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Abstract

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 256 x 256 pixel array, using per-pixel time-over-threshold (ToT) energy deposition. The
X-MSND design has produced thermal neutron detection efficiency of 14%, significantly
greater than the theoretical maximum of less than 5% for planar devices. Simulated pixel
clusters showed similar qualitative characteristics as planar neutron sensitive Timepix hybrid
detectors.

A workflow for simulating the semiconductor physics, ionization by radiation, and charge
carrier transport for micro-structured sensors in general has been devised and described in
this work. The simulation workflow began by steady state initial conditions of the X-MSND
PIN diode sensor at full bias using COMSOL Multiphysics. This simulation step served the
combined purpose of providing the necessary electric field solutions used in charge transport,
and provided necessary design and operating parameters for device fabrication. Radiation
transport code Geant4 was used to simulate the radiation detection characteristics of the
sensor: thermal neutron detection efficiency, energy deposition per detection event, and the
location of the ionized charge cloud per interaction are all calculated at this step. Dassault
SolidWorks was used to generate Computer-Assisted Drafting (CAD) models of the full
micro-structured device geometry, which was then converted and imported into a format
that can be interpreted by Geant4 for the radiation transport. Geant4 can then interface
directly with a modified version of Allpix? to perform charge carrier drift over the entire

X-MSND geometry.



Fabricated X-MSND devices were tested and evaluated at Kansas State University (KSU),
and were found capable of producing high quality radiographs with both X-rays and neu-
trons. The fabrication of functioning X-MSND /Timepix assemblies was a collaborative effort
among several research groups at KSU, domestic and international industrial partners, and
international research groups. Fabrication of the X-MSND sensors was performed largely
by Radiation Detection Technologies, Inc., with parametric design support from the Radio-
logical System Integration Laboratory (RSIL) and Radiological Engineering Analysis Labo-
ratory (REAL). The processes used in the production of X-MSND sensors are conventional
micro-electro-mechanical system (MEMS) photolithography techniques; spin-on deposition
and ultraviolet development of photoresist, metal lift-off, and wet etching of silicon are all
used over the course of fabrication, and are described in detail. The Electronics Design Lab-
oratory (EDL) of Kansas State University assisted in the design of custom printed circuit
boards to which the X-MSND/Timepix assemblies are mounted. External to facilities lo-
cated at KSU, various industrial manufacturing partners who specialize in Very Large Scale
Integration (VLSI) and micro-fabrication assembly processes were also contracted to per-
form the specialized assembly processes required in assembling the full X-MSND /Timepix

systems.
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Chapter 1

Introduction

Neutron transmission radiography is a mature concept that has found applications in non-
destructive analysis, special nuclear materials (SNM) detection, and diagnostic imaging of
plastics and lowZ materials embedded in highg casing$''°. Unlike x-rays which interact

in the electron cloud of atoms, neutrons interact with atomic nuclei. The result is that ra-
diographic images generated with x-rays contrast with high atomic mass materials, whereas
neutrons interact in low atomic mass (and especially hydrogenous) materials. As both radio-
graphy techniques can provide information about the subject being imaged, particularly in
mixed medium or dynamic subjects, techniques have been developed which simultaneously
collect and process radiographic data from both neutrons and x-rays, so called \bimodal"
radiation imaging*?.

Currently available state-of-the-art bimodal radiation imaging systems implement scin-
tillation screens which are both thermal neutron and x-ray sensitive (commonly, Gadolinium
Oxysulphide screens) coupled to integrated Charge Coupled Device (CCD) arrays to pro-
duce digital radiographs from both radiation types nearly instantly?>. Although these
systems are capable of producing large format, high resolution radiographs, they su er from
a fundamental limit in detection e ciency. The scintillation screens that convert neutrons
to light must be thin enough to mitigate quantum e ciency losses and pixel sharing of the

isotropically emitted scintillation light; still, quantum e ciency losses of 50% are common.



Optical ber coupled and lens coupled scintillation systems have been developed to improve
the spatial resolution of conventional scintillation imagers, but sacri ce portability of the
system'®,

Neutron converter coated pixelated silicon photodiodes have been developed to provide
bimodal imaging capabilities and improve the portability of neutron imaging systems. Pix-
elated sensor manufacturer Advacam Oy, for example, has developed thin Im coated pixe-
lated PIN diodes for bimodal imaging in a number of semi-portable form factors However,
these planar coated sensors su er from very limited theoretical neutron detection e ciency.

For example, planar diodes coated with enrichefLiF of the kind fabricated by Advacam
have been proven to have a theoretical maximum thermal neutron detection e ciency of less
than 5%?%°.

The desire to produce a semi-portable, combined high e ciency thermal neutron and
x-ray radiography system naturally arises from this gap in available technology. To this end,
a research e ort was solicited by Honeywell Federal Manufacturing and Technology, LLC.
with the purpose of developing a low-pro le, high detection e ciency bimodal sensor. A new
device was proposed by a KSU research collaboration to satisfy this need, consisting of the
Radiological Engineering Analysis Laboratory (REAL), the Radiological Systems Integration
Laboratory (RSIL), and Radiation Detection Technologies, Inc (RDT). The device, called
the X-MSND, is a small form factor bimodal radiation imager made by combining two
well established and characterized basis technologies: the micro-structured semiconductor

neutron detector (MSND), and the Timepix variant of the Medipix pixelated readout chip.

1.1 Basis Technology Background

1.1.1 Medipix and Timepix Readout Chips

The Medipix family of CERN developed Application Speci ¢ Integrated Circuits (ASICs)
were developed as a pixelated readout solution for radiation tracking and imaging during

Large Hadron Collider experiments, but has since expanded into a series of international col-



Figure 1.1 : Diagrams of hybrid Timepix sensor showing A) a single pixel of the assembly,
B) a cutaway illustration, and C) a photo of a hybrid Timepix with components annotated

laborations, including the ongoing Medipix4 collaboratioi?°?!, The readout ASIC consists

of an array of analog micro-scale inputs, each of which is coupled to a simple charge sensitive
ampli er circuit leading into a threshold discriminator. Medipix based readout chips have
been adapted for use in various types of compact detection systems, with the most common
variant being the \hybrid" Medipix sensor??3, These devices consist of a planar silicon PIN
photodiode serving as the radiation sensor, usually in the range of 300 - p@0 thick and
having pixelated contacts on one side. The sensor is bump-bonded to the Medipix chip via
micro-scale solder dots, and high voltage is applied through the assembly to bias the diode
and AC couple the sensor pixels to the readout electronics, e ectively converting the silicon
diode into a radiation imager.

