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a b s t r a c t

Silicon diodes with large aspect ratio perforated microstructures backfilled with 6LiF show a dramatic

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

Described in this work are advancements in the technology with increased microstructure depths and

detector stacking methods to increase thermal neutron detection efficiency. The highest efficiency

devices thus far have delivered over 37% intrinsic thermal neutron detection efficiency by device-

coupling stacking methods. The detectors operate as conformally diffused pn junction diodes with

1 cm2 square-area. Two individual devices were mounted back-to-back with counting electronics

coupling the detectors together into a single dual-detector device. The solid-state silicon device

operated at 3 V and utilized simple signal amplification and counting electronic components. The

intrinsic detection efficiency for normal-incident 0.0253 eV neutrons was found by calibrating against a
3He proportional counter and a 6LiF thin-film planar semiconductor device. This work is a part of on-

going research to develop solid-state semiconductor neutron detectors with high detection efficiencies

and uniform angular responses.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Microstructured semiconductor diode devices, backfilled with
neutron reactive materials, have been suggested as high-
efficiency thermal neutron detectors as far back as 1987 by
Muminov and Tsvang [1] and more recently by Schelten et al. [2],
Schelten and Reinartz [3], and Allier [4], with much enthusiastic
investigative work completed in the last decade [5–28]. The basic
configuration consists of a common pn junction diode, that is
microstructured with an etched pattern, and then backfilled with
neutron reactive materials. 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 not greater than 4.5% intrinsic efficiency [29–33]. The
relatively low efficiency of these planar devices, due to reaction
product self-absorption in the neutron sensitive coating, makes
them unpopular for common applications such as real-time
dosimetry or area monitors. 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. In
comparison to other neutron reactive materials, the reaction
ll rights reserved.
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 radiations [7,26]. Therefore, the following work concen-
trates only on devices constructed with 6LiF as the neutron
converter material.

The present work employs the same technology, along with
some new fabrication techniques to increase microstructure
depths in the Si diode and stacking dual-integrated detectors to
achieve unmatched solid-state neutron detection efficiency. With
recent advancements in inductively coupled plasma-reactive-ion-
etching (ICP-RIE) using high-aspect ratio deep etching (HARDE)
techniques, along with common MEMS wet-etching techniques
[2,4,34], unique neutron detector microstructures have been
realized. Wet-etched strait trench microstructured diode devices
(250 mm in depth) have been fabricated and backfilled with 6LiF
neutron absorber material (see Fig. 1). Two variations of the
diodes have been previously fabricated, such that they either have
a rectifying pn junction selectively formed around the etched
microstructures or have pn junctions conformally diffused inside
the microstructures [26, 27]. Conformal diffused devices have
shown improved performance with more uniform electric fields
in the detector active region [22]. Further discussion of the
conformal diffused device modeled limitations will be presented.

The focus of this work involved mounting two detector chips
back-to-back with counting electronics coupling them together
into a single detector device. For the dual-detector device, the
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Fig. 1. Images of wet-etched strait- and chevron trench microstructured detectors. The upper left shows above-view of strait trench microstructure, the upper right shows

a cleaved side view of high-selectivity deep-etched trenches, and the two bottom pictures show an above-view and side-view of chevron trench microstructures.
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intrinsic detection efficiency for normal-incident 0.0253 eV
neutrons was found, calibrated against thin-film planar semi-
conductor devices and 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, into a single device to dramatically increase the
counting efficiency of the neutron detector.
Fig. 2. Illustration of neutron efficiency gain from stacking second detector off-set

from the first. Note that the 2200 m/s neutron absorption cross-section of silicon is

small, sSi,a¼0.171 b [35].
2. Microstructured neutron detector design

Initially, an oxide is grown on a 10 kOcm n-type Si wafer, in
which a diffusion window is patterned. Microstructured perforations
are then etched into the Si diffusion windows with an ICP-RIE
process or a KOH wet-etch process where the trench pattern is
aligned to the /1 1 1S planes in a (1 1 0) orientated Si wafer.
Individual detectors are batch processed on 3 in. diameter wafers,
each with an active square-area of 1 cm2. The devices reported in the
present work have strait trenches etched 250 mm deep by 25 mm
wide, where the trenches are periodically spaced 50 mm apart. The
strait 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 shown in Fig. 2. After the etch
process, the wafer is chemically cleaned and p-type regions are
diffused uniformly into individual device microstructures across the
wafer, thereby forming pn junctions within the trenches. A Ti–Au
metal contact is fabricated on the backside of the wafer to make an
electrical ground contact, thereby completing the diode structure
and enabling depletion through the bulk of the individual devices.
Finally, 6LiF powder is packed into the perforations to function as the
neutron absorbing converter material.

