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A B S T R A C T

Microstructured semiconductor neutron detectors (MSNDs) have shown to be a viable candidate for 3He detector
replacements offering low cost, minimal power consumption, and high intrinsic thermal-neutron detection
efficiency. MSNDs are vertically operated p𝜈n-diodes with microfeatures etched into the semiconductor substrate
that are subsequently backfilled with neutron conversion material. Charged particles emitted after a neutron is
absorbed within an microfeature can interact in the adjacent semiconductor substrate, and those interactions
can then be measured. Commercially produced MSNDs have an intrinsic thermal-neutron detection efficiency
of approximately 30%. The dual-sided microstructured semiconductor neutron detector (DS-MSND) is a p𝜈p-
type diode, which implements microstructures on the back-side of a MSND that complement the front-side
microstructures and eliminate neutron free streaming paths. The intrinsic thermal-neutron detection efficiency of
DS-MSNDs was previously limited to less than 55%. The major limiting factor in detection efficiency of DS-MSNDs
was determined to be the 6LiF powder packing fraction within the DS-MSND trenches. The packing fraction was
previously assumed to be greater than 90%; however, recent measurements show the actual packing fraction
was approximately 30%. MCNP6 simulations were performed with the updated packing fraction and showed
good agreement with the detection efficiencies measured with the previous generation of detectors. A new
backfilling method was developed that utilizes a mixture of two 6LiF powders with different powder particle
size distributions. In the new method the powder is pressed into the DS-MSND trenches with a roller instead of
using the centrifugal backfill method, which could remove previously backfilled material during the back-side
trench filling centrifuge process. The new backfill method has improved the attainable 6LiF packing fraction to
55%. The new 6LiF backfilling method coupled with an improved wet etching process have yielded DS-MSNDs
with intrinsic thermal-neutron detection efficiencies as high as 69.2 ± 0.8%, which matched well with updated
MCNP6 simulations.
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1. Introduction

Microstructured Semiconductor Neutron Detectors (MSNDs) have
been continually developed as a replacement for high-efficiency 3He
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detectors used for thermal-neutron detection in scientific, industrial,
and national security applications. The MSND was conceptualized and
later materialized as an improvement over thin-film-coated neutron
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detectors that comprise a thin layer of neutron conversion material,
commonly 6LiF or 10B, on a vertically-operated p𝜈n-junction diode
[1–4]. Neutrons incident on the detector can be absorbed in the thin
layer of conversion material and induce fission of the absorbing atom
releasing secondary charged-particle reaction products traveling in
opposite directions. The charged-particle reaction products will impart
energy in the surrounding medium along its path through Coulombic-
force interactions. If a reaction product enters the semiconductor sub-
strate, the energy imparted from the reaction products will create
electron–hole pairs. The electron–hole pairs can then be drifted by the
electric field within the semiconductor that is present either by an
intrinsic or applied bias, and the motion of the electrons and holes
within the semiconductor depletion region induces current to flow in
the detection circuit. This current forms a voltage pulse, and the pulse
is tallied to quantify the radiation event in the detector. The fabrication
of thin-film coated detectors can be achieved through very-large-scale
integration (VLSI) processing techniques, thereby, allowing for mass
producibility that ultimately lowers the overall cost to the consumer
significantly and is below the price point of expensive 3He detectors,
an unfortunate consequence of the limited supply of rare 3He gas.
The thin-film coated detector has two primary limitations. First, the
thickness of the conversion material layer is limited by the range of
the highest energy reaction product [5], because the probability that
a reaction product exits the conversion material layer and enters the
semiconductor decreases as the conversion material layer thickness
increases. This self-absorption effect limits the optimal thermal-neutron
absorption efficiency to approximately 11%. The second major limitation
in the thin-film-coated design is the reaction product escape probability.
Only one reaction product from a thermal-neutron absorption event can
intersect the semiconductor substrate. If the thickness of the conversion
material is optimized to the range of the higher-energy reaction product,
the reaction product escape probability for the low energy reaction
product will reduce to zero for a portion of the thin film material fur-
thest from the film/semiconductor interface [5]. With these limitations
in mind, the maximum intrinsic thermal-neutron detection efficiency
possible for a thin-film coated detector shown in Fig. 1 is limited to
4–5% [5].

