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ABSTRACT

Analytical and Monte Carlo calculations were performed to optimize a novel self-powered solid-state neutron
detector. New manufacturing techniques, allowing for micron and sub-micron structures, along with the
ability to efficiently collect the electron-hole pairs created in the detector, have resulted in improved
theoretical thermal neutron detection efficiencies. Four differing configurations were examined, including a
parallel-trench design, a pillar-type design, and two etched hole-type designs (square and hexagonal). First
order analytical calculations provided initial parameter values for Monte Carlo simulations. Simulation results
show the following maximum efficiencies: 40 percent efficiency for the pillar-type device, 43 percent for the
parallel trench, 47 percent for the square hole device, and 48 percent for the hexagonal hole design.
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1. INTRODUCTION

Solid-state devices have been investigated for neutron detection numerous times over the years
[1-6]. Although the specific configurations have changed, such as using several thin reactive films
for thermal neutron detection, the inclusion of a hydrogenous material to detect fast neutrons via
recoiled protons, or a combination of these two, all of these designs have suffered from extremely
low (3-5%) detection efficiencies. Attempts to improve efficiency, including the utilization of a
sandwich configuration, via-holes, and parallel trench designs, have met with limited success [7].
New manufacturing techniques [8] have enabled the creation of micron and sub-micron structures
in silicon, with continuous, fully depleted solar-cell type p-n junctions throughout these structures.
This results in increased electron-hole pair collection, allowing for the fabrication of higher
efficiency detectors then were previously possible. To take full advantage of these advances, such
a detector requires identification of parameters affecting efficiency and the optimization of these
parameters. In this work it was decided to focus on the detection of thermal neutrons. As neutrons
themselves would not interact appreciably with the silicon, a conversion material is required;
absorption of the low energy neutrons produces charged particles, which can subsequently be
detected. '°B was chosen as the conversion material due to an extremely high thermal absorption
cross section (3980 barns). Four basic designs were chosen for optimization: a parallel-trench
design, in which trenches are etched into the silicon and filled with a neutron converter, a pillar
type design, where most of the silicon has been etched away leaving pillars that are then
surrounded by the converter, and square or hexagonal holes that have been etched and filled with
converter. First order analytical calculations provided initial parameters for the Monte Carlo
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simulations, which were then used to compare the designs and determine the optimal
configuration.

2. METHODS

2.1. Analytical Calculations

There are three main factors influencing device efficiency; neutron interaction probability in the
converter, the geometry of the device, and the ability of the charged particles resulting from
neutron interaction in the absorption layer to escape into the silicon.

2.1.1. Neutron Interaction Probability

Consider a neutron beam incident normal to the surface of a planar converter; the probability of
neutron interaction within the converter is

P(x)=1-¢> (1)

where Z; is the total energy dependent macroscopic cross-section of the converter material, N is the
number density of the material, and xp converter depth. As stated previously, '’B was used as the
neutron converter for all the designs in this work. By assuming the incident neutrons are thermal
(E = 0.0253 eV), and neglecting the small scattering cross-section, the total cross-section in
equation 1 is replaced with the '’B absorption cross-section X,. By doing this, the interaction
probability is simply a function of the converter depth xp.

2.1.2. Device Geometry

The device geometry in the detector also affects detection efficiency. In the case neutrons incident
normal to the surface of a planar detector, if the structures (holes, trenches, etc.) etched into the
detector are also normal to the surface, the converter surface area fraction is proportional to the
absorbed neutron fraction. Using a unit cell approach shown in figure 1, this geometric factor F
can be calculated by

)
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Figure 1: Unit cell configuration for trench (a), square hole (b), pillar (b), and hex hole (c) geometries.
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for the trench design, where [; is the device side length, w; is the trench width, and w; is the trench
separation width. Equations 3 and 4 show the area fractions for the square hole and pillar designs,
respectively, where I is the side length for the hole or the pillar and s; is the separation between
them. The factor for the hex hole is shown in equation 5, where I, is the hexagon minor radius and
snis the spacing between adjacent hexes.
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2.1.3. Charged Particle Detection

