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A semiconductor neutron imaging device is proposed (X-MSND) based on high efficiency, Micro-structured
Semiconductor Neutron Detector (MSNDs) bump bonded onto a Timepix pixelated readout chip. The device
serves as a combined neutron and photon imager with a 256x256 pixel array, using per-pixel time-over-
threshold (ToT) energy deposition. A method of simulation was developed by combining finite-element tools
(COMSOL), particle transport code (Geant4), and charge transport code (Allpix?), to model the time-dependent

charge induction on pixel electrodes to be read-out by the Timepix. Pixel cluster events have been simulated
as a result of incident neutron irradiation for the X-MSND and compared to a planar coated diode device.
The X-MSND design produced thermal neutron detection efficiency of 14%, significantly greater than the
theoretical maximum for planar devices. Simulated pixel clusters showed similar qualitative characteristics
as planar neutron sensitive Timepix hybrid detectors.

1. Introduction

The CERN developed Timepix pixelated readout chip is a plat-
form for radiation imaging when coupled to semiconductor or gas
filled detectors. It is a successor of the Medipix pixelated chips hav-
ing a 256 x 256 pixel array, giving the chip over 65,000 individual
contacts for charge collection for a diverse library of radiation de-
tection technologies [1]. The Timepix chip is capable of estimating
energy deposition in the silicon by measuring the analog pulse time-
over-threshold (ToT) for each pixel. The Timepix is usually mated
to thin-film coated semiconductor diodes for neutron sensing. The
efficiency of these devices is less than 5% and limits capabilities in
low flux applications [2]. The micro-structured semiconductor neutron
detector (MSND) devices, developed at Kansas State University (KSU)
and manufactured by Radiation Detection Technologies, Inc., (RDT,
Inc.) have demonstrated much greater detection efficiency in a variety
of applications [3-9].

It is desired to combine MSND and Timepix technologies to produce
a neutron and photon imaging chip (X-MSND) with high thermal neu-
tron detection efficiency. Timepix hybrid assemblies with monolithic
substrates are able to resolve ionization track shapes and estimate
ionization density, which can distinguish various types of incident
particle or photon irradiation. In this work, we investigate the impact
of the large trenched structures of the MSND in forming signals from
thermal neutrons. The neutron detection mechanism of MSND devices
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relies on the °Li(n,t)a reaction, which produces energetic heavy ion
tracks that generate charge carrier clouds in the surrounding depleted
silicon.

Planar silicon diode devices and bulk substrates can be modeled
with 1-D approximations for electric field distributions and 2-D models
for charge carrier drift and diffusion. Often only the total charge
collection is simulated to determine the signal magnitude at each pixel.
The deeply etched silicon structure of the MSNDs results in a complex,
three dimensional geometry that influences the resultant charge-carrier
transport. This work utilizes a three dimensional model of the semi-
conductor diode including generation and recombination, diffusion and
drift of charge-carriers generated from ionization tracks, and time-
dependent charge induction on the pixel electrodes. In addition, the
signal formation models are coupled to radiation transport models in
Geant4 and utilized ionization events as an input so that radiographic
image performance of the sensor can be simulated. At the time of
writing, conceptual prototypes of these sensors are currently in the
early stages of being fabricated by RDT, Inc. and KSU partners. This
simulation work is intended to support that development of real sensor
by providing key design parameters to the fabrication team, namely
expected thermal neutron detection efficiency, bias voltage, drift time
of charge carriers, and minimum (if any) substrate resistivity.
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Fig. 1. Illustration of an X-MSND/Timepix assembly and its primary radiation detection
mechanisms. Note the alignment of the fin structure to the pixel bump bonds. Some
features not to scale.
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Fig. 2. Simulation work flow incorporating electric field solution, radiation transport,
and charge transport. The dashed arrow is to indicate that Geant4 is initialized by
Allpix?, but input/output flows from Geant4 into Allpix>.

