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Abstract

The work presented in this dissertation will serve as an essential tool for modern nuclear engi-
neers to perform radiation transport with import of complex computer aided design (CAD) models
efficiently. Performing radiation transport with complex CAD geometries and obtaining accurate
detector response functions has been a major challenge. For micro-structured semiconductor de-
tectors, results obtained from radiation transport alone are not enough to provide a clear picture
of expected performance. Hence, the work presented in this dissertation is divided into two major
research areas (RAs). RA 1 describes methods for sensor response modelling with hybrid Geant4
geometries consisting of both conventional C++ based models and complex CAD based models
in a single simulation. This RA will address the methods developed for radiation transport mod-
els and benchmarking experimental detector responses. Additionally, this RA will further discuss
how these models were later utilized for finalizing design parameters of a semiconductor radiation
detection system (Timepix3 coupled with Dual-Sided Microstructured Semiconductor Neutron De-
tector). Multiple bugs were identified in Geant4 source code as a result of the work presented in
RA 1. RA 2 of this dissertation will provide detailed analysis of the existing boundary conditions
of the DS-MSND and MSND detectors. Finite Element Analysis based semiconductor physics
modeling was performed to investigate various parameters of the Si-SiO, interface.

The radiation transport models were developed for simulating the Kansas State University Ma-
terials Interrogation (KSUMI) test facility that was set up to enable bulk-material irradiation exper-
iments that replicate similar oil-well logging scenarios. These experiments were conducted with an
aim to address the problem of replacement of conventional radioisotope sources commonly used
in oil-well logging industries. An exploration tool similar to an oil-well logging tool was used to
conduct experiments with water and sand as testing materials. The facility includes a 2500-gallon
concrete test chamber to be filled with testing material with an aluminum pipe going horizon-

tally through it, permitting placement of a neutron source and radiation sensors. A machine-based



14.1 MeV deuterium-tritium neutron source was used to irradiate the 2500-gallon testing mate-
rial. Experiments were performed with tap water and sand as bulk testing materials. Irradiation
was performed for one hour and results were obtained from a BF3/°He neutron sensor, a BF3
neutron sensor, and two Nal gamma sensors placed at different locations within the exploration
tool. Geant4, a Monte-Carlo based toolkit, was deployed on a high-performance computing sys-
tem to simulate the entire experiment in order to benchmark the experimental responses obtained
from the photon and neutron sensors. The facility was modeled in detail with accurate dimensions
and material compositions. Materials such as tap water, high-density polyethylene, and aluminum
metal were modeled with thermal neutron scattering cross-sections. The reference physics list
QGSP_BIC_HP along with G4NDL and S(«,f3) cross-sections were found to be appropriate for
simulation of neutron interrogation experiments with neutron energies lower than 20 MeV. The
experimental results obtained were successful in characterizing the bulk testing materials, and re-
sults obtained from Geant4 were found to be in good agreement with the experimental results in
most cases.

The source code developed for the above method was then utilized to design the physical pa-
rameters for an X-DS-MSND system. These detectors have the benefit of doubling neutron detec-
tion efficiency as compared to single-sided devices (X-MSND) by staggering ®LiF-filled trenches
between the top and bottom surface of a silicon diode. This produces a more complex electric
field distribution and depletion characteristics in the diode and creates an indirect path for signal
carrier transport between device electrodes. Geant4 was extensively utilized for radiation transport
and interaction modeling, and Allpix Squared was used for mobile charge carrier transport and
total charge collection. The results of this simulation work provided an estimate of charge cluster
shape and intensity for a pixel array configuration corresponding to Timepix3 read-out system.
In addition, imaging performance for transmission radiography was demonstrated with a simple
two-dimensional shape in a Gaussian beam of thermal neutrons. The simulated neutron detection
efficiency was 57.6%.

It was discovered that the Allpix Squared is not optimal for simulation of complex bound-
ary conditions and charge carrier transport inside the DS-MSND. To understand the behavior of

charge carriers in the presence of a complex electric field and boundary conditions, a simpler non-



conformally doped MSND geometry was fabricated and analyzed. This sensor geometry produced
a complex electric field distribution and depletion characteristics within the diode. The fixed ox-
ide charge present at the trench walls and its effects on the depletion characteristics and electric
field were analyzed. The capacitance-voltage and current-voltage curve characterizations were
performed for these prototypes and compared with the COMSOL Multiphysics simulations. An
241 Am alpha particle source was further utilized to perform spectral analysis. Geant4 was uti-
lized for radiation transport, interaction modeling, and benchmarking the spectral data. The results
of this simulation work provided a reasonable confidence in capability to obtain and benchmark
electric fields and spectral data for complex micro-structured semiconductor radiation detectors.
Further, COMSOL Multiphysics was used to account for time-dependent charge carrier motion
and detector response for these boundary conditions.

As a result of work presented in RA 1 and RA 2, important features in the MSND/DS-MSND
geometry were discovered that could significantly impact the device’s performance. These features
were incorporated in the updated Monte-Carlo model of the DS-MSND sensor. Simulated response
of the updated DS-MSND sensor as a replacement of BF3/°He was then analyzed for the oil-
well logging irradiation environment using Geant4 simulations. The results obtained from these
simulations establish DS-MSND as a strong contender for replacing BF3/°He sensors for oil well

logging experiments.
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Abstract

The work presented in this dissertation will serve as an essential tool for modern nuclear engi-
neers to perform radiation transport with import of complex computer aided design (CAD) models
efficiently. Performing radiation transport with complex CAD geometries and obtaining accurate
detector response functions has been a major challenge. For micro-structured semiconductor de-
tectors, results obtained from radiation transport alone are not enough to provide a clear picture
of expected performance. Hence, the work presented in this dissertation is divided into two major
research areas (RAs). RA 1 describes methods for sensor response modelling with hybrid Geant4
geometries consisting of both conventional C++ based models and complex CAD based models
in a single simulation. This RA will address the methods developed for radiation transport mod-
els and benchmarking experimental detector responses. Additionally, this RA will further discuss
how these models were later utilized for finalizing design parameters of a semiconductor radiation
detection system (Timepix3 coupled with Dual-Sided Microstructured Semiconductor Neutron De-
tector). Multiple bugs were identified in Geant4 source code as a result of the work presented in
RA 1. RA 2 of this dissertation will provide detailed analysis of the existing boundary conditions
of the DS-MSND and MSND detectors. Finite Element Analysis based semiconductor physics
modeling was performed to investigate various parameters of the Si-SiO, interface.

The radiation transport models were developed for simulating the Kansas State University Ma-
terials Interrogation (KSUMI) test facility that was set up to enable bulk-material irradiation exper-
iments that replicate similar oil-well logging scenarios. These experiments were conducted with an
aim to address the problem of replacement of conventional radioisotope sources commonly used
in oil-well logging industries. An exploration tool similar to an oil-well logging tool was used to
conduct experiments with water and sand as testing materials. The facility includes a 2500-gallon
concrete test chamber to be filled with testing material with an aluminum pipe going horizon-

tally through it, permitting placement of a neutron source and radiation sensors. A machine-based



14.1 MeV deuterium-tritium neutron source was used to irradiate the 2500-gallon testing mate-
rial. Experiments were performed with tap water and sand as bulk testing materials. Irradiation
was performed for one hour and results were obtained from a BF3/°He neutron sensor, a BF3
neutron sensor, and two Nal gamma sensors placed at different locations within the exploration
tool. Geant4, a Monte-Carlo based toolkit, was deployed on a high-performance computing sys-
tem to simulate the entire experiment in order to benchmark the experimental responses obtained
from the photon and neutron sensors. The facility was modeled in detail with accurate dimensions
and material compositions. Materials such as tap water, high-density polyethylene, and aluminum
metal were modeled with thermal neutron scattering cross-sections. The reference physics list
QGSP_BIC_HP along with G4NDL and S(«,f3) cross-sections were found to be appropriate for
simulation of neutron interrogation experiments with neutron energies lower than 20 MeV. The
experimental results obtained were successful in characterizing the bulk testing materials, and re-
sults obtained from Geant4 were found to be in good agreement with the experimental results in
most cases.

The source code developed for the above method was then utilized to design the physical pa-
rameters for an X-DS-MSND system. These detectors have the benefit of doubling neutron detec-
tion efficiency as compared to single-sided devices (X-MSND) by staggering ®LiF-filled trenches
between the top and bottom surface of a silicon diode. This produces a more complex electric
field distribution and depletion characteristics in the diode and creates an indirect path for signal
carrier transport between device electrodes. Geant4 was extensively utilized for radiation transport
and interaction modeling, and Allpix Squared was used for mobile charge carrier transport and
total charge collection. The results of this simulation work provided an estimate of charge cluster
shape and intensity for a pixel array configuration corresponding to Timepix3 read-out system.
In addition, imaging performance for transmission radiography was demonstrated with a simple
two-dimensional shape in a Gaussian beam of thermal neutrons. The simulated neutron detection
efficiency was 57.6%.

It was discovered that the Allpix Squared is not optimal for simulation of complex bound-
ary conditions and charge carrier transport inside the DS-MSND. To understand the behavior of

charge carriers in the presence of a complex electric field and boundary conditions, a simpler non-



conformally doped MSND geometry was fabricated and analyzed. This sensor geometry produced
a complex electric field distribution and depletion characteristics within the diode. The fixed ox-
ide charge present at the trench walls and its effects on the depletion characteristics and electric
field were analyzed. The capacitance-voltage and current-voltage curve characterizations were
performed for these prototypes and compared with the COMSOL Multiphysics simulations. An
241 Am alpha particle source was further utilized to perform spectral analysis. Geant4 was uti-
lized for radiation transport, interaction modeling, and benchmarking the spectral data. The results
of this simulation work provided a reasonable confidence in capability to obtain and benchmark
electric fields and spectral data for complex micro-structured semiconductor radiation detectors.
Further, COMSOL Multiphysics was used to account for time-dependent charge carrier motion
and detector response for these boundary conditions.

As a result of work presented in RA 1 and RA 2, important features in the MSND/DS-MSND
geometry were discovered that could significantly impact the device’s performance. These features
were incorporated in the updated Monte-Carlo model of the DS-MSND sensor. Simulated response
of the updated DS-MSND sensor as a replacement of BF3/°He was then analyzed for the oil-
well logging irradiation environment using Geant4 simulations. The results obtained from these
simulations establish DS-MSND as a strong contender for replacing BF3/°He sensors for oil well

logging experiments.
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Chapter 1

Introduction

The objective of this dissertation is analyze the possibility of utilizing the existing microstruc-
tured semiconductor neutron detector (MSND)?/ dual-sided microstructured semiconductor neu-
tron detector (DS-MSND)*-¢ detectors and electrically coupling them with a state-of-the-art fast
detector readout system, the Timepix’, to design a solid-state radiation imager (designated as X-
DS-MSND) and to test its validity as a replacement for commercially available BF3/>He tubes to
be used in large-scale neutron irradiation experiments. The work presented in this dissertation will
begin with the details of work accomplished in the radiation transport area to incorporate computer
aided design (CAD) import functionality for analyzing the conventional detector responses usually
deployed in oil well logging experiments. This will be followed by much more detailed studies
to design and develop a solid-state radiation imager that can be used as a potential replacement
for BF3/°He tubes. The imager will provide capability to efficiently discriminate gamma-ray and
neutron counts on the basis on cluster shape morphology. Efficient import methods and models are
provided that will help future engineers analyze and develop newer detector models with different
geometries.

The development of solid-state radiation detectors and their accurate response analysis has
been an essential area of interest for nuclear engineers for a long time. A high fidelity and detailed
analysis of these detectors would include analysis of radiation interaction probabilities directly

coupled with the analysis of charge carrier transport inside the semiconductor detector volume.



This would provide details about two following fundamental properties of the device performance:

1. Detection efficiency of the sensor for investigating the target radiation field, and

2. Ability of the sensor to promptly sweep out the free charge carriers (due to detection event)
from the active region of the sensor, i.e., ability of the sensor to process a detection event as

fast as possible.

Analysis of the probabilities of radiation interaction within the sensor is accomplished by per-
forming radiation transport simulations. The most common way to perform radiation transport is
with Monte Carlo methods. Multiple softwares have already been developed to assist engineers in
performing these analyses in detail. MCNP?3 is controlled software and, for those not employed at
Los Alamos National Laboratory, must be obtained from the Radiation Safety Information Com-
putational Center (RSICC). Although this code is straightforward to use, it has serious limitations
when it comes to importing complex CAD models and directly coupling it with other available
open source softwares. On the other hand, Geant4? is an open source C++-based radiation anal-
ysis toolkit that can be used to import CAD geometries readily coupled with other open source
charge transport codes. Additionally, obtaining MCNP source code from RSICC is difficult for
foreign nationals, while the Geant4 source code is open and readily available from its website.
Hence, for this dissertation, Geant4 will be utilized for performing and demonstrating almost all
of the radiation transport simulation methods and analysis.

Although radiation transport provides radiation propagation information such as interaction
location and energy deposition, these results must be linked to the charge transport codes, which
is the next crucial step in the solid-state detector physics analysis. Two options are investigated to

carry out charge transport:

* 1) Allpix Squared'’: A Monte Carlo-based transport code that is directly coupled with
Geant4. The default code provides the capability to simulate charge transport for a pix-
elated planar semiconductor device. Significant edits will be made to the source code to

incorporate the proposed sensor configuration into this software.



* 2) COMSOL Multiphysics IT. A finite element methods (FEM)-based commercial software
that provides capability to model and simulate complex semiconductor physical properties
and perform high-fidelity detector simulations on a per-event basis. The simulations are

costly in terms of time and memory, but are extremely accurate.
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Figure 1.1: An overview of the presented work representing the fusion of two different research
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The structure and approach of this dissertation are summarized in Figure 1.1, where two dif-
ferent research focus areas are investigated. Research Area 1 (RA 1) will entail investigations
related to methods of effective CAD-based geometry import. This will be done by simulating and
benchmarking sensor responses from a large-scale oil well logging experiment. Various bugs re-
lated to simulation of CAD-based models in a high performance cluster were resolved in Geant4.
Experimental analysis of neutron detector dead times will then be discussed, justifying a need for
development and analysis of a fast and efficient solid state radiation detector. It will also be shown
that Geant4 provides much better detector responses as compared to the responses obtained from
MCNP. Further, the methods developed will then be used to perform a detailed parametric study to

design and develop a dual sided microstructured neutron detector (DS-MSND) with modified fea-



tures as per Timpix3 requirements. These modified features of the DS-MSND will further ensure
that the detector provides around 60% thermal neutron detection efficiency, a spatial resolution
close to 100 um, and a gamma-ray rejection ratio of 10 2. Geant4 will be utilized for the simula-
tions, and a CAD based accurate replication of DS-MSND geometry will be utilized to obtain the
DS-MSND design parameters and perform other related studies.

Research Area 2 involved semiconductor physics modeling of the designed detector during
RA1. This was the first time a solid-state structure like a MSND/DS-MSND was analyzed for its
timing properties. This section is focused towards obtaining the much needed answers regarding
the behavior of induced charge cloud inside the fins of the sensor. The semiconductor physics
modeling of the microstructured detectors proceeded with an accurate estimation of the electric
field profile inside the sensor. To accomplish this task, it was vitally important that the peak dop-
ing profiles and the background doping profiles represent the actual fabricated device. The shape
of the pixels, i.e., the ohmic metal contact on the bottom electrode, was also a key parameter that
was investigated. This was followed by the analysis of Si-SiO; interface boundary conditions. The
effects of these Si-Si0O, interface boundary conditions on the charge cloud behavior inside the fin
are widely unknown, and almost no information is available in the present literature. The work pre-
sented 1in this dissertation answered a series of these questions in detail. For efficient investigation
of these thrust areas, multiple prototype MSNDs with various thermally grown oxide thicknesses
were fabricated by Radiation Detection Technologies, Inc., and detailed experimental studies were
conducted using these devices. The validation of the experimental measurement results for these
devices was then performed by preparing high-fidelity FEM models and performing multiple tran-
sient simulations in COMSOL Multiphysics. The results and observations made in this research
area determined the regions of interest (ROI) that needed to be modeled with the final DS-MSND
sensor to obtain an accurate simulated response.

