battery and connected to a
communications dongle for wireless communication to an Android device via Bluetooth Low
Energy (LE) to form a fully wireless detector module, or the MND MK 11l could be externally
connected to a master control board that provides power and a wired communication interface
between the sensor and an Android device via low-voltage differential signal (LVDS)
communications protocol. Each MND was enclosed in an ABS plastic case. The wireless MND
Mk 111 measured 11.2 cm x 6.1 cm x 1.7 cm, and the dimensions of the wired MND MK 11 was
10.4 cm. x 6.4 cm x 1.4 cm. During measurements, the MND accumulates counts on an on-board
8-bit counter when the pulse height was above the programable LLD. The counts are read out from

the counter and relayed to the Android readout device at one seconds intervals.
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Fig. 6-6. Image of a wireless MND Mk |11 populated with 24, 1-cm? MSNDs with intrinsic thermal neutron
detection efficiencies of 30%.
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Fig. 6-7. Schematic of MND electronics.

The radiation response of the MND Mk 1l was modeled in MCNP and compared to
measurements with a 252Cf source. The MCNP MND model included the MSNDs, FR4 electronics
boards, CDBs with RF shields, Li-ion battery, and an ABS plastic case as well as an approximation
for the concrete walls of the room in which the actual measurements took place to account for
room scattering. The simplified MND model is shown in Fig. 6-8, and an example MCNP input
card is in Appendix C. Measurements were performed with the MND Mk 111 for a bare 25?Cf source
at 25 cm, a moderated 252Cf source at 25 cm, and background, and the results are shown in Table
6-3. The source moderator cask was composed of a 0.5-cm radius by 9-cm tall cylindrical void
where the source was placed, surrounded by a 0.5-cm thick by 9-cm tall lead cylinder, encased in
a 1-cm thick by 10-cm tall steel cylinder all enclosed in a 2.5-cm thick, 13-cm tall HDPE outer
cylindrical shell.
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Fig. 6-8. MCNP model of the MND Mk I1I. The “front” side is nearest the MSNDs, and the “back” side is
nearest to the battery.

Table 6-3. Simulation and measurement results for an MND in stand-alone configuration for °2Cf. The
source to detector distance was 25 cm.

MND MK 111 Response (cps/ng)

Front Back
Simulation Measured Simulation Measured
Bare 252Cf @ 25cm 0.0138£0.0001 0.0175+0.0002 0.0129 £0.0001 0.0113 +0.0002
Moderated 52Cf @ 25cm  0.1506 + 0.0002  0.130 £0.0012  0.0957 + 0.0001 0.0823 + 0.0007
Background (measured) 0.0102 + 0.0003 cps

The simulation and experimental measurements showed agreement within a factor of 1.3.
The differences between the simulation and measurement were likely caused by simplifications of
the battery, discrete electronics in the MND, and the concrete walls of the room. Nevertheless, the
simulations served as a good first approximation to estimate performance. The simulations and
measurements both showed that the MND operating in a stand-alone configuration has higher
response when irradiated from the front side, because the neutrons do not have to travel through
the battery and FR4 printed circuit board (PCB) where they can be scattered away or absorbed by
SLi or 1°B present in the battery and PCB, respectively.

Measurements were performed with an MND mounted on the center of the torso of an
ANSI phantom to estimate the response of the detector if it were implemented as a personal
radiation monitor or used as part of a distributed network of sensors deployed on multiple persons.
The response was measured for a 12.3-ng (28,500 n/s) bare and moderated 25°Cf source at 25 cm.

The results are listed in Table 6-4. As expected, the count rate significantly increased for both
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sources over the previously discussed stand-alone operation, because the phantom acts as a large
neutron moderator near the detector. The MND performance is comparable to other neutron-
sensitive personal radiation detectors commercially available like the Mirion Technologies PDS-
100GN/ID which states a neutron response of 3 cps for 28,000 n/s from #2Cf with the detector on
a phantom [158].

Table 6-4. Measurement results for one MND MKk 111 centrally located on a phantom to a 12.3-ng #*°Cf
source located 25 cm from the detector.

Source Count Rate (cps)
Bare 22Cf 2.46 £0.02
Moderated 22Cf 4.94 +0.05
Background 0.0154 + 0.0005

6.2.2. MRD Mk I

The Modular Radiation Detector (MRD) has been designed as an advanced version of its
MND predecessor incorporating high-efficiency DS-MSNDs and a spectroscopic gamma-ray
detector within a single package. The critical design criteria included the following:
e Implement DS-MSNDs for increased neutron sensitivity
¢ Include spectroscopic gamma-ray detector capable of isotope identification
e Reduce size to improve concealability
e Wired and wireless communication available within same package
e Real-time readout and leave behind, monitor, and retrieve operational modes
e Minimum 8-hour mission lifetime
The newly designed pvp-n-dot or pvp-n-ring DS-MSNDs will be integrated into the MRD
providing at least double the intrinsic thermal-neutron detection efficiency over the MND MKk Il1
which included 30% eintn Single-sided MSNDs. Recall that the polarity of pulses from the pvp-n-
dot design is the same regardless of which set of fins the interaction occurs, and therefore, only
one set of signal processing electronics is required in the MRD just like the MND. Additionally, a
bias supply was also already incorporated into the MND Mk Ill, so it is likely that only small

changes in the neutron pulse processing components will be required.
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Simulations were performed with MCNP6.1 to estimate the neutron detection efficiency of
the MRD with DS-MSNDs. The neutron response to a thermal-neutron (0.025 eV) beam with the
MRD in a stand-alone configuration and the response of an MRD to a bare 2>2Cf source with the
MRD mounted on an ANSI standard phantom was modeled. For initial approximations, the
battery, electronics boards, and cases were re-used from the MND Mk I1l model. MRDs with 4, 6,
8,12, 16, 20, and 24 DS-MSNDs were considered. The first set of simulations was performed with
1-cm? DS-MSNDs having an intrinsic thermal-neutron detection efficiency of 60% and the
simulations were repeated with the intrinsic thermal-neutron detection efficiency increased to 70%
to cover the ranges of detection efficiency achievable with the new design.

The results of the simulations are listed in Table 6-5. The simulations serve as a baseline
estimate of performance for the MRD based on the number of DS-MSNDs. The results indicate
only 12 DS-MSNDs are required to match the performance of the previous generation of MNDs,
which is expected because the detection efficiency of the DS-MSNDs is twice the detection
efficiency of the MSNDs. Therefore, the MRD can be populated with fewer DS-MSNDs to reduce
cost and size of the detector package and to make room for the gamma-ray detector and supporting
electronics. The MRD Mk | will likely implement 12 to 16 DS-MSNDs. Finally, note that the
neutron count rate of the MRD for a bare 22Cf source with the MRD mounted on a phantom is
higher when the DS-MSNDs are facing inwards towards the phantom with the electronics boards
and battery between the source and the detectors. Thus, the simulations indicate more neutrons
thermalize in the phantom and are scattered back into the MRD than fast neutrons that are lost in
the battery and FR4 boards. Additionally, the hydrogen in the FR4 and battery may help moderate
fast neutrons before reaching the DS-MSNDs. For moderated or already thermalized neutron
sources, the MRD would perform better with the DS-MSNDs facing outwards; however, the
detection efficiency for thermal neutron sources is much higher than fast neutron sources.
Unfortunately, the nature of the source may be unknown for many search and localization
missions. Thus, when worn, the MRD should be orientated with the DS-MSNDs facing inwards
toward the body to optimize the performance for the worst-case scenario of searching for an
unmoderated fast neutron source, because the MRD will still provide high detection efficiency for

moderated sources even if it is slightly less than the theoretical optimum configuration.
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Table 6-5. Results of MCNP6 simulations for the MRD implementing 60% and 70% intrinsic thermal-
neutron detection efficiency DS-MSNDs. All simulations were run until the relative error of the tally was
less than or equal to 0.01.

Thermal Beam Bare 22Cf @ 25cm w/ Bare 252Cf @ 25¢cm w/
0.025 eV DS-MSNDs outward on DS-MSNDs inward on
(cps/nv) Phantom 20,000 n/s (cps) Phantom 20,000 n/s (cps)
Num. of 60% 70% 60% 70% 60% 70%
DS-MSNDs  DS-MSNDs  DS-MSNDs  DS-MSNDs  DS-MSNDs  DS-MSNDs  DS-MSNDs

4 2.18 2.42 0.41 0.50 0.70 0.81
8 4.36 4.83 0.80 0.96 1.36 1.57
12 6.39 7.12 1.20 1.44 2.01 2.33
16 8.65 9.58 1.60 1.90 2.62 3.06
20 10.84 11.94 2.00 2.36 3.26 3.78
24 12.99 14.37 2.35 2.79 3.86 4.45

The MRD has been designed to include a spectroscopic gamma-ray detector within the
package to be used for detection and identification of radioactive sources that decay by emitting
gamma rays. A high-resolution gamma-ray spectrometer was desired to allow for separations of
the lower energy lines (100-300 keV) found from the decay of SNM. Additionally, the detector
needed to be small in order to fit into a wearable detector system, which was the driving force
behind the MRD design, and the gamma-ray detector needed to operate at room temperature up to
55°C without external cooling to reduce power consumption.

Scintillation detectors coupled to SiPMs and semiconductor gamma-ray detectors are the
two most prominent options for small-size, high-resolution gamma-ray spectroscopy. CdZnTe was
briefly considered but was ultimately dismissed due to high cost and high bias voltage
requirements. Instead, a system implementing ScintiClear® Srl scintillation gamma-ray detector
from CapeSym, Inc., mounted to a silicon photo-multiplier (SiPM) array was chosen for the
gamma-ray detector, which has an expected energy resolution of less than 3.5% for 662 keV
gamma rays [159]. SiPMs were chosen as the light collection device, because SiPMs are compact
and require relatively low bias to operate (typically 25-30 V). Onboard amplifiers and a MCA will
be developed for pulse processing and on-board storage spectra storage will be included for the
gamma-ray detector. The gamma-ray detector system will be somewhat scintillator agnostic. If the
scintillator can be coupled to a SiPM, the scintillation crystal can be swapped out to adjust
performance and price of the system. Depicted in Fig. 6-9 is a concept drawing of the MRD capable

of simultaneous, dual-mode, neutron and gamma-ray detection.
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Fig. 6-9. Concept drawing of MRD Mk | with an array of DS-MSNDs and a spectroscopic gamma-ray
detector.

Additional ease-of-use functionality will be implemented in the MRD MK I, including
source directionality arrows, automatic isotope identification based on gamma-ray spectroscopy
using already developed Gamma Detector Response and Analysis Software (GADRAS), wired
and wireless communication options in one package, improved on-board storage, and eventually,
real-time neutron and gamma-ray dosimetry. The MND Mk | will ultimately provide a highly
versatile neutron and gamma-ray detector system in a compact, cost-effective, power efficient
package that can be operated in leave behind or real time operations by itself or integrated into
larger detector arrays that can be carried or worn discretely. The enhanced functionality broadens
to mission space to include not only search and localization but also personal dosimetry, area
monitoring, and space applications where size, weight, and power parameters are of increased

importance.

6.3. Wearable Radiation Detectors

The MND and MRD were specifically designed to be integrated into hands-free, low-
profile, high-efficiency wearable radiation detector systems. The wearable radiation detectors were
developed as a tool for the warfighter to aid in the search and localization of SNM. Neutrons are
emitted when SNM decays through fission and detecting the presence of these neutrons is critical
for detection of the possibly illicit material. The wearable radiation detectors described herein

focus heavily on neutron detection to intercept SNM for the following reasons:
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1) Neutrons are highly penetrating and require special shielding usually including a
moderator to slow the neutron and an absorber the capture the thermal neutrons.

2) Neutron emitting sources are relatively rare compared to gamma-ray sources.
Therefore, a neutron signal above background is good indication further investigation of the
radiation source should be performed.

3) Naturally, occurring neutron background levels tend to be low and more constant the
gamma-ray backgrounds levels [2]. Therefore, the background response for the neutron sensors
would need to be less frequently calibrated and can be less susceptible to false alarms.

This section covers the three Wearable Detector Devices (WDDs) that have been designed,
fabricated, and characterized utilizing MNDs with MSND technology and the design of a
Reconfigurable Wearable Detector (RWD) which integrates MRDs with DS-MSNDs and a
spectroscopic gamma-ray detector. All of the wearable detectors were designed to be compact for
covert or overt missions, be lightweight to reduce operator fatigue, operate hands-free so the
operator can handle additional equipment, and provide reliable radiation source alarming response.
6.3.1. WDD V.1

The first generation WDD comprises 16 MND Mk II’s, 16 Controller Area Network (CAN)
communications dongles, eight USB-C quad-connector boards, and a master control module [33,
119]. The MNDs were connected to CAN controller boards and then encased in a 12.7-cm X 7.6-
cm x 1.5-cm HDPE moderator case (Fig. 6-10). Each MND was then connected to a network of
quad-connector boards that were daisy-chained to form the communications backbone linking the
MNDs to the master control board within an inconspicuous vest. The master control module
housed a battery pack containing three 3400 mAh 18650 rechargeable batteries, power
conditioning electronics for the CAN dongles and MNDs, and a communication interface between
the detectors and a handheld Android phone or tablet. The schematic of the connections within the

vest is shown in Fig. 6-11.
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Fig. 6-10. (Left) MND and CAN communications dongle in HDPE moderator case. (Right) Example of
MNDs connected to quad-connector boards. One output on the quad-connector board is terminated with a
50-ohm terminator.
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Fig. 6-11. (Left) Schematic of connections in the WDD Mk | [33, 119]. (Right) Image of the WDD Mk |
connected to the Android readout device.

As neutrons are detected by the MSNDs on the MND, counts are recorded on an on-board
8-bit counter within the MND. The CAN dongle can read out and reset the 8-bit counter every 0.1-
1 second. The Master Control Module then receives the count rate information relayed by the CAN
dongle and sends the information to the Android readout device once per second. The Android
application displays the real-time count rate, a histogram of count rates with one-second bins over
the last 60 seconds of measurement time, or individual count rates for each MND in the system
(Fig. 6-12). An audible and haptic alarm is triggered if the neutron count rate surpasses a

programmed alarm threshold based on the background count rate.

149



3OV & W43

Fig. 6-12. (Left) Real-time neutron count rate of all MNDs in the WDD. (Right) Real-time count rate of
individual MNDs in the WDD.

For all neutron response measurements, the WDD was mounted on a phantom described
in ANSI 42.51 to provide a standard representation of the moderating properties of an operator’s
body [160]. The source and center of the moderator was 1-m above the floor for all measurements.
The neutron response was measured for bare and moderated 2°2Cf (21.9 ng: ~50,700 n/s) and bare
AmBe (~213,000 n/s) at distances of 0.5, 1.0, 1.5, and 2 m, and the results are shown in Fig. 6-13.
The dimension of the moderator cask was 9.7-cm diameter by 12.8-cm tall containing 0.5-cm thick
lead, 1-cm thick steel, and 2.5-cm thick HDPE concentric cylinders. Also shown in Fig. 6-13 is
the response in units of cps/nv for each source. The flux at the detector location was estimated
with MCNP6 simulation by tallying the average flux inside the volume of the phantom without
the detectors present. The count rate decreases as distance increases, because the solid angle
between the phantom and source also decreases as the distance increases. When the count rate is
divided by the incident flux, the detection efficiency is shown to increase as the source to detector
distance increases. The increased response is likely cause be a reduction in parallax as distance
increases and a softened neutron energy spectrum at increased distances due to additional room
and air scatter reducing the average energy of the neutrons before reaching the detector. Finally,
as expected, the WDD was most sensitive to moderated 2°2Cf, followed by bare 2°2Cf, and least
sensitive to bare AmBe, because moderated 2°2Cf has the lowest energy neutrons and AmBe has

highest average energy neutrons. The background count rate was 0.446 + 0.002 cps.
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Fig. 6-13. Results of neutron response measurements for WDD V.1. Note the error bars are smaller than
the data points.

The angular response of the WDD was measured with a moderated 2°2Cf source at 1.5 m
in increments of 45°, and the results are shown in Fig. 6-14. The count rate depressions at 90° and
270° are caused by a decreased solid angle during side-on irradiation. Eight of the MNDs were
located on the front of the phantom, and the remaining eight MNDs were located on the back of
the phantom during the measurements. The angular response could be improved by moving MNDs

to the side of torso of the phantom.
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Fig. 6-14. WDD V.1 normalized angular response to moderated 2*Cf at 1.5 m. The error bars on the
measurement are smaller than the data points.

Moving source measurements were performed for the bare and moderated 22Cf source
with source speeds of 1.2 m/s and 0.6 m/s. In the measurement, the source started behind a borated
HDPE shield and then moved at a constant velocity along a 2.9-m track before stopping behind
another borated HDPE shield. The distance of closest approach between the source and WDD on
the phantom was 1.5 m. The WDD started logging data at the 30 second mark, and the source
started moving at approximately the 70 second mark. The results of the measurements are shown
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in Fig. 6-15. The peak from the source passing the WDD in the most challenging detection
scenario, bare 2°Cf moving at 1.2 m/s, blended into the background signal. As the source speed
decreased to 0.6 seconds and the source was moderated, the signal peak became more prominent.
However, notice that the background count rate at the source starting and ending location was
significantly higher than previous background measurements. This was likely caused by imperfect
shielding where neutrons could stream through or scatter around the borated HDPE blocks.
Improving the shielding or increasing the length of the track would improve the experiment and
likely increase the signal-to-noise ratio as the source passed the WDD for all configurations tested.
The signal from the moving source improved when the distance of closest approach was reduced
to 1 m (see plots in Appendix D).