2. Sensor system
2.1. Design and operation of the X-MSND chip

The Timepix bonded micro-structured semiconductor neutron de-
tector (X-MSND) is purpose built to mate with the 256 x 256 ball grid
contacts on the surface of the Timepix chip (illustrated in Fig. 1), and
operate as reverse biased PIN diode sensors. The material properties
and volume/boundary conditions for the semiconductor simulations
will closely follow the fabrication process outlined in this section: A
high-resistivity (8 kQcm) n-type (110) silicon wafer is used as a base
substrate, wherein high aspect-ratio trenches are wet etched along the
(111) plane, forming a trench-fin micro-structure [10,11]. The trenches
are wet-etched to a depth of 200 pm, leaving the majority of bulk silicon
thickness to preserve X-ray detection sensitivity, with the pitch of the
trenches matching the Timepix pixel pitch of 55pum and a fin width
of 35um centered on the Timepix contacts below. The trench side
of the wafer is doped with boron to 5x 10'°cm™ and the opposite
side is doped with donors in 20 pm circles to 1x 10?cm™ that align
with the Timepix pixel contacts. A temporary oxide layer (x1.1 pm)
is grown on the side of the sensor not being doped as a diffusion
barrier, and is removed with buffered oxide etchant (BOE) when no
longer needed [12,13]. Both diffusions are driven to 3pm and are
metallized with Ti-Pt-Au metal contacts. Photoresist is used to pattern
the metallization via typical photolithographic “lift-off methods” [14].
The trenches are then back-filled with neutron converting material
to make the devices neutron sensitive. 96% enriched °LiF nano-grain
powder is used with a fill fraction of 0.50 or better [15].

The diode device is reversed biased to deplete the entire volume of
bulk silicon as well as tightly around the bump bond implants to isolate
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pixel electrodes. A bias of over 200V is anticipated for these devices
based on prior measurements with non-pixelated devices. Each pixel of
the Timepix ASIC has an analog front end with a Krummenacher charge
sensitive pre-amplifier scheme. The preamp is fed into a discriminator
which compares the output to a per-pixel threshold value. The discrimi-
nator then feeds into the digital portion of the Timepix Synchronization
Logic (TSL), which counts the time-over-threshold (ToT) of the detec-
tion event. The TSL then passes data into the remainder of the pixel
bit-stream operations necessary for Timepix readout [16].

3. Modeling methods

A simulation workflow has been created incorporating several soft-
ware packages (Fig. 2). COMSOL Multiphysics with the semiconductor
module is used to calculate electric fields and weighting fields in the
X-MSND structure. The unstructured mesh solution is then barycentri-
cally interpolated and processed with MATLAB to import into Allpix2.
Dassault SolidWorks is used to generate the full microstructured de-
vice geometry, which is then converted and imported into Geant4 for
radiation transport and ionization event simulations. Geant4 interfaces
directly with a modified version of Allpix?> to perform charge carrier
drift over the entire X-MSND geometry.

3.1. COMSOL Multiphysics finite difference solver

COMSOL Multiphysics was used to simulate the semiconductor
physics and some charge carrier drift in the X-MSND chip. COMSOL
incorporates unstructured meshing into a finite element solver which
supports semiconductor physics problems with known boundary con-
ditions. The physics relies heavily on the Poisson-Boltzmann model of
charge carrier drift and diffusion [17-19]. The nodal current density
solution begins with Poisson’s equation which relates the electric field
E to the semiconductor charge carriers

V-E=V-(-¢,VV)=q(p—n+Nj - N]) 0

where ¢, is the permittivity of silicon, ¢ is the elementary charge, p
and n are the electron/hole concentrations, and Nd+ and N are the
donor/acceptor concentrations. Solutions describe the carrier concen-
trations throughout the geometry and the resulting depleted regions
and electric field distributions. The current density at a node J,; can
be evaluated as the combination of carrier drift and diffusion.

i = qnip,VE; + kgTu,Vn (2)

where y, is the electron mobility, k is Boltzmann’s constant, and T
is the substrate temperature. The Maxwell current continuity equation
relates transient nodal conditions to the current density, and completes
the set of current relation equations

on 1
a—’: = 5(v -J,) = ZR,; + G, 3)

where R, ; and XG,; are the electron recombination and generation
rates at node i, respectively. At equilibrium, Eq. (2) converges to
zero. The same equations can be applied equally to holes as electrons,
and will be needed to complement equation 1. Because the solu-
tions are anticipated to have periodicity across the pixelated structure,
the COMSOL model geometry is of a single columnar pixel, lever-
aging quarter-pixel symmetry with (zero-Neumann) field boundary
conditions.

