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a b s t r a c t

Microstructured semiconductor neutron detectors (MSNDs) have in recent years received much interest
as high-efficiency replacements for thin-film-coated thermal neutron detectors. The basic device
structure of the MSND involves micro-sized trenches that are etched into a vertically-oriented pvn-
junction diode that are backfilled with a neutron converting material. Neutrons absorbed within the
converting material induce fission of the parent nucleus, producing a pair of energetic charged-particle
reaction products that can be counted by the diode. The MSND deep-etched microstructures produce
good neutron-absorption and reaction-product counting efficiencies, offering a 10� improvement in
intrinsic thermal neutron detection efficiency over thin-film-coated devices. Performance of present-day
MSNDs are nearing theoretical limits; streaming paths between the conversion-material backfilled
trenches, allow a considerable fraction of neutrons to pass undetected through the device. Dual-sided
microstructured semiconductor neutron detectors (DSMSNDs) have been developed that utilize a com-
plementary second set of trenches on the back-side of the device to count streaming neutrons. DSMSND
devices are theoretically capable of greater than 80% intrinsic thermal neutron detection efficiency for a
1-mm thick device. The first such prototype DSMSNDs, presented here, have achieved 29.4870.29%
nearly 2� better than MSNDs with similar microstructure dimensions.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

A recent push for high-efficiency, handheld neutron-detection
instruments has driven the need for small-volume, low-cost, low-
power thermal neutron detectors as a replacement for 3He gas-
filled neutron counters. Semiconductor diodes coated with a thin
film of neutron converting material, such as 10B or 6LiF, have
previously been investigated for these applications [1–4]. These
thin-film-coated diodes operate by detecting charged-particle
reaction products that interact within the sensitive detector
depletion region. A thermal neutron absorbed within either a 10B
or 6LiF neutron-reactive film will induce fission of the parent
nucleus and produce charged-particle reaction products,
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where η represents the branching ratio of the reaction. The reac-
tion products are emitted in opposite directions from the point of
the neutron absorption, losing energy into the medium through
which they travel via coulombic-force interactions. Reaction pro-
ducts that exit the conversion material into the semiconductor
material can deposit energy into the detector depletion region.
Electron–hole pairs excited by this energy can be drifted across the
device by an applied bias. The resulting current can then be
amplified, measured, and recorded by counting electronics. How-
ever, self-absorption and solid-angle limitations on the reaction
product trajectories and low neutron absorption of the thin reac-
tive coatings limit the intrinsic thermal neutron detection effi-
ciency of these devices to a maximum of only 4–5% for both 10B
and 6LiF films [5,6].

To increase the intrinsic thermal neutron detection efficiency, it
was suggested that microstructures could be formed into the
semiconductor substrate and backfilled with neutron reaction
materials, thereby increasing neutron absorption and reaction-
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Fig. 1. Depicted (left) is the increased neutron absorption efficiency of the MSND
over a thin-film-coated devices, and (right) is the increased reaction-product solid-
angle with respect to the semiconductor material.

Fig. 2. Shown is a double-stacked MSND wherein two MSNDs are aligned and
integrated to function as a single device. Neutrons streaming through the top
detector could be captured by the bottom detector and counted. 42% intrinsic
thermal neutron detection efficiency was achieved by these devices.
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product solid-angle with respect to the substrate, as depicted in
Fig. 1 [7,8]. The first such microstructured semiconductor neutron
detectors (MSNDs) utilized a GaAs-based Schottky diode etched
with micro-sized holes and backfilled with 10B powder [9,10].
Recent MSNDs feature rectangular trenches etched as deep as
495 μm into high-purity Si substrates and backfilled with nano-
size 6LiF powder [11]. These deep trenches represent approxi-
mately 2.8 mean-free-path lengths for thermal neutrons, thereby
greatly increasing the intrinsic thermal neutron absorption effi-
ciency over thin-film-coated diodes (see Fig. 1). Neutron absorp-
tions occurring within the perforations produce reaction products
that have a high likelihood of being counted by the diode (see
Fig. 1) [12]. Such devices have realized nearly a 10� increase in
intrinsic thermal neutron detection efficiency over thin-film-
coated diodes, with present-day MSNDs having over 30% intrin-
sic thermal neutron detection efficiency for a 0.5-mm thick sensor
and an active area of 1 cm2 or 4 cm2 [11,13–15]. However, MSNDs
are rapidly approaching theoretical limits for intrinsic thermal
neutron detection efficiency. Careful design of the trenches and
semiconductor fins can optimize detection efficiency, but the
presence of streaming paths in the fins of the semiconductor force
an upper limit on intrinsic thermal neutron detection efficiency of
approximately 45% for a single MSND [12]. Many semiconductor
substrates have small neutron-interaction cross-sections (for Si,
σSiE0.17 b), thus neutrons incident on the substrate fins will likely
pass undetected through the sensor [12]. To mitigate neutron
streaming, two MSNDs with 21% intrinsic thermal neutron
detection efficiency were double-stacked, aligned, and integrated
to count as a single sensor yielding 42% detection efficiency (see
Fig. 2) [16,17]. However, proper alignment of the MSNDs was dif-
ficult and imprecise, which is not conducive to mass production.
Furthermore, device mismatch due to inconsistent leakage current
and diode capacitance produced poor reaction-product pulse-
height spectra and unusually-high lower-level discriminator (LLD)
values.