Finally, the gamma-ray rejection ratio (GRR) was measured with a *’Cs source at an
exposure rate of 10 mR/hr, which matches the exposure rate used in other gamma sensitivity
measurements for neutron detectors [161, 162]. The GRR was 1.8 x 108 indicating the WDD was
largely insensitive to gamma rays. Additional analysis of the WDD V.1 can be found in reference
[119].
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Fig. 6-15. WDD V.1 response to a moving neutron source. The distance of closest approach was 1.5 m and
occurred at approximately the 70-second mark. Elevated background at the starting and end location mask
the transient signal for some measurements.

6.3.2. Wired WDD V.2

The wired version of the WDD V.2 comprises 16 MND MK |11 packages coupled to low-
voltage differential signal (L\VVDS) communication boards that attached to a master control module
via 6-pin ribbon cable leads. The MND and LVVDS communication dongle were enclosed in a 6.4-
cm wide, 10.5-cm long, 1.4-cm thick ABS plastic case, which was more compact and low profile
than the previous version (Fig. 6-16). As with the previous WDD, the master control board
received the count rate information from the LDVS communication dongles on the MNDs and
relayed the data to an Android readout device. Two thin, 3.85 V, 2900 mAh, Li-ion cell phone
batteries were used in place of the three bulky 18650 batteries in the master control module to
provide power to the control modules, communication dongles, and MNDs. The total weight of
the wired WDD V.2 installed in a custom prototype vest was approximately 8 Ibs (3.6 kg). The
Android readout application remained largely the same with options to display the real-time

neutron count rate from all the detectors in the system or monitor the count rate from individual
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detectors. Time-stamped count rate information was stored on the Android device for post-mission

analysis.

Fig. 6-16. (Left) Diagram of the wired connections in the WDD V.2. (Right) Photo of wired MND
installation into a concealed pocket in a prototype garment.

The wired WDD V.2 was mounted onto an ANSI 42.53 phantom, and the neutron
sensitivity was measured with a bare 2°2Cf source, moderated 2>2Cf source, and bare AmBe source
at distances of 0.5, 1.0, 1.5, and 2.0 m. The results for the measurements are shown and compared
to the WDD V.1 in Fig. 6-17. When the source was close to the phantom, 1 m or less, the V.1 and
V.2 WDDs performed nearly equally. When the source distance was increased past 1 m, the WDD
V.2 had better performance, which can likely be attributed to the different case designs. The V.2
cases were thin ABS plastic, and the V.1 cases were made of thicker HDPE. As the source-to-
detector distance increases the neutron energy spectrum shifts to lower energies, and the HDPE
case on the V.1 WDD may have caused some already thermalized neutrons to scatter away from
the detector. The thinner cases in the WDD V.2 scatter away fewer thermal neutrons. For bare
sources with shorter source-to-detector distances, the majority of neutron thermalization would
occur in the phantom and the effects of the case material would have less impact. The angular
response of the WDD to moderated 252Cf is shown in Fig. 6-18. Both versions have the same basic
shape with a dip in response for side-on irradiation, which was expected because the layout of the
detectors in the protype garments were nearly identical.
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Fig. 6-17. (Left) Count rate as a function of distance for the wired WDD V.2 for bare *°Cf, moderated
%2Cf, and bare AmBe. (Right) Counts per second per unit flux from the three neutron sources as a function
of distance for V.1 and V.2 WDDs. The error bars are within the size of the data point.
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Fig. 6-18. Angular response of WDDs to moderated *2Cf normalized at 0°.
Measurements with a moving source were performed for bare and moderated 2°2Cf moving
at 1.2 and 0.6 m/s with a distance of closest approach of 1 m. Screenshots of the Android
application readout from these measurements are shown in Fig. 6-19. Again, a peak clearly appears
for the moderated 252Cf measurements. The sensitivity is lower for the fast neutrons from bare
22Cf and the peak from when the source passes the WDD is harder to distinguish from the elevated
background.
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Fig. 6-19. Screenshots of count rate vs time plot from Android application for moving source measurements
with the wired WDD V.2. The distance of closest approach was 1 m for all measurements. Statistically
significant detection was achieved for all but the bare *2Cf moving at 1.5 m/s scenario.

The GRR was measured with a **’Cs gamma-ray source positioned to provide the phantom
with an exposure rate of approximately 10 mR/hr. The net count rate with the gamma-ray source
present was 0.0335 + 0.0006 cps resulting in a GRR of 6.2x10°. The low gamma-ray sensitivity
within the MND is critical for operation in mixed gamma-ray and neutron environments. Because
the MNDs are largely insensitive to gamma rays, the operator can be confident a neutron source is
present if the MNDs signal an alarm. The wired WDD V.2 was lighter, more compact, and had
higher neutron sensitivity than the WDD V.1. Both versions allow for an operator to deploy the
system in covert scenarios where RF transmission from WIFI or Bluetooth are not allowed.
Additional information on the wired WDD V.2 can be found in the following reference [120].
6.3.3. Wireless WDD V.2

A wireless WDD V.2 was produced utilizing Bluetooth Low Energy (BLE) to transmit data
from MND Mk 11l and Modular Gamma-ray Detector (MGD) packages directly to an Android
device eliminating the need for a master control module and central battery pack. The wireless
WDD V.2 comprises 16 MND MK IlIs, two MGDs, and an Android phone. The MNDs and MGDs
are each connected to an BLE communications dongle and have an onboard Li-ion battery capable

of wireless charging within its ABS plastic case. The dimensions of the wireless MND are 11.2
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cm x 6.1 cm x 1.7 cm which was slightly thicker than the wired MND. The wireless MNDs have
a continuous operation time of approximately 3 weeks on a single charge.

The MGDs contained seven LND model 713 Geiger-Mdller (GM) gamma-ray detectors
and accompanying electronics (see Fig. 6-20). High-voltage bias supply and power regulating
electronics were also added to the MGD to meet the bias requirements for the GM tube. Although
the MGD cannot provide gamma-ray spectroscopy, the count rate alarm will alert the operator to
the presence of local gamma-ray sources. The MGD is slightly larger than the wireless MND
measuring 10.9 cm x 6.1 cm x 2.1 cm. The wireless capability of the detector modules improves
the reconfigurability, because the location of the detectors is not limited by a wiring harness. The
operator can load as many or as few detectors as needed into a specialized or standard garment and
start their mission. The Android application was also updated to include summed and individual
count rates from the MGD detectors. Detailed information on the wireless WDD V.2 system can
be found in [163].

Fig. 6-20. Modular Gamma-ray Detector (MGD) with seven LND model 713 Geiger-Mdiller detectors. The
wireless MGD has an onboard rechargeable battery, BLE communications board, and all required signal
processing electronics.

The wireless WDD was independently tested at Pacific Northwest National Laboratory
(PNNL), and then, the tests were repeated at the KSU S.M.A.R.T. Laboratory. At PNNL, the WDD
V.2 was outfitted with 16 wireless MNDs. Eight were positioned on the front of the phantom, and
the remaining eight were placed on the back of the phantom. Only eight MNDs were used in the
KSU test campaign. The measurements were performed twice at KSU; once performed with the
detectors on the front of the phantom, and once with the detectors on the back on the phantom.
The results of the two measurements were summed to estimate the count rate of a fully populated,
16 MND, WDD. Also, two MGDs were used in the KSU test campaign. The MGDs were located
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on the sides of the phantom for all measurements. The wireless WDD V.2 mounted on a phantom

is shown in Fig. 6-21.

Fig. 6-21. Wireless WDD in prototype garment mounted on an ANSI 42.53 phantom.
Measurements were performed with bare 252Cf, moderated 2°°Cf, and bare AmBe
positioned to provide neutron fluxes of 0.1, 1.0, 5.0 and 10 n cm? st The results of the
measurements are shown in Fig. 6-22. The results showed good agreement between both testing
locations. The slightly higher neutron response at the KSU test facility can be attributed to
increased neutron albedo in the testing environment. In all the measurements, the foreground count

rate was significantly higher than the background count rate.
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Fig. 6-22. Wireless WDD V.2 response to bare ?2Cf, moderated **Cf, and bare AmBe for neutron fluxes
of 0.1, 1, 5, and 10 n cm s from measurements performed at PNNL and KSU. The error bars are smaller

than the data point.
The angular response of the wireless WDD V.2 with 16 MNDs and 2 MGDs for bare 22Cf

neutrons and gamma rays was measured and is shown in Fig. 6-23. The neutron results show a dip
in the response for side-on irradiations as expected. The gamma-ray response peaked when the
phantom was irradiated at 90°, because the MGDs were located on the sides of the garment. The
decreased gamma-ray signal at 180° (back-side irradiation) was most likely caused, because the
MGDs were positioned nearer to the front of the phantom rather than directly on the mid-plane
due to the size and construction of the garment.

PNNL measured the Gamma Absolute Rejection Ratio for neutrons (GARRn). The
GARRn is measured with a bare 2°2Cf neutron source providing 10 n cm? s flux and a %°Co
gamma-ray source providing 10 mR/h exposure. A measurement is performed with both sources
present, and then another measurement is performed with only the 22Cf source present. The ratio
of the responses is the GARRN [162]. An ideal GARRn is 1.0 which indicates that the neutron
detectors have no gamma-ray response. The GARRn for the wireless WDD V.2 with 16 MNDs
was 1.02 £ 0.0039 well within the acceptable range of 0.9 to 1.1 [162].
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Fig. 6-23. Wireless WDD V.2 angular response to bare 2°2Cf. The neutron measurements were performed
at PNNL, and the gamma-ray measurements were performed at KSU.

6.3.4. Reconfigurable Wearable Detector (RWD)

The Reconfigurable Wearable Detector (RWD) system has been designed to utilize the
newly developed Modular Radiation Detectors (MRDs) implementing DS-MSND technology for
neutron detection and a Srlz(Eu) scintillation detector mounted on SiPMs for gamma-ray detection.
The RWD will integrate both wired and wireless transmitters into a single detector package,
thereby, allowing the operator to switch freely between the mode of operation as the mission
dictates. The features of the MRD were previously described in Section 6.2.2.

When operating in wireless mode, each MRD establishes a WiFi direct connection to the
Android readout device for direct communication between the module and phone or tablet. The
phone can be used to program bias and discriminator settings for the MRDs, and the MRDs sends
gamma-ray and neutron count rates, gamma-ray spectrum, and module temperature information to
the readout device. In wired operation, the MRDs are daisy chained together to a single “master”
MRD that is connected to the phone with a custom USB-cable. The “master” MRD interfaces
directly with the Android device. For operational simplicity, all MRDs are capable of being
operated as the “master” MRD.

The application developed for the Android readout device is responsible for processing the
neutron and gamma-ray alarms, isotope identification, dose rate, and source directionality
functions. The neutron and gamma-ray alarms will be triggered if the average count rate or number
of counts measured in a given sample time (1-4 seconds) is statistically higher than the background
count rate. The background count rate is calibrated when the system is initialized by performing a
measurement at the start of the mission with no sources present for at least one minute. The

operator can then decide to use the initial static background for the entire duration of the mission
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or utilize a rolling background where the background count rate is continually updated based on
the previous 1-10 minutes of operation if no radiation alarms were triggered.

Isotope identification will be performed based on the pulse height spectra measured with
the Srl>(Eu) detectors. The pulse height spectrum from each detector will be sent to the Android
device every 1-10 minutes or every time an alarm is triggered. The spectra are then combined and
sent to an on-board version of GADRAS which provides the isotope ID algorithms. The
temperature of each module is also sent with the spectrum to correct for temperature non-linearities
in the output from the scintillation crystal and SiPMs. If matched, the identified isotope is
displayed and stored along with the alarm information on the Android application.

By the end of the project, the Android application will also display real-time neutron and
gamma-ray dose rates and implement a directionality algorithm that is used to point the operator
in the direction of the source. Baseline simulations performed to determine the capabilities of the
MRD as a neutron dosimeter and preliminary directional algorithms are presented in this chapter.

RWD MCNP Simulations

The WDDs and RWD developed by the KSU/Alion/RDT team over the past several years
[119, 120] have been designed considering the alarming requirements set forth in ANSI N42.53,
American National Standard Performance Criteria for Backpack-Based Radiation-Detection
Systems Used for Homeland Security [160]. The standard states that the maximum neutron
background flux in which standardized measurements can be performed is 200 neutrons m2 s
(0.02 n cm s). The detector systems are mounted on a standard phantom to emulate the
moderation and attenuation characteristics of a human body. Once on the phantom, the detector
system has a maximum allowable stabilization time of 15 minutes. The neutron alarming
requirement states that the detector system should signal an alarm within two seconds after a bare
or moderated 2°2Cf source with an emission rate of 20,000 n s moving at 1.2 m s™ passes the
point of closest approach, which is 1.5-m from the phantom. The problem geometry is shown in
Fig. 6-24. The detector is then rotated in 45° increments, and the measurements are repeated. The
neutron detector system should signal an alarm regardless of source-detector orientation. Per the
ANSI specification, a bare 2>2Cf source is encased in a spherical pig containing 0.5-cm thick lead
and 1-cm thick steel shields. The source and pig is then inserted into a 4-cm thick, spherical HDPE

moderator cask for the moderated 2°°Cf measurements.
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Fig. 6-24. Diagram of moving source and phantom geometry for neutron alarm requirements. The depicted
configuration was considered the 0° test case.

Simulation of RWD with MRDs Utilizing DS-MSND

The DS-MSNDs used in the MRD will have an intrinsic detection efficiency between 60%
and 70% for 0.0253-eV neutrons, which is twice the detection efficiency of the MSNDs in previous
generation MNDs. MCNP6.1 simulations were performed to optimize the number of MRDs and
number of DS-MSNDs in each MRD for the RWD system. In the simulations, each DS-MSND
was modeled with the parameters listed in Table 6-6, which corresponds to an intrinsic thermal
neutron detection efficiency of 65%. Arrays of 12 and 16 DS-MSNDs were considered to reduce
SWAP parameters in the MRDs. RWDs containing up to 24 MRDs were simulated, and the RWD
configurations on the phantom used in the simulations are listed in Table 6-7. The MRDs were
arranged as symmetrically as possible to keep the angular response uniform and aid in the
implementation of source directionality algorithms that can point the operator in the general
direction of the source in real time.

Table 6-6. DS-MSND specification for MRD optimization simulations.

Parameter DS-MSND (Offset)
Microfeature Shape Straight Trench
Wafer Thickness 1500 um
Microfeature Depth 550 pm

Unit Cell Width 30 um
Trench Width 10 um
Backfill Material SLiF
Packing Fraction 35%

Lower Level Discriminator 300 keV
Neutron Source (Isotropic) 22Cf
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Table 6-7. MRD locations on phantom for ANSI 42.53 neutron alarming requirement optimization
simulations.

Number of MRDs Locations Image

2 on front,
8 2 on back,

2 on each side

4 on front,
12 4 on back,

2 on each side

6 on front,
16 6 on back,
2 on each side

8 on front,
20 8 on back,
2 on each side

10 on front,
24 10 on back,

2 on each side

The background response for a single MRD with 65% &int DS-MSNDs centrally located on
the phantom as specified in ANSI 42.53 was modeled in MCNP. The background source was a
volumetric neutron source with a geographically dependent neutron energy spectrum, which is
built in feature for MCNP and was implemented using the BN source parameter. The simulated
response for neutron background radiation are listed in Table 6-8 along with the expected
background count rate calculated with Eqg. 6-1 with an assumed background neutron flux of
200 n m? s [160]. It was assumed that each MRD would have the same response to background

radiation regardless of the location of the MRD on the phantom, because the background source
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field was assumed uniform and isotropic. The expected background count rate for the RWD system
was calculated by taking the expected count rate for a single MRD and multiplying by the number
of MRDs in the system. It should be noted that in real-world applications detectors near the center
of the phantom have be more sensitive to background neutrons, because they are surrounded by
more moderator. Also, all simulations were performed with the detectors located on the ANSI
standard phantom. The operator’s height, weight, and muscle mass percentage will affect their

neutron moderating characteristics and thus the sensitivity of the detector system.
b= e A Eg. 6-1

b = background count rate

@ = background neutron flux

Eaps = absolute background neutron detection ef ficiency
A = Area of DSMSNDs in MND

Table 6-8. Simulation results for a single MRD mounted on a phantom in a background neutron flux
environment.

Number of DS-MSNDs Absolute Detection Predicted Background Count
in the MRD Efficiency, €,4p5 Rate (cps) for 1 MRD
12 3.56E-02+=7E-4 0.0085=+0.0002
16 4.67E-02 = 9E-4 0.0149 +0.0003

Prior to starting the mission, a background calibration measurement to determine the
baseline neutron flux environment is performed with the RWD. It is assumed that the background
neutron flux will not drastically change throughout the duration of the mission, which may be a
valid assumption because the background neutron level tends to be low and constant [2]. After the
background calibration measurement is completed, the mission can begin. During the mission, the
real-time count rate of all the MRDs in the system will be updated to the handled device once per
second, and per the ANSI specification, the system needs to alarm to the presence of the neutron
source within two seconds after the passing the point of closest approach.

A common method to determine the level on which to set the alarming trigger based on the
background radiation level and acceptable detection tolerances is described by Currie [164] and
re-iterated in other texts [44, 45, 165]. The critical level, Lc, is the decision point on which to

determine if an alarm is triggered and is defined in Eq. 6-2. If the reported count rate is greater
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than Lc, then a source is said to be present. If the count rate is lower than Lc, no source is present

above the natural background level.