Charge induced on signal electrodes is calculated utilizing the
Shockley-Ramo theorem. Here, induced signal is applied with the
charge propagation step [20] such that time-dependent charge in-
duction solutions can be obtained. In this application however, only
the total charge induced at the terminal is desired and the spatial
displacement formulation of Shockley-Ramo theorem is used. For a
charge carrier drifting from 3-D point P, to point Py:

Py
40, = / —qo(P)dx = —qlo;(P;) — @ (P)] (C)]

i
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Fig. 3. Sections of the voxelized electric field solution near the circular bump bond terminal of the sensor. Results are shown for planar sensors at 200 V bias. Left: Z-component
of electric field about the donor implant. Middle: Magnitude of electric field in the XY direction, normal to Z-axis. Right: Magnitude of electric field in the XY direction, normal

to Y-axis.
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Fig. 4. Pixel charge output by Allpix? from a simulated cadmium-109 source converted
to ADC units. Surrogate parameters are matched to Timepix chip C05-W0276 from
measured data.

where Q; is the charge induced on electrode L, g is the charge
magnitude of the charge carrier group, and ¢, (P;) is the weighting
potential of electrode L at point P, = (x;, y;, z;). The weighting potential
is calculated as the three-dimensional solution for the Laplace equation,
producing a scalar field solved for a 5 x 5 pixel matrix. This model
assumes that a single charge carrier induces an insignificant amount of
signal more than 3 pixels away and conserves computational resources.
The electric field solution is exported as an unstructured mesh
solution, where each node has values for the x, y, and z components
of electric field, electron and hole concentration, and dopant concen-
tration. The weighting potential is similarly exported. MATLAB is used
to prepare the solution for import where the unstructured solution is
barycentrically interpolated to produce a voxel matrix with uniform
cubic dimensions. Symmetric and anti-symmetric boundary conditions
are then used to generate a single pixel solution from the quarter pixel
symmetry. The voxelized electric field of the steady state solution is
required as input to the Allpix? charge transport code. The diffusion
component of current density is independent of electric field, as shown
in Eq. (2). Thus it is calculated in Allpix?> per charge carrier per
transport step with Monte Carlo sampling as seen in Section 3.3.

3.2. Photon/neutron radiation interactions

The primary detection mechanisms of the MSND are electron scat-
tering and photoelectric absorption for gamma-ray and X-ray photons,
and the ®Li(n,t)a reaction for neutrons. The capture of thermalized
neutrons by 6Li results in two energetic daughter ions:

SLi + n - 3H (273 MeV) + a (2.05 MeV)

These secondary particles have an escape probability of leaving the
conversion material to produce electron-hole pairs within the fins
of the semiconductor sensor. Photons and neutrons are transported
stochastically over large length scales, whereas the charge cloud tracks
generated by alpha and triton particles in silicon are very short (usually
less that 30 um) and often modeled as continuous ionization. Geant4 is
used in this study to transport all particles and their interactions in the
simulation, up to the ionization electrons produced in the sensor. The
code provides a high level of flexibility in defining the spacial and time
resolution of particle interactions with respect to location and particle
type.

3.3. Allpix? charge carrier drift

The Allpix? framework is a code package purpose built to simulate
charge drift and diffusion in planar silicon devices mated to pixelated
ICs, such as the Medipix family of devices [1,21]. The framework
interfaces with Geant4 to determine ionization events in the silicon
devices from a variety of source particles. The built-in Geant4 geometry
constructor of Allpix? is replaced with a custom variant that accepts
mesh type CAD geometry in GDML format. Allpix? is then responsible
for the drift and diffusion of charge carriers through the sensor.