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. The
continuous p-n junctions mentioned previously greatly improve electron-hole pair collection,
allowing for a reduction in the low level detection (LLD) of 300 keV used in previous work [7].
For the work presented here, the LLD has been set to 200 keV per neutron. When a neutron is
absorbed by '°B, the following reactions occur

6% : 'Li (1.015MeV) + o (1.777MeV),
B+ pn —>

94%: "Li (840keV) + o (1.470MeV) + 7y (480 keV)

Using the energies from the dominant reaction shown above, while ensuring that the minimum
energy required for detection is retained, the particles have maximum ranges of 2.9 um and 1.48
um in '°B for the alpha and lithium ion, respectively. Given its higher energy and greater range,
the alpha particle will effect device efficiency to a greater extent than the lithium ion. As such, the
analytical calculations were done solely for the alpha particle. Additionally, due to its large
comparative range, the gamma photon is unlikely to deposit a significant amount of energy locally
and therefore not included in the calculations.
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The particle ranges can then be used to calculate the acceptance solid angle using

Q= ]idq;jf sin(@) dO (6)

6,

where ¢ is the azimuthal angle and 0 is the polar angle. By assuming that neutron interaction is
equally probable throughout the converter, and that particle emission in the converter is isotropic,
the angles can be calculated using the particle range R and the distance L from the center of the
converter to the closest silicon wall (fig. 2).
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Figure 2: Calculated solid angle components: Polar angle 6 for all designs (a) and azimuthal angle ¢ for square
hole (b), pillar (b), hexagonal hole (c), and pillar (d) configurations

The polar angle is calculated in the same way for all geometries (fig.2a), with the integration
bounds for 0 given by

T L
0, ==+cos'| — 7
T ,

where L is replaced by w; for the parallel trench, /; for the square hole and pillar, and /, for the
hexagonal geometry. The azimuthal angle is calculated similarly for all designs except the pillar
configuration by
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where 7 is the number of walls in each structure and L is replaced by w,,  , or [, for the trench,
square hole, or hexagonal geometry, respectively. If the range R exceeds the maximum distance to
any wall, the azimuthal angle is simply integrated over 2.

The pillar design is slightly more complicated; in the unit cell shown in figure 2d, it is apparent
that there are three possible interaction quadrants. Assuming particle emission and distribution are
the same as previously stated, the average interaction sites are located in the center of each
quadrant. The azimuthal angle for each quadrant can be calculated by

0 R< 0 ;Rsﬁz'sx
2
s s ! T s V25 )
=2-2cos”'| == | ;R>="and * <R’ +5s’ =2. ——sin'l(—"J :R> s
91 (ZRJ 2 5 S0 4 2R 2
sin"( y ) s else sin”' —\E'l‘v ;¢ >sin”! —\E'l"'

where s; is the spacing between pillars and I is the width of the pillar. These limits take into
account the following: no particle will reach a pillar if the distance to a pillar exceeds the range,
only two pillars can be reached by the reaction particles in each quadrant, and the acceptance angle
for each pillar is limited by the pillar width. The total solid angle ¢, can now be calculated using

’ —%[m]wz[z(% -ls)+s.?]+¢3[2(ss -zs)+s3] (1

where the fractional angle ¢ for each quadrant is weighted by the combined area of all three
quadrants.
Total device efficiency for can now be calculated by

Q
)

where g denotes the particular device geometry. By inspection of equations 1-10, it can be seen
that the device efficiency, for a given converter, is dependent only on the depth of the converter,
the width of the converter structure, and the spacing between them. Calculation of initial parameter
values for the simulations was done by setting incident neutron energy to 0.0235 eV, fixing the
converter depth (xp) at 40 um, and varying the converter thickness.
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The calculations assume that upon reaching the silicon, all the remaining charged particle energy is
deposited. This is not realistic at small separation values; for a sufficiently thin silicon wall,
charged particles can penetrate into adjacent converter structures without depositing enough
energy to meet the LLD. As a result, the calculations revealed no optimal silicon thickness for any
of the configurations, with maximum device efficiency occurring at a minimum separation value
of 0.25 um. The highest efficiency, 73%, was calculated for the hexagonal design using an optimal
hole radius of 3.2 um. A hole width of 2.5 um resulted in an efficiency of 70% for the square
design, and a maximum efficiency of 64% was found with a separation distance of 1.5 um for the
pillar design. The parallel trench design, with an optimal trench width of 1.75 um, exhibited the
lowest efficiency of all the configurations at 60%.