LC = kaao Eq 6-2

a = tolerance for error of the first kind (false positive)
k.= Gaussian probability level corresponding to 1-a
oo = error for when net count rate is equal to zero
For the RWD, the duration of the background calibration measurement and mission

measurements are not equal. Thus, oo takes the form shown in Eq. 6-3 where B is the number of
background counts recorded during the mission measurement time, tm, and B is the number of
background counts recorded during the background calibration measurement time, tc.a. The
mission measurement time is limited to 1-4 seconds due to the alarming requirements, and the
background calibration time is limited to 15 minutes. However, for the simulations presented
herein, a two-minute background measurement time was used to reduce long start-up times for

real-world deployment

B B
oo = [+ | Eq. 6-3
t t
m cal

Setting the alarm to trigger on the critical level, Lc, limits the probability of Type | errors
to a predefined acceptance level. For example, if kzis 1.654 the confidence level is 95%. However,
Lcdoes not predict how well the detector system can alarm when a source is indeed present. Thus,
the concept of detection limit, Zp, is commonly introduced that indicates the number of counts
required to trigger an alarm most of the time (within some confidence level) when an actual source
is being measured [44, 45, 164, 165]. Eq. 6-4 shows how the detection limit is determined where
[ is the tolerance level for Type Il errors (false negatives), kgzis the associated confidence level
factor based on a Gaussian distribution, and op is the error in the net number of counts recorded

during the sample period, which include background and source contribution
Lp = L; +kgop . Eq. 6-4
For performance predictions, one solves for Lp, the number of counts or average count rate
needed in the sample period to be able to repeatably detect a given source with few Type Il errors

(false negatives). For some net count rate, n, the standard error is shown in Eq. 6-5, where Gn is

the gross number of counts in the measurement interval, and Nm is the net number of counts
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recorded during the mission measurement interval. Lp in Eq. 6-4 can then be determined by setting

on in Eq. 6-5 equal to op, and the result is shown in Eq. 6-6.

o, =

Nm Bm Bcal

ot i

cal

L
L)

1 /k,;\/kétca, +4Lcteqitm + 4bteatn +4bth 2

+ t—ﬁ + 2L, Eq. 6-6

m

Shown in Fig. 6-25 are the required average net count rates to trigger an alarm at Zcand

the detection limit, Zp, which is the minimum desired count rate for the problem geometry
described in ANSI 42.53 to limit the false negative error likelihood to less than 95%. All plots

assumed a 2-minute background calibration would be performed. The results for 1, 2, 3, and 4-

second long measurement times or decision windows are plotted. To trigger an alarm the average

net count rate over the whole decision window must be above L for a given number of MRDs

deployed in the RWD system.
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containing 16 or 12, 65% &, DS-MSNDs. An average net count rate over the duration of the decision
window above the critical decision level triggers a neutron alarm. The background calibration
measurement was 2 minutes and decisions windows of 1, 2, 3, and 4 seconds are shown.



To estimate the response of the RWD to the moving source measurements shown in Fig.
6-24, simulations were performed with the source starting at the centerline of the phantom 1.5
meters away and repeated with the source shifted laterally in 20-cm increments until the source
had traveled in a straight line 2.4 m from the source. The simulations were performed for the Q°
orientation (y-direction), where the source travels parallel to the torso of the phantom, and the 90°
orientation (x-direction), where the source travels parallel to the thin side of the phantom. Because
the problem space is symmetrical, the results were mirrored across the 0-cm position indicating
what the expected response would be when the source approaches and then passes the RWD.
Moderated and bare 2°2Cf sources were considered with a neutron emission rate of 20,000 n s*
(see Fig. 6-26).
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modeled. RWDs containing 8 to 24 MRDs were considered, see Table 6-7 for MRD orientation.
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The expected average count rates over measurement times of 1, 2, 3, and 4 seconds for the
12 and 16 DS-MSND MRDs plotted against L. and Lp for 95% and 90% confidence levels are
shown in Fig. 6-27 and Fig. 6-28. As expected, as the number of MRDs in the RWD increases, the
neutron response increases over the background and over L.. The simulations indicate two to three
second measurement intervals are optimum for maximizing the probability of detecting the source.
The worst-case scenario was bare 2°2Cf moving in the x-direction past the side of the phantom. To
improve the probability of detection the operator can load additional MRDs into the RWD to
improve the source to detector solid angle or multiple RWDs could be deployed simultaneously
on multiple operators that would maneuver around an area together to search for radioactive
material. Note that with the source definitions and problem geometries specified in ANSI 42.53,
only 228 neutrons per second intersect the entire phantom, and for bare 2°2Cf the average neutron
energy is 2.13 MeV. Additional moderator can be added to the system to increase the neutron
response for higher energy neutrons but at the costs of increasing the size and weight of the
modules, which were designed to be concealable. Using pre-mission intelligence, slower patrol
speeds, and optimized patrol search patterns will help to mitigate any false negatives that could
occur when looking for very small sources. If the size of the source in question is somewhat known
beforehand, additional or fewer MRDs can be loaded into the RWD to more accurately fulfil the

mission needs.
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Fig. 6-27. Expected average count rate of RWD during 1, 2, 3, and 4 second measurements for moving bare
and moderated 2*°Cf sources compared to 95% confidence Z.and L, thresholds.
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Fig. 6-28. Expected average count rate of RWD during 1, 2, 3, and 4 second measurements for moving bare
and moderated 2°2Cf sources compared to 90% confidence Z.and L, thresholds.

Point Source Localization

The utility of the RWD can be further enhanced by implementing a point source localization

algorithm. One possible method to determine the direction of a point neutron source relative to the

detector operator is to compare the count rates of all the detectors in the system and define a

directional vector based the relative count rates. A simple algorithm to roughly determine the

direction of the source relative to the operator is described below.

1. Each detector is assigned a physical location (i,j,k). This step would be performed when

the detector system is initialized. It may be possible to adjust the magnitude of the vector

based on common body size parameters, i.e. height, weight, BMI. An example numbering

scheme is shown in Fig. 6-29.

2. Calculate weighting parameter, w, for each MND

Countsygp ;

Yi= Total Counts fromall MRDs

3. Calculate directional vector, V. viis directional vector pointing from the center of the

phantom to the MRD location.
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# MNDs
V= E W;V;
i=1

4. If the magnitude of the directional vector is larger than a threshold directional vector

calibrated to background radiation, a point neutron source is likely present.

Shown in Fig. 6-30 are the components of the directional vector from simulations of a

moderated 2°2Cf source revolved 360° around the detector. Note that the same source location

algorithm can be simultaneously applied with the gamma-ray detectors in the MRDs.

1,-2,1

(0,3,0)
I8

Fig. 6-29. Detector configuration and location identification for 14 MRD RWD system.
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Fig. 6-30. x, y, and z components of directional vector as a moderated 252Cf is rotated around the phantom.

6.3.5. Neutron Dosimetry Capabilities of the RWD

Simulations were performed to determine the feasibility of using the MNDs or MRDs in

the wearable detectors as neutron dosimeters. The following subsections give a concise overview
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of neutron dosimetry followed by the simulations results of the RWD’s neutron dosimetry
capabilities.

Neutron Dosimetry Overview

In the field of radiation dosimetry, radiation detectors are used to correlate the local
radiation environment to real radiation induced effects on humans. This measurement process is
different than the previous sections where the focus was simply indicating the presence of a
neutron source. The most basic measure of the effect radiation has on matter is the absorbed dose.
Absorbed dose, D, is the average energy absorbed from any type of radiation per unit mass of the
absorber [45, 46]. The dose equivalent, A, was defined to reflect the biological effectiveness of the
ionization density of charged particle tracks from the ionizing radiation at a point in tissue? [166].
Dose equivalent is the product of the absorbed dose and quality factor, @, at a point in tissue. The
quality factor is a function of the linear energy transfer radiation in water and converts dose to
dose equivalent by the following equation [166]

H=DQ() . Eq. 6-7

The quality factor is higher (~20) for radiation with high ionization density tracks (alpha particles,
fission fragments) and lower (1) for radiation with low ionization density tracks (electrons, gamma
rays). For neutrons, the quality factor ranges from one to about twenty because the primary
interaction mechanism changes as a function of neutron energy. The dose equivalent is classified
as a protection guantity, which is used to quantify the extent of exposure of the human body to
ionizing radiation [167]. This can then be used to predict deterministic and stochastic health effects
related to radiation exposure. However, it is not possible to directly measure the dose equivalent.
Thus, operational quantities like the ambient dose equivalent were defined that can be practically
measured with calibrated radiation detectors and correlated to the effective dose or dose equivalent
[167].

The ambient dose equivalent, H*(10), was defined by the International Committee on
Radiation Units and Measurements (ICRU) as an operational dose quantity to determine the dose

equivalent for a person based on the radiation fluence. Formally, as defined by the International

2 Dose equivalent is a legacy term originally defined in ICRP Publication 26 and has since be replaced by equivalent
dose in ICRP 60.
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Committee on Radiation Protection (ICRP), the “ambient dose equivalent H*(d), at a point in a
radiation field is the dose equivalent that would be produced by the corresponding expanded and
aligned field in the ICRU sphere at a depth, d, on the radius opposing the direction of the aligned
field. The unit of ambient dose equivalent is joule per kilogram (J kg?) and its special name is
Sievert (Sv)” [168]. A depth of 10 mm is commonly used for highly penetrating radiation such as
neutrons. This depth in the ICRU sphere is used because the ambient dose equivalent (operational
quantity) gives a conservative estimate of the effective dose (protection quantity) a person would
receive for neutrons with energies between 50 keV and 2.5 MeV. Outside this range, the effective
dose can be higher than the ambient dose equivalent, but for typical broad neutron spectra found
at many radiation facilities, the ambient dose equivalent is conservative [169]. Ambient dose
equivalent is still a commonly used measure for radiation area monitoring, and common rem
meters are the Andersson-Braun rem counter, Hankins rem ball, or PRESCILA dosimeter [48, 170,
171].

In a monoenergetic neutron field, the ambient dose equivalent can be calculated with
Eq. 6-8, where Ace is the energy dependent fluence to ambient dose equivalent conversion
coefficient (see Fig. 6-31), and @ is the monoenergetic neutron fluence. However, most real-world
neutron environments are not monoenergetic, and Eq. 6-8 takes the form of Eq. 6-9 where
contributions from all neutron energies are considered [129].

H*(10) = heee * @ Eq. 6-8

H*(10) = f Oohcc(E)cb (E)dE Eg. 6-9
0

0 ICRP 74 Conversion Coefficients

—e— [CRP-74
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(=
(¥}
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(=]
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Fig. 6-31. ICRP 74 neutron fluence to ambient dose conversion coefficients. The detector response function
of rem meters is tailored to try match the shape of A*(710)/® curve [168].
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It is required to know the energy dependent neutron fluence, @(E), to calculate the ambient
dose equivalent using Eq. 6-9. While the energy dependent fluence can be indirectly measured and
unfolded [172, 173], it is common to try to match the response function of a detector to the fluence
to dose conversion factor for real time dose monitoring. The energy dependent response function
for a neutron detector can be expressed with Eq. 6-10, where d.is the fluence to counts conversion
coefficient, and C'is a count to dose calibration constant with units of Sv per count [170]. If the
detector response function matches the fluence to dose conversion coefficients, the ambient dose
equivalent can be accurately measured without knowledge of the energy distribution of the local
neutron radiation environment [170]

R= [ Cd(E)® (E)E . Eq. 6-10

A metric used to quantify the performance of a dose monitor is the relative response per
unit dose, which is the ratio of the energy dependent detector response function to the ambient
dose equivalent conversion coefficients, decc(E)/hcc(E), 01 the ratio of Eq. 6-10/Eq. 6-9 normalized
at some neutron energy. An ideal ambient dose equivalent rem meter would have a relative
response per unit dose equal to one for all energies, meaning it exactly matches the fluence to dose
conversion coefficients. The relative response per unit fluence is related to the sensitivity of
detector, and if the shape of the response function matches the shape of the conversion coefficients
curve, higher response per unit fluence is desired. The relative response per unit fluence for some

common dose meters is shown in Fig. 6-32.
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Fig. 6-32. Relative response per unit dose equivalent for the PRESCILA, WENDI-I1, Anderson-Braun (AB),
and Hankins-NRD dose meters as a function of neutron energy. Calculated from data presented in [48].
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Many of the commonly available dose meters tend to overestimate the ambient dose
equivalent for thermal and epithermal neutrons and underestimate the dose from high energy
neutrons. More advanced neutron dose meters include multiple detectors, moderators, and
absorber layers within a single detector system. The responses of the detectors at different locations
in the detector system can be placed into relative neutron energy bins thereby forming a real time
neutron energy spectrometer [123, 127, 129]. The detector system response can then be more
closely calibrated to match the ambient dose equivalent conversion coefficients. However, the
more advanced system is still a handheld device. A rem meter that can be worn by the operator
and operated hands-free may be beneficial in some applications and has been previously suggested
as an alternative to handhelds [174]. In addition to the weight of the detector system being
distributed across the operator’s shoulders instead of on one arm, constantly wearing the dosimeter
may provide a more accurate recorded dose equivalent. The weight of the detector system will also
be reduced, because the wearable dose meter could use the body as the neutron moderator instead
of relying on external moderator. Thus, a feasibility study was performed to determine if the RWD
could also be deployed as a neutron dose monitor.

Single Channel RWD Neutron Dosimeter

First, the energy dependent neutron response function was determined by MCNP6
simulation for an MRD centrally located on an ANSI N42.53 phantom. The entire phantom was
irradiated by a monodirectional, monoenergetic neutron beam, and the number of counts recorded
by the MND was tallied and normalized per source particle (see sample Python script in Appendix
C). Shown in Fig. 6-33 is a diagram of the problem geometry. The MRDs in this study had 24, 1-
cm? DS-MSNDs with intrinsic thermal-neutron (0.025 eV) detection efficiency of 69%. The
simulation was performed for neutron energies ranging from 10°° MeV to 20 MeV. The same set
of simulations was then repeated with the phantom irradiated from the back side to estimate the
response of single MND located on the opposite side of the phantom. The detector response per
unit fluence was calculated by dividing the response per source-particle tally by the results of a
cell fluence tally in the phantom for a problem geometry composed of all void regions. The relative
response per unit dose was calculated by determining the ratio of the energy dependent detector
response function, dec(E), to the ICRP 74 energy dependent fluence to ambient dose equivalent

conversion coefficients, A«(E), and normalizing to a single neutron energy (Fig. 6-34) [168].
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Fig. 6-33. (Left) 3D model of MRD centrally located on ANSI 42.53 phantom. (Middle and Right)
Visualizations of neutron irradiation on front side and back side of phantom by a mono-energetic, mono-
directional neutron beam with beam diameter of 1 meter.
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Fig. 6-34. (Left) MRD energy dependent response per unit fluence. (Right) Relative response per unit flux
for a single MRD on a phantom normalized to 1 eV.

As expected, the response per unit fluence for the front MRD was relatively high compared
to the Andersson-Braun, Hankins, or PRESCILA rem meters up to neutron energies of about 1
MeV, because the MRD was designed to have high detection efficiency for thermal neutrons, and
the phantom increases the response rate for epithermal neutrons through moderation and
backscattering. The shape of the response function of the front-side MRD matches very well with
the ICRP74 dose equivalent conversion coefficients [168] for neutrons with energies up to
approximately 10 keV and then sharply declines. The response function from the MRD when the
phantom was irradiated from the backside more closely matches the shape H*(10) conversion
coefficients and looks similar to the response function from an Andersson-Braun or Hankins rem
meter. Geometrically, the detector-source configuration is similar for all three, since there is a

large moderating medium between the detector and source. For the Andersson-Braun and Hankins
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rem meter the moderator is the HDPE cask, and the moderating medium is the phantom for the
MRD. Adding additional MRDs to the system increases the response per unit flux but does not
change the shape of the response function.

Multi-Channel RWD Neutron Dosimeter

An RWD with unmodified MRDs would be a high accuracy dose meter in a neutron
environment containing only thermal neutrons; however, it would be inaccurate to assume only
thermal neutrons exist in many real-world applications. Also, thermal neutrons contribute to only
a small fraction of an operators dose. Therefore, simulations were performed to determine if the
response function could be improved by adding neutron absorbers around the MRDs and
modifying the backfill material.

Three modifications were made to the MRD design to try to separate the detector response
function into thermal, epithermal, and fast neutron bins. To form the thermal neutron channel, a 1-
mm thick Cd sheet was position between the phantom and the MRD. Cadmium has a large neutron
capture cross section for neutron energies less than about 0.5 eV, and therefore, the Cd sheet should
absorb any neutrons that scatter back toward the MND after being moderated in the phantom.
Ideally, the thermal MRD should only detect neutrons that are emitted from the neutron source
with near thermal energy, because epithermal and fast neutrons will have to be thermalized in
phantom before they are detected. A 1-mm thick Cd case was wrapped around the outside of an
MRD to form the epithermal MRD. Opposite of the thermal MRD, the epithermal MRD should
not be sensitive to thermal neutrons emitted from the source and can only detect neutrons that have
scattered in the phantom. The Cd absorber may require additional shielding to protect the user
from dose from capture gamma rays. Alternatively, ®Li-loaded material could be used as the
absorbing shield which doesn’t emit capture gamma rays for thermal neutron absorptions, but the
absorber thickness would need to be increased to offset the lower neutron capture cross section.
The fast MRD was made by replacing the ®LiF-backfilled DS-MSNDs with wax-backfilled DS-
MSNDs. The fast MRD relies on proton recoil from high energy neutron scattering events in the
hydrogenous wax to deposit energy in the silicon substrate and subsequently be detected. Images
of each detector are shown in Fig. 6-35. The trench geometry for the wax-backfilled DS-MSNDs
was not changed from the °LiF-backfilled DS-MSNDs. Additional optimization could be

performed to improve the fast-neutron response.
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Fig. 6-35. Thermal, epithermal, and fast sensitive MRDs. Cadmium absorbers were positioned to either
absorb initially thermal neutrons or absorb neutrons thermalized in the phantom. The fast-neutron sensitive
MRD replaces °LiF convertor material with hydrogenous wax that relies on proton recoil to produce a
charged-particle reaction product that interacts in the adjacent silicon microfeatures.