To produce a sensor with detection efficiencies comparable to
3He (which is often above 70% for 4-atm or greater 3He counters)
while also achieving low-cost mass-producibility, a new iteration
of the perforated semiconductor diodes is needed and presented
here. Dual-sided microstructured semiconductor neutron detec-
tors (DSMSNDs) have perforations etched into both sides of a
semiconductor diode, backfilled with neutron converting material
(in Fig. 3). There are two basic types; a vertically-operated, high-
efficiency opposing-pattern design wherein front- and back-side
patterns complement one another (as with a stacked device), and
an interdigitated version where conformally-doped junctions
work to quickly sweep out charge with no applied bias. Opposing-
pattern DSMSNDs sensors 1-mm thick can theoretically offer
intrinsic thermal neutron detection efficiencies up to 80%. Fur-
thermore, fabrication of such sensors is similar to producing
single-sided MSNDs and is simpler than double-stacked MSNDs as
back-side trenches are aligned during the photolithographic
printing steps, and front- and back-side trenches are etched
simultaneously in a wet chemical bath. The removal of bulk Si
from the trenches serves the secondary purpose of reducing
electronic noise and sensitivity to background gamma-ray radia-
tion. Thermal-generation leakage current and gamma-ray inter-
action rates are reduced by the small volume of the Si depletion
region within the detector fins.

Presented here are details of fabrication, testing, and char-
acterization of first-generation opposing-pattern type DSMSNDs.
DSMSND sensors were fabricated using common very-large-scale
integration (VLSI) fabrication techniques, using photolithographic
printing, wet-chemical etching, and solid-source diffusion.
DSMSNDs were tested for leakage-current and diode capacitance
characteristics, then backfilled with neutron converting material,
and finally were investigated for thermal neutron sensitivity in a
collimated thermal neutron beam at the Kansas State University
TRIGA Mk II research reactor. DSMSNDs were compared against a
well-calibrated 2-in. diameter, 6-in. long, 4-atm 3He counter with
intrinsic thermal neutron detection efficiency defined elsewhere



Fig. 3. Shown are two possible iterations of the dual-sided microstructured
semiconductor neutron detectors (DSMSNDs). Depicted (left) is an opposing-trench
design wherein two layers of trenches work to complement each other to produce
an ultra-high efficiency neutron sensor. Shown (right) is an interdigitated-trench
design in which pvn-junction contacts are formed to produce an ultra-low dead-
time neutron sensor.
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[18]. Gamma-ray discrimination values were determined with the
use of high-activity 137Cs sources. The prototype DSMSNDs were
also compared to MSNDs with similar trench dimensions as a
means of proving that the intrinsic thermal neutron detection
efficiency of the DSMSNDs is nearly double that of MSNDs.
Fig. 4. Shown (left) is a schematic of a straight-trenched DSMSND showing how
the trench depth, H, unit-cell width, W_Cell, and trench-to-unit-cell ratio, T/
W_Cell, parameters were defined and varied. MCNP6 results for intrinsic thermal
neutron detection efficiency for a 0.5-mm thick sensor are also shown (right).
2. Design

DSMSNDs are an extension of the single-sided MSND technol-
ogy, and as such, careful design of the etched microstructures is
necessary to provide a balance between neutron-absorption and
charged-particle reaction-product-counting efficiencies. High
neutron absorption efficiency is accomplished with deeper-etched
trenches and additional conversion material. Wider trenches
(relative to the semiconductor fins) increases the probability of
incident neutrons intersecting the conversion material rather than
the semiconductor substrate and streaming through the device.
DSMSNDs reduce the probability of neutrons streaming through
the sensor, but neutrons can still pass through the device if the
front- and back-side trenches are misaligned. Unfortunately,
charged-particle reaction product self-absorption is increased by
adding conversion material, consequently reducing the amount of
energy that can be deposited into the semiconductor substrate.
The reduced energy deposition shifts the output pulse-height
spectrum to lower energies and limits the possible detection
efficiency of the device. An optimized balance between neutron
converter and semiconductor substrate dimensions was deter-
mined with several Monte Carlo Neutral Particle (MCNP6) simu-
lations. Although there are numerous patterns that can be con-
sidered for DSMSND fabrication, including holes, columns,
sinusoids, chevrons, and many other iterations of these geome-
tries, only straight trenches are considered here.