To minimize computation time, explicit electron-hole tracking is
preferred over the nodal current density tracking method that COMSOL
would employ. The charge carrier locations produced by Geant4 are
passed to Allpix?, which then uses the voxelized electric field derived in
COMSOL to drift charge carriers. To account for the random diffusion of
charge carriers, the charge carrier diffusion length is randomly sampled
according to the Einstein relation for charged particle motion

p= kel
q
The diffusion displacement probability distribution function is a Gaus-

sian centered about the mean diffusion length. The standard deviation
is derived from the above equation

(5)

2k T
q

Ouif = Uyt 6)
where ¢ is the time interval of the transport step. As shown in Eq. (2),
the total displacement of the charge carrier is simply the sum of the
drift induced and diffusion induced displacement.

The digitization model of Allpix? is additionally modified to accept
a “surrogate” type calibration model commonly used in Timepix hybrid
silicon sensors [22,23]. The calibration equation takes the form

Orna C

Oupc = " +B+ﬁ @

where A, B, C, and T are fitted constants which describe a given
device. Note that the parameter T is effectively the energy threshold
of the sensor. This model is of particular importance for X-rays under
approximately 30 keV, where the ToT non-linearity is most prominent.
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Fig. 5. Pixel charge and cluster charge in ADC units (ToT counts for measured data) for a cadmium-109 source. Sensor is a LiF coated MiniPIX hybrid device, Timepix chip

C05-W0276.

4. Simulation of commercial hybrid detectors

To validate the modeling method described above, a complete
simulation of a commercially available Timepix hybrid detector was
performed prior to the micro-structured device simulations.

MiniPIX devices are manufactured by Advacam s.r.o., are available
with 500 um thick sensors both bare and °LiF coated, and function

similarly to the proposed X-MSND devices. The devices operate at
200V reverse bias, and are configured to collect holes at the pixel
contacts. Spectrum were collected for cadmium-109 and cesium-137
check sources, as well as collimated mono-energetic thermal neutrons
from the KSU TRIGA Mk II reactor diffracted beamport [24].

Sections of the voxelized electric field solution for MiniPix planar
sensors are shown in Fig. 3. The primary advantage of 3-dimensional
electric field calculation can be seen with the inclusion of strong lateral
electric field components in the X- and Y-directions near the implants.
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Fig. 6. Electron concentration (top) and electric field (bottom) as a function of voltage and depth in the sensor, centered over the bump-bond implant. Electron concentration in
undepleted substrate (near pixels for voltages less than 200 V) are at the background donor concentration of approximately 5.6 x 10'! electrons per cubic centimeter. The dashed

vertical line indicates the trench depth. Pixel bump bonds are at the right-hand side.

Charges which drift near, but not directly over, the pixel are drawn
laterally inwards to the diffused region, where the charges are tallied
and weighting potential is greatest. The Z-component of electric field is
also significantly reduced in the inter-pixel region where lateral forces
contribute greatest to the field magnitude, contributing to inter-pixel
charge spreading.

Charge transport and digitization simulations were found to be in
good agreement with measured data for X-ray interactions, both for
cluster charge and pixel charge distributions. The pixel charge from

simulation is matched to the measured data by determining surrogate
model parameters per-device. All devices function with 14 bit ADC
counters, and 100e of noise is assumed. An example is given in Fig. 4
for a particular device simulation. The pixel charges in Fig. 4 are from
charge transport by interactions of a simulated cadmium-109 source.
The calibration parameters given in the inset table were found to
be in good agreement for all simulated sources. The resultant pixel
and cluster charge distributions for the measured and corresponding
simulated output can be seen in Fig. 5.
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5. Simulation of X-MSND hybrid detectors
5.1. Semiconductor field solution