Simulations were performed for an MRD-based rem meter containing one fast-, one
epithermal-, and one thermal-neutron sensitive MRD on each side of the phantom, and the
response for each MRD was recorded individually. The total response function of the system can
now be represented by Eq. 6-11, and calibration coefficients for each MRD channel can be tailored
so that the total response matches more closely to the ambient dose equivalent conversion
coefficients. The th, epi, and fastsubscripts differentiate the calibration coefficients and response
functions for thermal, epithermal, and fast neutron sensitive MRDs, respectively

R = [, (Cenden(E) + Copidepi(E)+Crasedrase (E))P (E)dE . Eq. 6-11

The response function per unit fluence and relative response per unit dose equivalent are
shown in Fig. 6-36. The response per unit fluence for the RWD rem meter is significantly higher
than that for the commercial rem meters at low neutron energies, but at high neutron energies the
response per unit fluence for the RWD rem meters is significantly lower than PRESCILA and
WENDI-1I and about the same magnitude as Andersson-Braun and Hankins rem meters. The
relative response per unit dose with for the three-channel MRD system matches much more closely
to the fluence to dose conversion coefficients when each channel of the MRD is calibrated
separately compared to summing the responses from all MRDs and trying to set a single calibration
coefficient. When compared to the commercial rem meters, the three-channel MND rem meter
responds more closely to ICRP74 for neutron energies less than about 10 keV, and then performs

about as well as the commercial detectors between 1 MeV and 20 MeV. For neutron energies
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between 10 keV and 1 MeV, the three-channel MND system significantly underestimates the dose
equivalent. It may be possible to fine tune the calibration coefficients for the thermal and
epithermal MNDs to overestimate the dose at lower neutron energies in a way that makes up for
the underestimation between 10 keV and 1 MeV.
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Fig. 6-36. (Left) Detector response per unit fluence for all six MRDs in the three-channel RWD dosimeter
system. (Right) Response per unit ambient dose equivalent for the three-channel system using calibration
coefficients of the form shown in Eq. 6-11.
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Fig. 6-37. Comparison of the three-channel RWD dosimeter to other common commercial dose monitors.
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Chapter 7 - Conclusions

A need has persisted for low-cost, high efficiency, thermal neutron detectors to replace
expensive 3He gas-filled detectors. Single-sided MSNDs were developed as an early solution
offering moderate intrinsic thermal-neutron detection efficiency (~30%) and are compact, low-
power, inexpensive, mass-producible, and rugged [20, 21, 25, 26, 28]. The single-sided MSNDs
could be stacked and integrated to increase the neutron detection efficiency to up to 42% [22];
however, macroscopically aligning microscopic trenches to eliminate neutron free streaming paths
was unreliable. DS-MSNDs were then developed as a means to reliably increase the neutron
detection efficiency to greater than 50% for 1-mm thick, 1-cm? active area detectors by using VLSI
processing to efficiently align and etch offset trenches on both sides of a silicon diode [30-33].
Unfortunately, the highest measured intrinsic-thermal neutron detection efficiency for these DS-
MSNDs was 53.5 + 0.6%, which fell short of the theoretical maximum intrinsic thermal-neutron
detection efficiency of approximately 80% [33]. This work showed that the main factor limiting
the detection efficiency for DS-MSNDs was the ®LiF backfill packing density within the DS-
MSND trenches. Improved backfilling methods were developed and coupled with increased trench
depth etching processes on 1.5-mm thick silicon wafers, a record breaking intrinsic thermal-
neutron detection efficiency of 69.3 + 1.5% was achieved truly rivaling the detection efficiency of
expensive, small-diameter, high-pressure *He detectors.

Previously, the °LiF backfill packing fraction was assumed to be 90-95% based on
qualitative assessments of SEM images. The high packing fraction assumption was then used in
MCNP simulations to predict the theoretical limits of neutron detection efficiency. Recently, three
methods were used to quantitatively evaluate the SLiF packing fraction of DS-MSNDs, and the
true packing fraction was revealed to be approximately 30-35%. Subsequently, an in-depth study
of powder packing methodologies was performed, and new backfilling methods were developed
for DS-MSNDs that yielded °LiF-packing fractions as high as 55%. MCNP optimization
simulations were performed with the updated packing fraction information, and the new
simulations showed that intrinsic thermal-neutron detection efficiencies greater than 75% could
still be achieved by etching deeper microfeatures. Thus, pvp-type DS-MSNDs were fabricated on
1.5-mm thick wafers with 20-um wide by 600-pum deep trenches with a 30-pm unit cell width. The
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thicker DS-MSND surpassed the previous detection efficiency ceiling of 50-55% and regularly
achieved intrinsic thermal-neutron detection efficiencies ranging between 60-69%.

The pvp-type DS-MSNDs were mass-producible, rugged, compact, and were operated at
0-V bias, which eliminated the need for bias electronics in detector packages further reducing
detector cost. However, to achieve the ultra-high detection efficiency, the lower level discriminator
was set in the valley of the pulse height spectrum which was shifted to lower energy channels due
to the weaker electric field in the deeper trenches. The neutron signal began to overlap with the
background gamma-ray signal, and the gamma-ray rejection ratio was 2.26x10 when the LLD
was set in the valley of the pulse height spectrum. Nevertheless, the LLD could be increased such
that the GRR was improved to 5.5%10°°, and the intrinsic thermal-neutron detection efficiency only
reduced to approximately 60%, showing that the pvp-type DS-MSND can still satisfy the need for
detectors with high neutron detection efficiency and limited gamma-ray sensitivity.

Models of alternative doping schemes for DS-MSNDs presented herein indicate that the
charge collection efficiency can be improved by implementing a pvp-n-ring doping profile where
a bias can be applied across the p-type doped trenches and an n-type doped ring on the perimeter
of the trenches. Early prototypes of this design were produced and showed good rectifying
behavior and low capacitance in the IV and CV curves, respectively. Further investigation into the
advanced doping profile could yield DS-MSNDs with even higher neutron detection efficiencies
and superior gamma-ray discrimination with only 10-50 V reverse bias required.

Several prototype detector systems were fabricated implementing MSND and DS-MSND
technology. The HeReps were designed as drop-in replacements for high-pressure, small-diameter
3He detectors commonly implemented in handheld detector systems. The performance of the
HeRep MK IV nearly matched or outperformed a similarly sized 10-atm 3He detector depending
on the neutron source energy spectrum. Several iterations of MNDs were fabricated with single
sided MSNDs and implemented into inconspicuous wearable detector systems. The wearable
detectors offer a high sensitivity solution for search and localization of SNM through passive
neutron detection that is also ergonomic and allows the operator to keep both hands free for other
mission critical actions. Prototype Modular Radiation Detectors have been designed as an upgrade
on the MND package implementing DS-MSNDs and a spectroscopic gamma-ray detector. In
future years, other detector packages could realize benefits by upgrading to the DS-MSND
platform such as the RDT Domino® [124, 175], neutron spectrometers [123, 127, 129] and
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position sensitive neutron detectors [176]. These DS-MSND based detector systems will provide
high-fidelity solutions for many applications where neutron detection is required, including

national security, radiation dosimetry, neutron scattering measurements, and space exploration.
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Appendix A - TCAD Simulations

Example TCAD Command File Partial Conformal pvp-DS-MSND with n-ring

The contents of the command file built by Silvaco’s Devedit program for the partial-conformal
pvp-DS-MSND with n-ring are shown below. The file describes the geometry of the device and is
used as input into the Atlas program to calculate the device’s electrical properties and transient
signals.

DevEdit version=2.8.26.R # file written Mon Apr 22 2019 14:08:50 GMT-5 (CDT)

work.area x1=-1000 y1=-2 x2=20 y2=1502

# devedit 2.8.26.R (Tue Jan 26 05:23:40 PST 2016)

# libMeshBuild 1.24.23 (Tue Jan 26 05:22:55 PST 2016)

# 1ibSSS 2.8.14 (Tue Jan 19 16:38:10 PST 2016)

# libSVC_Misc 1.28.13 (Tue Jan 19 16:37:06 PST 2016)

# libsflm 7.10.1 (Tue May 19 19:52:32 PDT 2015)

# 1ibSDB 1.12.36 (Wed Jan 13 04:01:54 PST 2016)

# libGeometry 1.30.16 (Tue May 19 19:51:51 PDT 2015)

# libCardDeck 1.32.22 (Fri Jan 22 18:42:45 PST 2016)

# libDW_Set 1.28.13 (Tue Jan 19 16:36:26 PST 2016)

# libSvcFile 1.14.19 (Tue May 19 19:51:56 PDT 2015)

# libsstl 1.10.11 (Tue May 19 19:51:57 PDT 2015)

# libDW_Misc 1.40.20 (Tue Jan 19 16:14:10 PST 2016)

# libQSilCore 1.2.8 (Wed May 13 18:39:12 PDT 2015)

# libDW_crypt 3.0.0 (Mon May 18 04:43:00 PDT 2015)

# libDW_Version 3.8.0 (Fri Oct 3 16:08:41 PDT 2014)

region reg=1 mat=Silicon color=0xffcc00 pattern=0x4 \
polygon="5,0 5,600 20,600 20,1500 10,1500 10,900 -10,900 -10,1500 -20,1500 -20,600 "\
"-5,600 -5,0"

#

impurity id=1 region.id=1 imp=Phosphorus \
peak.value=900000000000 ref.value=1000000000000 comb.func=Multiply

#

constr.mesh region=1 default max.height=10 max.width=0.5

region reg=2 name=anode mat=Gold elec.id=1 work.func=0 color=0x595959 pattern=0xb \
polygon="-5,-15,-1 5,0 -5,0"

#

constr.mesh region=2 default

region reg=4 name=anode mat=Gold elec.id=3 work.func=0 color=0x595959 pattern=0xb \
polygon="20,1500 20,1501 10,1501 10,1500"

#

constr.mesh region=4 default
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region reg=5 mat=Silicon color=0xffcc00 pattern=0x4 \
polygon="-810,0 -20,0 -20,600 -20,1500 -1000,1500 -1000,0 -820,0 -820,1 -810,1"
#
impurity id=1 region.id=5 imp=Phosphorus \
peak.value=820000000000 ref.value=1000000000000 comb.func=Multiply
#
constr.mesh region=>5 default

region reg=6 name=cathode mat=Gold elec.id=4 work.func=0 color=0x595959 pattern=0xb \
polygon="-810,1 -820,1 -820,0 -810,0"

#

constr.mesh region=6 default

impurity id=1 imp=Boron color=0x8c5d00 \

peak.value=6.2e+19 ref.value=3000000000000 comb.func=Multiply \

y1=0 y2=0 rolloff.y=both conc.func.y="Gaussian (Dist)" conc.param.y=0.75\

x1=-5 x2=5 rolloff.x=both conc.func.x="Gaussian (Dist)" conc.param.x=0.75
impurity id=2 imp=Boron color=0x8c5d00 \

peak.value=6.2e+19 ref.value=30000000000000 comb.func=Multiply \

y1=0 y2=20 rolloff.y=both conc.func.y="Gaussian (Dist)" conc.param.y=400 \

x1=-5 x2=-5 rolloff.x=both conc.func.x="Gaussian (Dist)" conc.param.x=0.75
impurity id=3 imp=Boron color=0x8c5d00 \

peak.value=6.2e+19 ref.value=30000000000000 comb.func=Multiply \

y1=0 y2=20 rolloff.y=both conc.func.y="Gaussian (Dist)" conc.param.y=400 \

x1=5 x2=5 rolloff.x=both conc.func.x="Gaussian (Dist)" conc.param.x=0.75
impurity id=8 imp=Boron color=0x8c5d00 \

peak.value=6.2e+19 ref.value=3000000000000 comb.func=Multiply \

y1=1480 y2=1500 rolloff.y=both conc.func.y="Gaussian (Dist)" conc.param.y=400 \

x1=10 x2=10 rolloff.x=both conc.func.x="Gaussian (Dist)" conc.param.x=0.75
impurity id=9 imp=Boron color=0x8c5d00 \

peak.value=6.2e+19 ref.value=3000000000000 comb.func=Multiply \

y1=1500 y2=1500 rolloff.y=both conc.func.y="Gaussian (Dist)" conc.param.y=0.75\

x1=10 x2=20 rolloff.x=both conc.func.x="Gaussian (Dist)" conc.param.x=0.75
impurity id=10 imp=Boron color=0x8c5d00 \

peak.value=6.2e+19 ref.value=3000000000000 comb.func=Multiply \

y1=1480 y2=1500 rolloff.y=both conc.func.y="Gaussian (Dist)" conc.param.y=400 \

x1=20 x2=20 rolloff.x=both conc.func.x="Gaussian (Dist)" conc.param.x=0.75

# Set Meshing Parameters

ﬁase.mesh height=15 width=10

ﬁound.cond lapply max.slope=30 max.ratio=100 rnd.unit=0.001 line.straightening=1 align.points
when=automatic

?tmp.refine imp=Phosphorus scale=log
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imp.refine imp=Boron scale=log

imp.refine min.spacing=0.02

#

constr.mesh max.angle=90 max.ratio=300 max.height=1000 \
max.width=1000 min.height=0.0001 min.width=0.0001

ﬁonstr.mesh type=Semiconductor default

ﬁonstr.mesh type=Insulator default

ﬁonstr.mesh type=Metal default

ﬁonstr.mesh type=0Other default

fonstr.mesh region=1 default max.height=10 max.width=0.5
fonstr.mesh region=2 default

fonstr.mesh region=4 default

fonstr.mesh region=>5 default

#

constr.mesh region=6 default
base.mesh height=15 width=10

bound.cond !apply max.slope=30 max.ratio=100 rnd.unit=0.001 line.straightening=1 align.Points
when=automatic
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Example TCAD input file to calculate internal potential and electric field

The following code is was built and executed in Silvaco’s Deckbuild program. The program reads
a .str file defining the diode geometry and solves for the diode’s steady state electrical
characteristics for the user-defined biasing schemes. The charge carrier lifetimes are also defined
in this file.

go atlas simflags="-P 3"
mesh infile=pvp_partialconformal _NoN_NoLast.str
contact all neutral

#solving method

models fermi analytic cvt conmob fldmob consrh auger bbt.std print
MATERIAL MATERIAL=Silicon TAUNO=1e-3 TAUPO=1e-3
method newton autonr carriers=2 climit=1e-4

#lnitializing Solve

solve initial

solve previous

log outfile=MSND_Vconformal.log

solve vanode=0 vcathode=0
save outfile=noOvBias.str

solve vanode=-0.1 vcathode=0
save outfile=neg_point1V.str

solve vcathode=0 vanode=-0.2 vstep=-0.1 vfinal=-1.0 name=anode
save outfile=neglVbias.str

solve vcathode=0 vanode=-1.1 vstep=-0.1 vfinal=-2.7 name=anode
save outfile=neg2point7Vbias.str

solve vcathode=0 vanode=-2.8 vstep=-0.2 vfinal=-5.0 name=anode
save outfile=neg5Vbias.str

solve vcathode=0 vanode=-5.2 vstep=-0.2 vfinal=-10.0 name=anode
save outfile=neg10Vbias.str

solve vcathode=0 vanode=-10.5 vstep=-0.5 vfinal=-20.0 name=anode
save outfile=neg20Vbias.str

solve vcathode=0 vanode=-21.0 vstep=-1.0 vfinal=-30.0 name=anode
save outfile=neg30Vbias.str

solve vcathode=0 vanode=-31.0 vstep=-1.0 vfinal=-40.0 name=anode
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save outfile=neg40Vbias.str

solve vcathode=0 vanode=-41.0 vstep=-1.0 vfinal=-50.0 name=anode
save outfile=neg50Vbias.str

solve vcathode=0 vanode=-55.0 vstep=-5.0 vfinal=-75.0 name=anode
save outfile=neg75Vbias.str

solve vcathode=0 vanode=-80.0 vstep=-5.0 vfinal=-100.0 name=anode
save outfile=neg100Vbias.str

quit
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Example TCAD input file to calculate current from single event upset in DS-MSND

The code shown below was used to simulate the signal current from a single event upset in the
silicon fin. The program reads in the diode structure file and the previous calculated electrical
properties for a given bias. The steady state current is then calculated. Next, the SEU charge-
particle track is defined. Finally, the transient analysis is performed at the defined time step with
snapshots of the device properties saved at defined intervals.

go atlas simflags="-P 3"
mesh infile=pvp_part_conf_nondot.str
load infile=pvp_part_conf_nondot_10V.str MASTER