Individual device chips are then mounted as dual-integrated
detector systems. The dual-detector amplifying and readout
electronics were specifically designed in-house and consists of
a sandwiched detector board and a separate motherboard
(see Figs 3 and 4). The separate motherboard configuration was
used for research purposes as it simplifies testing multiple
detector types through the use of common electronics. On the
preamp board, a copper foil is sandwiched between two printed
circuit boards that have an exposed backside plane. This provides
the connection for the positive bias voltage to the detector
cathodes. Two neutron detectors are mounted to a copper foil
using conductive silver epoxy. On the front of the PC boards the
detector anodes are wire-bonded to gold pads that are electrically
connected by a post through the sandwiched boards. In this
configuration, the anodes of each detector are common and
applied to the input of a charge sensitive preamp with a �10 ms
time constant and a nominal gain of �1 mV/fC. 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 integrator can be applied to
compensate for the large leakage currents resulting from the
trenching of the detectors. All connections to and from the
preamp board are on a single row 10-pin edge connector.



Fig. 3. Shown on the left are dual-integrated packaged devices with preamplifying circuitry. The right picture is of the motherboard, which provides an adjustable detector

bias, bias current compensation, pulse shaping and gain, an analog output for pulse-height analysis, and a ‘‘digital’’ output from a discriminator.

Fig. 4. Illustrated above is the neutron detector’s basic readout circuit schematic for pulse amplification, adjustable detector bias, bias current compensation, pulse shaping

and gain, analog output for pulse-height analysis, and ‘‘digital’’ output from a discriminator.

Fig. 5. Pulse height spectrum from conformal-diffused diode dual-integrated

detector with 250 mm deep strait trench microstructures, showing response with

and without (Cd shutter closed) neutrons. Electronic signal integration time was 2 ms.
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For testing, the preamps are plugged into a motherboard that
provides power, an adjustable +0 to +30 V detector bias, bias
current compensation, pulse shaping and gain, an analog output
for pulse-height analysis, and a ‘‘digital’’ output from a discrimi-
nator. The dual-detector and motherboard are placed in a shielded
box because the detectors are photosensitive. Bias current
compensation is obtained using an integrator with a 0.1 s time
constant to monitor the DC level of the input signal and thereby,
feeding it back to the preamp for compensation. The input signal
is processed by a pole-zero cancellation stage with a gain of �5.6
and time constants of 9.7 ms (zero) and 2 ms (pole). This is
followed by an RC filter with a 2 ms time constant and an
additional gain of +2. 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 6 ms and a gain of �16 mV/fC. The input referred
noise is 0.37 fC(rms) without bias current compensation and
0.49 fC(rms) with the compensation connected but without the
effect of the bias current shot noise. All values were measured
using a 100 pF detector capacitance.
3. Performance of dual-integrated neutron detector

The dual-integrated neutron counting efficiency was measured
with a 0.0253 eV diffracted neutron beam from the Kansas State
University TRIGA Mark II nuclear reactor. The neutron flux was
calibrated with a Reuter–Stokes 3He gas-filled proportional
detector and found to be 1.0570.02�104 n cm�2 s�1. Details
of the calibration method can be found in Ref. [27]. A pulse height
spectrum was collected from the dual-integrated microstructured
detector in the diffracted neutron beam with and without a Cd
shutter, thereby allowing the collection of responses with and
without thermal neutrons. Prompt gamma-rays emitted from the
thin Cd shutter appear in the spectrum as numerous pulses at low
energy near the noise floor of the detector system (see Fig. 5). The
neutron counting efficiency was calculated by dividing the
summed neutron counts, collected from the dual-detector with
a lower level discriminator (LLD) set above the system noise, by
the calibrated flux determined with the 3He detector.

Fig. 5 shows the measured pulse height spectrum from the
dual-integrated device, with each detector chip having 250 mm



Fig. 6. Modeled electric potential solution within a 250 mm deep trenched device.

Fig. 7. Modeled transient solution of current versus time within 100 and 250 mm

deep trenched devices.
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deep trenches. The single dual-integrated device works well with
as little as 2 V of applied bias. The leakage current for the 1 cm2

dual-integrated devices was 500 nA/cm2. The conformal device
leakage current has been shown to be almost 2 orders of
magnitude lower than the leakage current at the same voltage
for the selective diffused etched device [26]. The pulse height
spectrum shows many more counts than previously reported in
single and dual-integrated devices [28]. Notice that the spectrum
shows a downward shift of the pulse height signal from the
detector. Some of this shift may be due to an overall increase in
capacitance of the stacked device, thereby reducing the pulse
height signal from the detector. Similar to the other tested devices
with the Cd shutter closed [27,28], the gamma-ray component
was negligible at a LLD setting above channel 11. With the LLD set
to channel 11 (375 keV), intrinsic efficiency was measured to be
37.070.6%.

Ultimately, deeper microstructured trenches and dual-inte-
grated devices show a reduction in pulse height, which can
decrease the n/g ratio. Yet, in the present work, this pulse height
shift does not appear to be severe. Note that the gamma-ray
interactions within the device also diminish with deeper perfora-
tions (due to less interaction volume), thereby allowing for
smaller LLD settings resulting in superior gamma-ray discrimina-
tion, which has been previously shown to be 3�10�6 n g�1 at an
LLD of 500 keV [27].