Methods and models of the developed MSND/DS-MSND detector assisted in providing key
ROIs for the updated DS-MSND detector model. This was updated and several Geant4 simula-
tions were performed with the updated DS-MSND sensor model as a replacement for the BF3/°He
sensor in oil well logging experiments. This effectively concluded major research objectives of

this dissertation that are also described below.



1.1 Distinguished Research Objectives

The work presented in this dissertation aims to provide future researchers with a simulation infras-
tructure to efficiently perform Monte Carlo radiation transport for complex CAD-based geometries
to validate the responses of neutron and gamma ray sensors. The same method will be connected
to the FEM-based codes to perform charge carrier transport to obtain simulated current pulses for

microstructured semiconductor radiation detectors with challenging boundary conditions.

1. The objective was to utilize hybrid geometries in Geant4 to simulate complex CAD based
geometries in High Performance Computing (HPC) systems. These geometries will enable
user to benchmark neutron and gamma-ray signatures of common radiation detectors like
BF3/*He and Nal(Tl). The methods developed can be readily used to validate the sensor
responses in complex pulsating neutron field environments present in oil-well logging ex-

periments.

2. The Geant4 methods developed and described in objective 1 will then be utilized to deter-
mine the physical parameters a DS-MSND sensor that can provide a thermal neutron detec-
tion efficiency of around 60%. A CAD model of the sensor will be imported in Geant4 and
simulated on Beocat, Kansas State University’s high performance computing (HPC) sys-
tem, in multi-threading mode. Initial induced current and neutron imaging estimates will be

presented by utilizing the designed sensor geometry in Allpix Squared .

3. COMSOL Multiphysics software will be utilized to perform steady state simulations to de-
sign the implant shapes and sizes for the X-DS-MSND. Multiple COMSOL Multiphysics
simulations are needed to estimate the junction doping profile, resistivity of the substrate,
and peak electric field within the designed sensor. These details are significantly important

for the fabrication team to proceed with the sensor fabrication.

4. To assist the fabrication team in determining the response times of the DS-MSND sensors,
a few reverse MSNDs were fabricated with 250 nm thick thermally grown oxide and multi-

ple experiments and characterizations were performed. Transient simulations in COMSOL



Multiphysics are needed to simulate accurate charge deposition and transport in the designed
sensor. These simulation results will be instrumental for the fabrication team to work on a

different passivisation schemes for the future generations of the DS-MSND diodes.

1.2 Structure of Dissertation

This work presentation in this dissertation is divided into seven chapters. The basic concepts of
radiation transport are covered in Chapter 2, along with detailed background literature on oil-well
logging experiments, the DS-MSND sensor, FEA modeling of semiconductor physics, and exist-
ing boundary conditions of Si-SiO;. These details will be followed by a brief discussion of charge
carrier transport. Chapter 3 begins with details of expected neutron and gamma-ray interactions for
oil-well logging experiment and DS-MSND sensor and finalizing appropriate reference physics list
for Geant4 simulations. This is followed by detailed representation of Geant4 simulated geometry
and materials for both research areas. Chapters 4 and 5 contain methods and modeling procedures
for microstructured silicon devices with appropriate boundary conditions. Details of charge trans-
port in COMSOL and Allpix Squared are also provided to validate the estimated Si-Si0; boundary
conditions with experimental results. This is followed by Chapter 6, which consists of discussions
of results obtained from methods and models described in the preceding chapters. Finally, Chapter

7 contains conclusions from the content presented, followed by suggestions for future work.



Chapter 2

Background Literature

2.1 Radiation Transport

To analyze the responses of radiation detectors in various complex radiation environments, rigor-
ous radiation transport is required'>. The propagation of radiation through a medium is affected
by absorption, emission, and scattering processes. The elementary quantity used to characterize
how a radiation field propagates in matter is the differential number dN of the transported radiation
particles in a position within dr about r, with momentum within dp about p, at time ¢, given by the

following equation:

dN = f(r,p,t,a) xd*rx d®p x dt x d" o 2.1)

Here, o includes n other variables like particle species, spin, etc., and f(r, p,z, @) is the radia-
tion particle-number density. Assume that an initial source density fg.(ro, po,to, o) is provided
for a mono-energetic point source, the particle density fqei(7, p,t, ) obtained in a detector after the
radiation field propagates through a material is found by considering a point source of, say, protons
at ro emitted at 79 with momentum p traversing a material M, with a detector D placed after it.

Thus, the detector response for a simple mono-energetic point source is obtained by equation:

faer(r,p,t,00) = G(r, p,t, 0570, Po,to, 00) X fare(ro, Po,10, 0o) (2.2)



In the above equation, G(r,p,t,;ro, po,ty, ) is called a “propagator”, which accounts for
geometry boundary conditions, scattering through various interaction mechanisms, generation of
secondary particles, and effects of external fields. For a more general source, extended in space

and with some momentum and energy spectrum, the above equation will be modified as:

faer(r,p,t, ) = /d3r0 X /d3p0 X /dto X /a’oco X G(r,p,t,®; 10, Po,to, 0%) X fsre(ro, Posto, Qo)

(2.3)
This is a schematic formal way of representing a Boltzmann transport equation, which is generally
a multidimensional (>6) integro-differential equation. Unfortunately, for this equation, general
analytical or closed-form solutions are extremely time-consuming and difficult. Thus, a stochastic
method is often utilized to achieve viable solutions 4.

The Monte Carlo (MC) radiation transport method is a mathematical tool that provides a nu-
merical solution to a problem. The solution provided by this method is based on random statistical
trials. This transport method represents a probabilistic model for radiation interactions with matter.
It provides the ability to predict many quantities of interest to the nuclear engineering community,
e.g., volumetric/surface flux, reaction rates, energy deposited, which are difficult to achieve with
manual mathematical calculation. The huge advancements obtained in these methods and their
applications in almost every major scientific area are due to their ability to solve difficult mathe-
matical problems with tremendous computational speed provided due to the capability of modern
digital computers. Furthermore, due to the stochastic nature of the calculations, simulation of a
large number of particle histories is required to achieve the desired statistical accuracy '>. A number
of general-purpose MC-based simulation codes are currently available to today’s nuclear engineers
for the radiation transport applications, e.g., MCNP38, Geant4®, EGSnrc !¢, and PENELOPE !’

For the work presented in this dissertation, the Geant4 Radiation Transport Toolkit® was uti-
lized because it is an open source code available to all. This toolkit can be deployed to efficiently
simulate the passage of particles through matter. The functionality provided by this toolkit in-

cludes:

1. Tracking: Keeping records of trajectories of radiation particle traversing through matter.



2. Hits: Provides details related to radiation particle interaction with matter.

3. Physics Models: Multiple pre-built physics models are available to the user for various spe-

cific applications.

The physics processes simulated include a wide range of radiation particle interaction pro-
cesses, including electromagnetic, hadronic, and optical processes. An extensive Radioactive De-
cay module is also available to simulate a large set of long-lived particles, materials, and elements.
This toolkit was the result of a dedicated collaboration of software engineers and physicists. Ap-
plication development with object-oriented C++ language is needed to operate this tool efficiently.
This software has found applications in particle and nuclear physics, nuclear and space engineer-
ing, and medical physics '8-%2.

A sensitive volume is used to declare existing volume as detectors. A particle that enters the
detector volume is treated as a point object with a well characterized instantaneous momentum.
The space time position of the position of the particle inside the detector is (x,y,z,7) while its
energy-momentum is (P, Py, P;,E). The developers of Geant4 deemed that this is a reasonable
approximation, considering that in almost all of the practical simulation cases particles are seen as
“tracks” in macroscopic detectors. Geant4 employs a semi-classical approach, since the radiation
particles are treated classically throughout the simulation, but their interactions - cross sections
and final states - take into account the results of quantum-mechanical effects. The basic unit of
simulation in Geant4 toolkit is called an “event”. Initialization of every simulation in Geant4
begins with loading all the necessary physics lists to simulate radiation interaction processes. The
C++ based stacking concept is used to track a particle. A run or a process in the simulations begins
by generation of primary tracks. The details of these tracks are pushed into a std::stack. A track
of the radiation particle is processed from the std::stack one by one, as per last in first out basis
(LIFO). The resulting secondary tracks are pushed into the std::stack and this tracking lasts as long
as the stack has a track in its memory. When the stack becomes empty, the processing of the event

is concluded.



2.2 Background

2.2.1 Oil Well Logging Experiment

The first section of the dissertation will discuss the details of the Geant4 benchmarks performed
for a bulk irradiation experiment. Oil-well logging industries around the world utilize inspection
tools that typically contain multi-curie level AmBe and '3’Cs sources identified by the National
Academy of Sciences as Category 1 dangerous radiological sources??. The challenge is to find
suitable machine-based sources as replacements for these conventional radioisotope sources. Ex-
isting radioisotope sources in oil-well logging tools are fairly long-lived and exist in thousands of
tools used around the world. In the past, there have been incidents involving these sources that have
created great safety and security risks. Past accidents include sources that got stuck down a well
and eventually get lost; lost (misplaced) sources during or after well logging; lost or stolen sources
(in storage or transport); physical damage (fishing); transportation accidents, including fire; sus-
pected exposure of persons; and leaking sources?*. Cases like these make the use of conventional
sources in well logging an environmental safety and security concern. The preliminary goal was
to promote the utilization of powerful machine-based sources as a replacement for radioisotope
sources with a more transparent and experimental approach. The major objective of this project
was to develop a version of the Monte Carlo Library Least Squares (MCLLS) to invert data from
multiple neutron and photon sensors.

A deuterium-tritium (D-T) generator was considered as a replacement neutron source because
higher-energy neutrons can generate high-energy inelastic scatter gamma rays from a number of
elements, providing useful information on a larger volume of substrate composition. To validate
the MCLLS model, it was necessary to design and construct a prototype exploration tool and
the Kansas State University Materials Interrogation (KSUMI) testing facility?>>. The purpose of
this experimental facility is to provide validation for the simulated responses to benchmark the
MCLLS data and to perform experiments demonstrating the effectiveness of powerful pulsed neu-
tron generators as an apparent replacement for conventional radioisotope sources. The skeleton

of the designed exploration tool was similar to that of the tool used in oil-well logging industries;
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simplicity in design ensured easy modeling in Solidworks2®. The test facility consists of a large
concrete enclosure built around an aluminum pipe of 8 in diameter, representing a borehole. The
interrogating source is a pulsed 14.1 MeV neutron source with a 10% duty cycle generating 1000
pulses of high-energy neutrons every second. Geant4?’, was utilized to develop a source code to
simulate the complex experimental setup and achieve the results for two experiments with water
and sand, respectively. The aim of this study was to compare the experimental data obtained with
Geant4 simulations to validate the simulation results, which is important for the future design of
fieldable oil well logging tools that utilize machine sources of neutrons.

Methods were developed to define a hybrid geometry in Geant4 where the complicated geome-
tries can be directly imported from CAD and basic structures of the geometry can be defined using
conventional C++ object-oriented code. The methods developed during this section of the study

were instrumental for the second section of the presented study.

2.2.2 MSND Sensor Details

The silicon-based, single-sided, trenched microstructured semiconductor neutron detector (MSND)
is a state-of-the-art semiconductor thermal neutron detector, designed and developed by the S.M.A.
R.T. Lab at Kansas State University*>?-3% The MSND geometry consists of trenches etched
along the top surface of the sensor that are back-filled with LiF enriched in °Li to provide neutron
sensitivity. Previous research has been performed at Kansas State University to integrate neutron-
sensitive conformally doped MSNDs with Timepix chip for neutron imaging3’~3, with the final
product designated as piXelated MSND (X-MSND). It was determined that planar doping geome-
try, instead of conformal doping in trenches, would help to achieve greater neutron counting rates.
In the absence of doping on the trench side-walls, fixed oxide charge (FOC) may impact depletion
and electric field characteristics in the device. This work is the first to observe and characterize
multiple rise times for microstructured Si devices irradiated with alpha particles. It is also the
first reported observation of the effects of FOC in the microstructured sensors. The research pre-
sented in this dissertation provides a deeper insight into the impact of Si-SiO, interface boundary

conditions on signal from a novel semiconductor detector.
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2.2.3 DS-MSND Sensor Details

To design and analyze microstructured detectors, MCNP?® has been utilized in the past, and the sim-
ulated geometry was constructed with universes. The Monte Carlo radiation transport source codes
and methods developed for the work discussed in previous sections were utilized to import CAD
models in Geant4® and simulate the precise sensor geometry in multithreading mode in a HPC
system. The advanced sensor addresses the need for a compact, high-efficiency, and high spatial-
resolution neutron imager. Improvements in neutron detectors for use at high-flux pulsed neutron
sources are required for materials research involving neutron scattering experiments conducted
in DOE laboratories, including single-crystal diffractometers, neutron reflectometers, and time-
of-flight (TOF) measurements. Generally, the requirements for neutron detectors used in these
facilities include spatial resolution of the order of 100 um or less, neutron-detection efficiency ex-
ceeding 60% for 1-2 A wavelength neutrons, ability to operate at rates exceeding 20,000,000 CPS
with minimal dead time, and gamma-ray rejection ratios of less than 1012, Advances in sensor
design, readout technology, and data processing algorithms are required to meet these challeng-
ing requirements. These requirements will be met by integrating a DS-MSND#%28-31 with the
Timepix3 read-out chip to create a detection assembly (the X-DS-MSND) and software, capable
of being tiles into large imaging arrays.

Geant4 was extensively used to calculate various physical parameters such as trench depth, fin
height, and packing fraction of neutron conversion material for the detector that meets some of the
requirements mentioned above such as thermal neutron detection efficiency and gamma-ray rejec-
tion ratio. There are other properties of the DS-MSND sensor such as charge collection efficiency,
response to a detection event, boundary conditions, depletion profile. that are extremely essential
for a proper device operation and cannot be evaluated using Geant4 alone. For determination of

these properties, detailed semiconductor physics modeling is needed.

2.2.4 Previous X-MSND device details

Significant work has been previously performed and reported with a single sided X-MSND im-

ager>©-3%40 Here, a single sided conformally doped MSND was coupled to the Timepix read-
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out device. These devices, although slow, were able to successfully demonstrate thermal neutron
and x-ray imaging capabilities. The simulation framework for this work consisted of extraction
of steady state simulation results (electric field and weighting potential) from COMSOL Multi-
physics. These results were then imported to Allpix Squared '° for charge transport. The X-MSND
simulation framework did not consider charge carrier interactions like recombination and repul-
sion, which are significant, considering that the majority of charge carriers are injected in a region
with negligible electric field. Allpix Squared cannot account for accurate FOC and SRV on the
Si-SiO, interface. High density charge transport in Si devices involves accurate representation

4144 which was not considered in the X-MSND simulation framework either.

of plasma effects
These shortcomings of X-MSND framework are addressed and resolved in the new simulation

framework presented in this dissertation.

2.2.5 Existing competition to X-DS-MSND

A prospective review of the capabilities of existing technology is needed to understand the state
of the art. The proposed X-DS-MSND technology is based on a well-characterized DS-MSND
fabrication process with enhancements to make the sensor compatible with Timepix3 pixelated
readout application-specific integrated circuits (ASICs). The implementation of a silicon-based
microstructured neutron imager has significant advantages over other competing technologies, a

few of which are enumerated below.

1. Deeply trenched DS-MSNDs have previously shown greater than 60% thermal neutron de-

tection efficiency.

2. The high Q value of °Li neutron capture reaction ensures a large output signal and good

signal-to-noise characteristics 2.

3. Silicon as a semiconductor substrate ensures the imagers will function well under diverse

conditions; no vacuum is required and sensors operate at room temperature.

4. The low overall presence and low-Z number of the silicon substrate ensures that an excellent

gamma rejection is possible.
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5. The stable availability of high resistivity silicon ensures a consistent supply of substrate

material for sensor fabrication.

6. Micro-fabrication of silicon substrates is a well characterized process and ensures repeata-
bility, and bump bonding of silicon sensors to Timepix sensors has also been demonstrated

to be repeatable by multiple commercial vendors.

Currently, two sensor technologies offer capabilities and performance similar to those of the
X-DS-MSND: the doped microchannel plate (MCP) imagers and Li-In-Se semiconductor imagers.
To that effect, a brief prospective comparison of the expected performance of X-DS-MSND against

these currently available technologies is presented below.