#solving method

models fermi fldmob bbt.std consrh

MATERIAL MATERIAL=Silicon TAUNO=1e-3 TAUPO=1e-3
method newton autonr carriers=2 climit=1e-3

method halfimpl dt.min=1.e-12

log outf=pvp_part_conf_nondot.str_1350seu.log

# Solving Initial

solve tfinal=1e-7 tstep=5e-8

save outfile=pvp_part_conf_nondot.str_1350um_ Initial.str

# Specify Charge Track
singleeventupset entry ="10,1350" exit="20,1350", radius=5.0 density=2e14

solve tfinal=1.1e-7 tstep=1e-8

save outfile=pvp_part_conf_nondot.str_1350um_JustAfterSEU.str
solve tfinal=2.5e-7 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_250ns.str
solve tfinal=5.e-7 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_500ns.str
solve tfinal=7.5e-7 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_750ns.str
solve tfinal=1.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_1.str
solve tfinal=2.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_2.str
solve tfinal=3.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_3.str
solve tfinal=4.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_4.str
solve tfinal=5.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_5.str
solve tfinal=6.e-6 tstep=1.e-7
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save outfile=pvp_part_conf_nondot.str_1350um_seu_6.str
solve tfinal=7.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_7.str
solve tfinal=8.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_8.str
solve tfinal=9.e-6 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_9.str
solve tfinal=1.e-5 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_10.str
solve tfinal=1.5e-5 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_15.str
solve tfinal=2.e-5 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_20.str
solve tfinal=3.e-5 tstep=1.e-7

save outfile=pvp_part_conf_nondot.str_1350um_seu_30.str
solve tfinal=4.e-5 tstep=1.e-6

save outfile=pvp_part_conf_nondot.str_1350um_seu_40.str
solve tfinal=5.e-5 tstep=1.e-6

save outfile=pvp_part_conf_nondot.str_1350um_seu_50.str
solve tfinal=7.e-5 tstep=1.e-5

save outfile=pvp_part_conf_nondot.str_1350um_seu_70.str
solve tfinal=1.e-4 tstep=1.e-5

save outfile=pvp_part_conf_nondot.str_1350um_seu_100.str
solve tfinal=1.5e-4 tstep=1.e-5

save outfile=pvp_part_conf_nondot.str_1350um_seu_150.str
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Appendix B - DS-MSND Simulations

MCNP Input Card Examples

The following MCNP input card was used to estimate the intrinsic thermal neutron
detection efficiency for 1°B-backfilled, offset, circular pillar DS-MSNDs with a packing fraction

of 50%. The example input was for 4-um diameter, 80-pm tall pillars with 8-pum unit cell width.
B DS-MSND Offset, 0.0253 eV neutron beam, 0.5

C =
C oo CELL CARD
C -
C DSMSND
10 2-2.329-10 u=1l S FrontSi
11 1-1.273 10 u=1 S Front Hole, Converter
12 0 -11 lat=1 fill=1 u=2 S Front Unit Cell
13 0 -12 fill=2 S Front Diode
14 2-2.329-1312 14 S Middle Of Diode
15 2-2.329-16 u=3 S BackSi
16 1-1.273 16 u=3 S Backside Hole
17 0 -15 lat=1 fill=3 u=4 $ Backside Unit Cell
18 0 -14 fill=4 S Backside Diode
C World
100 0 #13 #14 #18 -100 S AIR IN WORLD
101 0 100 S OUTSIDE WORLD
C =
C - SURFACE CARDS----------------
C
C DSMSND
10RCC 000 0.00800 0.00020 S Front Pillar
11 RPP 00.008 -0.00040 0.00040 -0.00040 0.00040 S Front Unit Cell
12 RPP 00.008 -0.50.5-0.50.5 S Front Diode
13 RPP 0.008 0.04200 -0.50.5 -0.50.5 S Middle of Diode
14 RPP  0.042000.05 -0.50.5 -0.50.5 S Back Diode
15 RPP 0.04200 0.05 0 0.0008 0 0.0008 $ Backside Unit Cell
16 RCC  0.04200 0.00040 0.00040 0.008 0 0 0.00020 $ Backside Pillar
C

100 so 50 $ universe

C ===

C
C
C PHYSICS/CUT OFF

C ===
MODE N # A

IMP:N 19RO

IMP:#18R00
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IMP:A18R00

PHYS:N 6J5 S NCIA, 5=ions are from neutron capture
CUT:N 2J0

CUT:# 1 0.01 0 S 10keV Energy Cut-off

CUT:A 1 0.010S 10keV Energy Cut-off

C

C MATERIALS

C

M1 $ 10-Boron RHO = 2.206 (Crystalline 95% Enriched)
5010.70c 0.95 $ 10-B
5011.70c 0.05 $ 11-B
C
M2 $ NATURAL SILICON, RHO = 2.3290
14028.70c -9.2223E-01 $ 28-Si
14029.70c -4.6850E-02 $ 29-Si
14030.70c -3.0920E-02 $ 30-Si
C

C =

C SOURCE - COLL. 0.5mm DISK 0.0253eV ALONG THE X-AXIS.

C =

SDEF POS=1.000.0 PAR=N ERG=0.0253E-6
VEC=-1.00-0.0DIR=1
RAD=D1 AXS=-1.00-0.0 EXT=0
constant. in most problems it is a variable.
SI1 00.25 $0.25 cm radius (0.5mm diameter )
SP1 -211 S Radial Sampling

C =

C TALLY

C

C -~ SPECTRUM =----nmenmeme
F8:A# (1014 15)

E8 0 100i 5

C - EFFICIENCY =-----meemv
F18:A# (1014 15)

E18 0 0.3 5

C

C Problem Stuff

C

nps 2E6
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The following MCNP input card was used to estimate the intrinsic thermal neutron
detection efficiency for 6LiF-backfilled, offset, straight trench DS-MSNDs with a packing fraction
of 50%. The example input was for 24-um wide, 500-pum deep trenches with 40-pm unit cell width.

LiF DS-MSND Offset, 0.0253 eV neutron beam, 0.5 or 0.67 packing fraction

C

C oo CELL CARD

C

C DSMSND
10 2-2.329-10 u=1 §$ Front Sidewall
11 1-1.273 10 u=1S Front Trench, LiF
12 0 -11  lat=1fill=1 u=2 S Front Unit Cell
13 0 -12 fill=2 S Front Diode
14 2-2.329-1312 14 S Middle of Diode
15 2-2.329-16 u=3 $ Backside Sidewall
16 1-1.273 16 u=3 S Backside Trench, LiF
17 0 -15  lat=1 fill=3 u=4 S Backside Unit Cell
18 0 -14 fill=4 S Backside Diode

C World
100 0 #13 #14 #18 -100 S VOID IN WORLD
101 0 100 S OUTSIDE WORLD

C

C e SURFACE CARDS-----------=----

C

C DSMSND

10 RPP 0.0000 0.05 -0.5 0.5 -0.00080 0.00080 $ Front Sidewall
11 RPP 0.0000 0.05 -0.5 0.5 -0.00200 0.00200 $ Front Unit Cell

12 RPP 0.00000.05 -0.50.5 -0.50.5 S Front Diode
13 RPP 0.05 0.10000 -0.50.5 -0.50.5 S Middle of Diode
14 RPP 0.10000 0.15 -0.50.5 -0.50.5 S Backside Diode
15 RPP 0.10000 0.15 -0.50.5 00.004 S Backside Unit Cell
16 RPP 0.10000 0.15 -0.5 0.5 0.00120 0.00280 $ Backside Sidewall
C
100 so 50 S universe
C ===
C - DATA CARDS-----------------—-
C
C
C ===
C PHYSICS/CUT OFF
C ===
MODENTA
IMP:N 19RO
IMP:T18RO0O0
IMP:A18RO0O0
PHYS:N6J5 S NCIA, 5=ions are from neutron capture
CUT:N 2J0
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CUT:T J0.010 S 10keV Energy Cut-off
CUT:A 1 0.010S 10keV Energy Cut-off

C = =

C MATERIALS

C —_

M1 $ 6-Lithium Fluoride RHO = 2.55 (Crystalline 95% Enriched)
3006.70c -0.227995 $ 6-Li
3007.70c -0.013996 $ 7-Li
9019.70c -0.758009 $19-F
C
M2 S NATURAL SILICON, RHO = 2.3290
14028.70c -9.2223E-01 S 28-Si
14029.70c -4.6850E-02 $ 29-Si
14030.70c -3.0920E-02 $ 30-Si
C

C

C SOURCE - COLL. 0.5cm DISK 0.0253eV ALONG THE X-AXIS.

C

SDEF POS=1.00 0.0 PAR= N ERG=0.0253E-6
VEC=-1.00-0.0 DIR=1
RAD=D1 AXS=-1.00-0.0 EXT=0
constant. in most problems it is a variable.

SI1 00.25 $0.25 cm radius (0.5 cm diameter )

SP1 -211 S Radial Sampling

C = ===
C TALLY

C = ===
C --- SPECTRUM ----=--===----

F8:AT (1014 15)

E8 0 100i 5

C --- EFFICIENCY ------------

F18:AT (1014 15)

E18 0 035

C

C Problem Stuff

C

nps 2E6
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MCNP Simulation Results

The following tables show the results from MCNP6 simulations to determine the intrinsic
thermal-neutron detection efficiencies for offset and opaque DS-MSNDs backfilled with ®LiF of
198, DS-MSNDs with circular holes, circular pillars, and straight trenches were considered in the

study.
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Table B-1. Theoretical intrinsic thermal-neutron detection efficiency MCNP simulation results for offset,
straight-trench DS-MSNDs with conversion material density set at half of the enriched crystalline density
of the material to simulate a 50% packing fraction for the powder backfill.

Offset Dual-Sided MSND, Straight Trench, °LiF Offset Dual-Sided MSND, Straight Trench, 1°B
TIW ¢t Unit Cell Width, W o (um) TIW ¢ Unit Cell Width, W o (um)
20 40 60 80 100 4 6 8 10 12
Trench depth H= 175 um Trench depth H = 20 uym
0.10 7.7% 7.5% 7.4% 7.3% 7.2% 0.10 7.4% 7.3% 7.2% 7.1% 7.1%
0.20 15.0% 14.5% 14.0% 13.6% 13.1% 0.20 14.5% 14.1% 13.8% 13.4% 13.1%
0.30 22.1% 21.0% 20.0% 19.0% 18.0% 0.30 21.2% 20.4% 19.6% 18.8% 18.2%
0.40 29.0% 27.1% 25.3% 23.6% 22.0% 0.40 27.5% 26.2% 24.8% 23.4% 22.2%
0.50 35.5% 32.6% 30.0% 27.5% 24.9% 0.50 33.5% 31.4% 29.3% 27.3% 25.4%
0.60 39.1% 35.3% 31.7% 28.2% 24.8% 0.60 36.5% 33.6% 30.7% 27.9% 25.3%
0.70 42.7% 37.8% 33.3% 28.9% 24.4% 0.70 39.4% 35.7% 32.1% 28.6% 25.2%
0.80 46.0% 40.2% 34.6% 29.0% 24.1% 0.80 41.9% 37.7% 33.2% 28.9% 24.6%
0.90 44.5% 35.2% 34.9% 28.8% 24.0% 0.90 21.3% 23.7% 23.0% 23.2% 23.8%
Trench depth H = 350 um Trench depth H = 40 uym
0.10 12.4% 12.2% 12.0% 11.8% 11.6% 0.10 12.0% 11.9% 11.7% 11.6% 11.4%
0.20 24.3% 23.6% 22.8% 22.0% 21.3% 0.20 23.5% 22.9% 22.3% 21.8% 21.2%
0.30 35.8% 34.0% 32.4% 30.7% 29.1% 0.30 34.3% 33.1% 31.8% 30.4% 29.3%
0.40 46.8% 43.8% 40.8% 38.0% 35.3% 0.40 44.6% 42.3% 40.0% 37.8% 35.6%
0.50 57.4% 52.8% 48.3% 43.9% 39.7% 0.50 54.3% 50.7% 47.2% 43.8% 40.4%
0.60 60.5% 54.3% 48.4% 42.6% 36.8% 0.60 56.3% 51.5% 46.8% 42.1% 37.5%
0.70 63.7% 56.1% 48.8% 41.7% 34.5% 0.70 58.6% 52.7% 46.8% 41.1% 35.4%
0.80 66.5% 57.6% 48.9% 40.3% 32.6% 0.80 60.6% 53.7% 46.8% 39.8% 33.0%
0.90 62.4% 48.4% 47.9% 38.5% 31.2% 0.90 36.3% 30.6% 29.6% 29.9% 30.6%
Trench depth H = 500 um Trench depth H = 60 ym
0.10 15.0% 14.8% 14.6% 14.3% 14.1% 0.10 14.9% 14.7% 14.5% 14.3% 14.1%
0.20 29.4% 28.5% 27.5% 26.6% 25.8% 0.20 29.0% 28.3% 27.6% 26.9% 26.2%
0.30 43.2% 41.1% 39.1% 37.1% 35.2% 0.30 42.4% 40.8% 39.2% 37.6% 36.1%
0.40 56.5% 52.9% 49.3% 45.8% 42.5% 0.40 55.1% 52.3% 49.4% 46.6% 43.9%
0.50 69.3% 63.7% 58.3% 52.9% 47.6% 0.50 67.1% 62.6% 58.2% 53.9% 49.6%
0.60 71.2% 63.8% 56.6% 49.6% 42.6% 0.60 67.5% 61.6% 55.7% 49.8% 44.1%
0.70 73.3% 64.4% 55.9% 47.4% 38.9% 0.70 68.5% 61.3% 54.2% 47.2% 40.2%
0.80 75.1% 64.9% 54.8% 44.8% 35.8% 0.80 69.3% 61.1% 52.9% 44.6% 36.6%
0.90 69.1% 53.2% 52.6% 42.0% 33.6% 0.90 39.8% 32.9% 31.8% 32.2% 33.0%
Trench depth H = 650 uym Trench depth H = 80 ym
0.10 16.8% 16.5% 16.3% 16.0% 15.7% 0.10 16.7% 16.5% 16.2% 16.0% 15.8%
0.20 32.8% 31.8% 30.7% 29.7% 28.7% 0.20 32.4% 31.6% 30.9% 30.1% 29.3%
0.30 48.1% 45.8% 43.6% 41.3% 39.1% 0.30 47.4% 45.6% 43.9% 42.0% 40.4%
0.40 62.9% 58.9% 54.9% 51.0% 47.2% 0.40 61.6% 58.4% 55.2% 52.1% 49.0%
0.50 77.1% 70.9% 64.8% 58.8% 52.9% 0.50 75.0% 70.0% 65.0% 60.2% 55.3%
0.60 77.9% 69.7% 61.8% 54.0% 46.2% 0.60 74.1% 67.4% 60.9% 54.3% 47.9%
0.70 79.0% 69.3% 60.0% 50.7% 41.4% 0.70 73.8% 66.0% 58.2% 50.4% 42.8%
0.80 79.9% 68.8% 58.0% 47.2% 37.5% 0.80 73.6% 64.7% 55.8% 46.8% 38.2%
0.90 72.4% 55.5% 54.9% 43.5% 34.7% 0.90 41.1% 33.7% 32.6% 33.0% 33.8%
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Table B-2. Theoretical intrinsic thermal-neutron detection efficiency MCNP simulation results for offset,
circular hole DS-MSNDs with conversion material density set at half of the enriched crystalline density of
the material to simulate a 50% packing fraction for the powder backfill.