The Timepix variant of the Medipix readout chip is a 256 x 256 pixel array with a pixel
pitch of 55um, giving it chip dimensions of 14 x 14 mm. The Timepix ASIC was unique
during its initial development in that each pixel can provide an estimate of the magnitude of
the energy deposited above each pixel. This is done by reporting the length of time the pixel
current remained over some threshold value (Time over Threshold, or ToT), which can then
be converted to energy by a pre-calculated calibration pro . lllustrations and pictures of
hybrid Timepix imager functionality can be seen in Figure 1.1.

Commercial hybrid Timepix based systems have been developed by the previously men-
tioned company Advacam Oy of Finland. Advacam provides commercial o -the-shelf sensors

as well as custom order devices for a number of imaging applications, including x-ray ra-
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Figure 1.2 : Left: The BIRD system in place in the Orion MPCV capsule during the EFT-1
ight. Right: Example frame collected from the BIRD showing energetic charged particles
ionizing the silicon sensof

diography, non destructive testing, and x-ray di raction experiments’. Advacam has also
developed large area radiation imagers (WidePIX series) by arraying hybrid Timepix sensors,
and arrays as large as 10 x 10 sensors have been fabricated for large subject, low-framerate
imaging.

Hybrid Timepix readout chips with silicon PIN diode sensors have found signi cant use
in space radiation monitoring, particularly in detection systems developed by the National
Aeronautics and Space Administration (NASA¥®. The Timepix based ISS-Radiation En-
vironment Monitor (ISS-REM) has been the active radiation environment sensor system in
place at the International Space Station since 20%2 The hybrid Timepix based Battery-
operated Independent Radiation Detector (BIRD) detector (shown in Figure 1.2) was re-
cently taken to low Earth orbit during the Exploration Flight Test 1 (EFT-1) mission, which
provided dosimetric and particle tracking data of the interior of the the Orion Multi-Purpose
Crew Vehicle (MPCV) designed for crewed deep-space exploratfonAdvanced variants of
the Timepix derived system are being continuously developed for the purpose of space radi-
ation dosimetry and spectroscopy, such as the next generation Hybrid Electronic Radiation

Assessor (HERA) to be own on future crewed space exploration missidris



1.1.2 MSND Sensors and Variants

The MSND was developed by the Semiconductor Materials and Radiological Technologies
(S.M.A.R.T.) Laboratory at Kansas State University as a high detection e ciency alternative

to thin- Im coated PIN diode detectors for thermal neutron counting*?%°, An evolution of
neutron converter lled perforated diode detectors, MSNDs function by having high aspect
ratio trenches etched on the surface of the silicon chip, e ectively increasing the surface area
of the sensot®. The trenches are then back lled with a neutron converter material as shown
in Figure 1.3, providing signi cantly higher neutron detection e ciencies than equivalently
sized Im coated planar diodes. CommoRLiF back lled MSNDs have been shown to have
intrinsic thermal neutron detection e ciencies of over 3096, and millimeter thick dual-
sided variants (DS-MSNDs) have been developed with thermal neutron detection e ciencies
of over 60%.

RDT Inc., currently fabricates commercial variants of MSND sensors in Manhattan,
Kansas’, and frequently collaborates with KSU research groups to produce purpose-built
variations of MSND sensors for special applications. The versatility of the MSND chip has
contributed greatly to implementation in various sensor systems. For example, the Helium
Replacement (HeRep) series of thermal neutron detectors are based on MSND sensors, and
are designed to be cost-e ective drop in replacements féHe based proportional gas de-
tectors®2. Current HeRep MK Il detectors based on DS-MSNDs have been developed with
neutron detection performance over 50% that of equivalently sized high pressure (10 atm)
3He tubes at a signi cantly reduced unit cost.

MSND technology has been developed for many low-pro le neutron detection applica-
tions. The commercially available RDT Domin& is a modular, universal serial bus (USB)
operated neutron counting systerf?. The complete Domino system consists of a single USB
driver board and one or several MSND sensor boards having an active area of 4 emach,
with all boards have dimensions within 28 mm x 30 mm x 6 mm. Fully portable examples
of MSND based detection systems include the MSND Wearable Detector Device (WDD),

which was designed speci cally to aid in the search and localization of special nuclear ma-



Figure 1.3 : Left: Crossection diagram showing the typical con guration of an MSND sensor.
Right: Several commerciall cm MSND chips as fabricated by RDT, Inc4

terials (SNMs)®*. The WDD is a vest shaped wearable detection system consisting of 16
Modular Neutron Detectors (MNDs), with each having 4x6 arrays of MSND chips, and was

speci cally designed with the portable identi cation of SNMs and illicit materials in mind.

1.2 X-MSND Design Concept

The X-MSND design concept is simply a variation of a hybrid Timepix semiconductor de-
tector where the typically planar silicon sensor is replaced with a purpose designed MSND
chip. Such an imager would provide x-ray sensitivity via photon interactions in the silicon
substrate of the sensor and neutron sensitivity via the neutron converting enrichédiF
nanopowder back Il in the MSND trenches. The micro-structured sensor as designed has
200um deep trenches back lled with a packing fraction of 50%, giving it a theoretical ther-
mal neutron detection e ciency of close to 15%, while still preserving a large bulk silicon
thickness for x-ray interactions. Figure 1.4 provides an illustration of the assembly concept
and its functional mechanisms. The trench/ n pitch of the sensor is chosen to match the
pixel pitch of the Timepix readout chip, with the silicon n centered on the pixels.