Doped Micro-Channel Plates (MCP)

0B doped micro-channel plate (MCP) based neutron imagers are commercially available*—7,

and high-resolution variants are currently in development. Variants of the technology have also
used Timepix ASICs for read out, with arrays up to 2x2 found in publications*®. The DS-MSND
sensors do not require significant encapsulation (generally, only a metal light/RF shield is applied
over the sensor), whereas MCP devices require large evacuated enclosures or vacuum conditions to
operate. Neutron imaging with MCPs requires careful alignment of a forward-facing doped micro
channel plate, and generally two other amplifying MCPs. This may introduce significant shock and
vibration sensitivity. High resolution versions using narrow delay line anodes are also tensioned
and aligned, exacerbating the problem. Biases of at least 1100V are needed in the MCP with a
forward face, with voltage division used to bias the secondary MCP planes. However, DS-MSNDS
are expected to reach full depletion at 350 V. The high vacuum requirement limits the portability
and increases the system footprint of MCP imagers compared to comparable semiconductor-based
DS-MSND designs. Arrayed Medipix MCP neutron imaging is limited to 2xN array sizes due
to incompatibility of the canted Medipix chips used in large area arrays. Timepix3-based X-DS-
MSND assemblies can also be arrayed to produce large area sensors; Timepix3 readout chips are
three-edge buttable, and edgeless semiconductor sensor arrays have been manufactured as large

as 10x10 chips (14.3cm x 14.3cm). Larger MCP imagers are possible with proprietary cross-
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delay line anode readouts, though these increase readout complexity and limit system compatibility

compared to the USB 3.0 based Timepix3 interface*.

Li-In-Sez

The newly developed sc-LISe semiconductor? has been explored as a °Li loaded semiconductor
material for neutron detection and neutron imaging. Imagers have been made by bump bonding
LISe wafers to Timepix sensors, similar to conventional planar sensors. However, the main re-
action is © Li(n,@)t for both the X-DS-MSND and LISe detector. In LISe, the isotope 511 has
an exceptionally larger cross-section for radiative capture of around 202 b; that of natural indium
is 195b. Also, 7Se has an appreciable n-y cross-section of 50.0232b. These materials compete
with ®Li for neutron absorption and decrease the neutron detection efficiency of the sensor. In case
of LiF, the absorption cross section of 9F is 9.57 x 1073 b. Therefore, a greater neutron detection
efficiency can be observed from X-DS-MSND. LISe sensors become activated via neutron capture.
The decay of ''In will release betas (isomer with a large end-point energy of 3.3 MeV). The range
of a beta at this energy is 6 mm, over 100 times the pixel pitch, greatly distributing the charge in
the sensor. These decays are accompanied by gamma-rays, which may interact with the sensor ma-
terial. The band gap of the LISe material is 2.8 eV, compared to 1.1 eV for Si based DS-MSNDs.
LISe operating voltage is 545 Vmm™!, comparable to the X-DS-MSNDs at 350 Vmm™'; consid-
erably less leakage current is observed in DS-MSNDs. The articles on LISe devices further discuss
performance concerns due to sample size limitations>’. Because the sensors were grown to a di-
ameter smaller than the Timepix ASIC, the sensor operated only on a subset of the available pixels.
Materials like 7°Se and ''In in LISe sensor have 5-6b cross-sections for fast neutrons, whereas
X-DS-MSNDs are mostly used for detection of thermal neutrons. MCNP simulations have been
performed on LISe devices, but no advanced charged-drift simulations are available. The con-
stituent elements of LISe have higher atomic number as compared to silicon, making them more
susceptible to gamma and X-ray interactions. No gamma-ray rejection methods are discussed in
published literature, and a single energy-based threshold reduces neutron detection efficiency. No

publications are available on sc-LISe thicker than 1 mm, whereas X-DS-MSND sizes are limited
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Table 2.1: Technology Summary Table

Properties X-DS-MSND MCP LISe
Spatial Resolution <55 um i?g _plrgl ﬁfglg:;;?i; ~34 um
Temporal Resolution 50ns 100 ns N/A
Neutron Sensitivity 60% ~45% 35-55%
Gamma-ray Sensitivity 1:10° 1:100 N/A
Single Sensor Size l4mmx14mm | 18 mm - 150 mm (dia) | 8.25 mmx5.5 mm
Readout Interface USB 3.0 USB 2.0 USB 2.0

only to the availability of high resistivity silicon. A brief parametric comparison of these technolo-

gies is provided in Table 2.1 43:12:28-31:45-50

2.2.6 Semiconductor Physics Modeling

COMSOL !, a finite element solver, was utilized to simulate the semiconductor physics to inves-
tigate the effects of FOC on the trenches of the prototype MSND device. COMSOL’s Semicon-
ductor Module is a collection of interfaces and predefined models that are utilized for modeling
and for addressing semiconductor device physics. It also includes a dedicated physics interface to
solve the single-particle Schrodinger equation>! for general quantum mechanical problems as well
as quantum-confined semiconductor systems. The semiconductor module assumes a Maxwell-
Boltzmann distribution for the carrier energies of nondegenerate semiconductors at a given tem-
perature. This assumption reduces the non-linearity of the semiconductor equations. If degenerate
semiconductors are present within the model, or at lower temperatures, it is necessary to use Fermi-
Dirac statistics’>.

COMSOL’s Semiconductor Module is well documented and includes detailed outline of the
theory on which it is based. The software is uniquely transparent because the model equations are
always visible. This interface solves the continuous Poisson equation related to electric field for

charge carriers represented in equation 2.4.

V-E=V-(—&VV)=q(p—n+N; —N;) (2.4)
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Here, E is the electric field, the permittivity of silicon is represented by €., g is the elementary
charge, n is the electron concentrations, p is the hole concentration, Ng* is the donor concentra-
tion, and N, is the acceptor concentration. Results obtained for this equation provide complex
electric field, carrier concentration, and leakage current for the user defined semiconductor device
geometry.

Another important aspect of the COMSOL based semiconductor simulations is the creation
of an unstructured mesh. An extremely fine mesh would enhance the accuracy of the results;
however, this would severely increase the simulation time. Furthermore, an extremely coarse mesh
would fail to converge due to the high computational error per iteration. Thus, while solving for
electrostatic fields in the presence of mobile charge carriers, it is important to consider the Debye

length as shown in equation 2.5.

kpT €€,
L= ——— 2.5
d q2N ( )

Here, ky, is the Boltzmann constant, 7 is the temperature of the lattice, &y is the permittivity of the
free space, &, is the relative permittivity of the semiconductor, ¢ is the elementary charge and N
is the total concentration of holes and electrons. This length is the scale over which the electric
field decays in the presence of mobile carriers; it is critically important to resolve this length scale
with the unstructured mesh defined by the user in semiconductor models. To further optimize the
simulation time, zero-Neumann boundary conditions were applied such that a one-quarter pixel
geometry geometry was modeled and meshed. The COMSOL default silicon material was used
to model the diode. The Charge Conservation node was deployed to use add air as a dielectric
material; this node provides capability of modeling charge conservation properties according to
Gauss’s Law for the electric displacement field.

Fabrication work for this dissertation was performed by Radiation Detection Technologies, Inc.
A set of well-characterized single- and double-sided MSNDs was fabricated to provide empirical
data to validate the observations made from the simulated models. The DS-MSNDs were fabricated
with trenches etched through a planar n-type contact and a planar p-type contact diffused into the
backside of the diode. It was noticed that the KOH wet etching step drastically (> 10x) increased

the lateral etch rate of the fins. This increased etch rate was probably due to the high concentration
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of dopant atoms on the tops of the fins. Therefore, to prevent lateral etch-out of the DS-MSNDs an
undoped buffer region was masked by SiO, between the doped region on the fin and the edge of the
trench. A new photomask with these features was obtained and used prior to implant pattering of
the X-DS-MSND. The reverse MSND wafers were then separated to study the efficacy of different
surface passivation techniques for exposed Si in the trenches: native oxide, 50 nm dry oxidation,
100 nm dry oxidation, 250 nm dry oxidation, and h-termination followed by 200 nm parylene
coating. Following passivation, the IV and CV characteristics were measured. In general, 250
nm dry oxidation performed the best, demonstrating the highest average breakdown voltage while
retaining a relatively low leakage current below breakdown. Thicker oxides may further reduce the
leakage current but would negatively affect the neutron detection efficiency by reducing the neutron
absorption efficiency and the reaction product escape probability. The maximum concentration of
n-type dopant near the top of the device was around 5 x 10'7 cm™3. The bottom of the detector

was doped with a similar concentration of p-type dopant.

2.2.7 Boundary Conditions

Two main characteristics of the Si-SiO, interface are FOC and interface traps that could have a
significant impact on charge transport. These boundary conditions will be analyzed and considered
in this dissertation. The Si-SiO;, interface will cover the entire fin structure of the DS-MSND diode,
and since most of the charge carrier injection will occur in the fins, it is extremely essential that
the effects of these boundary conditions are accurately modeled in the simulations. The analysis
and implementation of boundary conditions present multiple challenges in setting up an optimum
unstructured mesh for the simulations to converge with minimum iteration steps. Furthermore,

high-fidelity modeling of these conditions drastically increases the simulation time.

Fixed Oxide Charge

The depletion profiles of the trenched devices are complicated by trapped charges in the thermally
grown oxide layer during fabrication>?. These charges are called oxide charges and are further

classified into four types: surface states, FOCs, oxide-trapped charges, and mobile oxide charges.
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Surface states are caused by structural defects and are typically removed by a low-temperature
annealing process. Oxide-trapped charges are holes or electrons that are trapped near the oxide
interface; these charge carriers are created in the semiconductor volume by the external incident
ionizing radiation, and can be removed by low temperature annealing. Mobile oxide charges are
contaminants from Na*, Li*, or K ions that can occur during the fabrication process. These
charges are often identified using a bias stress test. FOCs are typically positive charges located
near the semiconductor-oxide interface and are the result of the thermal oxidation process>>>4.
FOCs are of primary interest for the trenched sensors discussed in this dissertation. A positive
space charge is formed inside the oxide film as a result of these FOCs during the thermal oxidation
process. This induces a negative image charge in the Si substrate. The accumulation of n-type
carriers near the Si-SiO, interface on an n-type substrate further decreases the resistivity of the

substrate around the Si-SiO; interface, increasing the bias required for complete depletion of the

diode as represented in Figure 2.1,

Sio, Sio,

o i ok T ot o e S A S A R R o
s i o i i e S o i i o ol i o o i i e i e o O o o o o o o o e o o |
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Accumulation layer Inversion layer

+
— - 4t ar
- Si tos
- °r
- +

- ar
|:| n-type Si substrate + Positive fixed oxide charge
I:l p-type Si substrate - Negative charge carriers

“]]Im]] Si-SiO, interface

Figure 2.1: A generalized representation of the effects of the formation of fixed oxide charge due
to the formation of a SiO; mask on a n-type (Left) and p-type (Right) silicon substrate.

FOCs are stable under moderate temperature and bias conditions and are not affected by
changes in surface potential®®. The density of FOC is dependent on the surface orientation of

the substrate. For DS-MSND / MSND sensors, the effects of FOC need to be investigated on the
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trench walls (< 111 > orientation) of the fabricated detector.

Charge Recombination Velocity

Charge carrier recombination is a phenomenon that can severely affect the amplitude of the output
current signal of the sensor. Defects or impurities present at the Si-SiO; interface enhance recom-
bination rates and severely decrease the lifetimes of the charge carriers around the interface. Since
the Si-SiO, interface represents a severe disruption of the crystal lattice, the surface of the fin is a
site of particularly high recombination. Due to the high recombination rates, the region around the
Si-S10; interface is further depleted of minority charge carriers. A localized area of low charge
carrier concentration causes charge carriers to flow into this region from the surrounding higher
charge carrier concentration regions. Therefore, the surface recombination rate is limited by the
rate at which minority charge carriers move towards the Si-SiO; interface. A parameter called sur-
face recombination velocity (SRV) is used to characterize the recombination at a Si-SiO; interface.
Furthermore, changes in the SRV value are expected due to the substrate resistivity and the FOC
value. The work presented in this dissertation will provide an approximation of the SRV value to

accurately estimate the DS-MSND/MSND response.

2.3 Charge Carrier Transport

Understanding the depletion region, including the direction and magnitude of the electric field, is
key for detailed analysis of a modern semiconductor radiation detector. It is known that any motion
of charge carriers in an electric field causes an induced current. The motion of the charge cloud in
the presence of a substantial electric field is often dominated by drift. Charge carriers typically do
not follow straight line paths, as they encounter velocity changes due to thermal scattering. In the
absence of a substantial electric field inside the semiconductor material, such as that found in the
undepleted region, diffusion dominates the charge carrier motion. In many circumstances, charge
carrier diffusion and drift are both important for predicting the corresponding current pulse. There

is an average net motion of the charge cloud along the direction of the applied electric field, and
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the charge cloud diffuses as it drifts. These phenomena are depicted in Figure 2.2. The diffusion

of charge carriers with respect to time>’ is given by:
o= V2Dt (2.6)

Here, o is the root mean square (rms) width of the charge cloud diffusion, ¢ is the time and D is

the diffusion constant, linked to the charge mobility (u,) by the Einstein relation:

kT

In the above equation, k is the Boltzmann constant, 7 is the absolute temperature, and ¢ is the

elementary charge.

Incident

+ Radiation

Figure 2.2: Representation of charge cloud motion inside a semiconductor device in the presence
of an applied electric field.

There is a tremendous need for simulation methods and models to accurately predict the charge
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carrier motion and account for the detector response current corresponding to the radiation particle
interaction in the active region of the sensor. The current literature lacks details about the charge
cloud behavior and resulting induced currents in a planar-doped microstructured solid-state detec-
tor, which are provided in this dissertation. If the injected charge cloud is a result of a densely ioniz-
ing particle, and if the electric field is not strong enough to penetrate the charge cloud completely,
charge collection takes much longer than estimated using simple theoretical estimations. This
phenomenon is called the “plasma effect” and was discovered in 1960 by Miller*!. In addition,
analytical results were provided by Tove in 1966*?. Tove suggested that in order for the plasma
effect to take place, the ionization density of the particle track must be sufficient to introduce a
conductive channel inside the active semiconductor volume along its path, justifying the existence
of plasma conditions that would cause a comparable delay in the separation of injected charge
carriers due to shielding from the existing external field. Tove’s article provided one-dimensional
approximations for plasma effects that greatly overestimated experimental plasma time results, as
this problem requires three-dimensional analysis. In 1973, Tove published a follow-up article*?,
which provided better agreement with the experimental results for particle tracks longer than 15 yum
and for the alpha particles of energies between 5.3-8.8 MeV.

Plasma effects also cause inefficient collection of charge carriers at respective electrodes be-
cause of the presence of traps and recombination inside the dense injected charge cloud. Further,
the aforementioned theoretical estimations include a serious uncertainty in the calculation of the
charge carrier transit time, since the last group of carriers to be collected move in an electric field
that is modified by the charge carriers moving in front of them. The aforementioned articles fur-
ther describe the plasma time as the time needed to bring all the charge carriers inside the injected
charge cloud under the influence of an external electric field. More relevant terms “Peak Time”
(Tp) and “Knee Time” (Tx) were used by Williams** to describe the key features of induced cur-
rent or space charge limited currents due to motion of injected high density charge cloud. Similar
terminologies will be used to describe the work presented in this dissertation as well. Further-
more, the aforementioned studies assume a simple planar device with a linearly varying electric
field profile. The work presented in the dissertation provides detailed insights on plasma time ef-

fects, by describing and benchmarking charge-cloud behavior in a non-planar device by utilizing
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high-fidelity finite element method (FEM) based COMSOL Multiphysics simulations. The pre-
viously cited articles could only provide estimations for an over-depleted semiconductor sensor.
This dissertation will address the complexities of charge cloud motion inside a partially depleted

microstructured solid state radiation detector.