The MSND design improved on both major limitations in the thin-
film coated detector while maintaining low-cost VLSI-processing ca-
pability. MSNDs comprise a p𝜈n-junction diode with microstructures
etched into the semiconductor substrate that are subsequently backfilled
with neutron reactive material [6–16]. The MSNDs developed at Kansas
State University and later commercialized by Radiation Detection Tech-
nologies, Inc., implement deep trenches etched into silicon diodes that
are filled with 6LiF powder. The backfilled microstructures allow for
more conversion material within the sensitive detector volume, which
increases the neutron absorption efficiency. Furthermore, if the width
of the microfeatures is small relative to the range of the higher energy
reaction product, the reaction product escape probability will be higher
than the escape probability for the thin-film coated design, and both
reaction products can deposit energy in the semiconductor substrate.
The intrinsic thermal-neutron detection efficiency for a single-sided
straight-trench MSND can theoretically be greater than 40% [11].
Intrinsic thermal-neutron detection efficiencies greater than 35% have
been achieved, and commercially available MSNDs have detection
efficiencies of 30% [9,17].

A remaining factor limiting the detection efficiency for the MSND de-
sign is neutron free-streaming paths through the silicon fins (see Fig. 1).
Normally incident neutrons that intersect the silicon microstructures
have a low probability of interaction and will likely pass through the
detector without being detected. One method investigated to eliminate
the neutron free-streaming paths was to stack two MSNDs with the
trenches on the back-side detector offset from the trenches on front-
side detector and integrate the counts measured in both detectors. The
intrinsic thermal-neutron detection efficiency of the stacked-MSNDs was
42%, which was double the detection efficiency for the single MSNDs

Fig. 1. Diagrams of a thin-film-coated diode, MSND, and DS-MSND highlighting the
thermal-neutron absorption efficiency and reaction product escape probability for each
design. The absorption efficiency for the MSND and DS-MSND was estimated by assuming
the trenches were 500-μm deep and backfilled with 95% enriched 6LiF powder with a
packing fraction of 50%.

prior to stacking [18]. Unfortunately, the fabrication method for the
stacked MSND arrays was unreliable and often resulted in misaligned
microstructures that ultimately reduced the detection efficiency. There-
fore, the Dual-Sided Microstructured Semiconductor Neutron Detector
(DS-MSND) was developed with trenches etched on both sides of a
thicker semiconductor diode, where the back-side trenches are aligned
during the photolithographic fabrication process, offset from the front
side trenches to eliminate the neutron free-streaming paths [19–22].
The back-side trenches can now be aligned and offset using standard
photolithography techniques leading to much higher precision and
detector yield. Theoretically, the DS-MSND should be able to achieve
greater than 70% intrinsic thermal-neutron detection efficiency for a
single device 1-mm thick, which is comparable to small-diameter, high-
pressure 3He detectors [19]. The highest detection efficiency previously
achieved with the DS-MSND design was 53.54 ± 0.61% [19], which
is noticeably lower than the theoretical limit found through simulation.
This work aims to explain the disagreement between the theoretical and
experimental intrinsic thermal-neutron detection efficiencies previously
reported and to show recent improvements in the DS-MSND manufac-
turing methods that ultimately yields higher detection efficiency nearly
matching predictions made through MCNP6 simulations.