With simulations showing reasonable agreement between simulated
and collected data for existing devices, the simulation workflow was
applied to the X-MSND sensor configuration. The electron concentra-
tion and z-vector electric field along the pixel centerline is plotted in
Fig. 6 for reverse biases of —50 to —300 V, in 50 V increments. Full
depletion of the 525um sensor did not occur until a reverse bias of
over 200 V volts is applied as evidenced by the electron concentration
plot; this is consistent with analytical calculations assuming a planar
device. Over 200 volts of bias is required to deplete charge carriers
tightly around the pixel implant, which is necessary to reduce diffusion-
induced charge sharing between neighboring pixels. The electric field in
the X-MSND can be divided into two distinct sections: the etched silicon
region comprising the top 200 pm of the sensor, and the bulk silicon
region below, both of which decrease linearly from anode to cathode.
The electric field experiences a sharp drop at the transition caused by a
decrease in the potential field gradient. This transition can be thought
of as an increase in the cross section of the silicon that the electric
field in the depleted region is intersecting, decreasing the “density” of
electric field lines.

The electron concentration at the bump bond implant is signifi-
cantly greater than in the surrounding silicon, indicating good con-
formal depletion of the silicon around the electrode at 200 volts. This
rapid gradient results in a strong electric field at the periphery of the
bump bond which draws charge carriers inward to the 20 pm diameter
circular contact.

The weighting potential profile is shown in Fig. 7 for three adjacent
pixels. The peak weighting potential of the pixels one and two pitch
widths over from the primary pixel is 5% and 2% of the primary pixel,
respectively. considering the very high energy of daughter alpha and
triton particles, these pixels would likely be above the global threshold
of the Timepix device (usually chosen at 3-5 keV equivalent ToT), and
must be considered in the final charge drift simulation.

5.2. Radiation transport and charge drift/diffusion

Geant4 radiation transport code was used to attain estimated values
of interaction efficiency and intrinsic detection efficiency for the MSND
sensor. QGSP_BIC_HP physics list was used for the simulations [25,26].
The QGSP is quark gluon string model for high energy interactions of
protons, neutrons, pions, and Kaons and nuclei, BIC signifies binary cas-
cade model of QGSP. The data driven high precision neutron package
(NeutronHP) is applied to transport of neutrons below 20 MeV.

A Gaussian beam of thermal neutrons (0.025 eV, 6=3 mm) normally
incident to the X-MSND assembly is simulated for one million source
particles. Ionizing radiation in the sensor is tracked such that the maxi-
mum track length between tracking steps is 0.2 nm or the maximum
track time step is 0.5 ns. Examples of tracks in the silicon sensor
generated from the alpha-triton reaction products are shown in Fig. 8.
X-MSNDs were found to have a thermal neutron interaction efficiency
of 16% and a detection efficiency of 14%. Interaction efficiency here is
defined as the probability that a source neutron will interact with the
enriched LiF material, this was calculated by using the command based
scoring manager in Geant4. Detection efficiency is the probability that
a source neutron will produce ionization in the silicon from interactions
in the LiF. For this analysis, no lower threshold for ionization is applied
in the efficiency calculation. This outcome is well above the theoretical
maximum for planar devices [2].

Electron-hole pairs produced in the silicon are recorded and passed
to the generic charge propagation module of AllPix2. Charges deposited
near one another are transported together to reduce computational
burden, with up to 400 charge carriers per tracking step. Charges which
diffuse into the fin sidewalls are assumed to become trapped and/or
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Fig. 7. Weighting potential along axis perpendicular to a primary pixel for modeled
X-MSND sensor, and for one and two pixels away. The dashed vertical line indicates
the trench depth.

recombine and are no longer tracked. Otherwise, charges are tracked
until they reach their corresponding electrode in the sensor. Charges are
tallied at the pixel implant to determine charge collected per pixel and
per cluster. An example of a neutron interaction event and resulting
charge drift tracks is shown in Fig. 9. If induction transfer is being
considered, the charge induced on the neighbor pixels is then calculated
from Eq. (4), with g being 400e. Importantly, only the charge induction
method is capable of correctly accounting for the hole contribution of
pixel charge. The mean total drift time for charge carriers was predicted
to be within 35ns for neutron detection events, which compares well
to the 110ns peaking time of the Timepix analog frontend [16].