To distinguish x-ray and neutron events separately, the ne pixel structure imaging ca-
pability of the Timepix readout will be leveraged to image the ionization clouds formed in
the MSND. The shapes of these \clusters”, as well as their ionization magnitude and den-
sity, allow discrimination between energetic electrons (from x-ray interactions) and energetic

heavy charged particles (from neutron interactions).



Figure 1.4 : Illustration of the X-MSND sensor bump bonded to the Timepix readout chip
1.3 Research Goals

The e orts outlined in this dissertation are focused primarily on the simulation of the ra-
diation imaging aspects of X-MSND devices. In particular, this work describes a physics
based approach to simulating the expected response of a micro-structured imagers that re-
lies minimally on empirical assumptions. However, the scope of this research encompasses
both simulation and fabrication of semiconductor devices, the collection and processing of
large data sets for comparison between simulated and measured sensor responses, analysis of
the cluster characteristics of the real device hardware, and the processing of collected data
to produce radioimages. The following three research elds were identi ed as key aspects

necessary for the success of this investigation, each with several goals:

1. Generate accurate physics based simulations of charge drift in sensors. Simu-
lating the response of the imagers provides important insight into the charge collection
characteristics and cluster morphology. The complex, three-dimensional boundary

conditions of the micro-structured devices necessitates that a physics driven charge
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transport method be implemented®°. This method should allow characterization of
the steady state conditions of the semiconductor device based on the doping and bias-
ing pro le of the sensor. Radiation transport should be incorporated in this method to
produce physically accurate ionization tracks in the sensitive regions of the sensor. The
method should also capture the drift and di usion properties of this charge cloud as it
transits the sensor; drift time, charge recombination and trapping, cluster properties,

and analog to digital conversion (ADC) characteristics should all be modeled.

. Develop a fabrication and assembly process for X-MSND and Timepix chips

that results in high functionality yields. The commercially manufactured MSND
must undergo signi cant design and processing changes in order to be compatible with
the Timepix readout ASIC. The assembly process for bonding the two chips will also
need to be characterized and iterated to ensure successful, consistent bonding and
high pixel yields. Additionally, custom circuit boards and test vehicles will need to be

developed to allow the assemblies to be safely biased, transported, and interfaced to.

. Produce x-ray and neutron images with operating sensor assemblies. Fol-
lowing the evaluation of X-MSND assemblies for functionality, the most successful of
these will be used to generate bimodal radiographs of various phantoms and objects.
This will require signi cant testing infrastructure that must be prepared beforehand,
including neutron and x-ray testing facilities, beam quality assessment, and data pro-
cessing tools. Generating radiographs from raw frame data also requires signi cant
post processing to account for the unique neutron cluster morphology of the X-MSND

sensors, and to allow for the intelligent interpolation of masked pixels.



Chapter 2

Modeling X-MSND in COMSOL

Multiphysics

The steady state semiconductor simulations of the X-MSND device provide two critical
solutions necessary for charge carrier transport. Firstly, they establish the distribution of
charge carriers in the silicon substrate under bias, and secondly, they provide the potential
and electric eld distribution inside the sensor, which causes charged carriers to drift. These
solutions are calculated to determine the electromotive force necessary for charge drift.

In addition to providing the information necessary for charge carrier transport, this sim-
ulation step can provide important hardware design and operations parameters. Key param-
eters informed by the simulations include the minimum resistivity of the substrate silicon,

estimates of the required biasing voltage, and estimates of charge carrier lifetime.

2.1 PIN Junction Formation, Depletion, and Biasing

The X-MSND sensor operates as a negatively biased positive-intrinsic-negative (PIN) photo-
diode detector, where the acceptor-doped upper micro-structured surface forms the abrupt
junction with the n-type high resistivity silicon (illustrated in Figure 1.4). Under reverse

bias, the holes in the substrate are pulled away from the junction to the-type contact,



and electrons are likewise pulled to the-type contact. At the full depletion voltage, the
depletion layer widens to the thickness of the substrate, producing a high resistivity region
supporting a strong electric eld®*”*8, This forms a radiation sensitive region between the
upper monolithic and lower pixelated electrodes, where charges generated from ionizing ra-
diation do not readily recombine and can move freely under the in uence of the electric
eld.

The X-MSND sensor is unique among PIN diode sensors due to its very deeply etched
trenches being conformally dopetf®. During the fabrication process, the acceptor junction
is formed by thermally di using boron into the micro-structured side of the silicon wafer.
This produces a heavilyp-type doped surface that extends conformally around the silicon
ns to the bottom of the trenches. To explore the e ects of this conformal junction, both a

conformal and non-conformal doped X-MSND sensor were simulated.

2.1.1 Estimating Depletion Voltage

Prior to simulating the bias-dependent depletion of the micro-structured silicon, the depletion
voltage was estimated based on analytical approximations. The depletion widtN of a two-
sided abrupt junction can be calculated as

S
W =

& Na + Np

Vo 2.1
g NiNp (2.1)

where"s is the permittivity of the material, qis the elementary charge), is the bias voltage
across the junction width, andNp and N, are the donor and acceptor concentrations,
respectively?®3°. If the majority carrier concentration is much greater than the minority
carrier concentration, then the one sided abrupt junction formula can be used:

S

2'sVp
gNs

; (2.2)
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whereNg is now the majority carrier concentration. The value oNg can be inferred from
the resistivity of the silicon substrate:
1

Ng = X 2.3
B 3 (2.3)

where g is the mobility of the majority charge carriers. Solving for am-type silicon wafer
having a resistivity of 8k cm gives an estimated donor concentration of & 10 cm 3.
The X-MSND is designed for a wafer thickness of 5pBn. Substituting into Equation 2.2
and solving forV, gives an estimation of the reverse bias voltage required to deplete a planar

Sensor:

qNgW?2 _ (1:60 10 °C)(5:6 10m 3)(525 10 5m?)

