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a b s t r a c t

Silicon diodes with large aspect ratio 3D microstructures backfilled with 6LiF show a significant

increase in neutron detection efficiency beyond that of conventional thin-film coated planar devices.

Described in this work are advancements in the technology using detector stacking methods and

summed-detector 6�6-element arraying methods to dramatically increase the sensitivity to thermal

neutrons. The intrinsic detection efficiency of the 6�6 array for normal-incident 0.0253 eV neutrons

was found 6.8% compared against a calibrated 3He proportional counter.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Microstructured semiconductor neutron detectors (MSNDs),
backfilled with neutron reactive materials, have been studied as
high-efficiency thermal neutron detectors with much enthusiastic
investigative work completed in the last decade (Allier, 2001;
Bellinger et al., 2010a; Bellinger et al., 2010b, 2011a; Bellinger
et al., 2011b; Bellinger et al., 2009a, b; Bellinger et al., 2007,
2009c; Dingley et al., 2010; Henderson et al., 2010; McGregor
et al., 2007; McGregor et al., 2008; McGregor and Klann, 2003,
2007; McGregor et al., 2002; McGregor et al., 2009; McGregor and
Shultis, 2011; McNeil, 2010; McNeil et al., 2006; McNeil et al.,
2009a; McNeil et al., 2009b; Nikolic et al., 2010; Nikolic et al.,
2007; Shultis and McGregor, 2004a; Shultis and McGregor, 2006;
Shultis and McGregor, 2008, 2009; Solomon, 2007; Solomon et al.,
2010; Uher et al., 2007). The basic configuration consists of a
common pn junction diode, which is microstructured with an
etched pattern, and then backfilled with neutron reactive materi-
als. Such devices are compact, easily produced in mass-quantity,
have low power requirements, and are far superior to common
thin-film planar neutron detectors, which are restricted to low
thermal neutron detection efficiencies, typically no greater than
4.5% intrinsic efficiency because of reaction production self-
absorption (McGregor et al., 2003; Shultis and McGregor,
2004b). For this work, the neutron reactive material is based on
the 6Li(n,t)4He reaction, such that when thermal neutrons are
absorbed in 6Li, a 2.73 MeV triton and a 2.05 MeV helium nucleus
are ejected in opposite directions (Shultis and McGregor, 2004b).
ll rights reserved.
In comparison to other neutron reactive materials, the reaction
products from the 6Li(n,t)4He reaction are far more energetic than
those of the 10B(n,a)7Li or 157Gd(n,g)158Gd reactions, thereby
improving detection and discrimination from measurable back-
ground radiation (Bellinger et al., 2010a; Shultis and McGregor,
2004b, 2009). Therefore, the following work concentrates only on
devices constructed with 6LiF as the neutron converter material.

The present work employs the same technology, along with
stacking dual-integrated 6�6-arrayed MSND devices to achieve
unmatched solid state neutron detection sensitivity. The focus of this
work involved mounting two 6�6-element detector chips back-to-
back with counting electronics coupling them together into a single-
detector modular device. For the stacked 6�6-arrayed MSND device,
the intrinsic detection efficiency for normal incident 0.0253 eV
neutrons was found by direct comparison to a calibrated 3He
proportional counter. An important clear advantage for the 3D
microstructured neutron detectors is the high efficiency achieved
with a single device. Furthermore, these devices can be dual-
integrated, by stacked configurations, and arrayed into a single device
to dramatically increase the counting efficiency of the neutron
detector.
2. 6�6-Array large-area MSND design

To fabricate the dual-integrated stacked-detector for assembled
large-area panel arrays, a whole 6�6-arrayed (1 cm2 individual
elements) MSND device was manufactured on a 4-inch diameter Si
wafer. Initially, an oxide is grown on a 7–14 kO-cm n-type Si wafer in
which a diffusion window is patterned. Microstructured perforations
are then etched into the Si diffusion windows with a KOH wet-etch
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process where the trench pattern is aligned to the /111S planes in a
(110) orientated Si wafer. The MSND devices reported in the present
work have straight trenches etched 60 mm deep by 25 mm wide,
where the trenches are spaced in a 50 mm pitch, see Fig. 1. The
straight trench design maintains high neutron detection efficiency
while creating an opportunity to off-set stack the detector chips so as
to maximize neutron absorption as reported in (Bellinger et al.,
2010b). After the etch process, the wafer is chemically cleaned and
p-type regions are diffused uniformly into individual device micro-
structures across the wafer, thereby forming conformal pn junctions
within the trenches. A Ti-Al metal contact is evaporated directly on
the backside of the high-resistivity wafer to make an electrical ground
contact, thereby completing the diode structure and enabling deple-
tion through the bulk of the individual devices. Finally, 6LiF powder is
pushed into the microstructures by hand to function as the neutron
absorbing converter material. The leakage current for an individual-
element 1 cm2 device was 45 nA/cm2 at the reverse-bias operation
voltage of 2.5 V.
Fig. 1. Cross-section illustration of a fabricated MSND with conformally-diffused