Section Summary

A through background of the present literature justifies that there is a serious need for cou-
pled radiation-charge transport simulations. There is no literature available that describes

the behavior of the injected charge in the vicinity of the Si-SiO; interface.
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Chapter 3

Radiation Interactions and Simulated

Geometries

3.1 Neutron Sources

The interrogating source for the oil well logging experiment is an accelerator-based D-T neutron
generator that produces neutrons with 14.1 MeV kinetic energy. It is a B-322 model developed
by ThermoFisher Scientific; this model is not currently in production, but the output of B-322 is
similar to the B-320 model”®. The generator produces a nearly isotropic distribution of mono-
energetic neutrons with a maximum yield of 1.6x 10® neutrons per second, with a pulse repetition
frequency of 1kHz and a 10% duty cycle. For this experiment, the accelerator was housed in a
cylindrical metallic structure with a diameter of 2 in and length of 40 in. An external electrical sup-
ply of 200V and 24 pA was required to power a control board that interfaced with the accelerator
assembly. To generate the desired neutron output from the generator, separate internal voltage bias
and tube current are applied; for these experiments, the generator was operated at 40 kV and 40 pA.
In this setting, the generator produced approximately 2 x 10 to 3.5 10° neutrons per second. This
source can be remotely operated through a desktop using a graphical user interface provided by
the manufacturer.

For the development of the X-DS-MSND, simulations were performed with a mono-energetic
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thermal neutron source of 0.0253 eV kinetic energy, as per the requirement of the funding agency '2.
Thus, it is important that the developed Geant4 source code accounts for all the primary and sec-

ondary interactions caused by thermal neutrons as described below.

3.2 Neutron Interactions in Qil Well Logging Experiments

As neutrons are indirectly ionizing particles, they interact with matter via physical collisions with
the target atomic nuclei. On the basis of the probability of interaction, depending on the incoming
neutron’s kinetic energy, the neutron might scatter off the target atomic nucleus or combine with
it. The aforementioned probability of interaction between a neutron and an individual or nucleus
is characterized by the microscopic cross-section, 6°°. Based on the type of interactions, various
microscopic cross sections values can be obtained for a neutron traveling with the same kinetic

energy %, The important microscopic cross sections are provided in the following.

O 1S elastic scattering cross section,

* Oj is inelastic scattering cross section,

* Oy is radiative capture cross-section,

e Oy is fission cross section,

* Op is (n, p) reaction cross section,

e ot is (n, T) reaction cross section, and

* 0 1S (n, &) reaction cross-section.

The sum of the microscopic cross sections of reactions in which a neutron is completely ab-

sorbed in matter is called the total absorption cross section. Mathematically, it is given by:

O, = Oy+0f+0p+ Or + Og (3.1)
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Here, 0, is the absorption cross section of the incident neuron as a function of its kinetic energy.
Similarly, the sum of the microscopic interaction cross sections for interactions in which neutrons

scatter is called a scattering cross section and is given by:
Os = Ogs + Ojs 3.2)

Here, oy is the scattering cross section of the incident neuron as a function of its kinetic energy.
O¢s and O 1s the elastic and inelastic scattering cross section, respectively. Finally, the sum of all

reaction interaction cross sections is known as the total neutron cross section.
O; = Oy + O (3.3)

The SI unit for the microscopic interaction cross section is the barn, which is equal to 1 x 10728
m2. The macroscopic cross section is defined as the probability that a neutron interacts with
a material per unit travelled path length, i.e., the probability of neutron-nucleus interaction per
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centimeter of neutron travel®'. The macroscopic interaction cross section is also known as total

neutron cross section Y ; given by:

Y =No (3.4)

N is the atomic density of the target material in cm™, and is given by:

Nzgm, (3.5)
Here, p is the mass density, A is the atomic weight, N is Avogadro’s number, 6.022 14076 x 10?3
mol-'. The cross section variables discussed in the above equations are freely available and can be
obtained from the Evaluated Nuclear Data File (ENDF) database'. The variation of the total neu-
tron microscopic interaction cross section as a function of incoming neutron energy for hydrogen is
represented in Figure 3.1. Figure 3.2 represents the variation of the inelastic scattering interaction
cross section as a function of incoming neutron energy for iron.

There are several possibilities of neutron interactions with matter, as shown in Figure 3.3. As
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Figure 3.1: A representation of the total neutron microscopic interaction cross section for hydro-
gen obtained from the Evaluated Nuclear Data File (ENDF) Database Version ENDF/B-VIL0'.
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Figure 3.2: A representation of the inelastic scattering interaction cross section for iron obtained
from the Evaluated Nuclear Data File (ENDF) Database Version ENDF/B-V

mentioned above, there are two main categories of neutron interactions with matter, scattering and

absorption .
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3.2.1 Neutron Absorption

The incoming neutron is completely absorbed by the target nucleus in these types of interaction

and, as a result, a compound nucleus is formed.

Electromagnetic

Type of nuclear reaction in which a target nucleus absorbs a neutron and then emits a discrete
quantity of electromagnetic energy, i.e., a gamma photon. The target nucleus and the product
nucleus are different isotopes of the same element. These reactions are also designated as (n,y)

reactions. Some examples are 19F(n,y)?°F and ]ZC(n,}/)BC.

Charged

These type of reactions include the absorption of the incoming neutron, resulting in an unstable
compound nucleus. This compound nucleus obtains stability after releasing a charged particle.

These reactions are designated by (n,p), (n,), (n,d), etc.

Neutral

These type of reactions include absorption of incoming neutrons, thus resulting in an unstable
compound nucleus. This compound nucleus obtains stability after releasing one or more neutrons.

These reactions are designated by (n, n), (n, 2n), (n, 3n), etc.

Fission

This is a special case, especially for materials with a heavier nucleus, such as 2*>U. The incoming
neutron is absorbed and the compound nucleus breaks apart, resulting in a high net energy yield

because of the difference in the sum of the masses of the products and reactants.
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Figure 3.3: A representation of possible neutron interactions with matter

3.2.2 Neutron Scattering

Elastic Scattering

Elastic scattering is a neutron scattering process in which the kinetic energy of the incoming neu-
tron particle is conserved in the center-of-mass frame; however, its direction of propagation is
modified due to interaction with the target nucleus. Furthermore, while the particle’s kinetic en-
ergy in the center-of-mass frame is constant, its energy in the laboratory frame is not. Generally,

elastic scattering describes a process in which the total kinetic energy of the system is conserved.

Inelastic Scattering

Inelastic neutron scattering is a process in which the kinetic energy of an incident neutron is not
conserved. This process is largely observed for fast neutron interactions that result in a short
lived activated target radionuclide. This activated target radionuclide immediately stabilizes by
release of a prompt gamma-ray. For irradiation experiments with a fast neutron source, prompt
gamma signals from inelastic neutron scattering are an important consideration. An example of
activation gamma rays resulting from fast neutron interactions is one involving aluminum, which
is a commonly used structural material. The reaction >’ Al(n, «)**Na yields two gamma rays of

energies 1.37 and 2.75MeV following the radioactive decay via cascade of *Na (t 1= 14.96 h).
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3.3 Neutron Interactions in Trenched Silicon Neutron Sensors

Fast neutrons interact with silicon by displacing atoms in the lattice, thus creating direct ionization
due to displacement defects and other secondary radiation particles®*%*. Thermal neutrons, on the
other hand, have very low interaction cross sections with silicon and require a neutron conversion
material. The conversion material has a high thermal neutron absorption cross section and a very
short half-life. The final reaction products are heavy ions that deposit energy directly in the silicon
material. For microstructured Si based sensors, the neutron conversion material is 96% enriched
LiF nanopowder®. SLi has a very high cross-section of 938.818 b at 0.0253 eV neutron kinetic
energy compared to that of “Li (1.08514b), '°F ((3.74739b)), and 28Si ((2.16033b))%. The
variation of the absorption cross section of °Li with respect to the incoming neutron kinetic energy
represented in Figure 3.4, showing a higher absorption probability for cold to thermal neutrons.
The interaction probability decreases rapidly with respect to increasing neutron kinetic energy.

The primary reaction to obtain appreciable neutron sensitivity in the Si-based microstructured
devices is shown below:

Li+n—s3H+*He+4.783MeV, (3.6)

In the above equation, the alpha and triton particles have energies of 2.055 MeV and 2.728 MeV,
respectively. Monte Carlo simulations will be needed to determine the LiF packing fraction of the
designed sensor. B4C is another competitive candidate; however, it was rejected due to the fact that
the reaction products of '°B will undergo larger parasitic energy losses in the conversion material
compared to the LiF material, as shown in Section 3.1.2 of the dissertation8. The alpha and
triton particles are emitted anti-parallel to each other and originate almost instantly. The optimum
enrichment of SLi is needed to be determined to achieve high detection efficiency in the DS-MSND

SENSsors.

3.4 Gamma-Ray Interactions in Oil Well Logging Experiments

The photon is a type of elementary particle. Photons are chargeless and massless, moving at the

speed of light in a vacuum environment. There are basically three types of photon interactions with
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Figure 3.4: A representation of the total neutron microscopic interaction cross-section for Li
obtained from Evaluated Nuclear Data File (ENDF) database’.

matter that need to be accounted for in the simulations. It is widely known that a fast neutron field
is always accompanied by large number of gamma-rays due to inelastic interactions with air. As
the neutrons are the primary source of irradiation for this work, it is essential for the simulation

framework to account for all secondary interactions.

3.4.1 Photoelectric Effect

Historically, the photoelectric effect is defined as the emission of electrons from a material after
the absorption of electromagnetic radiation. Physicist Albert Einstein was the first to describe the
effect fully and received a Nobel Prize for his work®® in 1921. The kinetic energy of the ejected
electron is equal to the photon energy minus the binding energy of the electron for the specified

atom. The energy of the incoming photon is partly used to liberate the electron from the atom. The
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Figure 3.5: A representation of the gamma-ray interaction cross-sections for >Pb obtained from
NIST-XCOM?.

remainder is given to the kinetic energy of the ejected electron. In equation form,
KE,, =hf —BE (3.7)

Here, KE, is the kinetic energy of the ejected electron, Af is the energy of the incoming photon,

and BE is the binding energy of the electron specific to the material of interaction.

3.4.2 Compton Scattering

Compton scattering is the inelastic scattering of a photon by a free electron. The incident photon

is deflected through an angle with respect to its original direction. This deflection decreases the
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photon energy (decrease in the photon frequency). The photon transfers a portion of its energy
to the recoil electron. The energy transferred to the recoil electron can vary from zero to a large
fraction of the incident photon energy, since all scattering angles are possible. A. H. Compton
observed the Compton scattering in 1923 at Washington University in St. Louis®’ and earned the
Nobel Prize in Physics in 1927 for this new understanding of the particle nature of photons. The

wavelength shift formula for the scattered photon is:

AL =

(1—cos0) (3.8)

meC

where m, is the mass of the electron, and 6 is the angle between the incident and scattered photons.

The final photon energy is obtained by modifying Equation 3.8 and is provided below:

1
B E-'"+E; ' (1—cos)

Ey (3.9)

where E; is kinetic energy of the incident photon and E, = m,c? is the rest energy of the electron.

3.4.3 Pair Production

Pair production is direct conversion of radiant energy to matter. It is one of the principal ways that
high-energy gamma rays interact in matter. For pair production to occur, the photon energy must be
at least 1.02 MeV. Photon energy in excess of this amount, when pair production occurs, undergoes
conversion as per Equation 3.10. The positron quickly undergoes annihilation with another electron
in matter. There exists an inverse process to pair production called pair annihilation, in which a
particle and its antiparticle collide and annihilate; the total energy of the two particles is converted
to electromagnetic radiation. In the case of an electron and positron, the energy balance can be
represented as:

2moc® + K(—e) +K(+e) = hf (3.10)

The first term represents the rest energy of both particles, the second and third terms are the

kinetic energies just before the collision, and the term on the right-hand side of the equation repre-
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sents the creation of two photons, each having the same frequency f and energy Af. The equation

indicates that 4f must be at least equal to nmoc?=0.511 MeV.

3.5 Gamma-Ray Interactions in Trenched Silicon Neutron Sen-
Sors

Incident photons on a Si-based device may interact and deposit energy in the substrate. An energy
deposition equivalent to 3.62eV® results in the generation of one electron-hole. Once created,
the carriers are free to move in the semiconductor lattice, where they are either quickly collected
by pixel elements or electrodes or undergo recombination. Usually, silicon-based imagers are de-
signed and fabricated so that the electrons are collected and the holes are discarded through a
ground because of higher electron mobility. However, MSND-type sensors utilized for this disser-
tation are designed so that the holes are collected and the electrons are discharged to ensure that
the free holes are prevented from falling in the Si-SiO, interface traps present at the fin walls. Par-
ticles other than photons are also capable of producing the free charge carriers by ionizing silicon
atoms as they travel through the lattice. These particles could include high-energy electrons, alpha

particles, and protons.

3.6 Simulation Details: The Oil Well Logging Experiment

Geant4 %70 a widely used C++ based Monte Carlo radiation transport simulation toolkit that is
capable of efficiently simulating complex radiation environments in any type of modeled experi-
mental environment, was utilized to simulate the oil well logging experimental setup. To accurately
model the setup, a hybrid geometry was prepared. The term “hybrid geometry” describes the fact
that the entire geometry except the exploration skeleton tool was modeled with the usual C++
based conventional Geant4 code. The exploration skeleton tool that houses the machine-based
D-T neutron generator was first designed in Solidworks and later imported into Geant4 in a Ge-

ometry Description Markup Language (GDML) format based on tessellated geometry’!. Geant4
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provides the user with a GDML parser that imports the GDML file as a G4Solid, and thus the
G4DisplacementSolid object was used to place the solid in the simulated geometry. During this
process, a new bug was reported in the multithreaded Geant4.10.5 version related to the GDML
import functionality to the Geant4 development team’>. The bug prevented the execution of the
above-mentioned hybrid geometry on multiple threads. This was resolved in Patch 1 release of
Geant4.10.5; here, protection was implemented to the internal Write() and Read() functions of the
GDML parser to prevent worker threads from executing writing and restricting this to only the
master thread (referenced as problem report #215673). The resolution of this bug in the subse-
quent Geant4 version made the application capable of simulating the hybrid geometry on a high

performance computing server in multithreaded mode.

3.6.1 Selection of Physics List

With Geant4, it is generally recommended that a pre-built reference physics list be used for the sim-
ulations as they are rigorously tested and validated for common radiation transport applications.
The QGSP is a quark-gluon string model for high-energy interactions of protons, neutrons, pions,
kaons, and nuclei. High energy interactions create an excited nucleus, which is passed to the pre-
compound model for nuclear deexcitations 7475 For this work, both QGSP_BIC_HP (QGSP with
binary cascade model) and QGSP_BERT_HP (QGSP with Bertini Intranuclear Cascade model)
were considered. By applying _HP to QGSP_BERT and QGSP_BIC physics lists, the data-driven
high-precision neutron package (NeutronHP) is applied to transport neutrons below 20 MeV, en-
suring high accuracy results for neutron transport at lower energies. As the entire geometry mostly
consisted of concrete, QGSP_BIC_HP reference physics list was finalized according to the rec-
ommendations provided in past studies’®. The low-energy neutron cross section data in Geant4

utilized ENDF/B-VIL.1 data libraries'.

3.6.2 Modeled Materials and Geometry

The Kansas State University Materials Interrogation (KSUMI) test facility was modeled in Geant4

in great detail.
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Simulated Materials

The first major material was concrete with an effective density of 2.35gcm™3.

This material
model consists of approximately 50% oxygen, 8% calcium, and 31% silicon by weight; minor
contributions to this composition were also from hydrogen, sulfur, aluminum, iron, potassium,
sodium, and magnesium. In the Geant4 model, the roof, floor, facility walls, and tank walls were
made of concrete.

The second major material was borated high density polyethylene (HDPE) with a density of

1.04 gem 3.

It is a plastic with a chemical composition consisting of carbon and hydrogen in
(C,Hy), form and was enriched with 8% natural boron by weight. This material is commonly
used for thermal neutron shielding due to its affinity for absorbing thermal neutrons because of the
presence of boron (absorber) and moderation of fast neutrons because of its high hydrogen content.

The third major material for external components was HDPE with an effective density of
0.97 gem™3. This is also plastic with a chemical composition consisting of carbon and hydro-
gen in (CoHy), form. It is widely used for neutron shielding because of the high hydrogen content.