DSMSND-structure dimensions were iteratively varied and
simulated to determine the optimal thermal neutron detection
efficiency. The trench width, trench depth, and unit-cell width
parameters were varied to determine prototype diode-structure
design, as shown in Fig. 4. This study focused on the use of 6LiF as
the neutron converting medium due to its ease of fabrication and
high-energy reaction products. 10B has a higher neutron absorp-
tion cross-section which allows for shallower trenches, but the
lower-energy reaction products typically reduce the output signal
for neutron events, limiting the performance of 10B-based devices.
The charged-particle reaction products produced within 10B con-
verting material have ranges between 1 and 7 μm in 10B as com-
pared to 6–34 μm for 6Li reaction products in 6LiF [6]. The long
ranges of the 6Li reaction products also allow for large, easy-to-
fabricate diode structures, which have good charge-collection
capabilities, thus maximizing the signal output of the devices.
Simulated intrinsic thermal neutron detection efficiency values
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were calculated using a 0.50-cm by 0.50-cm Si substrate, 500-μm
thick, backfilled with 6LiF inside alternating trenches and fins, each
running the full width of the device (Fig. 4). The theoretical
DSMSND was irradiated in the simulation with a 2.5-mm diameter
collimated beam of thermal neutrons. Neutrons absorbed within
the 6LiF material generated the 6Li(n,t)He reaction products. Par-
ticle histories that deposited more than 300 keV of energy into the
Si were ‘counted’, with the intrinsic detection efficiency deter-
mined by dividing the ‘counts’ by the total number of particle
histories. MCNP6 results are shown in Fig. 4. The 40-μm pitch, 0.60
trench-to-unit-cell ratio design was chosen and a trench depth of
180 μm was targeted for fabrication of the first prototype devices.
3. Fabrication

DSMSNDs were fabricated in 500-μm thick, high-purity
5 kΩ cm, [110]-oriented Si wafers using standard VLSI techni-
ques, similar to MSND production (depicted in Fig. 5). A control set
of MSNDs were also fabricated with trench-feature dimensions
identical to the DSMSNDs. Front-side trench openings and dopant
diffusion features were patterned with photoresist and etched into
a SiO2 etch mask with buffered oxide etch (BOE) with alternating
25-μm wide trenches and 15-μm wide fins. A diffusion-barrier
window was opened into the top-side oxide layer to form a 1-cm2

diode area. The back-side trenches were patterned identically to
the top-side trenches, but were laterally offset by 20 μm. No
backside trenches were patterned for the control set of MSNDs.
The patterned wafers were immersed in a heated bath of KOH to
etch the front- and back-side straight trenches simultaneously at
50 °C for 10 h. The resulting trenches had measured depth of
185 μm with a width of 17–18 μm. A semi-conformal p-type
junction was diffused on the front-side fins of the wafers using BN
solid sources and n-type junctions were formed on the back-sides
with SiP2O7 solid sources, effectively forming a vertical pvn-junc-
tion diode. A thin-film Ti/Au ohmic contact was evaporated on the
n-type side. The front-side and back-side microstructures were
centrifugally backfilled with nano-sized 6LiF powder. Excess 6LiF
Fig. 5. Depicted are the general steps for fabrication of a DSMSND, starting from the to
layer is etched with an HF solution and the exposed Si is etched with KOH. p-type and
contact completes the device. The trenches are commonly filled with 6LiF nano powder
powder was cleaned from the surface of the wafer and diodes
were mechanically diced from the wafer, tested for leakage current
and diode capacitance, and mounted to disposable detector boards
for neutron and gamma-ray testing.
4. Testing and results

Prior to mounting to counting electronics boards, DSMSNDs
undergo testing for leakage current and diode capacitance after
fabrication. Low leakage current is necessary for reduced electro-
nic noise and for establishing a bias across the device, thereby,
promoting drift and collection of induced electron–hole pairs. Low
diode capacitance is important for good device-to-electronics
coupling as well as generating large pulse-heights for generated
electron–hole pairs. Diodes having less than 10 nA cm�2 leakage
current and less than 100 pF total diode capacitance are con-
sidered to be ‘good’. Good diodes are selected for mounting to
disposable detector boards and further testing. Mounted devices
are coupled with low-power counting electronics and tested for
electronic noise and gamma-ray sensitivity. A lower-level dis-
criminator level (LLD) is set such that a gamma-ray discrimination
of 1:10�5 is achieved for 137Cs at 35 mR h�1 exposure.