W= T 2(117)(8:85 10 2CV m)

=1195V  (2.4)

This estimate is in line with other sensors photodiode devices, but ignores lateral depletion
required to isolate the small di used contacts on the cathode side of the sensor for the bump
bond contacts. Conformal depletion around the bump bonds is critical to reducing charge
sharing between pixels. The 500m Timepix sensors manufactured by Advacam typically
have a resistivity of over 10k cm and are biased and calibrated at 200V to ensure tight
pixel depletion, which is more than twice the depletion voltage calculated with Equation 2.4.

This implies that X-MSND sensors would need to be biased at a voltage near or over 240V.

Charge Carrier Transport Equations

The physics of charge carrier motion in semiconductors relies heavily on the Poisson-Boltzmann
model of charge carrier drift and di usion. The nodal current density solution begins with
Poisson's equation which relates the electric eltE to the semiconductor charge carrier

concentrations as

rE=r ("rV)=gqp n+Nj N,) ; (2.5)
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where", is the permittivity of silicon, qis the elementary chargep and n are the electron/hole
concentrations, andN; and N, are the donor and acceptor concentrations respectivéff!.
Solutions describe the carrier concentrations throughout the geometry and the resulting
depleted regions and electric eld distributions. The current density at a nodd,; can be

evaluated as the combination of carrier drift and di usion by

Jni=an of Ei+ gkgT nrn (2.6)

where | is the electron mobility. Note that the e ects of electric eld drift and thermal

di usion are independent of each other, and can be calculated independently at each trans-
port step. This characteristic is key in the simulation of transient charge carrier di usion
as discussed in Chapter 4 of this thesis. The Maxwell current continuity equation relates
transient nodal conditions to the current density, and completes the set of current relation
equations

— = —(I’ Jn) I:\)n;i + Gn;i ; (2-7)

where R,; and G,; are the electron recombination and generation rates at node re-
spectively. At steady state equilibrium, Equation 2.7 converges to zero. The same equations
can be applied equally to holes as electrons, and will be needed to complement Equation 2.5

to form a complete set of equations to describe charge carrier distribution and under bias.

2.1.2 Doped Boundary Conditions

The dopant concentration pro le as a function of depth in the substrate is highly dependent
on the impurity di usion process, with the two most common methods being thermal di u-
sion and ion implantation. In the case of MSNDs, the donor and acceptor atoms are driven
into the silicon via thermal di usion from solid sources, where wafers of boron nitrate and
phosphorus oxide are held in close proximity to the silicon (masked or unmasked) and taken
to high temperatures in a di usion furnace®.

This doping method can be best be approximated by Constant-Surface-Concentration
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di usion, which is found as a solution to Fick's di usion with speci ¢ boundary conditions®®.
Beginning with Fick's Di usion equation, the charge carrier concentratiorC can be expressed

as.
@cC_, @c
@t @%

whereD is the di usion coe cient of the substrate, and x andt are the di usion depth and

(2.8)

time, respectively. The constant surface concentration model assumes that the dopant ux
at x=0 is constant with time (C(0;t) = Cs), and that the concentration is zero at in nite

depth (C(1 ;t) = 0). Solving Equation 2.8 for these boundary conditions gives

X
C(x;t) = Cserfc — : 2.9
(x;1) s zpa (2.9)

where erfck) is the complimentary error function (see Appendix A).

The di usion coe cient is experimentally measured for materials, and is a predictable
function of temperature. The logarithm of the di usion coe cient is linearly proportional
to the inverse logarithm of the substrate temperature. The di usion constant can therefore

be calculated for any temperaturel as follows

E
D = Dgyexp kTa ; (2.10)

whereDy is the tabulated di usion constant extrapolated to in nite temperature, and E, is
the activation energy required to move dopant atoms from one interstitial site to the next.
This relation assumes that the di usion coe cient is constant for all areas of the substrate,
which is true from low charge carrier concentrations. At higher concentrations, the di usion
coe cient changes depending on the carrier type and substrate. An empirical equation can
be used to relate the buried di usion coe cient to the surface di usion coe cient Dg and

the surface charge carrier concentratiols as

D=Ds — ; (2.11)
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Figure 2.1 : Diused boron concentration with respect to di usion depth. Left: Diusion
with variation in surface concentration at a xed di usion time of 1 hour. Right: Di usion
with variation in time at a xed surface concentration.

where is an empirically determined quantity. For boron di used in silicon, for example,
is approximately equal to one.

Using the above three equations, it is possible to empirically estimate the dopant concen-
tration pro le of the X-MSND junctions. Figure 2.1 shows plots of boron doped in silicon
for variations in surface dopant concentration and di usion time. Note that the di usion
depth is independent of the surface concentration, and depends solely on the di usion time.
This is a critical factor in de ning the simulation initial conditions for the conformally doped
trenches of the X-MSND, as the surface concentration in the trench sidewalls varies with
depth in the trench. For X-MSNDs, the doped regions are deeply di used to a depth of

approximately 3um, corresponding to a di usion time of just under 4 hours.

Conformal Dopant Di usion Pro le

As previously noted, both then-type and p-type doping of the X-MSND are accomplished
via thermal di usion of a solid wafer di usion source. However, the microstructures on the
acceptor doped side of the MSND substrate result in a partially conformal doping in the
interior of the trenches. The acceptor source is made from hexagonal boron-nitride (hBN)
powder which has been pressed and sliced into waf&étsThis material is very stable at high

temperatures, which allows for the slow and controlled di usion of sublimated boron to dose
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Figure 2.2 : lllustration of particle tracking simulation used to predict the acceptor dopant
surface dose conformally in the X-MSND Trench. Figure dimensions are not to scale.

the adjacent silicon.