To better understand why the pulse height spectrum of deep
microstructured devices shifts to lower energies, a simulation was
created using the Silvaco TCAD software package [36] to inspect
the effect of the electric fields generated by the conformal
diffusion process and the time-response of a signal pulse. Silvaco

TCAD is an industry standard set of software packages for
semiconductor device modeling. The TCAD software calls on the
ATLAS tool as a Poisson solver and additional tools such as
DEVICE3D or BLAZE3D are invoked to handle the complexities of
3-dimensional geometries and time-transient simulations.
The model geometry specifications were defined to mimic
shallow boron diffusion within the device microstructure, thereby
creating a conformal pn junction diode within deep
trench microstructures on a high resistivity n-type Si substrate
(10,000 O cm). A 3-dimensional portion of a microstructured
diode device was constructed with trench depths of 50, 100, and
250mm and a potential solution was obtained with a 2 V reverse
bias applied.

Within the diode structure, a single-event upset was defined
with a cloud, 10 mm by 10 mm, of electron–hole pairs centered
midway between the trenches and at a depth of 45 mm from the
top surface of the structure in all three model variations. Initially,
this may seem unrealistic, but the outward diffusion of charge
from a compact ionization track to form a broad cloud is very
rapid. Compared to the timescale of charge drifting to form a
signal pulse, the transition from a track-like shape to a diffuse
cloud will appear instantaneous. As a result, there is no need to
define the shape of the ion track specifically; therefore, the charge
cloud was defined very generically to represent any number of
triton tracks having random directions that pass through this
probable location. In fact with iterative transient computation,
such extreme conditions can make the simulation unstable and
inaccurate. The amount of charge utilized in the simulation was
representative of the number of electron–hole pairs generated
from the kinetic energy capture in the semiconductor from triton.
However, typically in diode devices the time dependent response
of the device does not depend greatly on the quantity of charge, but
more on the established electric fields, carrier mobility, and
lifetime. A time-transient solution was obtained, which revealed
the current resulting at the top electrode of the device as a function
of time, which includes the sudden appearance of this cloud.
It should be noted here that this simulation of charge transport
is not intended to determine an absolute response for these
microstructured diode neutron detectors. There are many vari-
ables that affect the total signal that is induced and observed. The
simulation was utilized to examine the relative differences in
behavior between varying trench depth geometries. The com-
parative behavior due to the established electric field distribu-
tions for varying trench depth designs holds merit not only for the
silicon microstructured diode neutron detector but also for any
charge induction scenario utilizing cup-shaped electrodes with
this echelon of aspect ratios.

The electric potential solution within a 250 mm deep trenched
device (see Fig. 6) shows that more voltage is dropped below the
trench structure rather than in between the trenches. Even
though the silicon material is depleted of charge between the
trenches, a significant electric field is established only where
the potential drops below the trenched structure. As a result of
the low electric field region between the trenches, the ionized
charge cloud stagnates. With the p-side of the junction surround-
ing the charge cloud on three sides, holes are drawn more readily
to this nearby conductive layer. Conversely, the electrons have
little motivation to drift toward the opposing electrode and do not
form considerable signal until they find their way down to the
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high-electric field region below the trenches and are swept
swiftly by the significant electric field. It is here that most of the
signal is induced by electron transport.

The transient solution of current versus time correlates to this
behavior. As the trenches become deeper from 100 mm to 250 mm,
the time of current flow in the structure is drawn out over time.
Similarly, the magnitude of current is reduced as the time to form a
pulse is drawn out (See Fig. 7). In the case of 250 mm deep trenches
it may take 10 ms to collect an entire signal pulse. Therefore, the
electronic signal integration time for the dual-detector of 2 ms was
not nearly long enough to accommodate the large integration time,
which is due to the small electric potential in the Si microstructure,
necessary to extract all the produced charge.
4. Conclusions

A dual-integrated, 1 cm2 strait trench microstructured Si
detector, 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 high efficiency achieved by appropriately
stacking two detector chips into a single device. Efficiency is
dramatically increased by capturing streaming neutrons from the
first detector. The dual-integrated detector with two 250 mm deep
trenched devices achieved 37% intrinsic efficiency. Finally, the
gamma-ray rejection for the dual-integrated stacked device was
high, with prompt Cd gamma-rays in the low energy to noise end
of the pulse height spectrum, which is due to many combined
effects explained in Ref. [7].

The improved fabrication design with pn junctions diffused
within the microstructured trenches has lowered the leakage
current and improved the pulse height signal from 50 and 100 mm
devices [22] but when the trench depths are increased to 250 mm,
the pulse height spectrum from the detector is shifted to the low
energy end, which is most likely due to the short signal
integration time circuit for the dual-detector stacked device.
Because of this effect, future work will be dedicated to fabrication
of interlaced microstructures that are etched from both sides of
the Si diode, shown elsewhere [14], therefore, the electric field
will be uniformly distributed across the Si detector volume and
the signal integration time necessary to collect all the produced
charge will be reduced and not limited by increased microstruc-
ture depth.
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