DSMSNDs were tested for neutron sensitivity at the diffracted
thermal neutron beam port at the Kansas State University TRIGA Mk
II research reactor. The diffracted beam port produces a mono-
energetic, collimated beam of thermal neutrons with a maximum
diameter of approximately 1.5 cm. The beam was stopped down to
2.5-mm diameter for the measurements, and calibrated using a well-
characterized 4-atm, 2-in. diameter, 6-in. long 3He tube with 80.5%
intrinsic thermal neutron detection efficiency [18]. The 3He counter
was then replaced by a DSMSND and a background measurement
was taken with the beam fully closed. This measurement served to
establish background and to confirm that gamma-rays present from
neutron capture within the borated high-density polyethylene colli-
mating material and Cd shutter were appropriately discriminated.
The beam port shutter was re-opened and a neutron measurement
was performed as depicted in Fig. 6. Care was taken to align the
p-left, oxidized Si is patterned using common photolithographic printing. The SiO2

n-type contacts are diffused on the top and bottom fins, respectively, and a gold
.



Fig. 6. Shown are the steps necessary for determining the intrinsic thermal neutron detection efficiency of the DSMSNDs. (a) The collimated thermal neutron beam flux is
determined using a highly-calibrated 3He neutron detector. (b) The DSMSND gamma-ray discrimination level is determined with a ‘shutter-closed’ measurement. (c) The
DSMSND detection efficiency is determined with a ‘shutter-open’ measurement.

Fig. 7. Plotted (top) is the measured pulse-height spectrum from the prototype
DSMSND compared to (bottom) the simulated pulse-height spectrum from MCNP6,
plotted with intrinsic thermal neutron detection efficiency vs. LLD setting. Straight
lines represent where the LLD was set for the measurement.

Fig. 8. Plotted is the capacitance vs. applied bias curve for the DSMSND. At full
device depletion, a diode capacitance of 67 pF is measured. A capacitance of 76 pF is
measured at the detector operating bias of �2.7 V, implying that the diode is only
85% depleted.
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DSMSND such that the collimated thermal neutron beam was nor-
mally incident on the front face of the diode, as simulated in MCNP6.
One set of results from these measurements is shown in Fig. 7. The
reaction-product spectral features were predicted by MCNP6 mea-
surements, as shown in Fig. 8, showing good charge carrier collection
efficiency within the device. The measured intrinsic thermal neutron
detection efficiency was measured to be 29.4870.29%, shy of the
theoretically-predicted efficiency of 38.2%. The testing process was
repeated for the control set of MSNDs which yielded average effi-
ciencies of 17.0370.32%, closer to their theoretically-predicted value
of 19.1%.
The intrinsic thermal neutron detection efficiency (29.4870.29%)
fell short of the theoretically-predicted value of 38.2%. Incomplete
charge collection of the induced electron–hole pairs and incomplete
diode depletion are the likely contributors to the reduced detection
efficiency. DSMSND neutron-detection measurements were per-
formed with a 10-μs shaping time, contributing to a ballistic deficit,
and shifting the resulting pulse-height downward (as shown in
Fig. 7), also experienced elsewhere [16]. The theoretical LLD setting of
300 keV used to determine the expected efficiency was adjusted to
match the real-world measurement LLD setting relative to the
spectral features reported by the device. The increased LLD setting
reduced the theoretical efficiency to approximately 35%. The second
contributing factor is shown to be incomplete device depletion. A
capacitance curve was produced showing that the device volume
was roughly 85% depleted at the �2.7 V applied bias, as shown in
Fig. 8. The depletion depth, and therefore the active region of the
DSMSND, did not extend to the lower portions of the backside fins,
rendering them incapable of measuring charged particle reaction
products emitted into this region.
5. Conclusions

Functioning 0.5-mm thick DSMSNDs were fabricated and tes-
ted using fabrication techniques similar to the production of
single-sided MSNDs. These DSMSNDs were tested to show that
intrinsic thermal neutron detection efficiency was nearly 2�



R.G. Fronk et al. / Nuclear Instruments and Methods in Physics Research A 804 (2015) 201–206206
greater than a single-sided MSND with similar trench and fin
structures, while maintaining good gamma-ray discrimination
(�1:10�5). The possible reasons for a detection efficiency lower
than modeled values were attributed to incomplete charge col-
lection and incomplete device depletion, issues that will be
resolved in future iterations of the device.
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