Offset Dual-Sided MSND, Circular Hole, °LiF Offset Dual-Sided MSND, Circular Hole, *°B
D/W g Unit Cell Width, W o) (um) D/W cq Unit Cell Width, W o (um)
20 40 60 80 100 4 6 8 10 12

Trench depth H= 175 um Trench depth H =20 pm
0.10 0.6% 0.6% 0.6% 0.6% 0.6% 0.10 0.6% 0.6% 0.6% 0.6% 0.6%
0.20 2.4% 2.4% 2.4% 2.4% 2.4% 0.20 2.4% 2.4% 2.4% 2.4% 2.4%
0.30 5.5% 5.4% 5.4% 5.3% 5.3% 0.30 5.4% 5.4% 5.3% 5.3% 5.2%
0.40 9.7% 9.6% 9.5% 9.3% 9.2% 0.40 9.5% 9.5% 9.4% 9.2% 9.1%
0.50 151%  148%  146% 143%  13.9% 0.50 148%  147%  144% 141%  13.8%
0.60 21.7%  21.2%  20.7% 20.1% @ 19.1% 0.60 21.2%  20.9%  20.4%  19.9%  19.2%
0.70 29.3%  28.6%  27.7% 265% @ 24.6% 0.70 28.7%  28.1% 27.3% 26.3%  25.0%
0.80 36.7%  35.6%  342% 32.0% 28.3% 0.80 359% 349% 335% 31.9% 29.1%
0.90 435% 41.1% 39.9% 36.2%  31.0% 0.90 41.1%  381% 36.0% 350% 31.4%

Trench depth H= 350 ym Trench depth H = 40 uym
0.10 1.0% 1.0% 1.0% 1.0% 1.0% 0.10 1.0% 1.0% 1.0% 1.0% 1.0%
0.20 4.0% 4.0% 4.0% 3.9% 3.9% 0.20 3.9% 3.9% 3.9% 3.9% 3.9%
0.30 8.9% 8.9% 8.8% 8.7% 8.6% 0.30 8.7% 8.7% 8.6% 8.6% 8.5%
0.40 158%  156%  154% 152%  15.0% 0.40 155%  154%  152% 15.0%  14.9%
0.50 246%  242%  238% 233% 22.6% 0.50 24.1%  23.8%  235% 23.0% @ 22.5%
0.60 351% 345% 337% 327% 31.1% 0.60 345% 34.0% 333% 324% 31.3%
0.70 475%  46.5%  45.0%  43.1% < 39.7% 0.70 46.7%  45.7%  444%  42.8%  40.6%
0.80 58.2%  56.7%  542% 50.6% 44.1% 0.80 57.1%  555% 53.3% 50.5%  45.7%
0.90 66.4%  62.7%  60.7%  545%  46.0% 0.90 62.9%  57.9%  545% 52.6%  46.6%

Trench depth H= 500 um Trench depth H= 60 um
0.10 1.2% 1.2% 1.2% 1.2% 1.2% 0.10 1.2% 1.2% 1.2% 1.2% 1.2%
0.20 4.8% 4.8% 4.8% 4.8% 4.8% 0.20 4.8% 4.8% 4.8% 4.8% 4.8%
0.30 10.8%  10.8%  10.7%  10.6%  10.5% 0.30 10.8%  10.8%  10.7%  10.7%  10.6%
0.40 191% 189%  18.7%  185%  18.1% 0.40 192% 19.1%  189%  18.6%  18.4%
0.50 29.7%  293%  288% 282%  27.4% 0.50 29.8%  295%  29.1%  28.6%  28.0%
0.60 425%  41.7%  40.8%  39.5%  37.6% 0.60 42.7%  421%  412% 40.1% @ 38.7%
0.70 57.4%  56.2%  545% 521%  48.0% 0.70 57.8%  56.6%  55.1% 53.0%  50.2%
0.80 69.4%  67.6% 646% 60.2%  52.3% 0.80 69.6% 67.7%  651% 61.4%  55.3%
0.90 774%  731% 70.7% 63.3%  53.1% 0.90 74.7%  68.5% 644% 62.0% 54.6%

Trench depth H= 650 um Trench depth H = 80 pm
0.10 1.4% 1.4% 1.4% 1.4% 1.3% 0.10 1.4% 1.4% 1.4% 1.4% 1.4%
0.20 5.4% 5.4% 5.4% 5.3% 5.3% 0.20 5.4% 5.4% 5.4% 5.4% 5.4%
0.30 121%  120% 119% 118% 11.7% 0.30 121%  121%  12.0% 11.9% 11.9%
0.40 21.3% 21.1% 209%  20.6%  20.3% 0.40 21.4%  213% 21.1% 209%  20.6%
0.50 33.1% 326% 32.1% 315%  30.5% 0.50 333% 33.0% 32.6% 32.0% 31.3%
0.60 473%  465%  455% @ 44.1% @ 41.9% 0.60 478%  47.1%  46.2%  449%  43.4%
0.70 63.9% 62.7%  60.7%  58.0%  53.4% 0.70 64.7% 63.4% 61.6%  59.3%  56.1%
0.80 76.6%  746% 714% 66.4%  57.6% 0.80 77.1%  75.1% 721% 68.0%  61.2%
0.90 84.2%  794% 768% 68.6%  57.3% 0.90 81.4%  745% 69.9% 67.2%  59.0%
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Table B-3. Theoretical intrinsic thermal-neutron detection efficiency MCNP simulation results for offset,
circular pillar DS-MSNDs with conversion material density set at half of the enriched crystalline density
of the material to simulate a 50% packing fraction for the powder backfill.

Offset Dual-Sided MSND, Circular Pillar, °LiF Offset Dual-Sided MSND, Circular Pillar, *°B
D/W ¢q Unit Cell Width, W g (#m) D/W g Unit Cell Width, W g (um)
20 40 60 80 100 4 6 8 10 12

Trench depth H=175 uym Trench depth H =20 pm
0.10 8.0% 8.3% 8.9% 8.8% 8.3% 0.10 5.9% 5.9% 6.3% 6.6% 7.1%
0.20 16.5% 17.3% 145% 12.6% 11.3% 0.20 9.2% 9.2% 121% 114%  10.6%
0.30 30.7% 239% 191% 16.2% 14.1% 0.30 19.2%  192%  16.8%  15.0%  13.5%
0.40 39.8%  29.0% 233% 195%  16.9% 0.40 29.3%  293% 21.0% 184%  16.3%
0.50 427%  329%  26.7%  22.6%  19.6% 0.50 355%  355% 248% 215%  19.1%
0.60 424%  353% 293% 252%  21.9% 0.60 389% 389% 28.0% 243% 21.6%
0.70 40.3% 357% 30.7% 27.2%  24.0% 0.70 39.7%  39.7%  30.7% 27.2% @ 24.2%
0.80 35.1% 325% 294% 27.1% 24.5% 0.80 36.2%  36.2% 304% 27.9% 25.3%
0.90 27.1%  26.0% 245% 233% 21.9% 0.90 288%  28.8% 26.1% 248% 23.2%

Trench depth H = 350 um Trench depth H = 40 uym
0.10 6.8% 7.3% 8.3% 8.1% 7.4% 0.10 3.5% 3.8% 4.2% 4.6% 5.3%
0.20 19.8%  208%  16.7% 13.9% 11.8% 0.20 84% 11.7% 125% 11.4%  10.4%
0.30 41.3% 30.8% 238% 195%  16.2% 0.30 23.0% 228% 195% 16.8% 14.6%
0.40 55.6%  39.2%  30.6% 24.9%  20.8% 0.40 38.0% 311% 26.0% 22.1%  19.0%
0.50 61.3%  46.2% 36.7% 30.3%  25.6% 0.50 483%  384% 324% 273% 23.7%
0.60 62.8%  515% 42.0% 356% 30.3% 0.60 55.3%  449%  38.6% 32.7%  28.5%
0.70 62.0% 54.7%  465%  40.9%  35.4% 0.70 59.1%  50.5% 449%  39.3% 34.3%
0.80 555% 51.4%  464% 424%  38.1% 0.80 55.7%  50.5%  46.6%  425%  38.1%
0.90 435%  418% 395% 374%  35.1% 0.90 451%  428%  40.8% 38.7%  36.1%

Trench depth H= 500 um Trench depth H= 60 um
0.10 6.0% 6.6% 7.7% 7.4% 6.6% 0.10 2.1% 2.4% 2.9% 3.4% 4.1%
0.20 20.6% 21.7% 17.0% 13.9% 11.6% 0.20 76% 113% 122%  10.9% 9.8%
0.30 45.0%  33.1% 252% 20.3%  16.6% 0.30 240%  238% 201% 17.0% 14.5%
0.40 61.7%  43.0% 331% 26.8% 22.0% 0.40 41.1%  334% 27.6% 231% 19.6%
0.50 69.0% 515%  40.6% 334% 27.8% 0.50 53.6%  422% 354% 294% 25.1%
0.60 720%  58.7%  475%  40.1%  33.9% 0.60 62.8%  50.7%  434% 36.3% 31.3%
0.70 72.7% 64.0% 543% 47.6%  41.0% 0.70 69.2% 58.9% 523% 455%  39.4%
0.80 66.2% 61.3% 552%  50.5%  45.1% 0.80 66.4%  60.1%  554%  50.5%  45.1%
0.90 52.4%  50.3%  475%  45.0% 42.2% 0.90 543%  51.6%  49.1%  465%  43.4%

Trench depth H= 650 uym Trench depth H = 80 pm
0.10 5.4% 6.1% 7.2% 6.8% 6.0% 0.10 1.3% 1.7% 2.2% 2.7% 3.4%
0.20 208% 219% 17.0% 13.7% 11.3% 0.20 70% 109% 11.8%  10.5% 9.3%
0.30 46.6%  34.0% 25.7% 20.5%  16.6% 0.30 241% 239% 201% 16.8% 14.2%
0.40 64.7%  448% 343% 27.5%  22.5% 0.40 423%  342% 281% 233%  19.6%
0.50 73.3% 543% 426% 349%  28.8% 0.50 55.9%  43.8% 36.6% 30.2%  25.6%
0.60 774%  62.9% 50.7%  427%  35.9% 0.60 66.6%  53.5% 457% 38.0% 32.5%
0.70 79.4%  69.8%  59.0% 51.7% 44.4% 0.70 74.7%  63.4% 56.3%  48.8% 42.1%
0.80 73.1% 67.7% 60.9% 55.7%  49.7% 0.80 725%  65.5%  60.5% 55.0%  49.0%
0.90 58.2%  55.9% 52.8% 50.0%  46.8% 0.90 59.6%  56.6% 53.9% 51.0%  47.5%

210



Table B-4. Theoretical intrinsic thermal-neutron detection efficiency MCNP simulation results for opaque,
straight trench DS-MSNDs with conversion material density set at half of the enriched crystalline density
of the material to simulate a 50% packing fraction for the powder backfill.

Opaque Dual-Sided MSND, Straight Trench, °LiF Opaque Dual-Sided MSND, Straight Trench, '°B
T/W g Unit Cell Width, W g (um) T/W g Unit Cell Width, W g (um)
20 40 60 80 100 4 6 8 10 12
Trench depth H= 175 pym Trench depth H = 20 ym
0.10 30.5% 24.9% 24.5% 20.7% 17.8% 0.10 19.7% 17.7% 17.2% 17.3% 17.6%
0.20 34.3% 30.6% 27.1% 23.6% 20.5% 0.20 31.6% 28.9% 26.1% 23.4% 20.8%
0.30 35.0% 31.7% 28.6% 25.6% 22.7% 0.30 32.7% 30.2% 27.8% 25.5% 23.2%
0.40 35.4% 32.4% 29.6% 26.9% 24.3% 0.40 33.3% 31.1% 28.8% 26.8% 24.7%
0.50 35.5% 32.6% 30.0% 27.5% 24.9% 0.50 33.5% 31.4% 29.3% 27.3% 25.4%
0.60 35.4% 32.5% 29.8% 27.2% 24.6% 0.60 33.5% 31.3% 29.1% 27.0% 25.0%
0.70 35.1% 32.0% 29.0% 26.1% 23.2% 0.70 33.0% 30.7% 28.3% 26.0% 23.8%
0.80 34.5% 31.0% 27.6% 24.2% 21.2% 0.80 32.1% 29.6% 26.9% 24.2% 21.6%
0.90 31.0% 25.5% 25.2% 21.6% 18.7% 0.90 21.0% 18.9% 18.4% 18.4% 18.7%
Trench depth H = 350 uym Trench depth H = 40 um
0.10 49.1% 39.5% 38.7% 32.2% 27.1% 0.10 30.6% 27.1% 26.2% 26.4% 26.9%
0.20 55.4% 49.2% 43.1% 37.1% 31.9% 0.20 51.1% 46.4% 41.6% 36.9% 32.3%
0.30 56.5% 51.1% 45.9% 40.8% 35.7% 0.30 52.8% 48.6% 44.6% 40.6% 36.6%
0.40 57.1% 52.2% 47.6% 43.0% 38.5% 0.40 53.8% 50.1% 46.5% 42.8% 39.3%
0.50 57.4% 52.8% 48.3% 43.9% 39.7% 0.50 54.3% 50.7% 47.2% 43.8% 40.4%
0.60 57.3% 52.6% 48.0% 43.5% 39.1% 0.60 54.2% 50.5% 46.9% 43.3% 39.9%
0.70 56.8% 51.7% 46.7% 41.6% 36.7% 0.70 53.4% 49.5% 45.5% 41.5% 37.7%
0.80 55.9% 50.1% 44.2% 38.4% 33.3% 0.80 52.1% 47.6% 43.0% 38.4% 33.9%
0.90 50.2% 40.8% 40.2% 33.8% 28.9% 0.90 32.9% 29.2% 28.3% 28.4% 28.9%
Trench depth H = 500 um Trench depth H = 60 um
0.10 59.2% 47.4% 46.4% 38.4% 32.2% 0.10 37.3% 32.8% 31.8% 32.0% 32.6%
0.20 66.8% 59.2% 51.8% 44.4% 38.0% 0.20 63.1% 57.2% 51.2% 45.2% 39.4%
0.30 68.2% 61.6% 55.2% 48.9% 42.8% 0.30 65.2% 60.0% 54.9% 49.8% 44.8%
0.40 68.9% 63.0% 57.4% 51.7% 46.2% 0.40 66.5% 61.8% 57.2% 52.7% 48.2%
0.50 69.3% 63.7% 58.3% 52.9% 47.6% 0.50 67.1% 62.6% 58.2% 53.9% 49.6%
0.60 69.2% 63.5% 57.9% 52.4% 46.9% 0.60 66.9% 62.4% 57.8% 53.3% 49.0%
0.70 68.6% 62.4% 56.3% 50.1% 44.0% 0.70 66.0% 61.1% 56.1% 51.1% 46.2%
0.80 67.5% 60.4% 53.3% 46.2% 39.8% 0.80 64.4% 58.7% 53.0% 47.1% 41.5%
0.90 60.7% 49.2% 48.3% 40.5% 34.5% 0.90 40.3% 35.6% 34.5% 34.6% 35.1%
Trench depth H = 650 uym Trench depth H = 80 ym
0.10 65.9% 52.6% 51.5% 42.5% 35.6% 0.10 41.5% 36.4% 35.3% 35.5% 36.1%
0.20 74.3% 65.9% 57.5% 49.3% 42.1% 0.20 70.5% 63.8% 57.1% 50.3% 43.9%
0.30 75.9% 68.5% 61.4% 54.4% 47.4% 0.30 72.9% 67.0% 61.3% 55.5% 49.9%
0.40 76.7% 70.1% 63.8% 57.5% 51.3% 0.40 74.3% 69.1% 63.9% 58.8% 53.8%
0.50 77.1% 70.9% 64.8% 58.8% 52.9% 0.50 75.0% 70.0% 65.0% 60.2% 55.3%
0.60 77.0% 70.7% 64.4% 58.2% 52.0% 0.60 74.8% 69.7% 64.6% 59.6% 54.6%
0.70 76.4% 69.4% 62.6% 55.7% 48.8% 0.70 73.8% 68.3% 62.7% 57.0% 51.5%
0.80 75.3% 67.3% 59.2% 51.3% 44.1% 0.80 72.0% 65.6% 59.1% 52.5% 46.1%
0.90 67.7% 54.7% 53.7% 45.0% 38.2% 0.90 44.8% 39.6% 38.3% 38.4% 39.0%
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Table B-5. Theoretical intrinsic thermal-neutron detection efficiency MCNP simulation results for opaque,
circular hole DS-MSNDs with conversion material density set at half of the enriched crystalline density of
the material to simulate a 50% packing fraction for the powder backfill.

Opaque Dual-Sided MSND, Front-Side Circular Hole, °LiF Opague Dual-Sided MSND, Front-Side Circular Hole, °B
D/W cey Unit Cell Width, W ¢ (um) D/W ce Unit Cell Width, W e (um)
20 40 60 80 100 4 6 8 10 12
Trench depth H= 175 uym Trench depth H = 20 um
0.10 6.1% 6.2% 6.7% 6.6% 6.3% 0.10 5.2% 5.3% 5.4% 5.6% 5.9%
0.20 12.1% 12.5% 10.9% 9.7% 8.9% 0.20 8.3% 9.6% 9.9% 9.5% 9.0%
0.30 22.0% 17.9% 15.0% 13.2% 11.9% 0.30 15.9% 15.5% 14.1% 13.0% 12.1%
0.40 29.1% 22.8% 19.2% 17.0% 15.4% 0.40 23.4% 20.4% 18.4% 16.7% 15.5%
0.50 32.8% 27.2% 23.4% 20.9% 18.9% 0.50 28.5% 24.9% 22.6% 20.6% 19.1%
0.60 35.0% 31.0% 27.3% 24.7% 22.5% 0.60 32.1% 28.8% 26.5% 24.5% 22.7%
0.70 36.5% 33.7% 30.6% 28.1% 25.5% 0.70 34.5% 32.1% 29.8% 27.9% 25.9%
0.80 37.2% 35.4% 33.0% 30.7% 27.5% 0.80 35.9% 34.2% 32.3% 30.5% 28.1%
0.90 37.5% 35.7% 34.2% 31.6% 28.1% 0.90 35.7% 33.5% 31.9% 30.9% 28.6%
Trench depth H = 350 um Trench depth H = 40 ym
0.10 7.2% 7.6% 8.3% 8.1% 7.6% 0.10 5.4% 5.6% 6.0% 6.3% 6.8%
0.20 17.7% 18.4% 15.5% 13.6% 12.1% 0.20 10.8% 13.1% 13.6% 12.9% 12.1%
0.30 34.6% 27.4% 22.6% 19.6% 17.4% 0.30 24.0% 23.3% 21.0% 19.0% 17.5%
0.40 46.7% 35.8% 29.9% 26.0% 23.2% 0.40 36.8% 31.8% 28.3% 25.5% 23.5%
0.50 52.9% 43.4% 37.0% 32.7% 29.4% 0.50 45.7% 39.5% 35.5% 32.2% 29.7%
0.60 56.6% 49.9% 43.8% 39.3% 35.5% 0.60 51.9% 46.3% 42.3% 38.9% 35.8%
0.70 59.0% 54.6% 49.4% 45.2% 40.6% 0.70 56.0% 51.9% 48.1% 44.8% 41.3%
0.80 60.3% 57.4% 53.5% 49.5% 43.9% 0.80 58.3% 55.6% 52.4% 49.3% 45.1%
0.90 60.8% 57.9% 55.6% 51.0% 45.0% 0.90 58.1% 54.5% 51.7% 50.0% 45.7%
Trench depth H = 500 um Trench depth H = 60 ym
0.10 7.8% 8.3% 9.2% 9.0% 8.4% 0.10 5.6% 5.8% 6.3% 6.6% 7.3%
0.20 20.8% 21.5% 18.1% 15.6% 13.9% 0.20 12.4% 15.3% 16.0% 15.0% 14.0%
0.30 41.5% 32.7% 26.7% 23.0% 20.3% 0.30 29.0% 28.1% 25.2% 22.8% 20.8%
0.40 56.2% 42.9% 35.6% 30.9% 27.5% 0.40 45.1% 38.8% 34.4% 30.9% 28.3%
0.50 63.9% 52.2% 44.4% 39.2% 35.1% 0.50 56.3% 48.5% 43.5% 39.4% 36.2%
0.60 68.3% 60.2% 52.7% 47.2% 42.5% 0.60 64.1% 57.1% 52.0% 47.8% 43.9%
0.70 71.3% 65.9% 59.6% 54.4% 48.8% 0.70 69.3% 64.1% 59.4% 55.2% 50.8%
0.80 72.8% 69.4% 64.7% 59.6% 52.8% 0.80 72.1% 68.7% 64.7% 60.8% 55.5%
0.90 73.4% 70.0% 67.1% 61.4% 54.1% 0.90 71.8% 67.4% 63.9% 61.6% 56.4%
Trench depth H = 650 um Trench depth H = 80 ym
0.10 8.3% 8.8% 9.8% 9.5% 8.8% 0.10 5.7% 6.0% 6.5% 6.9% 7.6%
0.20 22.8% 23.6% 19.7% 17.0% 15.1% 0.20 13.4% 16.7% 17.4% 16.3% 15.2%
0.30 46.1% 36.2% 29.4% 25.3% 22.2% 0.30 32.1% 31.1% 27.9% 25.1% 22.9%
0.40 62.6% 47.6% 39.5% 34.1% 30.4% 0.40 50.3% 43.1% 38.2% 34.3% 31.3%
0.50 71.1% 58.0% 49.3% 43.4% 38.9% 0.50 62.9% 54.1% 48.4% 43.8% 40.2%
0.60 76.1% 66.9% 58.6% 52.4% 47.2% 0.60 71.6% 63.7% 58.0% 53.3% 48.9%
0.70 79.4% 73.4% 66.4% 60.5% 54.2% 0.70 77.5% 71.7% 66.3% 61.6% 56.7%
0.80 81.1% 77.2% 71.9% 66.4% 58.7% 0.80 80.6% 76.8% 72.3% 67.9% 62.0%
0.90 81.8% 78.0% 74.7% 68.3% 60.1% 0.90 80.4% 75.4% 71.5% 68.9% 63.0%
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Table B-6. Theoretical intrinsic thermal-neutron detection efficiency MCNP simulation results for opaque,
circular pillar DS-MSNDs with conversion material density set at half of the enriched crystalline density
of the material to simulate a 50% packing fraction for the powder backfill.