The fourth major material was high-purity aircraft grade aluminum metal with a density of

2.7gem ™3,

This material is composed of 96% aluminum by weight and minor traces (<1%)
of silicon, iron, copper, manganese, magnesium, chromium, zinc, titanium, and oxygen. The
benchmarking tool, sensor casing, and borehole pipe were made of this material.

The first testing material was tap water (H,O), modeled at room temperature and pressure,
with a density of 0.998207 gcm™3. The second testing material was sand (SiO,), with a density
of 1.8 gcm™3, modeled as a mixture of 95% dry sand and 5% water (representing moisture) by
weight. The simulated dry sand contained 98% silicon dioxide (SiO,) and traces of aluminum

oxide, titanium oxide, calcium oxide, magnesium oxide, ferric oxide, sodium monoxide and potas-

sium oxide””.

Exploration Tool (Skeleton)

An aluminum alloy (6061) was used to model the skeleton of the exploration tool. This alloy con-

tained approximately 96% aluminum and traces of silicon, iron, copper, magnesium, manganese,
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chromium, zinc, and titanium. Although the cross section of aluminum is low for neutron inter-
actions, it was important to implement the model of exploration tool due to its proximity to the
neutron source and gamma spectrometers, as aluminum could contribute significantly to the anni-
hilation peak at 0.511 MeV measured by the photon sensors. The exploration tool and its Geant4

equivalent are shown in Figures 3.6 and 3.7.

Exploration Tool &

| Source

."_\' Q. R

Figure 3.7: A comparison of modeled and experimental exploration tool
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Radiation Sensors

The two photon sensors were Canberra Model 802, standard 3 in diameter and 3 in height, sodium

iodide scintillator sensors with a density of 3.67 gcm™>.

Preliminary Geant4 simulations were
performed with only the modeled Nal (TI) crystal. It was found that it is critically important to
model some external components of the sensor to obtain better agreement in spectral features of
the simulated spectrum. The details of the external components were obtained mainly from the
manufacturer’s online article’® and from personal communications with Hamamatsu’® and Saint-
Gobain®.

The *He sensor was a 1 in diameter thermal neutron sensor filled with *He gas at 4 atm pressure.
Similarly, the BF3; sensor was also a 1 in diameter cylindrical sensor modeled with BF3 gas filled
at 1 atm pressure. Only the gaseous volume of the sensors were modeled in the Geant4. X-ray
scanning was used to verify the active regions of the gas sensors.

3

A natural lead block with a density of 11.35 gcm ™ was modeled between the source and the

sensors to limit neutrons streaming through the sensors. These component models are also shown

in Figure 3.11.

Neutron Source

The actual D-T source is a cylinder. However, according to the manufacturer’s recommenda-

tions®!, this was modeled as a mono-energetic, isotropic, point source of 14.1 MeV neutrons.

Bialkali
Dynodes ! . \ i
Nal (TD ; \ \ Oxide X Aluminum
crystal l ) Reflector \} Crystal
cover

Aluminum
Pre-Amp
cover

1
PCB Plastic
Cap
’ Pyrex
*Photomultiplier Co-NETIC
tube Magnetic/light
shield

Figure 3.8: Detailed Nal sensor model in Geant4
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Figure 3.9: Outer view representation of the experimental facility in Geant4

External Support Structure

The modeled outer part of the facility is shown in the left part of Figure 3.9. Here, the red portion
represents the walls of the facility. These walls range from 12 to 18 in thick. The three green slabs,
each around 61n thick, represent borated HDPE shielding on the roof. The roof is represented as
a thin gray slab with a thickness of approximately 12in. The thicker gray slab below the walls
represents the floor of the facility and was about 24 in thick. The green slab on the wall is also
borated HDPE shielding for doors with an approximate thickness of 3 in.

On the right side of Figure 3.9 and in Figure 3.10, the nodes of the roof and its shields were
removed in the Geant4 visualization tool to demonstrate the internal structure of the modeled
geometry. Here, the blue structure represents the concrete tank that was filled with the testing ma-
terials, with a wall thickness of around 8 in. The testing materials, sand, and water are represented
in orange. The green slab beside the testing material is borated HDPE shielding about 12 in thick.
The white slabs designate normal HDPE shields and are around 4-5in thick. Two thin layers of
borated HDPE of approximately 2 in each separate the HDPE layer from concrete walls. The green
slab adjacent to the blue tank in Figure 3.9, is a 4 in thick borated HDPE shield for the main doors
inside the facility. There is a 3 in thick slab of borated HDPE to protect around the source, as

shown in Figure 3.10. In addition, an octagonal-shaped, magenta-colored structure presented in

39



Figure 3.9 (right) and Figure 3.10 is the borated HDPE shield around the source. The orange node
for the testing material has been removed from Figure 3.10 (left) and the yellow aluminum tube is
made transparent to visualize the placement of the exploration tool along with the sensors. Figure
3.11 represents the exploration tool, from left, the yellow cylindrical block is the Nal Far sensor,
the object in blue is the *He sensor, the third yellow cylindrical object is the Nal Near sensor, the

orange cylindrical object is the BF3 sensor, and finally, the block represented in green is the natural

lead block.

Figure 3.10: Internal view representation of the experimental facility in Geant4. A secondary
gamma-ray scattering trajectory is demonstrated in green.

‘He
Nal Far Sensor

Sensor

‘ ‘ D-T Source
g 7 \
‘ BF. Lead Block
' Nal Near Sensor
— Sensor

Figure 3.11: A representation of exploration tool and sensor placement in Geant4
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Oil Well Logging Simulation Setup Summary

The entire experimental setup was successfully modeled with accurate material definitions.
In Geant4, a new type of geometry was constructed, in which a combination of CAD and
conventional geometry input approaches were investigated. Multiple bugs were discovered,
reported, and resolved in Geant4, which led to multithreading simulation capabilities for
the source code. The exploration tool was successfully modeled in Geant4 which replicated
the actual setup in its entirety. Given that the neutron source was not characterized and
operated below the recommended specifications, the neutron output estimates from the irra-
diations contained moderate disagreements, which was expected. The QGSP_BIC_HP refer-
ence physics list along with G4NDL3? and G4TENDL?® cross sections were adequate for the

simulation.

3.7 Simulation Details: Trenched Microstructured Neutron De-

tector

Modeling is a key element in the overall design of the X-DS-MSND instrument. First, the optimal
geometric design for the X-DS-MSND must be determined. This is achieved by maturing existing
models of both neutron interactions and charge transport in the MSND family of sensors. The
variable optimization space to be considered includes trench depth, trench width, and LiF packing
fraction; these parameters will be evaluated with Monte Carlo-based radiation transport through
the simulation study. Next, the current DS-MSND sensor will be modified to operate as a vertical
p-i-n diode, which will be discussed in the subsequent chapters. The Geant4 toolkit was used with
the high-precision binary cascade physics list (QGSP_BIC_HP), relevant for neutrons less than
20MeV, to handle all necessary particles and reactions required for the DS-MSND simulations®.
The geometry of the DS-MSND sensor device was modeled in Solidworks?® and then imported
into Geant4 with the GDML format using the same methods developed for the modeling of the oil

well logging experimental setup. The simulated setup is represented in Figure 3.13. To investigate

parameters in an infinite sensor geometry, a 1 cm diameter parallel beam of 25.3 meV thermal
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neutrons was simulated to interrogate the DS-MSND sensor.

¥
«—> Trench
Trench Height
Width

Figure 3.12: A representative geometry for the DS-MSND sensor demonstrating parameters under
investigation.

Various trench depths were simulated to determine the minimum etching depth to achieve the
target detector efficiency of 60%. As per the recommendations and results provided in previous
studies®, the simulated trench depths included 200 um, 250 pm, 300 pm, 350 pm, 400 um, 450 um,
and 475 um. The interaction efficiency was defined as the percentage of SLi(n,t)or reactions per
total number of incident neutron source particles.

Since a maximum trench depth of 475 um ensures the availability of maximum neutron conver-
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25.3meV neutron source

N\

Il

Figure 3.13: A representation of DS-MSND sensor imported in Geant4 and the 25.3 meV thermal
neutron source placement. This simulation setup was used for optimizing the design parameters
for the DS-MSND sensor.

LiF trenches ‘

Silicon Wafer ‘ g

sion material within the trenches, the depth of the trench was considered to be around 475 um. The
intrinsic detection efficiency was defined as the fraction of source particles that generate alpha-
triton pairs that also ionize the silicon material and generate a total signal charge above the set
threshold. Simulations were also conducted with a parallel beam of 662 keV gamma rays to deter-
mine the intrinsic neutron detection efficiency at a gamma ray rejection ratio of 10°%. Simulations
were performed with 5 x 10° source particles, and the energy deposition threshold was increased
to eliminate all gamma-ray interactions. This threshold was found to be 540 keV, which was con-
sistent with the analytical estimates for 662 keV gamma source.

The LiF is approximately 96% enriched with °Li. An energy deposited spectrum was obtained
and plotted in MATLAB as shown in Figure 3.14.The simulated thermal neutron detection effi-
ciency of the sensor after application of threshold was about 58%.

Other important parameters affecting the detection efficiency of the DS-MSND sensors are the
packing fraction (PF) of the LiF inside the trenches and the trench etching width. The total pitch
for one fin and one trench in the DS-MSND was exactly 55 pm as per the Timepix3 specifications.
Figure 3.15 shows a detailed analysis of the effect of varying the trench width from 20 pm to 40 pum.
It is observed from Figure 3.15 that as the width of the trench increases, the spectral features shift to
the left (low energy region); this is because as the width of the trench increases, the LiF present in

the trenches causes the neutron capture reaction products, alpha (2.05 MeV) and triton (2.73 MeV),
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Figure 3.14: A representation of DS-MSND spectral results obtained due to irradiations simulated
with a 25.3 meV thermal neutron source and a 662keV gamma-ray source, and an energy based
threshold at 0.54 MeV.
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Figure 3.15: A representation of (left) Energy deposited by neutron reaction products in the Si
diode of the DS-MSND sensor; note the large signal that can be obtained over (right) gamma-ray
induced signals due to the geometry of the DS-MSND-type structure and large energy reaction
products.
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to undergo parasitic energy losses in the trench, which decreases the energy getting deposited in
the active region of the DS-MSND sensor. These results demonstrate that the trench width and
parasitic absorption of LiF in the trenches together affect the thermal neutron detection efficiency
of the DS-MSND sensor. Thus, a combined parametric optimization study for LiF PF and trench
width is needed to obtain an optimum solution.

For X-DS-MSND, high detection efficiency is of prime importance. To achieve this, meticulous
optimizations of sensor design parameters were executed in Geant4 and the best values for trench
width, trench height and LiF PF were investigated. A single, energy-based threshold was found to
be around 0.5 MeV for DS-MSND, resulting in a gamma-ray rejection ratio of at least 10, As all
neutron counts between 0-0.5 MeV are ignored in this implementation, a slight decrease in neutron
detection efficiency was observed. Figure 3.16 shows the effect of the variation in trench width
along with LiF PF; it was observed that for trenches wider than 28 um, effect of higher PF had a
negative impact on detection efficiency due to parasitic absorption. If the trench width is less than
28 um, then the detection efficiency will decrease significantly because the probability of neutrons
streaming through Si will increase. Therefore, it was concluded that with 55 um pixel pitch, 28 um
trench width, and 65% PF, the DS-MSND sensor was able to achieve around 60% thermal neutron
detection efficiency with a gamma ray rejection ratio of 10,

The error in the simulated results was accounted for by considering that the counts generated
in the sensors are of rare events, all the detection events are independent, and the average rate of
counts does not change over the period of irradiation. Relative errors (R.E.) in the simulated results

were calculated considering the Poisson distribution as shown in Equation 3.7.

R.E.(%) = —m % 100 (3.11)

In Equation 3.7, Cp is the counts / bin and G is the gross counts. Here, || represents that this
equation can be applied to Cp or G. The relative errors for each of the data points are plotted in

each figure provided above and are found to be negligible.
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Figure 3.16: A representation of (left) Geant4 simulation of neutron detection efficiency for various
trench widths and Packing Fractions (P.F.) of the DS-MSND sensor. (right) Final Geant4 simulated
neutron detection efficiencies of the X-DS-MSND with 28 um trench width.

DS-MSND Simulation Summary

Results obtained from Geant4 show that radiation detector with the trench geometry is effi-

cient and will allow for multiple pixel hits for each neutron detection event. This provides a

proof of concept for the fulfillment of the sponsor’s requirement. The target gamma-ray re-

jection ratio of 10°® was achieved along with a detection efficiency of 57.6% utilizing 475 um

trench depth, along with a trench width of 28 um (pitch was 55 um) and a LiF packing frac-

tion closer to 65%. This design will be used to develop a larger chip array device to cover a

wider area and a higher imaging rate.
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Chapter 4

Semiconductor physics models of

DS-MSND sensor

The space and time dependent problems in semiconductor device physics are generally expressed
in terms of partial differential equations (PDE). The analysis will include solution of these PDEs
across various complex geometries, doping profiles, and semiconductor materials. The solution of
these PDEs is a complex, multi-variable analysis that should account for parameters like charge
carrier lifetime, carrier mobility, electric field profile, fixed oxide charge, recombination rates, and
leakage currents. For a vast majority of applications, these PDEs cannot be solved with basic an-
alytical methods. Approximations to these PDEs are made using appropriate discretizations. The
purpose of discretization is to convert the actual physics-based equations into numerical model-
based equations that can be easily solved utilizing numerical methods. The solution of these nu-
merical equations is an approximation to the actual solution of the PDEs. This approximation of
the PDEs are calculated with the help of FEMs. COMSOL Multiphysics!! is extensively used to
determine design properties of the DS-MSND diode. COMSOL simulations were instrumental in
finalizing sensor geometry and obtaining preliminary charge transport models and induced currents

in the Allpix Squared '°.
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4.1 COMSOL Multiphysics

The COMSOL Multiphysics Finite Element solver was used to simulate the semiconductor physics
for the X-DS-MSND sensor. Various properties related to the X-DS-MSND sensor were investi-
gated to assist the fabrication team for sensor fabrication. The semiconductor module and the
default Si semiconductor material were utilized to define the X-DS-MSND FEM model in COM-
SOL Multiphysics. The LiF in the trenches was added in the FEM model to enhance the accuracy
of the simulation results. The COMSOL semiconductor module simulates dielectric materials with
the help of charge conservation node. This node adds the equations for charge conservation ac-
cording to Gauss’s Law for the electric displacement field. It provides an interface for defining
the constitutive relation given in Equation 4.1 and its associated properties such as the relative
permittivity. The Material input dictates how materials behave and how material properties are in-
terpreted at mesh nodes. The material strain, material orientation, and other variables are assumed

to be constant. Solid was selected for LiF definition.

D =¢,&FE 4.1)

The density of the 96% enriched °LiF is 2.54 gcm™3. Further, around 50% packing fraction can
be confidently ensured by the fabrication team. Thus, the relative permittivity of LiF material in the

X-DS-MSND trenches was modified. The updated permittivity was calculated by Equation 4.234.

e—1

d g, —1
e+2 d,

& +2

(4.2)

where, € is the relative permittivity of powdered LiF, &, is the relative permittivity of solid LiF
(9)%, d is the density of powdered LiF, and d, is the density of solid LiF. Hence, the updated
relative permittivity of the powdered LiF used to finalize the material model in COMSOL was
2.7143.

Another important aspect of the COMSOL-based semiconductor FEM simulations is the cre-
ation of an unstructured mesh. In order to quantify semiconductor properties, mathematical equa-

tions are deployed. Most of the aforementioned semiconductor properties could be obtained by
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solving the PDEs for simple cases. However, it is almost impossible to solve these equations for
the actual cases, as there are infinite degrees of freedom present. A mesh is created over the entire
sensor domain so that the geometry is separated into finite number of elements for which the so-
lution to the PDEs can be calculated. Finally, the data are interpolated to obtain an approximated
solution for the entire device.