2. Design and development

MCNP6 simulation was previously used to determine the optimum
microfeature dimensions for the offset, straight-trench, 6LiF-backfilled
DS-MSNDs [19,22]. Simulations were performed with varying trench
width, pitch, and trench depths (see Fig. 2). In the simulations, a colli-
mated beam of 0.0253 eV neutrons are normally incident on the face of
the DS-MSND. Detection events are tallied if the reaction products from
the neutron absorption event deposit at least 300 keV of energy in the
silicon fins of the DS-MSND similar to the simulations performed in [11].
The intrinsic detection efficiency is then determined by dividing the
number of tallies by the number of source particles in the simulation. As
the trench depth increases, the detection efficiency tended to increase,
because the neutron absorption probability increases. However, the rate
of increase in detection efficiency for increasing trench depth slows
as the trench depth increases due to the exponential dependence on
neutron absorption in the 6LiF. Furthermore, ultra-deep trenches are
typically more challenging to fabricate, and special consideration must
be taken to ensure that enough silicon fin structure remains for good
charge-particle energy deposition after the required trench depth is
achieved in the anisotropic wet etch process. The detection efficiency
of the DS-MSND also increases as the pitch width decreases at least
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Fig. 2. Schematic of DS-MSND. Numerous combinations of trench depth, trench width,
and pitch were simulated with MCNP6 to determine the optimum size of the microstruc-
tures.

down to 10 μm. Unfortunately, manufacturing DS-MSNDs with unit cell
widths less than 30 μm is also challenging, because significant dead
regions are formed around the periphery of the thin silicon fins from
dopants diffused into the material during the pn-junction formation
process [11]. Charge carriers excited from reaction-product interactions
in the dead regions on the fin will not significantly contribute to
the pulse height and will therefore shift the pulse height spectra into
lower energy channels, thereby increasing the number of neutron events
discriminated by the lower level discriminator (LLD). The trench width
and structure pitch are optimized when the integrated product of the
reaction-product escape probability and neutron-absorption probability
is maximized with enough silicon fin material remaining for sufficient
reaction product energy deposition for detection. Initial simulations
indicated detection efficiency is maximized with a trench width to pitch
ratio ranging from 0.5–0.7.

Early iterations of the p𝜈p-type DS-MSNDs were fabricated with
trench depths ranging from 350 μm to 400 μm, a unit cell width of 30 μm,
and 20-μm wide trenches. The intrinsic thermal-neutron detection effi-
ciency of these early devices plateaued at about 50% with the highest
detection efficiency measuring 53.54 ± 0.61%, but the simulations at
this time predicted the efficiency should be approximately 62% [19].
The general explanation at that time was that there were problems
with charge collection efficiency and incomplete depletion of the entire
length of the silicon fins while the MCNP model assumed that the entire
fin region would be sensitive to and able to measure the reaction product
charged particle interactions. Recent results suggest that the entire fin
length was indeed depleted, but the actual problem with the model was
the assumed 90–95% packing fraction of 6LiF within the trenches.

The actual packing fraction of 6LiF, which is the apparent density
of 6LiF powder within the trench volume divided by the crystalline
density of 6LiF, in the previously reported DS-MSNDs and MSNDs that
were backfilled with the centrifugal method of backfilling was measured
with three methods [23]. In the first method, the mass of 6LiF in the
DS-MSND was determined by comparing the mass of the DS-MSND
diode before and after it was backfilled. Then, the diode was cleaved,
and a scanning electron microscope (SEM) was used to measure the
dimensions of the trenches of the DS-MSND so that the total trench
volume of the diode could be calculated. The 6LiF packing fraction
was then determined by calculating the apparent density of the 6LiF

Table 1
Packing fraction measurement of 6LiF by determining the mass of 6LiF added to the
detector for early p𝜈p-type DS-MSNDs backfilled with the centrifugal backfill method.