2.2. Monte Carlo Simulations

Two software packages were considered for the detector simulations: The GEANT4 Monte Carlo
toolkit [10] and MCNPX [11]. MCNPX, while considered to be the de facto standard for neutron
transport, has a major disadvantage for this application: an inability to produce and track the '°B
reaction products. The GEANT4 toolkit, in contrast, is capable of producing and tracking virtually
all subatomic particles, charged or neutral. Developed largely at the European Organization for
Nuclear Research (CERN), the toolkit is collection of C++ class libraries, freely available under an
open license. Although more difficult to implement than MCNPS5, considering that the user must
write their own simulation, GEANT4 has a flexibility of simulation design that is unparalleled. For
these reasons, GEANT4 was chosen over MCNPX for this work.

2.1.1. Simulation Physics

In GEANT4 the neutron physics processes are split into 2 groups; low energy, where 0.025 eV <E
< 20 MeV, and high energy, where E > 20MeV. The low energy processes, utilized here, have
tabulated cross-sections taken from the ENDF/B-VII libraries, consisting of elastic scattering,
inelastic scattering, radiative capture, and fission. The standard electromagnetic (EM) library, valid
down to approximately 500eV, was utilized for photon and charged particle transport. For use in
this work, several processes were removed from the EM package to decrease simulation time:
bremsstrahlung and pair production were removed due to low probability, scintillation was
removed for lack of relevance, and muon production/transport was eliminated.

Each physics process that produces secondary particles can have a production threshold applied,
below which no particles are created. The production threshold is set in units of distance,
corresponding to particle range, by the user and converted to energy by the software. If an
interaction creates a secondary particle below this threshold, the energy that would have been
imparted to the secondary is deposited directly at the interaction site. These threshold limits are
used to decrease the number of particles that are tracked, reducing the simulation time, but
consequently lowering simulation accuracy. Thresholds were set at 500 nm for photons and
electrons in all simulations. Given that most of the structures in each detector are larger than 1um,
the simulation speed was increased with negligible effect on accuracy.
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2.1.2. Simulation Geometry

The geometrical components of the simulation are composed of three parts: the materials used for
each component, its associated physical geometry, and the geometric configuration of the neutron
source.

GEANT4 allows for users to specify the elements, isotopes, and materials used in each simulation.
These can either be created from scratch by the user or taken from the GEANT4 database, which is
derived from the National Institute of Standards and Technology’s (NIST) database of elements
and isotope compositions. The following materials were used for all the simulations:

e Air- Taken from the database, this is the default material for the simulation world. It is
composed of 78% nitrogen and 22% oxygen, and has a density of 1.290 mg/cm’.

eMonocrystal Silicon- Also taken from the database, this is the base material for the detector,
composed of pure silicon and having a density of 2.3290 g/cm’.

eEnriched Boron- Composed of 99% ''B and 1% ''B, each isotope was explicitly defined
(protons, neutrons, atomic mass) and combined in the correct ratio. Density was set to 2.14
g/em’, reflecting the lower atomic mass of '°B.

The simulated geometries for all designs were similar, consisting of a S5cm x 5cm x 60um silicon
base, etched 40 um deep with the correct structures and filled with enriched boron. The starting
parameters for the etched structures were determined by the previous analytical calculations, then
varied over the same range. These parameters were: trench and wall widths for trench design
(fig.1a), length of side and separation for the square holes (fig.1b), and length of a side and
separation for the pillar design (fig.1b), and minor radius and separation for the hexagonal holes
(fig.1c).