Opaque Dual-Sided MSND, Front-Side Circular Pillar, °LiF Opaque Dual-Sided MSND, Front-Side Circular Pillar, °B
D/W cey Unit Cell Width, W ¢ (um) D/W ce Unit Cell Width, W e (um)
20 40 60 80 100 4 6 8 10 12
Trench depth H= 175 uym Trench depth H = 20 um
0.10 4.7% 4.9% 5.3% 5.2% 4.9% 0.10 3.6% 3.8% 4.0% 4.1% 4.4%
0.20 10.9% 11.4% 9.7% 8.5% 7.7% 0.20 6.8% 8.2% 8.5% 8.1% 7.6%
0.30 21.1% 16.8% 14.0% 12.1% 10.8% 0.30 14.6% 14.3% 12.9% 11.8% 10.9%
0.40 28.5% 21.9% 18.4% 16.0% 14.4% 0.40 22.4% 19.4% 17.3% 15.7% 14.5%
0.50 32.4% 26.5% 22.8% 20.1% 18.2% 0.50 27.8% 24.1% 21.7% 19.8% 18.3%
0.60 34.7% 30.6% 26.9% 24.2% 21.9% 0.60 31.6% 28.3% 25.9% 23.9% 22.1%
0.70 36.3% 33.5% 30.5% 27.9% 25.2% 0.70 34.2% 3L.7% 29.5% 27.7% 25.6%
0.80 37.2% 35.3% 33.0% 30.7% 27.5% 0.80 35.7% 34.1% 32.3% 30.5% 28.1%
0.90 37.5% 35.8% 34.5% 31.8% 28.4% 0.90 35.9% 33.9% 32.2% 31.2% 28.9%
Trench depth H = 350 um Trench depth H = 40 ym
0.10 4.8% 5.1% 5.9% 5.6% 5.2% 0.10 2.7% 2.9% 3.3% 3.6% 4.1%
0.20 15.6% 16.2% 13.3% 11.2% 9.8% 0.20 8.2% 10.7% 11.2% 10.4% 9.6%
0.30 33.0% 25.6% 20.6% 17.4% 15.2% 0.30 21.8% 21.1% 18.8% 16.8% 15.2%
0.40 45.5% 34.3% 28.1% 24.1% 21.4% 0.40 35.0% 29.9% 26.3% 23.5% 21.5%
0.50 52.2% 42.2% 35.7% 31.1% 27.9% 0.50 44.3% 38.0% 33.9% 30.6% 28.1%
0.60 56.1% 49.1% 42.8% 38.2% 34.3% 0.60 50.9% 45.2% 41.1% 37.8% 34.7%
0.70 58.7% 54.1% 48.9% 44.6% 40.0% 0.70 55.4% 51.3% 47.5% 44.2% 40.7%
0.80 60.2% 57.3% 53.4% 49.4% 44.0% 0.80 58.1% 55.4% 52.2% 49.2% 45.1%
0.90 60.9% 58.2% 55.8% 51.4% 45.6% 0.90 58.5% 55.0% 52.2% 50.4% 46.4%
Trench depth H = 500 um Trench depth H = 60 ym
0.10 4.8% 5.2% 6.1% 5.8% 5.3% 0.10 2.0% 2.3% 2.8% 3.2% 3.9%
0.20 18.1% 18.9% 15.2% 12.7% 11.0% 0.20 9.0% 12.1% 12.8% 11.8% 10.8%
0.30 39.4% 30.3% 24.1% 20.3% 17.6% 0.30 26.1% 25.3% 22.4% 19.8% 17.9%
0.40 54.7% 41.0% 33.4% 28.5% 25.1% 0.40 42.9% 36.4% 31.9% 28.4% 25.7%
0.50 62.8% 50.7% 42.7% 37.2% 33.1% 0.50 54.6% 46.6% 41.5% 37.3% 34.1%
0.60 67.6% 59.1% 51.4% 45.8% 41.0% 0.60 62.9% 55.7% 50.6% 46.3% 42.3%
0.70 70.9% 65.3% 58.9% 53.6% 48.0% 0.70 68.5% 63.4% 58.6% 54.5% 50.1%
0.80 72.7% 69.1% 64.4% 59.6% 52.9% 0.80 71.9% 68.5% 64.6% 60.7% 55.5%
0.90 73.6% 70.3% 67.5% 62.0% 54.9% 0.90 72.4% 68.1% 64.6% 62.4% 57.2%
Trench depth H = 650 um Trench depth H = 80 ym
0.10 4.8% 5.3% 6.3% 6.0% 5.3% 0.10 1.7% 2.0% 2.6% 3.0% 3.7%
0.20 19.7% 20.6% 16.5% 13.6% 11.7% 0.20 9.6% 13.1% 13.8% 12.7% 11.5%
0.30 43.6% 33.4% 26.5% 22.2% 19.2% 0.30 28.9% 27.9% 24.6% 21.7% 19.5%
0.40 60.8% 45.4% 36.9% 31.4% 27.6% 0.40 47.7% 40.4% 35.4% 31.4% 28.4%
0.50 69.9% 56.2% 47.3% 41.1% 36.6% 0.50 60.9% 51.9% 46.1% 41.5% 37.8%
0.60 75.3% 65.7% 57.0% 50.9% 45.5% 0.60 70.3% 62.2% 56.4% 51.6% 47.1%
0.70 78.9% 72.7% 65.5% 59.6% 53.3% 0.70 76.6% 70.8% 65.4% 60.8% 55.8%
0.80 80.9% 77.0% 71.7% 66.2% 58.7% 0.80 80.4% 76.7% 72.2% 67.9% 62.0%
0.90 82.0% 78.3% 75.2% 69.0% 61.0% 0.90 81.0% 76.2% 72.3% 69.7% 63.9%
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Appendix C - Sample MCNP Code for Instrumentation

The following is an MCNP input card used to simulate response of the MND Mk 111 with
30% intrinsic thermal-neutron detection efficiency MSNDs to moderated 2°2Cf in Ward Hall,
Room 2. The major components of the MND were modeled in the simulations including the

battery, FR4 electronics boards, CDBs, and case.

MND 3.2 with 30% MSNDs in Ward 2

C
C - CELL CARD
C ===
C MSND
100 2-2.329 -104 u=1 $ Active Fins
101 2-2.329 -103 u=1 $ Bulk Si
102 1-0.7638 103 104 u=1 S LiF
103 0 -100 lat=1 fill=1 u=2 $ Unit Cell
104 O -105 fill=2 u=3 $ MSND
C CDB & Shield
110 3-3.97 -111110 u=3 SCDB
111 4 -0.001205-110 #104 u=3 $ Airin CDB
112 5-8.070 -112 111 u=3 $ Brass Shield
113 4-0.001205 112 u=3 $ Air outside Shield
114 O -113 lat=1 fill=3 u=4 $ Shielded CDB Unit Cell
C MND
120 0 -120 fill=4 u=5 $ MSND/CDB Array

121 6-2.635 -121
122 5-8.070 -122 123
123 4-0.001205 -123
C Communications Boards and Battery
130 6-2.635 -130
131 6-2.635 -131
132 7-2.247 -132
C Case
140 8-0.90 -141 140
C Air in Case

u=5 $ FR4 MND Board
u=5 S Brass Sheild MND
u=5 S Air in MND Shield

u=5 S FR4 Comm1
u=5 $ FR4 Comm?2
u=5 $ Battery (LiCoO2)

u=5 S Case (ABS)

150 4 -0.001205 -140 #132 #131 #130 #123 #122 #121 #120 u=5 S Air

151 4-0.001205 141
C MND Unit Cell
152 0 -141 TRCL=1
C Moderator Cask Ours - (smaller one)
300 4 -0.001205 -300

u=5 S Air in universe 5

fill=5 S MND Unit Cell

S Source placement in detector

301 10-11.35 -301300 $0.5-cm lead
302 9-7.92-302 301 S 1-cm Steel, Carbon
303 11-0.93 -303302 $ 2.5-cm HDPE
C Room 2 Walls
90098 -2.30 900 -901 S Concrete Walls
C World

998 4 -0.001205 #152 #900 303 -999 S Air in World

999 0 999

S Outside World
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C —_

C —_

C MSND
100 RPP 0.00 0.0525 -0.5 0.5 -0.0015 0.0015 S Unit Cell
103 RPP 0.04 0.0525 -0.5 0.5 -0.0015 0.0015 S Bulk Si
104 RPP 0.0 0.04 -0.5 0.5 -0.0005 0.0005 S Front Si

105 RPP 0.00 0.0525 -0.50.5-0.50.5 S MSND

C Ceramic Detector Board (Alumina) CDB & Tin-Brass Shield
110 RPP 0.00 0.20 -0.55 0.55 -0.55 0.55 S Inner CDB Wall
111 RPP -0.0500.22 -0.6 0.6 -0.6 0.6 S Outer CDB Wall

112 RPP -0.050 0.24 -0.62 0.62 -0.62 0.62 $ Outer Wall EM Sheild

113 RPP -0.050 0.24 -0.634 0.634 -0.634 0.634 S Shielded CDB UnitCell
CMND

120 RPP -0.050 0.24 -0.634 6.974 -0.634 4.438 S MSND Array

121 RPP -0.150-0.050 -0.823 8.237 -0.823 4.627 $ FR4 MND Board

122 RPP -0.3586 -0.15 -0.634 7.9512 -0.634 4.438 S MND Elec EM Sh out

123 RPP -0.3386 -0.15-0.614 7.8312 -0.614 4.418 S MND Elec EM Sh in
C Communications Boards and Battery

130 RPP -0.8586 -0.7586 -0.823 8.897 3.467 4.627 $ FR4 Com1

131 RPP -0.8586 -0.7586 7.627 8.897 -0.823 3.467 $ FR4 Com2

132 RPP -0.9286 -0.3586 -0.703 7.627 -0.773 3.467 $ Battery
C Case

140 RPP -1.11 0.24 -0.823 9.047 -0.823 4.677 S Case Inner Wall

141 RPP -1.25 0.38 -1.123 9.977 -1.123 4.977 S Case Outer Wall
C Moderator Cask

300 RCC27.54.094.0009 1.0 $ 1.0cm diameter Void where source goes

301 RCC27.54.094.00091.5 $0.5-cm lead

302 RCC27.54.093.000102.5$ 1.0-cm steel

303 RCC27.54.090.000135.0$ 2.5-cm HDPE
C Room 2 Walls/Floor/Ceiling

900 RPP -288.5 288.5 -350.5 350.5 0 304 S Interior of Walls

901 RPP -293.5 293.5 -355.5 355.5 -20 309 S Exterior of Walls
C World

999 so 5000 $ universe

C

C - DATA CARDS-----------------—-

C = ===
C

C ===
C TRLC Transformations

TR1 -1.905-0.491.0 100 010 001 1

C =

C ===
C PHYSICS/CUT OFF

C =
MODENTA

IMP:N 126R0

IMP:T126R0

IMP:A 126R0

PHYS:N6J5 S NCIA, 5 use NCIA not Table
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CUT:N 2J0
CUT:T J0.010S 10keV Energy Cut-off
CUT:A 1 0.010S 10keV Energy Cut-off

C —_
C MATERIALS

C ===
M1 $ 6-Lithium Fluoride RHO = 2.55 (Crystalline 95% Enriched)
3006.70c -0.227995 S 6-Li
3007.70c -0.013996 $ 7-Li
9019.70c -0.758009 §$ 19-F
C
M2 S NATURAL SILICON, RHO = 2.3290
14028.70c -9.2223E-01 $ 28-Si
14029.70c -4.6850E-02 $ 29-Si
14030.70c -3.0920E-02 $ 30-Si
C
M3 $§ Alumina, RHO = 3.97 PNNL
8016 -0.470749 S 16-0
13027 -0.529251 $ 27-Al Aluminum
C
M4 S Air Dry, RHO = 0.001205 PNNL
6000 -0.000124 SC
7014  -0.755268 S 14-N
8016 -0.231781 $16-0O
18000 -0.012827 S Ar
C
M5 $ Brass, RHO = 8.07 PNNL
26000 -0.000868 S Fe
29000 -0.665381 S Cu
30000 -0.325697 S Zn
50000 -0.002672 S Sn
82000 -0.005377 $Pb
C
M6 $ FR4, RHO = 2.3290 Simon Bolding Thesis
1001 -0.010 $1-H
5010 -0.0053 $ 10-B
5011 -0.0147 $11-B
6000 -0.040 SC
8016 -0.390 $16-0
13027 -0.010 $ 27-Al
14028 -0.230 $ 28-Si
29063 -0.140 S 63-Cu
29065 -0.060 $ 65-Cu
35079 -0.050 $ 79-Br
35081 -0.050 S 81-Br
M7 §$ Li-ion Battery LiCoO2, RHO = 2.247, RMD Report
1000 1.81E-02 SH
3006 2.23E-03 S6-Li
3007 2.76E-02 S 7-Li
6000 2.99E-01 SC
8016 5.95E-02 SO
13027 2.31E-01 S Al
27059 2.98E-02 $Co
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29000 3.25E-01 $Cu
M8 S ABS Plastic, RHO = 0.9-1.53 wiki
1001 0.5152 SH
6000 0.4545 SC
7014 0.0303 SN
C
M9 S Steel Carbon, RHO = 7.82 PNNL
6000 -0.005 SC
26000 -0.995 S Fe
C
M10 S Lead, RHO = 11.35 PNNL
82000 -1.000000 S Pb
C
M11 S HDPE, RHO = 0.93 PNNL
1001 -0.143716 S H-1
6000 -0.856284 $C
C
M98 S Concrete, Ordinary (NIST), RHO = 2.3 g/cc PNNL
1001 -0.022100 SH
6000 -0.002484 SC
8016 -0.574930 $O
11023 -0.015208 $ Na
12000 -0.001266 $ Mg
13027 -0.019953 S Al
14000 -0.304627 S Si
19000 -0.010045 S K
20000 -0.042951 $Ca
26000 -0.006435 $Fe
C

C

C SOURCE - point isotropic source, Cf-252.

C =

SDEF POS=27.5 4.0 95.0 PAR=N ERG=D1
SP1 -3 1.1801.03419 S Watt fission spectrum pg 11-4 MCNP6 manual

C

C TALLY

C

C - EFFICIENCY -------cmrev
F18:AT (100)
E18 0 0.3 5

C =

C Problem Stuff

C

TF18JJJJJJ3 ) S Select bin | want most precision on
STOP F18 0.01 S Runs until 0.01 relative error achieved
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The following Monte Python script was used to estimate the energy dependent neutron
response for an MRD centrally mounted on a phantom. The input card is written by the Python
script and then used in a Monte Carlo MCNP simulation. After the simulation is completed the
detection efficiency is read out from the output file and stored in an Efficiency.o file. Then, the
neutron energy is updated, a new input card is written, and a new simulation is performed. The
process is repeated until all neutron energies defined in the Python script are simulated. The MRDs
in this model were populated with 24, 1-cm? DS-MSNDs with intrinsic thermal-neutron detection
efficiency of 69%.