6LiF Density measurement by mass

Total trench volume (cm3) 2.632
Mass 6LiF (g) 2.015
Density (g cm−3) 0.766
Packing fraction 30%

Table 2
Packing fraction measurement performed with a neutron attenuation experiment of an
early p𝜈p-type DS-MSNDs backfilled with 6LiF powder with the centrifugal backfill method.
6LiF Density measurement by attenuation

Configuration Net counts % Reduction

Reference detector only 7888 –
Tape + ref. detector 7875 0.16%
DS-MSND + tape + ref. detector 3002 61.9%
Expected attenuation (90% PF) – ∼91%

in the trenches and comparing the apparent density to the crystalline
density of 6LiF. Table 1 shows that the packing fraction of 6LiF was
estimated to be close to 30%, not 90–95% as assumed in the initial
MCNP models. In the second method, a reference neutron detector
was placed in-line with the diffracted thermal-neutron beam port at
the Kansas State University TRIGA MkII nuclear reactor with the beam
collimated to 2.5-mm diameter. A measurement was performed with the
reference detector to determine the unobstructed count rate, and then,
a 6LiF backfilled DS-MSND was placed between the reference detector
and the Cd collimator. Table 2 shows the neutron attenuation by the
DS-MSND compared to the expected attenuation determined by MCNP
simulation for a DS-MSND with the same geometry. The MCNP models
predicts that 61% attenuation would be achieved at a 6LiF packing
fraction of approximately 33%, which shows good agreement with the
packing fraction measured with the first method. The third method to
estimate the packing fraction of DS-MSNDs backfilled with the centrifu-
gal backfill method was to repeat the simulations for a DS-MSNDs with
350 μm to 400 μm deep trenches, a pitch width of 30 μm, and 20-μm wide
trenches with packing fractions ranging from 5% to 100%. In Fig. 3, the
theoretical intrinsic-thermal neutron detection efficiency for DS-MSNDs
matching the geometry of the initial p𝜈p-type diodes ranges from 47%
to 52% for a 6LiF packing fraction of 30% and ranges from 51% to
55% for a 6LiF packing fraction 35%, which matches well with range of
detection efficiencies previously reported for straight-trench p𝜈p-type
DS-MSNDs [19,22]. Furthermore, the simulations show that the ideal
packing fraction for the 6LiF backfill occurs between 60% and 70%
packing fraction, rather than the previously-assumed 100%, as shown
in Fig. 3. The reason for this phenomenon is a balance between the
neutron absorption efficiency and the charged-particle reaction product
detection efficiency for a given set of trench dimensions. Increased 6LiF
packing fraction increases the overall neutron absorption efficiency, but
also increases the reaction-product energy deposition within the trench
backfill material, thereby, limiting their energy deposition within the
semiconductor fins. Reaction product losses near the top of the fins also
decreases efficiency.

To improve the performance of the DS-MSNDs to compete with and
match the detection efficiency of 3He, a new batch of simulations was
performed to reoptimize the DS-MSND trench geometry for a lower
packing fraction of 6LiF powder and methods to improve the packing
fraction were simultaneously investigated. The newly developed 6LiF
backfilling process will be discussed in the next section. In the new set
of simulations, the thickness of the DS-MSND diode was increased to
1.5-mm to accommodate the deeper trenches that would be required to
improve the neutron absorption efficiency. Shown in Fig. 4 is a subset
of simulations for a DS-MSND with 550-μm-deep offset trenches with
pitch widths of 20, 30, and 40 μm, a trench-width-to-pitch ratio ranging
from 0.1 to 0.95, and a 55% 6LiF powder packing fraction. The new
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Fig. 3. MCNP6 simulations for intrinsic thermal-neutron detection efficiency as a function
of 6LiF packing fractions for an offset straight-trench DS-MSND with 30-μm wide pitch and
20-μm wide trenches for a range of trench depths. The lower level discriminator was set
to 300 keV.