diode structure.

Fig. 2. (left) Shown is a disassembled dual-integrated 6�6-arrayed MSND device wit

shaping and gain, an analog output for pulse-height analysis, and a ‘‘digital’’ output fro

sides of the mounting board shown in the lower half of the picture. (right) Shown is t

housing for assembling many devices into a large detector panel array.
Two 6�6-arrayed MSND device chips were mounted with highly
specialized dual-integrating amplifying and readout electronics,
specifically designed in-house to be compact and fitted together like
LegosTM, see Fig. 2. The counting electronics were designed to be
packaged compactly together on 4-stacked boards (1 MSND mount-
ing board, 2 preamplifier boards, and 1 amplifier/signal-shaping
board), see Fig. 3. The motherboard and preamplification board were
made from FR-4 epoxy-glass material from Advanced Circuits and
was 762 mm thick. The mounting board was made from FR-4 epoxy-
glass material from Advanced Circuits and was 1,575 mm thick. The
two 6�6-array MSND chips were mounted back-to-back on an
aluminum plated mounting board, with the preamplifier board
mounted on top of each array. The mounting board provides the
connection for the positive bias voltage to the common cathode on
the backside of the silicon. The contact connection wires (for the 36
individual devices) are wire-bonded to the top of the MSND device
chip through holes in the preamplifier board. In this configuration,
the anodes of each detector are applied to the input of a charge
sensitive preamp with a �10.2 ms time constant and a nominal gain
of 1.4 V/pC. A relatively short time constant is used because high
counting rates are expected for some applications. The preamp board
can be reconfigured such that feedback from a downstream inte-
grator can be applied to compensate for the DC offset caused by the
increased leakage currents resulting from the trenching of the
detectors. Examination of the causes of higher leakage currents for
the MSNDs compared to planar diode devices is studied in (Bellinger
et al., 2009a). All connections to and from the preamp board are on
two single-row 50-pin edge connectors. The preamplifier signals are
routed to a motherboard which provides power, an adjustable þ0 V
to þ2.5 V detector bias, pulse shaping and gain, an analog output for
pulse-height analysis, and a ‘‘digital’’ output from a discriminator. In
addition, to reduce the amount of circuitry required, four preampli-
fiers are connected to one shaping amplifier, see Fig. 4. The input
signal is processed by a pole-zero cancellation stage with a gain of
�56 and time constants of 12.1 ms (zero) and 10 ms (pole). The
discriminator output is a 3.3 V logic level that is ‘‘high’’ as long as the
analog output is above threshold. The analog output is a semi-
Gaussian pulse with a FWHM width of 18.5 ms and a gain of
�130.2 mV/fC. The input referred noise is 1.06 fC(rms). All values
h amplifying circuitry, adjustable detector bias, bias current compensation, pulse

m a discriminator. Two 6�6 MSND arrays are mounted back-to-back, with both

he assembled MSND 6�6-array packaged device, with a characteristic aluminum



Fig. 3. Illustration of a cut-section assembly of the 6�6-arrayed MSND device with preamplifier board, dual-MSND array mounting board, and summed-amplifying/

digitizing circuitry board. Note that for simplicity only 3 devices are shown and the MSND device scale is enlarged.