The analytical calculations assume that neutrons are incident normal to the surface, as well as
distributed evenly over the entire detector. To achieve this in the simulations, the source was
modeled as a square plane, 5 mm square, positioned 2 cm above the detector surface. Neutron
emission distribution is even across the entire source and directed at the detector, such that every
neutron emitted by the source strikes the detector. To ensure adequate statistics, 10’ neutrons were
simulated for each run. Figure 3 below shows the details of a simulated detector. A total of 60
simulations were run per device configuration.
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Figure 3: Simulated Detector Detail
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Simulation of the parallel trench design (fig.4) revealed an optimal efficiency of 43 percent,
occurring at a trench width of 1.5 um and a corresponding silicon thickness of 0.75 um. Although
the highest efficiency achieved, 45 percent, indicates optimums of 0.75 um and 0.25 um for trench
and wall widths, the sub-micron levels at which this occurs is beyond current university
manufacturing capabilities, and as such is not considered.

Simulated Trench Efficiency

— —=0.75um 10B
-=---125um 10B
""""""" 1.5um 10B
2.0um 10B
— - —2.5um 10B
— -~ 3.0um 10B
4.0um 10B

Efficiency
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0.25 1.25 2.25 3.25
Si Thickness (um)

Figure 4: Parallel Trench design simulated efficiency

A comparison of the analytical and simulated results at the 1.5 wm optimal trench width reveals
excellent agreement at silicon thicknesses greater than 0.75 wm (fig.5). The deviation of the two
methods below this value can be attributed to the previously discussed limitation of the analytic
calculations.
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Trench Simulation vs. Calculation
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Figure 5: Comparison of simulated and calculated results for parallel trench design

Simulation of the square hole design showed an optimal hole width of 2 um and a hole separation
of 0.5 um, resulting in an efficiency of 47 percent. It can be seen in figure 6 that, for hole widths of
1.5 um to 2.5 um, maximum efficiency is nearly identical.

Simulated Square Efficiency
0.50 7 — — = 1.0 um Boron
0.45 : = === 1.5 um Boron
""""""" 2.0 um Boron
0.40 2.5 um Boron
0.35 — = 3.0 um Boron
> — — 4.0 um Boron
% 0.30 5.0 um Boron
5 0.25
£ 0.0
0.15
0.10
0.05
0.00 T T T . . . .
0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75
Hole spacing (um)

Figure 6: Square hole design simulated efficiency

The simulated hexagonal design (fig.6) showed a higher efficiency than the square, but it was only
a slight increase, from 47 to 48 percent. It can be seen in figure 7 that for hex radii from 2 to 3 um,
efficiencies are almost identical, similar to the square hole design. The parameter values
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corresponding to maximum efficiency were a minor hex diameter of 2.8um and a hole separation
of 1um.

Simulated Hexagon Efficiency
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Figure 6: Hexagonal hole design simulated efficiency

Results from the simulation of the pillar geometry (fig.7) revealed a maximum efficiency of 40
percent, achieved with a pillar width of 1.25 um and 1.0 pum pillar spacing. This design showed
greatest variation in efficiency, with a maximum difference of ~12 percent from 1 um to 1.5um
pillar spacing.
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Figure 7: Pillar design simulated efficiency
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3. CONCLUSIONS

The ability to create extremely small (< 2um) structures in a detector, when combined with the
charge collection advantage afforded by continuous p-n junctions, allows for a solid-state detector
with very high theoretical thermal neutron detection. All designs under consideration consisted of a
silicon base with structures etched into it and backfilled with a thermal neutron converter. By
performing first-order analytical calculations, each design’s initial optimization parameters were
determined. Monte Carlo simulations of the designs under consideration revealed ideal device
parameter values and resulted in a maximum theoretical efficiency of 48 percent for the hexagonal
hole design, followed closely by the square hole design at 47 percent. The parallel trench design
showed a maximum realistic efficiency of 43 percent, a slight increase over the pillar configuration
at 40 percent. Additionally, the two etched hole designs demonstrated efficiency variances of 1
percent or less over a lum range of hole sizes. This would seem to indicate a greater
manufacturing tolerance, making the etched hole designs the most preferable of those presented in
this work. Future work will include the simulation of non-ideal source geometry, detector response
to a polyenergetic neutron source (i.e. Watt spectrum), and efficiencies of multiple detector
configurations.
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