Fig. 4. Results from MCNP6 simulations to determine the theoretical intrinsic thermal-
neutron detection efficiency for a straight-trench DS-MSND with 550-μm deep trenches, a
6LiF packing fraction of 55%, and LLD of 300 keV.

simulations indicate 70% intrinsic thermal-neutron detection efficiency
can be achieved with 550-μm deep trenches, 30-μm wide pitch, and a
trench-width-to-pitch ratio ranging from 0.5 to 0.9 if the 6LiF packing
fraction could be improved to 55%.

3. Fabrication

DS-MSNDs are batch processed on 100-mm diameter, 1.5-mm thick,
5 kΩ-cm resistivity, n-type silicon wafers, and the process is depicted in
Fig. 5. Up to 52, 1-cm2 diodes can be fabricated per wafer and 50 wafers

Fig. 6. SEM image of DS-MSND with 550-μm–600-μm deep trenches, 30-μm wide pitch,
and trench width of approximately 20 μm.

can processed simultaneously. Standard photolithography techniques
are used to transfer a trench and diffusion window pattern onto a SiO2
layer grown onto both sides of the wafer with the backside trenches
offset by half of a unit cell from the front-side trenches. The SiO2
layer then serves as an etch mask for the potassium hydroxide (KOH)
anisotropic wet etch. The thickness of the SiO2 layer was increased to
accommodate for additional etching of the SiO2 mask in the KOH bath,
because a longer process time was required to etch the trenches to depths
greater than 500 μm. Also, the width of the trenches on the photomask
was reduced to account for increased lateral etch of the trenches during
the longer etching process. A 𝑁2 diffusion stone was placed beneath the
wafers during the etch to help enhance the removal of spent KOH from
the high-aspect ratio trenches and allow fresh KOH to flow to the bottom
of the trenches. With the improvements, trench depths up to 600 μm
could be achieved while the final fin width ranged from 8 to 10 μm,
which allows for measure-able charged particle energy deposition (see
Fig. 6). The wafers are then cleaned, and solid-source diffusion is used
to form a conformal p-type contact on the front and backside of the
wafer thereby making a vertically-operated p𝜈p-type diode. Next, Ti/Au
electrical contacts are evaporated on each side of the wafer, and the
wafers are ready to be backfilled.

Initially, a centrifugal backfilling technique was used to fill the
trenches of the DS-MSND with 6LiF powder [23]. The centrifugal
backfill comprised the suspending 6LiF powder in a solution, pouring the
solution on top of an etched wafer, and spinning the wafer and solution
in a centrifuge to force the powder out of solution into the trenches. The
wafer would then be flipped over, and the process would be repeated
for the back-side trenches. As presented in the previous section, this
backfilling method would result in packing fractions ranging from 30%
to 35%. The two most likely problems with the centrifugal method are
any force applied to the 6LiF powder during the second centrifuging

Fig. 5. Process diagram for DS-MSNDs detectors. Up to 52, 1-cm2 area DS-MSNDs can be fabricated per 100-mm diameter wafer and up to 50 wafers can be batch processed simultaneously.
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process to push powder into the back-side trenches would also be
simultaneously forcing powder out of the front-side trenches, and the
suspension solution could become trapped in the trenches and form void
pockets with no 6LiF powder.

Therefore, an improved backfilling method was implemented
wherein a bimodal mixture of micro-sized and nano-sized 6LiF powder
was pressed into the diode trenches with an 8-in. soft foam ink brayer
roller. The bimodal mixture of 6LiF comprised approximately 20% by
weight nano-sized 6LiF, which had an average particle size less than
0.3 μm, and 80% by weight micro-sized 6LiF powder with particle sizes
ranging from 1-5 μm. A bimodal powder size distribution was used so
that the nano-sized 6LiF powder could fill in void spaces left between
adjacent micro-sized 6LiF powder particles. Optimized bimodal powder
mixtures tend have higher packing fractions than the single-modal
powder mixtures [24]. The mixed powder was then wetted with a 1:1:1
mixture of acetic acid, hydrogen peroxide, and methanol that served
as the lubricating agent to reduce interparticle and particle-sidewall
friction during the backfill process. A DS-MSND diode was placed inside
a 1.5-mm thick jig that held the diode stationary during the backfill
process. The thickness of the jig matched the thickness of the diode to
prevent stresses on the edge of the diode during the backfill from the
roller transitioning between surfaces that caused significant damage to
the silicon fins during initial backfill experiments. Once the diode was in
place, the wetted 6LiF powder was spread onto the surface of the diode
and the roller was repeatedly passed over the surface to force the 6LiF
powder into the trenches. The diode could then be flipped over, and the
process was repeated for backside trenches without exerting force on
the front-side trenches that may remove already backfilled powder. The
roller was passed over the DS-MSND diode approximately 450 times per
side, and the 6LiF powder was rewetted and reapplied to the surface of
the diode after every 50 passes.

