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ABSTRACT

Detection of nuclear materials is critical in preventing traffic of illicit nuclear materials. Several methods that are based
on detection of spontaneous or induced emission of fission neutron are considered. Efficient fast and thermal neutron
detectors are generally required. For some applications these detectors must have fast response and should be deployed
with large or small detection area.

This work expands upon the basic concept of coating a p-n junction solar cell with a neutron detection layer that
typically employs either °Li or '°B. '°B has a larger absorption cross section and results in higher detection efficiency.
When an incident neutron interacts with '°B, it releases an o-particle and a "Li ion; this a-particle excites electron-hole-
pairs in the silicon p-n junction. This work investigated a variety of different silicon trench/pillar/hole geometries in
combination with the '°B filling or coating; thermal neutron detection efficiencies as high as 30% are projected. It
utilizes trenches spaced as closely as 2 um and 50 um deep. Simulations predict that when these single layer detectors
are bonded in a multiple layer configuration, efficiencies in the range of 90% could be achieved.

Along with nuclear and electrical simulations, a highly controllable deep-reactive-ion-etching (DRIE) recipe is
developed for trench/pillar/hole etching. The ability to create p-n junctions along those trenches is presented. Trenches
and pillars as small as 2 pm by 2 pum are fabricated and p-n junctions are created along their surface. Smooth, uniform
trenches are ready for trench refilling procedures.
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1. INTRODUCTION

The threat of nuclear materials is on the rise as sources of material increase. It is therefore important to have an effective
and efficient neutron detector to detect and prevent the proliferation of illicit nuclear materials. However, having a
detector that boasts high efficiencies is not enough. The detector needs to be small, lightweight, portable, and low cost.
Studies conducted have shown that as the number of detectors positioned at countries’ borders increase, the overall
likelihood of stopping a would-be terrorist also increases.

With these issues in mind, research has begun in the area of making a low cost, portable, and still highly efficient
neutron detector. Such a detector may not require an external voltage source and could be entirely self-powered. With no
moving parts it would be robust and work in a variety of different environments. Furthermore the device simplicity
makes it easily scalable and can be employed for a variety of uses.

The basic principle of operation involves a solar-cell-like p-n junction and an activation material [1]. This work uses
silicon to create the solar-cell-like p-n junction and '°B as the activation material. When an incident neutron interacts
with a '°B atom, it releases an alpha () particle and a 'Li ion. These o particles lose energy due to ionizing collisions,
creating electron-hole pairs in the solar-cell-like material, allowing for electrical output from the detector.
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The presented work highlights a method to increase the effective surface area of the detector. This method has been
shown to increase efficiency, but is limited by geometrical effects [2]. This limit could be overcome by the
photolithographic patterning of ambitious detector geometries and the use of deep reactive ion etching (DRIE).

In this work, various detector structures are designed and simulated. Initial efficiency calculations using GEANT4
explores the geometrical effects of various designs. Detector structures are simulated to further prove critical theories of
detector operation before proceeding with the fabrication. In addition, fabrication steps are simulated with a variety of
software packages to aid in process development. Following the design and simulation, fabrication and trench etching
and refilling steps are designed and investigated.

2. SIMULATIONS

A variety of different simulation programs were used to optimize the detector design. For the nuclear physics and
neutron / boron / alpha particle interaction portion of the device GEANT4 [3] was used and is discussed first. For the
electrical carrier transport analysis, MEDICI [4], a semiconductor simulation program, was used, with several design
parameters analyzed.

2.1 Nuclear Interaction Simulation

Optimization of the parallel trench design was accomplished in three steps: determination of the optimization
parameters, analytical calculation of initial parameter values for simulation, and iterative Monte Carlo simulations to
find optimal parameter values.

2.1.1 Optimization Parameters

There are three main factors that affect detection efficiency, the first of which is neutron absorption probability. This can
be calculated by the following equation

P(x)=1-¢ ™
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where 2, and g, are the energy dependent macroscopic and microscopic cross-sections of the absorber, respectively, N is
the number density of the material, and x,, is the neutron path length. Using '’B as the absorber and assuming thermal
neutrons (E = 0.0253 eV) incident perpendicular to the surface of the absorber, the absorption probability is simply a
function of the material depth xp,.
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Fig. 1. Simplified device schematic of the trenched device showing the boron filled trench, silicon fin, and the effective area
of incidence of the alpha particle.

The volume fraction of absorber in the detector is the second factor that affects detection efficiency. For a parallel trench
device, this geometric factor is found by
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Xp

F= 2
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where xp is the width of each trench and x; is the width of each wall (Fig. 1).

The last factor affecting detector efficiency is the ability of the charged particles resulting from neutron interaction in the
absorption layer to escape into the silicon. The particles must have a minimum energy upon reaching the silicon to allow
for adequate electron-hole pair collection, which in this case was arbitrarily set at 200 keV. The dominant nuclear
reaction (94%) when a neutron is absorbed by '°B is

“B+n=a+'Li+y (3)
where a=1.47 MeV, 'Li = 0.84 keV, and 7= 0.48 keV.

Given the above initial energies, while ensuring that the minimum energy required for detection is retained, the particles
have maximum ranges of 2.9 pum and 1.48 pm in '°B for the alpha particle and lithium ion, respectively. These ranges
can then be used to calculate the acceptance solid angle for each particle according to the following equation
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where L is the distance from the reaction site to the closest wall and R is the maximum range of the particle. In order to
calculate the probability of the particle reaching a wall, the solid angle must be multiplied by 2 to account for the second
wall (Fig. 1). The isotropic nature of the particle emission, combined with interaction location being equally probable
across the absorber, allows for the assumption that
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such that the total probability of detection for each particle is given by
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Combining equations (1), (2) and (6) results in an overall detector efficiency of
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which, for a given interaction material, is dependent only on the layer depth, trench width, and wall thickness. It should
be noted that the above equation assumes that every charged particle reaching the silicon wall deposits sufficient energy
to be detected.

Equation (7) was then used to calculate the initial parameter values for the Monte Carlo simulation. To accomplish this,
the incident neutron energy was set at 0.0235 eV, '°B was used as the absorber, trench depth (x5) was fixed at 30 pum,
and wall thickness (xs) was set to 2 um. After performing calculations, it was determined that the optimum trench widths
were ~2 pum for alphas and ~1.75 pm for 'Li ions. After substitution of these values into equation (7), it could be seen
that decreasing the value of x5 would result in an increasing detector efficiency. This indicated that there existed no
optimal wall thickness for any given trench width. As such, the initial wall thickness was arbitrarily set to 2 um.
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