Two types of meshing methodologies are available: structured and unstructured. For complex
geometries with complex doping profiles, an unstructured mesh is preferred to save memory and
simulation time, as represented in Figure 4.1. Regions 1 and 3 in Figure 4.1 are modeled with
high carrier concentration gradient. Thus, a sharp change in electric field is expected and an
extremely fine mesh is used to capture this change in electric field. A relatively coarser mesh
is used for the rest of the model, as no sharp gradient is expected in the electric field profile.
In unstructured meshes, the indices of the neighboring cells must be stored for each cell. In a
structured mesh, this is not necessary since, due to the structure, the indices of neighboring cells
can be easily calculated. An unstructured mesh provides the ability to perform selective refinement
of mesh inside the domain, which is not possible with a structured mesh. Hence, a solution to the
unstructured mesh for a complex geometry will take less time as compared to the structured mesh.
Further, an extremely fine mesh would enhance the accuracy of the results at the cost of severely
increased simulation times. Conversely, an extremely coarse mesh would fail to converge due to
higher computational error per iteration. Thus, while solving for electrostatic fields in the presence
of mobile charge carriers, it important to ensure that element size in the unstructured mesh is closer
to the Debye length presented in Equation 2.5. This length is the scale over which the electric field
decays in the presence of mobile carriers, so it is critically important to resolve this length scale
with the user defined unstructured mesh in semiconductor models.

Substituting, kg=1.38064852 x 1072 kgm?s2K~!, T=293.15K, £9=8.8541 x 10" 2 Fm~!,
e=11.7, g=1.60217662 x 10~1° C, and N=8.9163 x 10'" m—3, in Equation 2.5, the debye length
(Aq) for this device is found to be 4.28 um. Further, the minimum element size of 0.12 um was
used at the regions of higher charge carrier gradient and maximum element size of 6 um was used
to for the bulk region of the sensor where the charge carrier concentration is roughly constant. To

further optimize the simulation time, zero Neumann boundary conditions were applied such that

49



a one-quarter pixel geometry geometry was modeled and meshed as represented in Figure 4.1. In
the context of the FEM, this boundary condition provides an equation for the boundary node so
that a solution can be obtained for the system of equations under investigation and hence a quarter
of the DS-MSND geometry was simulated. COMSOL’s default silicon material was used to model

the diode. The Charge Conservation option was used to add air as a dielectric material. The
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Figure 4.1: A representation of the COMSOL FEM model (left) and the associated unstructured
mesh (right) for the highlighted regions.

high-resistivity Si substrate of 15 k€ — cm will ensure controlled leakage current for the designed
DS-MSND diode. To improve the charge collection efficiency and to counter the effects of oxide

charge and traps at the Si-LiF interface, the doping scheme is p-type (boron) doping on the pixel
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side. Each pixel will be surrounded by sputtered Si3N4 region for pixel isolation and will have an
evaporated metal contact to bond with the Timepix3. Further, the n-type (phosphorus) dopant will
be considered for the “top” side of the sensor. The top side dopant will extend all the way to edge
of fins. An insulating nitrite layer is being considered around the periphery of trenches. The n-type
contact on fins will not be metalized. The wire bond pad for the p-type region (pixels) adjacent to

fins will be metalized.
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Figure 4.2: A comparison of the peak doping profile obtained from COMSOL Multiphysics and
from ion implant analytical calculation.

An n-type substrate was modeled with a 1 mm thick 15 kQ — cm resistivity, i.e., constant back-
ground doping concentration of 3.42 x 10! cm™3. The top (n-type) surface and bottom pixel (p-
type) junctions of the sensor were initially modeled with peak doping concentrations of 1 x 10'°
cm3; this concentration decreases with Gaussian profile with respect to depth of 1 um, at which
point the concentration was equal to the background. The junction depth is an initial value and will
be finalized after further analysis, as represented in Figure 4.2. Diffusion will be done for preparing
these junctions and the recipe is usually prepared by performing calculations on TCAD®. Good
agreement between the two methods presented in Figure 4.2, suggests that the unstructured mesh
is capable of resolving the steep changes in the dopant concentration profile of the sensor. As
specified by the wafer manufacturer and available literature®’, a 1 ms charge carrier life time was

defined for the simulated sensor model. The doping profile is presented in Figure 4.3. Ideal ohmic
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Figure 4.3: A representation of the dual-sided trenched, DS-MSND doping profile. Dashed re-
gion represents phosphorous doped (n-type) region, dotted region represents boron doped (p-type)
region, green colour represents LiF nano-powder and blue colour represents bulk high-resistive
silicon. Figure is not to scale.

metal contacts were modeled at the peak doping concentration regions to apply reverse bias and
deplete the diode. Metal contact 1 (MC1) was placed on the top n-type doped region and positive
DC voltage was applied to this contact. Metal contact 2 (MC2) was placed on the bottom p-type
contact and was grounded. By default, a pn junction is formed at the bottom contact. As the
positive bias is increased in small steps at the MC1, the reverse bias increases and this shifts the
depletion region boundary towards the MC1. The depletion region is volume with high magnitude
of electric field that forms instantaneously across the pn-junction of a diode. It is most easily de-
scribed when the junction is in thermal equilibrium or in a steady state. For both of these cases the
properties of the system do not vary in time, and they are in dynamic equilibrium. A theoretical
estimation of the required reverse bias for complete depletion of the modeled X-DS-MSND diode

can be found using Equation 4.3.
B w?eN,
288

4.3)

Equation 4.3 provides an analytical approximation of required reverse bias needed for complete de-
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pletion of a planar diode. Here, w is sensor width (1 mm), N, is electron concentration (3.42 x 10!
cm™), e is the elementary charge (1.602 x 10712 C), ¢ is the electric permittivity, & is the permit-
tivity of the free space (8.8541 x 10712Fm™), g, is the relative permittivity of Si (11.7). Substi-
tution of these values in Equation 4.3 results in 264 V. To obtain simulated results, a stationary
study was implemented and an auxiliary sweep was performed for the applied reverse bias in 1 V

per step, as small steps achieve faster convergence.
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Figure 4.4: A representation of the dual-sided trenched, X-DS-MSND depletion profiles obtained
at 264 V(Left) and 350 V(right).

It was observed from the results presented in Figure 4.4 that the diode is depleted at 264 V, and
around 300V is required for a tight depletion at the top junction. Higher voltage was needed in

the COMSOL simulation to deplete around the bottom pixels because they are electrically isolated
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from one another. These results are demonstrated in Figure 4.4. Since most of the radiation

interactions will occur at the top region of the X-DS-MSND diode, it is vitally important for the

effective sensor operation that the top region is as tightly depleted as possible.
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Figure 4.5: A representation of the dual-sided trenched, DS-MSND depletion profiles obtained at

264 V(Left) and 350 V(right).

Preliminary simulations in COMSOL were performed to understand the electric field profile

of the X-DS-MSND as compared to a planar sensor. The electric field solutions for X-DS-MSND

were found to be similar to that of a planar diode, except at the discontinuous region in the middle.

The results presented in Figure 4.5 suggests that the electric field profiles for planar and the X-DS-

MSND sensor. The only observable difference is in the bulk region of the X-DS-MSND sensor.

More simulations were executed to understand the effects of variation of the shape of the bot-

tom implant, peak doping concentrations, and the depth of the junction on the peak electric field

strength due to the presence of an external source. The design goal of these series of simulations
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Figure 4.6: Analysis of the effects of variation of p-type peak doping concentrations on the peak
electric field magnitude present inside the device at a constant junction depth of 1 um.

was to analyze the behavior of the maximum electric field magnitude in the X-DS-MSND device.

Further, to enhance ease of charge transport and improve the charge carrier propagation in the
sensor, modeling a pointed bottom trench was also considered. The values for the updated relative
permittivity, density, and porosity were imported in the COMSOL, and the electric field solutions
were obtained for both flat bottom trench and pointed bottom trench structures.

Various COMSOL simulations were also performed to finalize the essential design parameters
that aid in designing an effective sensor geometry with lower peak electric field magnitude (Epeax)
inside the active sensor volume. These parameters include, junction depth of the implants, peak
dopant concentrations of the implants, and shape and size of the implants. These simulations were

performed so that the peak electric field magnitude around the implant of the finalized sensor is
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Table 4.1: Peak electric field magnitude obtained for various simulated junction depths with a
S um and 10 pm fillet at the corners of p-type implants in COMSOL

Peak Electric Field
Magnitude (kVcm ™)
0.1 200
Sum 0.5 173

83
72.4
35.2

Fillet Radius | Junction Depth (um)

10 um

lower than 50kV cm™! for reliable operation and to keep the diode below breakdown electric field.

Junction Depth: 1 pm Junction Depth: 2 pm

Peak Dopant . Peak Dopant

Concentration ;: 5E17 ' Concentration : SE17
Epeax™72.4 kV/cm Epear~35.2 kViem

p-type implant l ' p-type implant

Figure 4.7: COMSOL Simulation results to obtain peak electric field magnitude around p-type
implant at (left) 1 um and (right) 2 um junction depth. This result is for a 350V bias (complete
depletion).

In order to achieve a lower Ee; to finalize a junction depth and shape of the implants, various
junction depths with a Gaussian profile were simulated ranging from 0.1-2 um. Two sets of implant
shapes each with a radius of 5 um and 10 um filleted corners were taken under consideration. The
results of these simulations are summarized in Table 4.1. It was noted that 0.1 ym and 0.5 pym
junction depths were found to be impractical due to very high E,c,x values. Further, the plots of
electric field profile for 1 um and 2 um junction depths are presented in Figure 4.7.

Four different peak doping concentrations of the n- and p-type implants (5 x 107, 1 x 10'8,

5x10'8, and 1 x 10'” cm™3) were also considered for these simulations. No significant effect
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Figure 4.8: Electric field magnitude profile for a 25 ym gap in between pixels in y-direction. The
size of the pixel is 20 um-by-30 um. This result is for a 350V bias (complete depletion).
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Figure 4.9: Electric field magnitude profile for a 20 um gap in between pixels in y-direction. The
size of the pixel is 20 um-by-30 um. This result is for a 350V bias (complete depletion).

on the Epeax values were observed with the variation in peak doping concentrations; thus the

5x 107 cm™3 value was used to prevent degenerative doping concentrations. Finally, the size
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Figure 4.10: Electric field magnitude profile for a 15 um gap in between pixels in y-direction. The
size of the pixel is 20 um-by-30 um. This result is for a 350V bias (complete depletion).
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Figure 4.11: Electric field magnitude profile for a 10 um gap in between pixels in y-direction. The
size of the pixel is 20 um-by-30 um. This result is for a 350V bias (complete depletion).

of the p-type pixel was decided by simulating different pixel sizes in such a way that the gap in

between the pixels in y-direction (as shown in Figures 4.8 to 4.11) was between 10-25 um. The
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electric field profiles for 25 pym, 20 ym, 15 um, and 10 ym gap are shown in Figure 4.8, Figure 4.9,
Figure 4.10, and Figure 4.11, respectively. It was observed that value of highest electric field mag-
nitude around the edges (Eeqge) is directly proportional to the value of gap in between the pixels
in y-direction. Thus, 10 um gap had minimum value of E¢qge of around 14.5kV cm™!, while the
25 um gap had maximum value of Eggge of around 30.2kV cm ™!, If the pixels are too close to each
other, as shown in Figure 4.11, there is a negative effect expected on the sensor’s charge collection
efficiency due to charge sharing. Charge sharing is detection of one incident radiation particle in
multiple pixels, this degrades the X-DS-MSND spatial resolution, as the cluster describing details
of the primary neutron interaction is smeared out. However, if the pixels are too far apart, as
shown in Figure 4.8, the value of Eegge increases. Thus, the geometry with 15um gap (i.e., pixel

size 20 um-by-40 um) as shown in Figure 4.10 was finalized for the sensor geometry.

4.2 Preliminary Simulation of Induced Current Profiles from
COMSOL and Allpix Squared

Allpix Squared!” is a simulation framework for designed by CERN to simulate silicon based
Timepix coupled particle trackers. The source code is prepared in C++, providing flexibility in
incorporating microstructured based silicon detectors. This has been done in the past®® for a non-
conformally doped MSND diode. The goal of analysing the X-DS-MSND response with Allpix
Squared framework was to obtain an initial estimation of sensor responses for with approximated
boundary conditions.

Allpix Squared by default imports 3D electric field and weighting potential distributions for
planar Si based sensor geometries and executes charge drift modeling for the planar sensor ge-
ometries. lonization details were imported from interaction events in Geant4, and mobile carrier
transport was simulated using the Allpix Squared Generic Propagation Module. To propagate
charge carriers in the presence of electric fields, this module utilizes the fourth-order Runge-Kutta-

Fehlberg method®® with fifth-order error estimation. The diffusion of the cloud (laterally) from its
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centroid is accounted for by applying a Gaussian calculated with the Einstein relation:

o= 2K—Tut 4.4)
\/ q

where, K is Boltzmann’s constant, T is temperature, ¢ is the elementry charge, and ¢ is the time
step. More detiled information about the charge carrier propagation can be found in CERN’s Allpix
Squared Manual '°.

To simulate the 3D X-DS-MSND detector geometry, the Geometry Constructor module of
Allpix Squared source code was modified to allow CAD geometry import from Solidworks in
GDML format. Electric field solutions from COMSOL were imported in the Allpix Squared code
after barycentric interpolation and formatting in MATLAB®’. Allpix Squared directly interfaces
with Geant4 for Monte Carlo radiation transport, and QGSP_BIC_HP physics list was explic-
itly used for simulations. Both 0.0253 eV mono-energetic neutrons and 662 keV mono-energetic
gamma-rays were simulated. It was observed that gamma-rays produced clusters with mostly long
electron scatter tracks. However, neutrons produced comparatively smaller tracks, which were
elongated along the y-axis due to presence of fins, as illustrated in previous X-MSND work 8.
Expected results for e-h pair charge drift models for each pixel hit were successfully obtained
from the simulations. Si-SiO; interface boundary conditions were implemented by ensuring that
the charge carriers stop propagating once they reach the Si-SiO; interface. The results of carrier
transport from a single neutron interaction is shown in Fig. 4.12.

In order to design an effective front-end readout system for a radiation detector, it is essential to
determine the expected timing of the output current pulses. First, Allpix Squared code was used to
address this issue. The optimum geometric structure designed was utilized in the existing models in
COMSOL, Allpix Squared, and Geant4, which were updated to incorporate the suggested paramet-
ric changes. To obtain correct timing of the induced current pulses, a small amount of charge was
deposited at the top of the sensor. These simulations are instrumental for optimizing the readout
electronics for the finalized X-DS-MSND system for idealistic boundary conditions. The expected
performance of the sensor can be predicted based on these models coupled with charge transport

simulations. The default Allpix Squared source code had erroneous production of induced cur-
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Figure 4.12: Electron (blue)-Hole (orange) pair tracks simulated in Allpix Squared from a single
neutron absorption event in a LiF-filled trench, producing ionization from an alpha particle (o)
and triton (t) in silicon. Each track represents 500 individual charge carriers.

rent plots as the currents were plotted in incorrect direction. These errors were corrected and the
plots were upgraded to provide additional details like total charge deposited. An example of the
induced current plot obtained for [100,100] pixel is provided in Figure 4.13. The current pulse in
Figure 4.13 consists of 253,288 holes (40.5812 fC) collected in the bottom electrode.

Although Allpix Squared is an easy to use code, it is difficult to model accurate boundary
conditions, which is critical in obtaining the X-DS-MSND’s temporal performance. Further, Allpix
Squared is unable to model particle-to-particle inter-coulombic interactions and hence the plasma
effect of the injected charge cloud is not incorporated. Thus, for the development phase and to
determine accurate boundary conditions, a more realistic FEM based COMSOL Multiphysics will

be used to analyse the effects of Si-SiO, boundary conditions on the X-DS-MSND sensor.
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Figure 4.13: Induced current obtained from Allpix Squared. The current pulse was extracted from
bottom electrode is a case where holes and traveling downwards.

4.3 Summary

Results obtained from COMSOL Multiphysics simulations provide critical physics based de-
sign parameters for the X-DS-MSND sensor. These results complete a multiphysics model
essential to begin sensor fabrication process. At present, Allpix Squared is not capable to
account for plasma effects and intercharge carrier interactions and hence COMSOL Multi-
physics was utilized for detailed charge transport and Si-SiO; interface boundary condition

analysis.
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Chapter 5

Experiments and High Fidelity Simulations

The depletion characteristics of trenched microstructured devices are complicated by the introduc-
tion of trapped charges in the thermally grown oxide layer during fabrication, thus affecting the
depletion region by causing a shift in the potential>. FOCs are of the primary interest for the sen-
sor discussed in this dissertation in detail, as they are difficult to mitigate and can have relatively
high concentrations.