Analyzing clusters produced by both charge drifting methods yield
the plots shown in Fig. 10. The charge induction method results in
markedly lower pixel and cluster charges than the charge tally method.
This result is a product of Eq. (4), where the initial weighting potential
@ (x;) is rarely zero for any charge carrier pair.

In the case where an electron drifts from a position over a pixel
and to an adjacent pixel’s implant (¢, (x,) is zero), the induced charge
becomes negative w.r.t. the charge carrier polarity. The charge tallying
method will never induce negative charge. A lower threshold of 3.2 ke
is applied to the pixel hit recorder. The distribution mean cluster
charge of the charge tallying method was 481 ke, compared to the
charge tallying mean of 445 ke. In practice, the very-low charge skirt
pixels are removed by applying a lower threshold to the neutron-
induced clusters prior to cluster centroid calculations. The appropriate
“surrogate" model for X-MSND devices will be generated following data
collection with manufactured devices.

Clusters appear significantly larger when charge induction transfer
is applied. The mean cluster size for charge tallying is three pixels, with
95% of clusters being 2—4 pixels, compared to as high as 30 pixels per
cluster when charge induction is considered. The normalized spans of
all clusters is shown in Fig. 11. Clusters produced by charge induction
are also fairly symmetrical, with a mean cluster span of 3 x 3 pixels.

6. Conclusions and discussion

The results of the charge drift modeling method outlined above
have thus far yielded good agreement with available data. The principle



D. Laramore, S. Sharma, K.C. Smallfoot et al. Nuclear Inst. and Methods in Physics Research, A 978 (2020) 164351

Fig. 8. Simulated X-MSND assembly in mono-energetic (0.025 eV) neutron beam. Short red tracks are ionization tracks from alpha-tritons. Long blue tracks are ejected ions
(usually tritons) that escape the sensor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Z-Axis (Pm)
3

77 78 83 84 85

X-Axis (px)

Fig. 9. 2D projection of a 3D electron-hole charge cloud caused by a neutron interaction in the trench drifting out of vertical fins. The interaction is centered between x-axis
pixels 80 and 81. Electrons followed the blue colored blue tracks, and holes followed the orange colored tracks. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

advantage of this method is its reliance on transport physics and charge charge induction to neighbor pixels caused by highly ionizing events.
induction rather than conventional charge projection methods, which The reliance on discrete charge transport further improves accuracy for
require stochastic matching and generally do not account for nonlinear simulations with in micro structured devices, as in the X-MSND devices,
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where charge projection is ineffective. The finite volume electric field
modeling is also capable of unconventional 2D or 3D doping and
electrode conditions.

It is important to note that the techniques outlined here are not
intended to represent the transient behavior of the sensing mechanisms.
For example, calculating the instantaneous current induced on the
collection electrodes with these methods would not be possible without
first calculating the vector weighting field from the weighting potential
(scalar) mesh. The time differential form of Eq. (5) would provide

transient behavior of the output current, at the cost of a significant
increase in computation time.

Significant work has started on fabrication of X-MSND/Timepix
assemblies and test probe cards. Prototype manufacture of the sensors
is completed (cross section of a sensor shown in Fig. 12). Data will
subsequently be collected and reported for the X-MSND devices. This
data can be used to observe the unique effects of 3D structures with
conformal dopant profiles, and the efficacy of this simulation method
to predict the resulting charge cloud drift.
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22.0kV 15.4mm x300 SE 9/11/2018

Fig. 12. Image taken of a diced prototype X-MSND device cross-section with a scanning
electron microscope. Enriched LiF nano-powder is visible in the trenches, along with
the dry-film epoxy seal over the top of the trenches.

Source: Photo courtesy of Radiation Detection Technologies, Inc.
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