The variation in dopant surface concentration has been di cult to measure for real devices
because of the relatively poor ability to measure or image acceptor dopant concentration in
high resisitivity n-type silicon. This is because most chemical stains used to provide scanning
electron microscope imaging contrast to doped regions are cationic (for example, solutions
of copper sulfate pentahydrate and hydro uoric acid) and bond only to donor sites, which
exist at low concentrations in highly intrinsic silicorf44,

An estimate of the acceptor concentration was generated by taking the known surface
concentration of the top of the anode terminal and comparing to the estimated normalized
uence of di use particles incident on a a 2D surface with the same geometric properties as
the X-MSND. This was accomplished using a simple particle tracking module implemented
by COMSOL: a patrticle emitting plane and the 2D half pixel geometry of an X-MSND
were created as in Figure 2.2. The sides of the simulation space were made to re ect the
particles, simulating an in nite X-MSND chip. Particles were emitted from the emitting
surface with a cosine distribution and allowed to propagate toward the X-MSND tallying
surfaces, where they were frozen and tallied. The tallying surfaces were subdivided inford
sections, and these are normalized by the uence received at the uppermost tally surface,
facing the emitting surface. The results of the simulation are shown in Figure 2.3.

Although this model does not perfectly simulate the kinetic e ects of the sublimated
dopant, it provides a reasonable estimate of the surface ux within the doped trench. Most
importantly, this simulation indicates that the resistivity of the doped silicon within the

trench is well under 1 cm for p-doped room temperature silicon, even at the bottom of

15



Figure 2.3 : Dopant concentration on the trench sidewalls relative to the dopant concentra-
tion at the top of the ns as a function of trench depth.

the trench and assuming surface concentration of 510'°cm 2 at the uppermost doped

surfacée™.

2.1.3 Oxide Boundary Conditions

The e ects of thermally grown oxides on semiconductor devices is well studied in the advent
of metal-oxide-silicon transistor (MOSFET) technology®®. For this study, the modeling
of oxide interfaces is particularly important for non-conformally doped X-MSND sensors
with thermally grown oxides in the trench sidewalls. The primary e ect of this oxide is the
formation of trapped charges at the interface, shown in Figure 2.4. The interface trapped
chargeQ;; results from charges that exist in the forbidden band of the silicon substrate and
has a population density that increases exponentially with proximity to the conduction and
valence band energi¢$4”48, These can behave as both donor and acceptor impurity sites.
Untreated grown oxides can have interface trapped charges as high a®a® 2, and properly
hydrogen annealed sensors can have trapped charge concentrations as low ¥grh024°,

The xed oxide chargeQ; and oxide trapped chargeQ.x are caused by stoichiometric
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Figure 2.4 : lllustration of charges found in thermally grown oxides on silicon substrate.

imbalances (SiQ) charge carrier dislocations in the silicon dioxide, respectively. The e ects
of the xed charges are especially problematic as they are generally positive charges that
cannot be discharged, producing a xed sheet charge at the oxide surface. The result is that
the balance of positive and negative charges at the terminal sites is disturbed, and electric
eld lines passing through the oxide region are allowed to terminate at the xed charges.

In the fabrication of MSND sensors, this type of thin oxide is typically grown in the
trenches as a dopant barrier that prevents unintended di usion of donor ions on the acceptor
side of the wafef®>. After donor di usion, this layer is removed with bu ered hydro uoric
acid (BOE) in preparation of acceptor doping, but it is still of interest to model this dopant
con guration as a possible alternative for X-MSND-speci ¢ fabrication processes. A Scan-
ning Electron Microscope (SEM) image of the oxide grown along the MSND trench sidewalls

is shown in Figure 2.5.

2.2 Finite Element Modeling of X-MSND

With the above modeling conditions established, the simulation and boundary conditions

can be implemented in nite di erence modeling code. The 3D structure of the X-MSND
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Figure 2.5 : SEM images of thermally grown oxides in X-MSND trench sidewalls prior to
removal with hydro uoric acid.

devices and the circular pixel contact necessitates that solutions also be calculated for a 3D

unstructured nodal mesh with volume and surface de ned boundary conditions.

2.2.1 COMSOL Multiphysics

COMSOL Multiphysics was chosen as the semiconductor physics modeling code to determine
the steady steady conditions of the sensor under reverse WfasThe primary advantages of
COMSOL over other modeling code packages is in its relatively shallow learning curve,
excellent validation of various physics packages, and built-in support for coupling various
physics packages that are available for COMSOL. The nal point is of particular interest as
COMSOL allows solutions from the semiconductor module to communicate with the circuitry
design module to construct simulations of Timepix charge sensitive ampli er circuits.

The semiconductor physics solutions are exported as a nodal mesh solution, where each
node has values for the, y, and z components of electric eld, electron concentration, hole
concentration, and dopant concentration. 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.
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Figure 2.6 : Dopant concentrations of the conformal (left-A) and non-conformal (left-B)
p-type contact, and of the pixel shaped n-type contact (right). Only one quarter of the pixel
column geometry is modeled.

2.2.2 Symmetries and Boundary Conditions

To reduce the computational resources required to model the steady state conditions of
the PIN diode sensor, the size of the model geometry was minimized as much as possible.
It was assumed that the steady state conditions of each pixel column are identical for all
pixels. This is generally true for real sensors, assuming that the dopant ux and terminal
metallization are uniform across the sensor. Pixels at the periphery of the sensor will often
experience slightly di erent electrical properties due to surface leakage currents originating
from the sensor edges. These e ects are mitigated in part by a metallized guard ring around
the pixel array and were ignored in this analysis.

For each 55um x 55um x 525um pixel column, the dopant and charge carrier concen-
tration is symmetric along thex andy axis. Similarly, the x-component of the electric eld
solution will be symmetric across they-axis and anti-symmetric across the-axis, and the
inverse is true for they-component of electric eld. Therefore, only one quarter of the pixel

column was simulated.
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Figure 2.7 : Image of the mesh generated for the quarter pixel model in COMSOL. The
guad dominated mesh at the cathode side can be seen, as well as the geometrically increasing
swept mesh size.

The n-type silicon substrate in the simulation was modeled with a resistivity of 8k cm,
which equates to a majority background charge carrier concentration ofe6  10**cm 3. The
dopant con guration was modeled according to manufacturer provided speci cations as fol-
lows: The pixel terminal was simulated with a donor dopant concentration of 1 10?°cm 3,
and the upper pixel electrode at the top of the n was doped to an acceptor concentration
of 5 10cm 3. For the conformally doped case, the sidewalls were doped with acceptors
according to the pro le shown in Figure 2.3. Negative voltage was applied to the n tips,
and the pixel was treated as the ground terminal, both simulated as ohmic metal contacts.