Next, the diode was dried in an oven at 100 ◦C to remove the
wetting solution. The mass of the backfilled diode was measured and
compared to the pre-backfilled mass and the geometry of a sacrificial
diode from the same wafer that was cleaved and measured in a SEM to
determine the apparent 6LiF density within the trenches. If the measured
6LiF packing fraction was insufficient, the backfilling process could be
repeated to try to increase the amount of 6LiF powder in the trenches;
however, only marginal improvements in 6LiF packing fraction after
repeat backfilling were observed after the backfilled powder had already
been dried once. Measuring the mass of the diode before and after the
backfilling process gives a good estimate of the average density of the
6LiF within the trenches and therefore, the average performance of the
detector. Small voids can still form within the trenches that may have
localized effects on detection efficiency of device (see Fig. 7). Concurrent
experiments indicated that utilizing a mechanical or gas press to attempt
to force 6LiF voids in the trenches to collapse damages the adjacent
silicon fins. Performing the backfill process on a vibration table may help
to eliminate the remaining voids without adding undue stress on the
diode. Thus far, the new roller backfilling method has yielded packing
fractions ranging from 50–55%, and the process can be scaled to wafer-
size by using a larger jig and additional 6LiF powder. After the DS-MSDs
are backfilled, the diodes are encapsulated with dry-film photoresist or
HumiSeal®to ensure the 6LiF remains in the trenches, and individual
diodes are diced from the wafer and mounted to a ceramic detector
board. The neutron sensitivity of the detector can then be tested before
the DS-MSNDs are integrated into the final detector package.

4. Testing and discussion

DS-MSNDs with trench depths of approximately 550 μm, trenches
widths of 20 to 22 μm, pitch width of 30 μm, and packing fraction
of 50–55% were mounted in ceramic detector boards and tested for
neutron sensitivity. The detectors were measured against a DS-MSND
with a known detection efficiency previously determined by calibrating
against a 2-in diameter, 4-atm 3He tube at the Kansas State University

Fig. 7. SEM image of DS-MSND backfilled with the roller method. Small voids still remain
within the trenches, but the average packing fraction has increased to approximately 50%.
The loose 6LiF on the DS-MSND is likely a result of cleaving the diode before it was loaded
into the SEM.