A positive space charge is formed inside the oxide film due to FOCs during the thermal oxida-
tion process. These charges induce negative image charges in the Si substrate. The accumulation
of n-type carriers near the Si-SiO, interface in an n-type substrate decreases the resistivity of the
substrate around the Si-SiO, interface®, which increases the required bias to deplete the diode.
FOCs are stable under moderate temperature and bias conditions and are unaffected by changes in
surface potential °®. The density of the FOC is dependent upon surface orientation of the substrate.
The <111> orientation is most relevant to study the effects of FOCs on the Si-SiO, interface of the
trench walls of a DS-MSND sensor. The negative effects of FOC are demonstrated in Figure 5.1.

To design the basic physical parameters of the X-DS-MSND sensor, ideal boundary condi-
tions were applied where the FOC and the interface trap density were assumed to be zero, i.e.,
the complete depletion of the diode was achieved at the theoretically estimated reverse bias. After
simulating the realistic boundary conditions with non-zero FOC and interface trap density, it was

estimated that the presence of these realistic boundary conditions will have severely detrimental ef-
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Figure 5.1: A representation of effects of FOC on the prototype MSND device and the doping
scheme used for fabrication.

fects on the X-DS-MSND’s temporal performance. Multiple simulations were performed with the
X-DS-MSND device with varying realistic FOC and trap densities. An estimation of the depletion
depths as a function of applied reverse bias is provided in Figure 5.2.

Previous chapters showed that under ideal conditions X-DS-MSND can fully deplete at 350 V
applied reverse bias. It was observed from Figure 5.2 that the increment of both FOC and interface
trap density could deteriorate the X-DS-MSNDs ability to deplete. Since this specific research sub-

ject has very limited information available through the literature, a significant amount of simulation
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represent values when FOC is 5 x 1019 cm ™2

and experimentation were needed to obtain an accurate estimate of these realistic boundary condi-
tions on the Si-Si0; interface. Multiple single sided reverse MSNDs were fabricated by Radiation
Detection Technologies, Inc., with SiO, layer thicknesses of O nm to 250 nm. These devices were
fabricated to provide empirical data for validating simulation results. They were fabricated with
trenches etched through a planar n-type contact and have a planar p-type contact diffused into the
backside of the diode and their [V/CV characteristics were measured.

The devices were fabricated with a 600 um thick n-type wafer. A 5kQ —cm substrate was
utilized for the fabrication. The etched trenches were about 180 um deep, resulting in fins with a

width of 21 um at the top and 27 um at the bottom, measured by a scanning electron microscope
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Figure 5.3: A SEM image of the fabricated single-sided MSND device.

(SEM) shown in Figure 5.3. The doping scheme for the device is presented in Figure 5.1. Here, the
n-type and p-type contacts peak doping concentrations were both about 5 x 10! cm™3. A 250 nm
dry oxide passivation layer was found to be performing optimally, as this thickness was observed
to maximize breakdown voltage while retaining relatively low leakage current below breakdown.
Thicker oxides may further reduce leakage current but will negatively affect the neutron detection
efficiency by reducing neutron interaction probability and reaction product escape probability.
The goal of these preliminary studies was to investigate the depletion characteristics, electric
field magnitude, and spectral response of this design. COMSOL Multiphysics!! models include
FOC at the trench surface formed in a thermally grown SiO, passivation layer. To investigate

depletion characteristics, multiple non-conformally doped reverse MSNDs were fabricated and
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characterized. Geant4® was deployed to simulate radiation interaction and ionization events and

calculate spectral responses.

5.1 Fixed Oxide Charge

FOC results from dangling bonds of the Si atoms at the interface between the oxide layer and
the p/n type crystal surface. One study®' reported that the effective FOC value for the n-type
crystal surface should be positive and similar to that of a p-type device. Here, the conventional CV
method on a metal-oxide-semiconductor (MOS) was used to investigate oxide charge by observing
the shift in the flat band voltage. One study®? reported almost zero FOC value for very low-
resistivity (100 mQ —m), Al-contaminated, n-type Si wafers. Other studies>*%% report FOC
values on order the of 10°cm=2. As per the values observed in the above mentioned literature,
an FOC value of 5x 10'®cm™2 is used in the present work. Further testing and simulations will

be required to determine accurate value of FOC for this device.

5.2 Signal Formation

Faster signal acquisition is obtained by establishing a strong electric field in the entire device due
to external bias. In this case, the motion of the charge carriers is dominated by drift instead of dif-
fusion and the signal is fast enough to permit very high interaction rates. The presence of positive
FOC on the Si-Si0; attracts n-type carriers and is expected to create an accumulation layer which
decreases the resistivity of the substrate around the interface as shown in Figure 5.1. If the FOC is
too high, it is hypothesized that the fins of the sensor will not achieve full depletion, and diffusion
will dominate the charge carrier motion. The objective was to observe the effects of FOC on the
CV curves and spectroscopy results of the radiation detector. To accomplish this, five different
radiation detectors with 250 nm thick dry oxide were fabricated with similar design parameters.

Two different experiments were conducted and later compared to the simulation results.
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5.3 Experiment Details

5.3.1 CV and IV Curve Details

The capacitance of the device was measured with a Hewlett-Packard CV-curve-tracing 1 MHz sys-
tem (model 4280A). The diode along with the probing station was placed in an electromagnetic
shielded dark box to prevent light contamination. The capacitance C is the ratio of the charge mag-

nitude Q on either conductor to the potential difference applied V between the those conductors:

_ A0

C_AV

S.D

A simple way to obtain the capacitance (C) is by applying a small AC voltage of millivolt range
to the diode under test and simultaneously measuring the resulting current. The resulting current
is integrated over time to obtain charge (Q), finally calculating C from Equation 5.1. obtaining
CV curves for a semiconductor device involves simultaneous application of two different voltage
sources. First, an AC voltage signal (dV,.) was be applied, the magnitude and frequency of the
AC voltage were fixed. Second, a DC voltage (Vq4.) was applied and this was swept in time to
allow sampling of the material at different depths in the device. The AC voltage bias provides the
small-signal bias so the capacitance measurement can be performed at a given depth in the device.

Leakage current is another important characteristic of the reverse-biased diodes. It is known
that in the reverse-biased condition, the width of the diode’s depletion region increases. Generally,
this condition ensures restriction of carrier accumulation near the junction. As the majority carriers
are primarily removed from the depletion region, this volume acts as an insulator. Although the
majority carriers do not enter the depletion region, some amount of current is still observed when
the diode is reverse biased. This current is called leakage current and is due to the motion of
minority carriers. In silicon diodes used for radiation detection, the leakage current should ideally
be on the order of few hundred nanoamperes for optimal operation.

A record of leakage current magnitude with respect to increasing reverse bias voltage (IV
curve) was needed to obtain estimated device performance. The diode’s leakage current magni-

tudes were recorded corresponding to the applied reverse biased voltage. It was observed from
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the results that two diodes out of five were the best choices for further testing as they broke down
at higher reverse bias voltages of around 350V and 540 V. The diode with breakdown voltage of
540V was selected and its IV plot is presented in Figure 5.4. Large variations observed in the
leakage current magnitudes among the diodes is attributed to variation in the quality of dry oxide
passivisation with SiO, layer on the diode. The measured CV plot for the selected Chip 4 with

250 nm thick SiO, layer is presented Figure 5.5 up to a 100 V reverse bias.

5.3.2 241Am Source Spectroscopy Details

To benchmark simulated spectroscopy results, a series of alpha particle irradiations with the MSND
diode were performed. The source deployed for the irradiations was a 0.1 uCi >*! Am alpha par-
ticle source. Most of the alpha particles generated from the source are emitted with kinetic en-
ergies of 5.388 MeV (1.4%), 5.443MeV (12.8%), 5.485MeV (85.2%), 5.512MeV (0.20%), and
5.544 MeV (0.34%). A representation of the experimental setup is presented in Figure 5.6. A
S mm-thick 3D printed polyethylene terephthalate glycol (PETG) collimator was placed on the
silicon MSND diode to acquire data from alpha particles with well-known, limited angles of in-
cidence. The top contact of the sensor was wire bonded and placed in a biasing box with BNC

outlets for connection.

5.4 Modeling Methodology

5.4.1 Geant4 Radiation Transport Toolkit Simulation Details

To accurately estimate the sensor response for the experimental setup, the geometry was primar-
ily prepared in the CAD format in Solidworks?® and subsequently imported in Geant4 using the
GDML"! format. The raw GDML geometry file for the experimental setup contained a total of
9157 triangular facets. Out of those, 292 facets (3%) were found to be degenerate, which were
skipped from the final GDML file as per the recommendation provided in the Geant4 forum®?.
The QGSP_BIC_HP (QGSP with binary cascade model) physics list was considered for these sim-

ulations as per results provided in available literature 7>
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Figure 5.4: 1V curve data obtained for all the fabricated diodes. Top plot is for MSNDs with 50 nm
thick SiO; layer. While, the bottom plot is for chips with 250 nm thick SiO; layer. A leakage current
of 218 nA was observed at the breakdown voltage of 539V for the best performing diode (Chip
4 with 250 nm thick SiO; layer). Measurements performed by Radiation Detection Technologies,

Inc.

Another important aspect of Monte-Carlo simulations is the method of particle cut-off, i.e.,

method of termination of history. Geant4 employs a default particle range cut-off of 0.7 mm (i.e.,
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Figure 5.5: CV curve data obtained for all the fabricated diodes. Top plot is for MSNDs with
50nm thick SiO; layer. While, the bottom plot is for chips with 250 nm thick SiO; layer. Diodes
with 250 nm thick oxide observes consistency in the measured data. Measurements performed by
Radiation Detection Technologies, Inc.

particle gets killed if it has insufficient energy to travel at least 0.7 mm) in any medium for electrons

and gamma-rays that are produced from non-hadronic interactions like Bremsstrahlung and delta
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241Am alpha source

Figure 5.6: Experimental setup to obtain alpha particle irradiation response.

electrons. A representation of the Geant4 model is presented in Figure 5.7. The 3 mm radius source
was placed 2 mm above the collimator in the model. The collimator model was 5 mm thick, had a
density of 1.33 gcm_3, and composed of PETG material, given by chemical formula (CgHgOy4)y.
The collimator had a 3 mm diameter hole in the middle. This was placed directly in between the
sensor and the source as shown in Figure 5.7. The sensor was modeled with a 2.328 gcm ™ dense
silicon material. Trenches on the sensor were modeled as per the dimensions shown in Figure 5.3.

A 4 um thick dead layer (blue region in Figure 5.7) exists on the top of the fins that impacts
the spectral results significantly. This dead layer is due the peak non-conformal doping of the top
surface of the sensor. This dead layer only exists on the top of the fins and energy deposited by
an incoming radiation particle in this region does not contribute to the simulated spectrum. In
addition to the dead layer, a 250 nm thick and 2.65 gcm ™3 dense SiO, layer was modeled covering
the inner sides of the trenches. Energy deposited in the 250 nm thick SiO, layer does not contribute
to the simulated spectrum. Finally, the entire setup was modeled in a 0.00129 gcm ™ dense air

environment and is represented in Figure 5.7.
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Figure 5.7: Geant4 simulated model of the experimental setup. 1: Overall geometry; 2: zoomed
view of the sensor and oxide layer; 3: entire sensor structure with the trenches; 4: zoomed view of
trenches with the dead layer.

5.4.2 COMSOL Multiphysics Models for Steady State Analysis

COMSOL Multiphysics was used to simulate semiconductor physics for investigate the effects
of FOC on the trenches of the prototype MSND device. The modeling methodology for MSND
devices is discussed in detail in section 2.2.6.

The optimum mesh size was decided by using Equation 2.5 and substituting, kg = 1.38064852
x 1023 JK!, T=293.15K, £0=8.85418782x 10 2Fm~!, &, =11.7,¢=1.60217662 x 10~1° C,
and N = 8.9163 x 10! m—3. The debye length (44) obtained for this device was 4.28 um. Further,
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Figure 5.8: A representation of the COMSOL FEM model (left) and the associated unstructured
mesh (right).

the minimum element size of 0.12 um was used at the regions of higher charge carrier gradient
and maximum element size of 6 um was used at the bulk region of the sensor where the charge
carrier concentration gradient is almost negligible. To further optimize the simulation time, zero
Neumann boundary conditions were applied such that a one-quarter pixel geometry (27.5 pym-
by-27.5 um) was modeled and meshed as represented in Figure 5.8. COMSOL’s default silicon
material was used to model the diode. The Charge Conservation option was used to add air as a
dielectric material.

An n-type substrate was modeled with a 5 kQ — cm resistivity, i.e., constant background doping

concentration of 8.9 x 10! cm™3. The top (n-type) and bottom (p-type) junctions of the sensor
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were modeled with peak doping concentrations of 5 x 10'7 cm™3. The concentration decreases
with Gaussian profile with respect to depth inside the sensor; after 2 um the concentration becomes
equal to the background. As specified by the wafer manufacturer and as per available literature3”,
a 1 ms charge carrier life time was specified for the simulated sensor model. The FEM model and
experimental setup was prepared to obtain steady state responses like depletion profile, CV plots,
and electric field profiles from the MSND diode. Significant changes are needed in the modeling
and experimental setup to analyze transient responses like charge transport models and induced
current profiles.

COMSOL Multiphysics should be used to first solve for steady-state solutions before perform-
ing a transient time-dependent simulation, as an electric field needs to be established within the
simulated device model for the charge carriers to drift. The transient solver utilizes the electric
field solution provided by the steady state solver and then performs iterations in time to account
for charge carrier motion within the semiconductor device at a specified external bias. To obtain
optimum simulation performance, it is ensured that the unstructured mesh used in the finite ele-
ment solver is fine enough to reduce striations. Furthermore, to ensure that COMSOL captures the
accurate transition of the charge carriers within the semiconductor volume, the time steps are in the
range of 0.1 ns per iteration. The default Si semiconductor material model provides accurate mobil-

ity values for the charge carriers; the value provided for electron mobility is pe=1400cm?>V~!s~1,

and for hole mobility t,=450 cm?V~1g19,

5.4.3 COMSOL Multiphysics Models for Transient Analysis

While performing exploratory transient simulations in COMSOL Multiphysics, it was noted that
the time-dependent induced current pulse obtained by simulating a charge injection event in two-
dimensional (2D) and three-dimensional (3D) geometries differed substantially. It was also ob-
served that the electric field becomes negligible at the location of charge cloud injection. The
observed differences in the induced current resulted from an absence of charge carrier diffusion in
the third dimension for the 2D simulations; thus, the electric field the location of injection needed

a longer time to recover to its original steady state value. While it was clear that 3D simulations
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were needed to appropriately represent charge carrier diffusion, a convergence study was required
to optimize the size of the simulated geometry for a given injected charge inside the sensor to

minimize computation times.
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Figure 5.9: (Left) A representation of simulated 3D geometry in COMSOL. (Right) A representa-
tion of Electron Concentration at 200V reverse bias.

A large geometry of 165 um-by-165 um size was simulated to ensure ample space for the
charge cloud to drift and diffuse for 600 um device length. To ensure that the simulated model
represents actual fabricated diode accurate resistivity (5 k€ —cm) and peak doping concentrations
(5 x 107 cm~3) were applied to the COMSOL model and an unstructured mesh was built for the

simulated structure. The simulated geometry is represented in left part of Figure 5.9.
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5.5 Modeling Charge Carrier Injection

COMSOL Multiphysics provides a User Defined Generation option that is capable of generating

charge carrier densities as a function of space and time.

5.5.1 Electric Fields Within the Sensor

The presence of strong electric field inside the semiconductor plays an important part in charge

carrier motion and induced current response. The mobility of charge carriers within a semicon-

ductor can be defined as the net average velocity with which the free charge carriers move towards

their respective electrodes under the influence of a electric field caused due to external reverse bias,
Va

Unp = E (5.2)

In equation 5.2, u is the mobility of charge carriers, Vy is the drift velocity of the charge carriers,
and £ is the electric field within the sensor due to an external reverse bias.