The initial condistions of the simulated pixel column can be seen in Figure 2.6.

Geometry Meshing

COMSOL includes a meshing toolkit, which supports unstructured meshing, swept, and
mapped meshes. For this geometry, a swept mesh provides the best results by minimizing
the number of unstructured internal nodes in the 3D solution while still allowing control of

mesh spacing. The abrupt junction formed by the terminal doping requires that the mesh be
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very ne in doped regions. However, dimensionally the junction depth ofin is signi cantly
smaller than the full geometry thickness of 525m.

To accommodate this wide variation in length scales, the spacing of the swept mesh is
determined via a geometric series such that the maximum node spacing is exactly 10 times
the size of the minimum node spacing, and the spacing increases with distance from either
terminal. The resulting mesh can be seen in Figure 2.7 for the region near the pixel terminal.
This method ensures that total node count is lower, with a much higher node density located
near regions where electric eld and charge carrier concentration gradients are expected to

be high.

2.2.3 Steady State Results

Steady state solutions were found for two possible X-MSND doping conditions: a simpli ed
case where the acceptor dopant is not conformally present in the trench sidewalls, and the
realistic case where a semi-conformal acceptor dopant is present in the trench. To obtain a
steady state solution, the nodal forms of the equations found in Section 2.1.1 are applied to
the meshed geometry for the described boundary conditions, and with a potential bias applied
at the terminals. The pixel terminal is held at ground potential, and a negative voltage at
the anode is applied. To ensure that solutions to the equations converge successfully, several
successive simulations are run where the voltage is ramped slowly from no bias to 300V
negative bias, with each simulation at an increased bias taking the previous solution as an
initial condition.

As an illustration of the charge carrier and electric led distribution at the bump bonds,
Figure 2.8 shows the voxelized solution of the electron concentration and electric elds near
the circular pixel bump bonds. The electron concentration features a sharp gradient at
the boundary of the dopant site. From Equation 2.5, the gradient of charge carriers is
proportional to electric eld strength. This results in a very strong electric eld at the
abrupt junction, both in the z-direction (along the thickness of the silicon) directly above

the bump bond, and laterally (in the xy plane) directed inwards toward the bump bond near
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Figure 2.8 : Voxelized results from COMSOL steady state solution that have been interpolated
and have had symmetries applied to show the full pixel column.

the edges of the dopant boundary.

A strong localized electric eld can be detrimental to the operation of diode sensors if
it exceeds the breakdown eld of silicon at 3 10°Vcm 1°2, At breakdown eld strengths,
charge carriers obtain enough velocity to produce additional electron-hole pairs, resulting in
signi cant leakage currents through the diode even under reverse bias. The maximum electric
eld strength in an X-MSND is encountered at the edge of the doped pixel at the di usion
depth of 3um, where the gradient of electron concentration is highest. From COMSOL,
the calculated maximum electric eld was found to be approximately 3300V cm for the

conformally doped case, well below the breakdown eld strength.

Nonconformally Doped Model

In the case of the nonconformally doped sensors, the electric eld and dopant concentra-
tions behaved as expected for a planar diode, shown in Figure 2.9. The device was very
well depleted before the 300 V bias was reached, and plots of electron concentration from
COMSOL suggest that depletion across the width of the sensor was reached between 150
and 200 V (Figure 2.10). The silicon substrate depleted uniformly throughout the sensor
to a charge carrier concentration of near zero. The electric eld was shown to be higher in
the X-MSND ns than in the bulk silicon region. This can be explained by the continuity

of electric eld lines, where a larger e ective cross section (the bulk versus trenched region)

results in a lower electric eld.
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Figure 2.9 : Left: Electron concentration in the non-conformally doped X-MSND sensor at a
bias voltage o300 V. Top-Right: Electron concentration at the n-type pixel. Bottom-Right:
Hole concentration at the p-type contact.

Figure 2.10 : Left: Electron concentration as a function of depth over the center of the pixel
contact in non-conformally doped X-MSND sensors. Right: Electric eld in the z-direction
as a function of depth.
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Figure 2.11 : Conduction band energy level as a function of sensor position and voltage for
conformally doped X-MSND sensors.

Conformally Doped Model

The conformally doped model experiences an entirely di erent depletion pro le. The pres-
ence of acceptors at the trench surface results in a highly conductive shell forming around the
silicon ns. From Gauss's law, the electric eld in a volume is proportional to the divergence
of electric ux lines, meaning that a relatively stationary electric ux gives a low electric
eld; the electric eld in the n region is therefore nearly zero. This is well illustrated by
observing the variation of the conduction band energy level with respect to bias voltage, as
shown in Figure 2.11. The gradient of the conduction band energy level is zero in the trench
region for any voltage, implying that the region is not fully depleted.

This can also be observed in the simulated electron and hole concentration in the X-
MSND ns plotted in Figure 2.12. The hole concentration in the ns is much greater in
this case than in the non-conformal case, but is still near the intrinsic level. This indicates
that minority charge carrier lifetimes in the ns are still on the order of milliseconds for

electrons®>4, Nearer to the doped n sidewalls, however, the hole concentration increases
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Figure 2.12 : Electron (Left) and hole (Right) concentration in the conformally doped X-
MSND sensor at a bias voltage &00V. Sensor is not depleted in the n region.

to nearly 10° cm 3. This implies that the mean electron lifetime at the n boundary is only
a 1-2 nanosecond$°°, and would likely recombine if they di use into this region.
By di erentiating the potential eld in the sensor, it is also observed that the electric eld
in the depleted region is greater in conformally doped sensors that in the nonconformally
doped case. This can be rationalized from equation 2.2, where the e ective width of the

diode is reduced by the conformal electrode, resulting in a greater electric eld strength.