Fig. 4. Illustrated above is the stacked 6�6-element arrayed MSND device basic readout circuit schematic for pulse amplification, adjustable detector bias, pulse shaping

and gain, and analog and digital output.
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were measured using a 100 pF detector capacitance. The simulated
detector capacitance was chosen based on measured MSND capaci-
tance values at a detector reverse bias of 2.5 V. Overall each channel
requires less than 250 mA.
3. Performance of the dual-integrated large-area
6�6-arrayed MSND

The stacked 6�6-element arrayed MSND device neutron-count-
ing efficiency was measured with a 0.0253 eV diffracted neutron
beam (1.25 cm diameter) from the Kansas State University TRIGA
Mark II nuclear reactor (Unruh, 2009). The stacked arrayed MSND
device intrinsic efficiency was measured by direct comparison to a
calibrated Reuter-Stokes 3He gas-filled proportional detector, where
both devices were centered in the diffracted neutron beam. Details
of the 3He proportional detector calibration method can be found
elsewhere (McGregor et al., 2009). Summed counts were collected
from both detectors placed separately in the diffracted neutron
beam. The summed count results for each device are reported in
Table 1. The neutron counting efficiency was calculated by dividing
the summed neutron counts, collected from the stacked 6�6-
element arrayed MSND device with a lower level discriminator
(LLD) set above the system noise, by the calibrated fluence
determined with the 3He detector. The stacked arrayed MSND
device intrinsic efficiency was measured to be 6.8270.03% as
shown in Table 1. Further analog-signal output analysis from
thermal- and fast-neutron detection with the 6�6-arrayed MSND
is presented in (Bellinger et al., 2011b).

The measured thermal neutron detection intrinsic efficiency
was found to be much less than the earlier calculated intrinsic
efficiency found elsewhere (Shultis and McGregor, 2009). A
portion of the difference may be accounted by the large neu-
tron-streaming un-microstructured regions (0.65 mm wide)
between the individual elements of the MSND array, which were
not factored into the calculated intrinsic efficiency. Assuming the
1.25 cm diameter neutron-beam is centered on a single stacked-
element of the array, 13.8% of the beam area does not intersect an
active region of the arrayed neutron detector. In addition, thermal
neutrons may be lost through absorption and scattering in the
top-mounted motherboard, preamplification board, and the
MSND mounting board and their respective electronic compo-
nents, see Fig. 3. To verify this hypothesis, a motherboard and
mounting board attenuation experiment was performed. Each
board was separately placed in the diffracted thermal-neutron
beam at 1 kW of power and a summed count was taken with the
calibrated 3He detector with and without the board. In this way
the thermal-neutron attenuation for each board was measured.



Table 1
Intrinsic thermal neutron detection efficiencies for the stacked 6�6-element arrayed MSND device and the diffracted thermal neutron beam calibration via calibrated 3He

gas-tube.

Detector Count time (s) Summed counts Measured intrinsic efficiency Calculated intrinsic efficiency

Stacked 6�6 900 51831 6.8270.03% 18.9% (Shultis and McGregor, 2009)
3He 100 67948 80.7% (McGregor et al., 2009)

S.L. Bellinger et al. / Applied Radiation and Isotopes 70 (2012) 1121–11241124
The motherboard and preamplification board attenuated 16.8% of
the beam and the mounting board attenuated 28.7% of the beam.
Obviously the boards are absorbing a large number of the
neutrons and should be reduced in thickness or, at least, another
board type should be used that has lower neutron attenuation.
Another reason for the difference between the calculated intrinsic
efficiency and the measured is that the LiF powder does not pack
completely solid within the microstructures. Hence, the ‘‘effective
density’’ is less than the solid form which is what was used in the
calculated predictions of the detection efficiency.
4. Conclusions

A dual-integrated, stacked 6�6-element arrayed MSND device,
backfilled with 6LiF powder has been characterized for neutron
sensitivity in a diffracted 0.0253 eV thermal neutron beam from a
TRIGA Mark II nuclear reactor. An important clear advantage for
the dual-integrated microstructured neutron detector design is
the increased efficiency achieved by appropriately stacking two
detector chips into a single device. These arrayed devices maybe
arranged in large panel arrays for increased neutron sensitivity.
Future work for these stacked arrayed-MSND devices will include
reduction of the isolation barrier between devices, reduction of the
motherboard and preamplification board thicknesses to reduce
neutron absorption loss, and increased MSND microstructure
depth to increase neutron detection efficiency per 6�6-element
module. Additional future work will include investigation of fast
neutron sensitivity in a bare 252Cf neutron field at 1 m distance.
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