HUHHHHHH
# Look @ Energy Response of on MND on Phantom

# 1. Define MND Geometry

# 2. Define Source Geometry

# 3. Generate MCNP input file MND.i

# 4. Run MCNP simulation

# 5. Read MCNP output, extract efficiency, write to Efficiency.o

# 6. Repeat

#

# Updated Taylor Ochs, 2018

HEHEHEHHEHEHEHEH A
import os # Allows for terminal commands

import shutil # Allows for file/directory manipulation

import numpy as np

import pathlib

os.system('cls')  # not sure what this does

print("Running.")

HHHHH R R R
# Functions

HHHHHHHHH R R R
def inputfile(sxpos, sypos, i_file_name,E): # Write the Input File

# Writes the input file based on what is sent to it"
file = ["One MND 3.2 With 69% DS-MSNDs on ANSI 42.53 Phantom (Centrally Located)"]

file.append("C ")
file.append("C ------------------- CELL CARD ")

file.append("C ")
file.append("C DSMSND ")

file.append(" 100 2-2.329 -101:-102:-104 u=1 $ Active Fins ")

file.append(" 101 2-2.329 -103 u=1 $ Bulk Si ")

file.append(" 102 1-1.0184 101102 103 104 u=1 S LiF ")

file.append(" 103 0 -100 lat=1 fill=1 u=2 $ Unit Cell ")

file.append(" 104 0 -105 fill=2 u=3 $ DS-MSND ")

file.append("C CDB & Shield ")

file.append(" 110 3-3.97 -111110 u=3 S CDB ")

file.append(" 111 4-0.001205 -110 #104 u=3 $ Airin CDB ")
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file.append(" 112 5-8.070 -112 111 u=3 $ Brass Shield ")

file.append(" 113 4-0.001205 112 u=3 S Air outside Shield")

file.append(" 114 0 -113 lat=1 fill=3 u=4 $ Shielded CDB Unit Cell ")

file.append("C MND ")

file.append(" 120 0 -120 fill=4 u=5 S MSND/CDB Array ")

file.append(" 121 6-2.635 -121 u=5 $ FR4 MND Board ")

file.append(" 122 5-8.070 -122 123 u=5 $ Brass Shield MND ")

file.append(" 123 4-0.001205 -123 u=5 $ Airin MND Shield ")

file.append("C Communications Boards and Battery ")

file.append(" 130 6-2.635 -130 u=5 $ FR4 Comm1 ")

file.append(" 131 6-2.635 -131 u=5 $ FR4 Comm?2 ")

file.append(" 132 7-2.247 -132 u=5 S Battery (LiCo02) ")

file.append("C Case ")

file.append(" 140 8-0.90 -141140 u=5 S Case (ABS) ")

file.append("C Air in Case ")

file.append(" 150 4 -0.001205 -140 #132 #131 #130 #123 #122 #121 #120 u=5$ Air ")
file.append(" 151 4-0.001205 141 u=5 S Airin universe 5 ")
file.append("C MND Unit Cell ")

file.append(" 152 0 -141 *TRCL=1 fill=5 $ MND Unit Cell ")

file.append("C Phantom ANSI 42.53 ")

file.append(" 40011 -1.19 -400:-401:-402:-403 S ASNI Phantom PMMA ")

file.append("C World ")

file.append(" 998 0 #152 #400-999 S VOID IN WORLD ")

file.append(" 999 0999 $ OUTSIDE WORLD ")

file.append(" ")

file.append("C ")
file.append("C -------------------- SURFACE CARDS---------------- ")
file.append("C ")
file.append("C DSMSND ")

file.append(" 100 RPP 0.00 0.15 -0.5 0.5 -0.0015 0.0015 $ Unit Cell ")

file.append(" 101 RPP 0.00 0.06 -0.5 0.5 -0.0015 -0.001025 $ Back Fin 1 !
file.append(" 102 RPP 0.00 0.06 -0.5 0.5 0.001025 0.0015  $ Back Fin 2 "
file.append(" 103 RPP 0.06 0.09 -0.5 0.5 -0.0015 0.0015 S Bulk Si !

)
)
)
file.append(" 104 RPP 0.09 0.15 -0.5 0.5 -0.000475 0.000475 $ Front Si ")

file.append(" 105 RPP 0.000.15-0.50.5-0.50.5 S DS-MSND ")
file.append("C Ceramic Detector Board (Alumina) CDB & Tin-Brass Shield ")
file.append(" 110 RPP 0.000.20 -0.55 0.55 -0.55 0.55 S Inner CDB Wall ")
file.append(" 111 RPP-0.0500.22 -0.6 0.6 -0.6 0.6 S Outer CDB Wall "

)
file.append(" 112 RPP -0.0500.24 -0.62 0.62 -0.62 0.62 S Outer Wall EM Shield ")
file.append(" 113 RPP -0.050 0.24 -0.634 0.634 -0.634 0.634 S Shielded CDB UnitCell")
file.append("C MND ")

file.append(" 120 RPP -0.050 0.24 -0.634 6.974 -0.634 4.438 S MSND Array ")
file.append(" 121 RPP -0.130-0.050 -0.823 8.237 -0.823 4.627 $ FR4 MND Board ")
file.append(" 122 RPP -0.3586-0.13 -0.634 7.9512 -0.634 4.438 S MND Elec EM Sh out ")
file.append(" 123 RPP -0.3386-0.13-0.614 7.8312 -0.614 4.418 S MND Elec EM Shin ")
file.append("C Communications Boards and Battery ")

file.append(" 130 RPP -0.8386 -0.7586 -0.823 8.897 3.467 4.627 $ FR4 Com1 ")
file.append(" 131 RPP-0.8386-0.7586 7.627 8.897 -0.823 3.467 $ FR4 Com2 ")
file.append(" 132 RPP -0.9286 -0.3586 -0.703 7.627 -0.773 3.467 S Battery ")
file.append("C Case ")

file.append(" 140 RPP-1.110.24 -0.8239.047 -0.823 4.677 S Case Inner Wall ")
file.append(" 141 RPP-1.250.38 -1.1239.977 -1.123 4.977 S Case Outer Wall ")
file.append("C Phantom ANSI 42.53 ")
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file.append(" 400 RPP -7.57.5-20.020.0-37.522.5 S Torso ")
file.append(" 401RPP-7.57.5-7.57.5 22.537.5 $ Head ")
file.append(" 402 RPP -7.5 7.5 -35.0 -20.0 7.5 22.5 $LeftArm ")
file.append(" 403 RPP-7.57.520.035.0 7.522.5 $Right Arm ")
file.append("C World ")
file.append(" 999 so 200 $ universe ")
file.append(" ")

file.append("C

file.append("C -------------------- DATA CARDS-----------=------- ")

file.append("C

file.append("C TRLC Transformations ")
file.append("TR1 7.95-4.4271.927 -100 010 00-1 1 ")

file.append("C

file.append("C =

file.append("C PHYSICS/CUT OFF ")

file.append("C

file.append("MODENTA ")
file.append("IMP:N 1 22R 0 ")

file.append("IMP:T11111017R0 ")
file.append("IMP:A11111017R0 "
file.append("PHYS:N 6J5 S NCIA, 5 use NCIAnot Table ")
file.append("CUT:N 2J 0 ")
file.append("CUT:T J0.01 0 S 10keV Energy Cut-off ")
file.append("CUT:A J10.01 0 $ 10keV Energy Cut-off ")

file.append("C
file.append("C MATERIALS ")

file.append("C
file.append("M1 $ 6-Lithium Fluoride RHO = 2.55 (Crystalline 95% Enriched)")

file.append(" 3006.70c -0.227995 $ 6-Li ")
file.append(" 3007.70c -0.013996 §$ 7-Li ")
file.append(" 9019.70c -0.758009 S 19-F ")
file.append("C ")
file.append("M2 $ NATURAL SILICON, RHO = 2.3290 ")
file.append(" 14028.70c -9.2223E-01 $ 28-Si ")
file.append(" 14029.70c -4.6850E-02 S 29-Si ")
file.append(" 14030.70c -3.0920E-02 S 30-Si ")
file.append("C ")
file.append("M3 $ Alumina, RHO = 3.97 PNNL ")
file.append(" 8016 -0.470749 $16-0 ")
file.append(" 13027 -0.529251 §$ 27-Al Aluminum ")
file.append("C ")
file.append("M4 $ Air Dry, RHO = 0.001205 PNNL ")

file.append(" 6000 -0.000124 SC ")
file.append(" 7014 -0.755268 S 14-N ")
file.append(" 8016 -0.231781 $16-0 ")
file.append(" 18000 -0.012827 $Ar ")
file.append("C ")
file.append("M5 $ Brass, RHO = 8.07 PNNL ")
file.append(" 26000 -0.000868 S Fe ")
file.append(" 29000 -0.665381S Cu ")
file.append(" 30000 -0.325697 $Zn ")
file.append(" 50000 -0.002672 S Sn ")
file.append(" 82000 -0.005377 $Pb ")
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file.append("C

")

file.append("M6 $ FR4, RHO = 2.3290 Simon Bolding Thesis

file.append(" 1001 -0.010 $1-H
file.append(" 5010 -0.0053 $ 10-B
file.append(" 5011 -0.0147 $11-B
file.append(" 6000 -0.040 $C
file.append(" 8016 -0.390 $16-0
file.append(" 13027 -0.010 $ 27-Al
file.append(" 14028 -0.230 $ 28-Si
file.append(" 29063 -0.140 $63-Cu
file.append(" 29065 -0.060 $ 65-Cu
file.append(" 35079 -0.050 $ 79-Br
file.append(" 35081 -0.050 $ 81-Br

file.append("M7 $ Li-ion Battery LiCo0O2, RHO = 2.247 RMD Report")

file.append(" 3006 3.00E-05 S$6-Li ")
file.append(" 3007 3.67E-04 S$7-Li ")
file.append(" 6000 1.32E-01 $SC ")
file.append(" 8016 6.80E-02 SO ")
file.append(" 9019 4.11E-02 SF ")
file.append(" 12000 4.61E-03 SMg ")
file.append(" 13027 6.70E-01 SAl "
file.append(" 15031 3.13E-04 SP ")
file.append(" 25055 3.30E-03 SMn ")
file.append(" 26000 1.13E-02 SFe ")
file.append(" 27059 5.21E-02 $Co "
file.append(" 28000 1.08E-02 SNi ")
file.append(" 29000 6.08E-03 SCu ")

file.append("M8 $ ABS Plasctic, RHO = 0.9-1.53 wiki ")

file.append(" 1001 0.5152 SH
file.append(" 6000 0.4545 SC
file.append(" 7014 0.0303 SN
file.append("C

")

file.append("M9 $ Steel 316 Stainless, RHO = 8.00 PNNL

file.append(" 6000 -0.000410 $C
file.append(" 14000 -0.005070 $Si
file.append(" 15031 -0.000230 $31-P
file.append(" 16000 -0.000150 $S
file.append(" 24000 -0.170000 $Cr
file.append(" 25055 -0.010140 $ Mn
file.append(" 26000 -0.669000 §$ Fe
file.append(" 28000 -0.120000 $ Ni
file.append(" 42000 -0.025000 $ Mo
file.append("C

file.append("M10 $ Lead, RHO = 11.35 PNNL
file.append(" 82000 -1.000000 $ Pb
file.append("C

file.append("M11 $ PMMA, RHO = 1.19 PNNL
file.append(" 1001 -0.080538 $1-H
file.append(" 6000 -0.599848 $C
file.append(" 8016 -0.319614 S 16-O
file.append("C

~

")

)
")
")
")
")
")
")

)
ll)
)
Il)

—_ — —

file.append("C

file.append("C SOURCE - COLL. 1.5m DISK Variable E
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file.append("C ")
file.append("SDEF POS={0} [177] 0 PAR= N ERG=[177]" \
format(str(sxpos), str(sypos),str(E)))
file.append(" VEC={0}[177] 0 DIR=1" \
format(str(-1*sxpos), str(-1*sypos)))
file.append(" RAD= D1 AXS={0}[177] 0 EXT=0" \
format(str(-1*sxpos), str(-1*sypos)))
file.append("SI1 050 S 50 cm radius (150cm diameter) ")
file.append("SP1 -211 S Radial Sampling in beam ")
file.append("C ")
file.append("C TALLY "
file.append("C ")
file.append("C --- Counts ------------ ")
file.append("F18:A,T (100) ")
file.append("E18 0 0.3 5 ")
file.append("C --- Fluence in Cell ------------ ")
file.append("F4:N (152) ")
file.append("C ")
file.append("C Problem Stuff "
file.append("C ")
file.append("nps 1e7 ")

# Write Input File
MCNP_input_file = open(i_file_name,'w') # Creates DSMSND.i input file irl
for line in file: # Writes to input file.
MCNP_input_file.write("%s \n" % line)
MCNP_input_file.close() # All done!

return;
HUHHHHHH
def mcnp(i_file_name, o_file_name): # Writes .bat file and Runs MCNP;

bat_file =["@ REM - Sets the MCNP Environment Variables for use in standard"]

bat_file.append("@ REM - command prompt. This will help with MatLab functionality.")

bat_file.append("@ set MCNPPATH=C:\\MCNP\\MCNP_CODE\\bin")

bat_file.append("@ PATH %MCNPPATH%;%PATH%")

bat_file.append("@ set DISPLAY=:0.0")

bat_file.append("@ set DATAPATH=C:\\MCNP\\MCNP_DATA")

bat_file.append(")

bat_file.append("mcnp6.exe i={0} 0=[177]" \
format(str(i_file_name),str(o_file_name)))

bat_file.append("erase run*")

BFile = open('MCNP.bat', 'w')
for line in bat_file:

BFile.write("%s\n" % line)
BFile.close()

# Runs batch file
os.system('MCNP.bat')

return;
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def output(angle, o_file_name,E): # Pulls out information from output file

output = open(o_file_name) # Opens output file.

parsing = False # Flippable variable.

temp =]

parsing = False

for line in output:  # Starts going through the output file.

if parsing:
temp.append(line)

if line.startswith( '1tally ~ 18'): # Looking for the efficiency tally.
parsing = True

elif line.startswith('  total'):
parsing = False

output.close() # Finished with output file.

parsing = False
for line in temp:
if line.startswith(' 5.0000E+00'):
line ='%s %s' % (E, line)
with open("Efficiency.o", "a") as myfile:
myfile.write(line)

output = open(o_file_name) # Opens output file.

parsing = False # Flippable variable.

temp = ]

parsing = False

for line in output:  # Starts going through the output file.

if parsing:
temp.append(line)

if line.startswith( ' cell 152'): # Looking for the flux tally.
parsing = True

elif line.startswith( ' ========"):
parsing = False

output.close() # Finished with output file.

parsing = False
for line in temp:
if line.startswith( ' ):
line = '%s %s' % (E, line)
with open("Flux.o", "a") as myfile:
myfile.write(line)

HEHBHEHAH R
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# setting up file names
i_file_name = 'MNDonPhantom1inE.i' # You can change this
o_file_name = 'MNDonPhantom1linE.o' # You can change this too

efficiency = open('Efficiency.o’, 'a')
efficiency.write("Energy Efficiency Rel_Error")
flux = open('Flux.0','a’)

flux.write("Energy Flux Rel_Error")

# Incidence Angles setup

ang_res =5. # Units degrees

ang_min = 0. # Minimum angle in degrees

ang_max = 0. # Maximum angle in degrees
ang_radius = 150.0 # Radius in cm of source arc path
pi = np.pi

angle = ang_min

with open('Energies.txt') as Efile:
Energies = Efile.read().splitlines()

# Running through variables
while(angle <= ang_max):

E ctr=0
while E_ctr < len(Energies):
E = str(Energies[E_ctr])

sxpos = ang_radius*np.cos(angle*pi/180) + 0.075 # Update source position
sypos = ang_radius*np.sin(angle*pi/180) # Update source position

# Use functions

inputfile(sxpos, sypos, i_file_name,E) # Make input file

mcnp(i_file_name, o_file_name) # Runs MCNP simulation
output(angle,o_file_name,E) # Pull out the stuff i want and make output files

# Check to see if output folder exists, if not make one
pathlib.Path('./output').mkdir(parents=True, exist_ok=True)

# Move and rename output file
shutil.move(o_file_name, './output/'+ o_file_name +'_{O}fig_[177].0"\
format(str(E),str(angle)))

print(E)
E ctr=E_ctr+1

#Updating Counters
angle = angle + ang_res

efficiency.close() # Close efficinecy file

flux.close() # Close Flux files
print("Fin.")
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Appendix D - Moving Source Measurements for WDD V.1

velocity = 1.2 m/s

Source with or
without moderator

Detectors

1.5m

252

Mod. ~"Cf on track

Fig. D-1. (Left) Diagram and (Right) image of experiment configuration for the WDD moving source
measurements. Note that the background level with the source behind the neutron shield was 3x-6x the
normal background level without a neutron source in the room.
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Fig. D-2. WDD V.1 response to a moving neutron source. The distance of closest approach was 1 m and
occurred at approximately the 70-second mark except for the 1.2 m/s bare **Cf measurements. For Bare
22Cf moving at 1.2 m/s the source movements occurred at approximately 70 s, 125 s, and 90 s for TrialO,

Triall, and Trial2, respectively.
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