2.3 Weighting Potential

The weighting potential in a charge drifting system in an important concept that is used to
determine the charge and current induced at any electrode as a function of the charge carriers

position and velocity®®. In its simplest form, Shockley-Ramo current induction theorem can
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Figure 2.13 : Left: Electron concentration as a function of depth over the center of the pixel
contact in conformally doped X-MSND sensors. Right: Electric eld in the z-direction as a
function of depth.

be expressed as

wherei, is the induced current at an electrodd., q is the charge of the carriery is the
charge carrier velocity, ande_ is the weighting eld calculated for electrodel.. Note that v

and E_ are vector elds, and are a function of the locatiorP in the sensor volume. Equation
2.12 can be integrated to give the net charge induced at the electrode as the charge carrier

travels from P; to Ps

Zp
Q.= QL dP = (Pr) " L(P)] (2.13)

Pi

where' | is the scalar weighting potential. This concept is explored more in future sections
when the weighting potential is applied to charge carrier drift, but the weighting potential
is calculated within COMSOL as a node-wise solution.

The weighting potential is derived from Poisson's equation

r2 = ="y (2.14)
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Figure 2.14 : Left: Weighting potential eld for non-conformally doped X-MSND sensor
about one pixel. Right: Weighting potential for conformally doped sensor with identical
geometry.

where' is the electric potential, is the charge density, ands is the permittivity of the ma-
terial. In most cases, a semiconductor device at steady state is fully depleted, and therefore
the internal charge density in the device volume is very near zero. This allows the right-hand
side of the equation to reduce to zero, giving the Laplace equation. In the case of X-MSNDs,
the charge carrier density in conformally doped ns is still relatively high compared to the
depleted region in the sensor, but is still 10 orders of magnitude lower than the surface
concentration for doped regions. Therefore, the Laplace equation still well approximates the
conditions expected in the X-MSND.

The Laplace operator 2 in the case of three dimensional orthogonal components is given

as
2

_e @
r -@7{+—+ (2.15)

@
@y @z
and can be solved analytically for a given geometry and set of boundary conditions. Weight-

ing eld solutions are solved per electrode in the system, and therefore the solution cannot
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Figure 2.15 : Weighting potential eld for both X-MSND doping con gurations as a function
of depth over the center of the primary pixel terminal.

be arrayed. Symmetric boundary conditions can however be applied. Solving for a single
pixel requires that the desired pixel have an exact solution of one, and all other electrodes
have an exact solution of zero. The conformal and non-conformal cases will have slightly
di erent upper electrode de nitions, as the sidewalls and bottom of the conformally doped
sensor behave as electrodes.

The weighting eld solution calculated for the 5 x 5 pixel case is shown for both non-
conformal and conformal cases, shown volumetrically in Figure 2.14 and with respect to depth
in the sensor in Figure 2.15 (note that the solutions are shown as the base ten logarithm of
the weighting potential). This solution was found by simulating a 2.5 x 2.5 electrode column
centered on the pixel of interest, and the solution was mirrored across tle and y-planes.
The two solutions behave similarly, with the weighting potential decreasing exponentially
with increasing distance from the bump bond, and in both cases decreases asymptotically
at the doped junction transition. From these plots, it is observed that rough¥90% of the

induced charge is generated in the nal 50um of the charges drifting into the
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terminals , which are electrons for the case of X-MSNDs.

The weighting potential calculated in the ns of the conformally doped case was calcu-
lated to be near zero through the entire volume of the n. It can assumed that most charge
carriers will be generated in this region of the X-MSND, as only this area is in direct contact
with the neutron converting material. This implies that the holes which di use to the  p-
type electrode from within the ns will induce virtually no charge , even for large
numbers of holes being produced. This has signi cant implications for the charge trans-
port simulations described in Chapter 4, as holes do not need to be tracked for simulations

involving thermal neutron interactions to produce accurate results.

2.3.1 Chapter Summary

The physics based simulations implemented in this chapter have revealed several important
characteristics of X-MSNDs at steady state that will impact the operation and imaging
characteristics of the sensor. The bias voltage of the X-MSND sensor at full depletion was
estimated to be 250-300 V at the designed resistivity and sensor thickness. The electric eld
at this voltage and dopant con guration did not exceed the breakdown voltage of silicon at
any point in the sensor. The conformal doping of the sensor trench caused the n region
to remain largely undepleted at the intrinsic charge carrier concentration. This results in
distinct charge transport characteristics in the n, where the charge motion is dominated by

thermal di usion.
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Chapter 3

Radiation Interactions in X-MSNDs

3.1 lonization of Silicon by Radiation

The ionization energy of mono-crystalline silicon is related, but not equal, to the band
gap energy. Indirect bandgap semiconductors like silicon require additional energy to be
transferred to the tightly bound crystal structure of the substrate to fully ionize an atom and
produce an electron-hole pai’**8. This additional energy is lost as crystal lattice momentum,
which can be discretely quanti ed as phonons, and band energy levels vary independently
with crystal momentum. The ionization energy is therefore the di erence between the highest
valence band energy and the lowest conduction band energy, plus the energy lost to crystal
vibrations. For crystalline silicon, this value is 3.6 eV per charge carrier pair, compared to

1.1 eV for the bandgap energy.

3.1.1 Photon Interactions

In general, only photons in the x-ray energy range (10-100 keV) are useful for X-MSND
radiography; lower energy photons are incapable of penetrating the imaging subject, and
higher energy photons preferentially interact in matter via scattering and pair-production in

the atomic nucleus®®°, These interactions can be seen in Figure 3.1, where the attenuation

coe cients of photons in silicon are plotted against photon energy. However, all photons with
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enough energy to penetrate the insensitive doped regions of the silicon are capable of ionizing
the depleted region and producing an imagable charge. High energy electron scatters (i.e.,
Compton scatters) generally present themselves as long, curled clusters, and their point of
origin is very di cult to localize with typically charge centroiding techniques®2, Because

of this, it is preferred that photon interactions produce photoelectric electrons with ranges

below one or two pixel widths.