TRIGA Mk II diffracted thermal-neutron beam port [25]. The calibrated
DS-MSND was loaded into a detector test box and a high-density
polyethylene (HDPE) moderator cask was placed on the detector test
box (see Fig. 8). An Ortec 142A preamplifier was connected to the test
box, and the preamplifier was connected to a Canberra 2022 amplifier.
The bipolar output of the amplifier was then attached to a multi-
channel analyzer. Bipolar output was used to record events for pulses
with initially positive and initially negative voltage amplitude. The
different polarity pulses arise from the p𝜈p-type structure of the device
and can indicate whether a neutron was absorbed in the front-side or
back-side trenches. Measurements were performed at 0-V applied bias
(self-bias with built-in potential) with and without the 252Cf source
to determine the net count rate. Then, the newly fabricated DS-MSND
with an unknown detection efficiency was loaded into the detector test
box, and the measurements were repeated. The detection efficiency for
the unknown DS-MSND was the calculated using the relation shown
in Eq. (1), where 𝑛𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 and 𝜀𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 are the net count rate and
the intrinsic thermal-neutron detection efficiency of the calibrated DS-
MSND, respectively, and 𝑛𝑢𝑛𝑘𝑛𝑜𝑤𝑛 and 𝜀𝑢𝑛𝑘𝑛𝑜𝑤𝑛 are the net count rate
and the intrinsic thermal-neutron detection efficiency of the DS-MSND
with unknown detection efficiency, respectively. All channels above
the lowest point in the valley between the background signal and the
neutron-induced signal of the pulse height spectrum shown in Fig. 9
were tallied. The highest achieved intrinsic thermal-neutron detection
efficiency achieved was 69.2 ± 0.8%. However, the gamma-ray rejection
ratio (GRR) measured with a 137Cs gamma-ray source at an exposure
rate of approximately 13 mR/hr was approximately 2.26E−03. With
the LLD increased until a GRR of 5.0E−05 is measured, the intrinsic
thermal-neutron detection efficiency is only reduced to approximately
60%. Thinner silicon fins, which limit the amount of charge that can be
deposited in the silicon from the charged-particle reaction products, and
reduced charge collection efficiency stemming from the p𝜈p-type design
are the most likely causes for the downshift for neutron-induced spectral
features of the DS-MSND compared to the p𝜈n-type MSND counterpart.
Future work will focus on improving the junction formation process to
limit dead-regions in the silicon fins caused by dopant diffusion and
further optimization of the trench geometry to increase the pulse height
of neutron induced signals while retaining high detection efficiency.
𝑛𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑
𝜀𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑

=
𝑛𝑢𝑛𝑘𝑛𝑜𝑤𝑛
𝜀𝑢𝑛𝑘𝑛𝑜𝑤𝑛

(1)
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Fig. 8. Diagram of test setup used to determine the detection efficiency of newly
fabricated DS-MSNDs.

Fig. 9. Pulse height spectra for DS-MSND for a moderated 252Cf neutron source,
background, and a 137Cs gamma-ray source arranged to provide an exposure rate of
approximately 13 mR/hr.

5. Conclusion

The 6LiF backfilling method and KOH wet etching process have been
improved over the previously reported generation of DS-MSNDs. The
6LiF powder packing fraction within the previous generation DS-MSNDs
trenches was found to be approximately 30% instead of 90–95% as
assumed in previous simulations. The new backfilling method of wetting
a bimodal powder particle size distribution of 6LiF and pressing the
powder into the trenches has yielded up to 55% packing fraction. New
simulations were performed based on the new 6LiF powder packing
fraction and increased trench depth for a 1.5-mm thick diode. The
simulations reported here predict greater 70% intrinsic thermal-neutron
detection efficiency can be achieved with DS-MSNDs with 550-μm deep
by 20-μm wide trenches on a 30 μm pitch if the packing fraction is
between 48% and 80%. A 1.5-mm thick, 1-cm2 active area DS-MSND
measured 69.2 ± 0.8% intrinsic thermal-neutron detection efficiency,
which is a comparable to commercially available high-pressure, small-
diameter 3He detectors at a fraction of the cost and size. The next set of
DS-MSNDs will focus on increasing the energy deposition and charge-
carrier collection within the silicon fins to increase the neutron signal
higher above the signal produced from gamma-ray interactions. The
small and repeatable form factor of the DS-MSNDs allow for versatility
in developing new detector systems and instruments, because the DS-
MSND diodes can be arrayed into nearly any desired configuration.
Also, the higher-efficiency DS-MSNDs can easily be integrated into
previously developed MSND detector systems including the MSND-
Tile, 3He-replacement, neutron spectrometer, and wearable detection
device [10,13,26–28].
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