Figure 3.1 : Photon interactions in silicon. NIST data compiled by XCOM

As with any photodiode, the X-MSND is also sensitive to photoelectric currents generated
by ambient light. Bare crystalline silicon has a work function of between 4.60 and 4.85 eV,
corresponding to light with wavelength of 270-256 nm depending on the crystal plane exposed
to light. This additional induced current can raise the baseline leakage current of sensor per

pixel, and direct exposure to light should be minimized as much as possible.

Estimating X-Ray Interactions from RS1800

To predict the x-ray interaction characteristics of the X-MSND sensor in an actual x-ray

eld, a simulation of the RadSource RS1800 x-ray generator used to generate radiographs
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Table 3.1 : Cumulative RS1800 x-ray lter characteristics and e ects
Position Material Density Thickness E; @ 60kV

1 Zn 7.14 glcn? 10 mils 41.0 keV
2 Al 2.70 g/cm®* 50 mils 42.3 keV
3 310SS 8.00 g/cth 24 mils 47.6 keV

from X-MSND assemblies will be carried out. The expected baseline x-ray spectrum from
the RS1800 was rst calculated using SpekCalc, a semi-empirical code for determining x-ray
emission spectra from tungsten anode x-ray generat6t8*. The predicted x-ray emission
spectrum from the RS1800 is shown in Figure 3.2 as calculated by SpekCalc for a tungsten
anode tube at a voltage of 60kV and anode angle of 30 degrees.

In practice, zinc, aluminum, and 310 stainless steel (310SS) lIters are used to reduce
the low energy x-ray ux density of the raw generator output, called spectral \hardening".
This hardening reduces the ux density of low energy x-rays which does not contribute
greatly to image quality due to its inability to penetrate deeply into the subject being
imaged, but can still impart surface dose to and damage the sensor assembly. The lters are
added cumulatively in the order listed in Table 3.1, which also contains the properties and
thicknesses of the lters.

To calculate the attenuation of this spectrum by the Iters, a Monte Carlo simulation
was run in MCNP6.2 wherein a beam of x-rays was transported through the three lter
con gurations, and spectral ux density is tallied at the other side of the lIters. The E;
value is the mean energy of the x-rays transmitted through the cumulative lter con guration
at a tube voltage of 60kV. The resultant spectra are also shown in Figure 3.2, with the fully
Itered x-ray spectrum having a mean energy of 48 keV. By comparing this value to Figure
3.1, the total attenuation coe cient for this energy is 044cnfg . Assuming a silicon
density of 233gcm 2 and a sensitive silicon thickness of 32Bn, this corresponds to a
detection e ciency of 97%.

Of particular interest is the predicted length of the tracks produced by electrons emitted
from photoelectric absorption. Several models exist for predicting the range of electrons, with

many of them using the Bethe-Bloch charged particle range mod&l A model presented by
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Figure 3.2 : X-ray spectrum from the RS1800 x-ray generator showing the attenuation and
spectral shift of three Iter con gurations

Gurler et al. uses a semi-empirical approach to provide tabulated ranges for electrons in sil-
icon, and compares them with continuous slowing down approximation rangeRdspa ) ¢%¢".
From these electron range tables and assuming a maximum photoelectron energy of 60 keV,
the emitted electron will have a range of 1@um and aRcspa Of 328 um, well within the

55um pixel pitch of the Timepix.

3.1.2 Neutron Detection Mechanism

The neutron detection mechanism of the X-MSND is dependent on the decay reaction that
occurs when®Li in the X-MSND trench back Il absorbs a thermal neutron. °Li has a
relatively high neutron absorption cross section of 940 b, as compared to 0.17 b for silicon or
0.045 b for’Li '°. This Li takes the form of 96% enriched lithium uoride nanopowder with

a |l fraction of approximately 0.50. The enrichment of the lithium is key in increasing the

33






	Title Page
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgements
	Dedication
	Introduction
	Basis Technology Background
	Medipix and Timepix Readout Chips
	MSND Sensors and Variants

	X-MSND Design Concept
	Research Goals

	Modeling X-MSND in COMSOL Multiphysics
	PIN Junction Formation, Depletion, and Biasing
	Estimating Depletion Voltage
	Doped Boundary Conditions
	Oxide Boundary Conditions

	Finite Element Modeling of X-MSND
	COMSOL Multiphysics
	Symmetries and Boundary Conditions
	Steady State Results

	Weighting Potential
	Chapter Summary


	Radiation Interactions in X-MSNDs
	Ionization of Silicon by Radiation
	Photon Interactions
	Neutron Detection Mechanism

	Radiation Transport
	Constructing Model Geometry
	Neutron Transport and Reactions


	Mobile Charge Carrier Transport in X-MSND Sensors
	Drift and Diffusion Modeling
	Timestep Modeling with Allpix2
	Code Modifications for Interior Boundaries

	Transport Results for Microstructured Devices
	Charge Collection and Total Charge Induction
	Timepix Krummenacher Circuit and Timing Characteristics
	``Surrogate" Digital Calibration Model

	Model Validation with MiniPIX Sensors

	Hardware Fabrication and Evaluation
	X-MSND Fabrication Details
	X-MSND/Timepix Assembly

	Sensor Testing and Evaluation
	Early Sensor Data Collection and Problem Diagnosis
	General Sensor Performance


	Data Collection and Imaging
	Radiation Testing Methods
	Evaluation with Check Sources
	Neutron Testing Facilities
	X-ray Testing Source

	Imaging Subjects
	Data Acquisition and Image Processing
	Frame Data Processing
	X-MSND Imaging Results

	Comparison of Simulation Results with Data

	Discussions and Conclusion
	Discussion of Simulation Methods and Successes
	Sensor Fabrication
	Future Work and Developments
	Timepix Circuit Modelling
	Advanced Sensor Concepts
	Concluding Statement


	Bibliography
	Additional Equations
	Complimentary Error Function
	Gaussian PDF for Sampling Thermal Diffusion

	MATLAB Frame Processing Scripts
	Frame Analysis Script
	Graphical Interface Script