The COMSOL solution consists of millions of values for each variable spread over the entire
domain of unstructured mesh of the 3D simulated geometry. To parse the dataset and obtain a
simple 1D solution, a cutline was established at the center of the simulated device. The magnitude
of electric field was calculated and plotted along the cutline and is represented in Figure 5.10. As
per the doping profile and electric field inside the device due to external reverse bias, it is known
that once the charge carriers are injected, the net velocity of the free electrons will be towards
the top electrode and for holes, the net velocity will be towards bottom electrode. Furthermore,
as per the data presented in Figure 5.10, the free electrons will face maximum electric field of
1988 Vem ™!, while the free holes will face a maximum electric field strength of 7100 Vem™ !,
The maximum electric field limits for linear behavior of mobility values for charge carriers is
4000 Vecm~! for free electrons and 10000 Vem ™! for free holes®’. Since the electric field strengths
faced by the charge carriers inside the device is less than these values, saturation mobility models
are not required for this simulation.

The charge injection is planned close to the top electrode, and so the current induced in the de-
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Figure 5.10: Electric field magnitude inside the sensor along the cutline. The plot shows location
of charge carrier injection and maximum electric fields faced by the ’drifting’ charge carriers in

motion.

vice will be mostly due to net motion of free holes towards the bottom electrode. The contribution

of free electrons for charge induction in his case will be minor as compared to that of free holes.

5.5.2 Charge Injection Method

An equation-based charge carrier injection method was used in COMSOL Multiphysics to create

free charge carriers imitating energy deposition in silicon by an >*! Am alpha particle perpendicular

to the middle of the top surface of the central fin of the modeled MSND sensor. To obtain an

accurate profile of charge carrier generation in silicon due to a complete energy deposition of a
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241 Am alpha particle, a Geant4 simulation was performed corresponding to the actual experimental
setup. It was found that out of 5.48 MeV, around 4.7 MeV was deposited in the top fin of the
MSND sensor. The remaining 0.78 MeV was deposited in the air. The energy deposition profile
of the 4.7MeV alpha particle can be easily obtained from SRIM?® or Geant4 as shown in Figure
5.11.
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Figure 5.11: A comparison of energy charge deposition profiles for a 4.7MeV alpha particle
incident perpendicularly on a Si surface, calculated from Geant4 and SRIM.

For simplicity, it was assumed that the charge cloud has already diffused laterally for 8 ns as an
initial condition and thus has a variance of 3 um laterally as described in equation 2.6. The profile
of the injected charge cloud in z-axis was imported directly from Geant4. Since 3.6 eV ionization
energy loss is needed to create one thermalized electron-hole pair in silicon®?, a full ionization

energy loss of 4.7MeV will create 1,305,555 charge carriers in the the volume. The generation
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profile is Gaussian in time as well with mean at 8 ns and a standard deviation of 0.025 ns. The total

generation profile is given by:
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Figure 5.12: Unstructured Mesh Profile used for calculating the solutions for the COMSOL Mul-
tiphysics model.

351 it is defined as a Gaussian distribution in space

Here, G(.) is the generation term in m™—
and time. The variables Wx and Wy describe the lateral location of the charge carrier injection
inside the 3D domain of the sensor. An extremely fine, unstructured mesh in x, y, and z direction
was employed for the 3 um-by-3 um-by-25 um region of charge carrier injection in the simulated
model. To accurately account for the charge carrier generation rate, extremely small time steps
were considered for the duration of injection (7-9ns). The final generation profile for a fully
depleted reverse biased (200 V) MSND diode at 8 ns instant is represented in Figure 5.14. As

mentioned previously, the charge injection is Gaussian with respect to time with a mean at 8 ns

suggesting that the charge injection begins a bit before 8 ns and charge carriers before 8 ns have
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Figure 5.13: Cumulative free electron-hole pairs injected in the simulated model with respect to
time extracted from COMSOL Multiphysics.

undergone some amount of drift and diffusion. The updated charge carrier concentration injection
profile is highlighted and demonstrated in the Figure 5.14. The 2D plot in this figure provides a
qualitative representation of the charge carrier injection profile. 1D plot of hole concentration has
a peak within the 2 um n-type junction because the net drift rate of holes outside the junction is
faster as compared to the holes present within the junction. This is due to variation of electric field
inside and outside the 2 pm n-type junction. The smoothness of the 1-D plot demonstrates that the
unstructured mesh was able to resolve the sharp concentration changes in the Bragg peak of the
charge injection profile used in the simulations.

Two different types of simulations are needed to understand to effects of Si-SiO, boundary

conditions. The first type of simulation consists of geometry simulated with zero boundary condi-
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Figure 5.14: Profile of electron-hole pairs at 8 ns instant in the simulated model ( at 200V reverse
bias) with respect to depth inside the sensor extracted from COMSOL Multiphysics.

tion value on the trenches. These runs are not realistic but provide an estimate of an ideal device
performance. The second type of simulations employed realistic boundary conditions of Si-SiO;
interface, and will be discussed in later sections of this dissertation. The similar energy deposition
profiles in Figure 5.11 and charge injection profiles in Figure 5.14 demonstrate that the charge car-
rier injection profile in COMSOL Multiphysics was successful in accurately replicating the energy

loss data provided by Geant4 and SRIM.
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5.6 Charge Cloud Motion

The electric field profile present inside the sensor dictates the net charge cloud motion inside its
volume. The electric field profile for a diode simulated with zero boundary conditions is repre-
sented in Figure 5.15. Arrow plots are plotted using the x, y, and z vectors of the electric field.
As mentioned in Section 5.5.1, the net electron motion will be towards top electrode and the net
motion of holes will be towards bottom electrode. A 1D plot of the electric field magnitude plotted
at the cutline along the line of charge carrier injection is already shown in Figure 5.10. The 1D
electric field magnitude plot suggests that the displacement velocity of the charge carriers inside
the fin will be much faster than in the bulk. Further, the net motion of the holes will follow the
electric field arrows in the Figure 5.15. The arrow plot provides an indication of net behavior of the
charge carriers within various regions of the sensor. It was noted that the electric field lines diverge
while transitioning from fins to bulk. Thus, it is expected that the charge cloud would follow a
similar pattern during its transition from fins to the bulk region.

Time-dependent simulations were performed in COMSOL Multiphysics to account for the ef-
fects of charge carrier motion inside the sensor. The hole drift and diffusion solutions are presented
in Figure 5.16. Time step for the COMSOL transient simulation was 0.1 ns; the small time step for
the simulations ensure numerical stability in the calculated charge cloud drift-diffusion models. It
can be seen from Figure 5.16 that at around 25 ns, the charge cloud starts its transition from fins
to the bulk region, and around this instant, the electric field profile around the bottom of the fins
(shown in the arrow plot of Figure 5.15) affects the shape of the emerging cloud and the bottom
electrode observes an @ shaped charge cloud emerging from the fins. Around 40 ns, the charge
cloud makes the contact with the bottom electrode and holes start to get collected in the bottom
electrode. At 200 ns, the charge cloud departs from fin and nearly all of the holes are collected
in the bottom electrode by 215 ns. Figure 5.16 depicts a quantitative representation of the charge
cloud motion inside the MSND sensor.

The data shown in Figure 5.17 quantitatively represent the charge carrier transport in the MSND
detector. At 25 ns, the charge cloud can be seen departing the fin, while at around 40-50 ns, collec-

tion of charge carriers by the bottom electrode begins. It was observed that after 50 ns, the charge
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Figure 5.15: Electric field profile within the MSND sensor at 200V external bias. A zoomed-in
view at the left shows an arrow plot obtained by plotting x, y, & z components of the electric field.

collection rate by the bottom electrode is such that an almost constant level of hole concentration

of around 1 x 10 ¢m—3

was maintained throughout the cutline of the device. The charge cloud
behaves like a stretched Gaussian moving along the cutline. At 175 ns, the charge cloud begins to

leave the fin structure and around 200 ns, the charge cloud transitions completely to the bulk. The

84



n-type contact (200V bias)

1l
L
Ui

\ 4

Log of hole concentration

“40ns 100ns 200ns

p-type contact (ground)

25ns

Figure 5.16: Models for holes transport for a reverse external bias of 200 V. The snapshots of
transient time-dependent simulations are provided for 25 ns, 40ns, 100 ns, 200 ns, and 215 ns

remaining carriers continue to get collected by the bottom electrode, and the complete collection
of charge carriers takes slightly longer than 225 ns. At this point, the charge collection by all the

electrodes is completed and an induced current profile is calculated as a post process.

5.7 Modeling Realistic Boundary Conditions

The greatest impact of the boundary conditions on the signal current would be for the case when the
charge cloud is injected at the top of the fins, as the holes will travel the maximum distance around
the region near Si-Si0; interface. To complete a response model of the trenched sensors, it is vital

to determine the Si-SiO; interface boundary conditions. FOC and SRV are the two key parameters
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Figure 5.17: One dimension Models for holes transport for a reverse external bias of 200V plotted
along the cutline within the device.

required to complete the COMSOL model. The boundary conditions present on the trench walls
due to Si-Si0O; interface severely impact device performance. The presence of positive FOC on
the Si-Si0; interface attracts the n-type carriers to the trench wall surface and an inversion layer
is created. This population of increased n-type carriers further decreases the resistivity of the Si
material around the Si-SiO, interface, especially inside the fins. It is estimated from the COMSOL
simulations that based on the amount of FOC present at the Si-SiO, interface, a portion of the fin
will not achieve full depletion even at 200 V bias. This effect is shown in Figure 5.18.

The net charge carrier motion within the undepleted regions (represented by purple color in
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Figure 5.18: A representation of diode’s depletion depth achieved for various FOC values.

Figure 5.18) will be dominated by diffusion governed by Fick’s Law. As per the available lit-
erature’, the expected FOC value is around 5 x 10'°cm~2. COMSOL simulations were also
performed for lower FOC values of 1x10° to 5 x 10° cm™? to understand the effects of FOC on
the induced current profiles emerging from the sensor. A cutline was defined at the middle of the
modeled MSND diode along the charge carrier injection path. Electric field magnitude was plot-
ted along this cutline to provide information on expected charge cloud behavior within the device.
The variation of electric field magnitude inside the device due to variation in the FOC values is
presented in Figure 5.19.

It is interesting to note that there is negligible electric field in the portion of the fins that is

undepleted due to the presence of FOC on the Si-SiO; interface. These undepleted regions vary as
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values of FOC in the Si-SiO,; interface.

a function of the FOC value and are listed in Table 5.1. Figure 5.19 suggests that the net motion
of the charge carriers within the undepleted regions specified in Table 5.1 will be dominated by

diffusion, thus making the response of the detector slower with respect to ideal device model, as

the undepleted region width increases with the FOC value.

Table 5.1: Updepleted regions/region with no electric field obtained for various simulated FOC

values at 200V reverse bias

SL. No. | Simulated FOC Values | Undepleted region
1 1 x10°cm™2 48 um
2 3x10°cm™? 100 um
3 5x10°cm~? 124 ym
4 5x 100 cm~? 157 um
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Shockley-Read-Hall’s (SRH) Trap Assisted Surface Recombination %191 was modeled at the
Si-Si0, interface with an SRV of 10cms™! for both electrons and holes as per details provided in
the available literature '92. The relationship between charge carrier recombination rates (Rp/,) and

the SRVs(vg p/m) is provided by Equation 5.4.

np —"Ya¥p ‘”%eff

R,=R,= (5.4)
TP () fvsp (P 1) [vsn
In equation 5.4, n; ¢fr, ny, and p; are explained in equations 5.5, 5.6, and 5.7 respectively.
E,—AE
Nieff =/ NeoNyo - exp(—nghg) (5.5)
t
AE,
= Ya Mgy exp() (5.6)
th
AE,
P1= YP'nLeff'exp(_V_t) 5.7
th

where, n and p are the electron and hole concentrations, respectively. The SRVs for holes and
electrons are represented by v, and vs  respectively. The ¥y, are the electron and hole degeneracy
factors. N and Ny are the effective densities of states for the conduction and valence band,
respectively. E, is the band gap and AE; is the the band gap narrowing energies scaled by the

electron charge ¢ (i.e. SI Unit of V). Value of Vy, is provided below:

kBXT
Vin =

(5.8)

where, kg is the Boltzmann’s constant and 7 is the temperature. The E; is the trap energy level
scaled by the electron charge with the SI unit of V. The combined SRV and FOC properties at
the simulated Si-Si0; interface concludes a complete model for the MSND sensor with realistic
boundary conditions.

A new experimental setup was prepared to perform detailed alpha-particle irradiation experi-

ments as shown in Figure 5.23. 2*! Am alpha source (5.48 MeV) was used along with a collimator
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Figure 5.20: Electric field profile within the MSND sensor at 200V external bias. A zoomed-in
view at the left shows an arrow plot obtained by plotting x, y, & z components of the electric field.

to irradiate the trenches of the prototype MSND sensor. A 142A preamplifier (ORTEC) was uti-
lized to obtain detection event pulses. The data acquisition was performed manually through a
500 MHz mixed domain oscilloscope and a DT5730 CAEN digitizer. A shielded dark box was

prepared to contain the entire experimental setup. The goal of this setup was to observe the effects
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Figure 5.22: One dimensional simulated holes transport model for a reverse external bias of
200V plotted along the cutline within the MSND device modeled with Si-SiO; interface boundary
condition.

of the FOC and SRV at the Si-SiO, interface. Irradiations were performed for various reverse bias
values of 40 V to 300 V. This ensured that various depletion depths inside the sensor were exam-
ined. As per COMSOL calculations, at 200 V, the MSND detector should be completely depleted
assuming no negative effects due to Si-SiO, interface boundary conditions.

The 142A preamplifier used for these experiments was a charge-sensitive amplifier, designed
for use with a room-temperature silicon detector. These preamplifiers are designed to operate over
a detector input capacitance range from 0-100 pF. These devices provide an open loop gain of
40000 and a charge sensitivity of 45 mVMeV~!. The collimator ensured that the impinging alpha

radiation had a controlled angle of incidence on the MSND diode’s trenches.
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Figure 5.23: Experimental setup to obtain alpha detection pulses from an MSND sensor.

To investigate the effects of boundary conditions, preamplifier pulses from interaction events

at two different charge injection locations inside the simulated sensor geometry were investigated:

* Location 1: At the top of the fin, i.e., near the n-type dopant. Holes will travel largest
distance. The charge cloud injected at this location due to an alpha detection event will be
most affected by Si-SiO, interface boundary conditions. Slower current pulses are expected

for this case.

* Location 2: At the bottom of the trench. Holes will travel comparatively smaller distances.
The charge cloud injected at this location due to an alpha detection event will be least affected

by Si-Si0; interface boundary conditions. Faster current pulses are expected for this case.

The rise times (RT) of the preamplifier pulses correspond to the induced current signal duration for
the MSND sensor geometry. The decay time of the preamplifier pulses was fixed around 500 ps as

specified by the preamplifier manufacturer.
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Section Summary

COMSOL Multiphysics software was utilized to perform steady state simulations for de-
signing the implant shapes and sizes for the X-DS-MSND system. Multiple COMSOL Mul-
tiphysics simulation results were demonstrated to provide an estimate the junction doping
profile, resistivity of the substrate, and peak electric field within the designed sensor. The de-
tails presented in this chapter were vital to begin sensor fabrication, experimental analysis,

and data acquisition.
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Chapter 6

Results and Discussions

This chapter is divided in to three major sections. The first section provides results and discus-
sions for research area 1. The second section provides results and discussions for research area 2.
The final section of this chapter provides analysis on how applications and detector designs from

research area 2 can be implemented in research area 1.

6.1 Radiation Transport Oil Well Logging Experiments

To simulate the experimental setup for oil well logging bulk irradiation experiment, both Geant4
versions 10.5 and 10.6 were utilized for simulation and modeling. Instead of energy-based particle
cuts (i.e., minimum energy below which the particle is killed) like most transport codes, Geant4
employs a default particle range cut-off of 0.7 mm (i.e., particle gets killed if it does not have
enough energy to travel 0.7 mm) for both electrons and gamma rays that are produced from non-
hadronic interactions like Bremsstrahlung and delta electrons. This value was kept unchanged as
variation in this cut-off range had a negligible effect on the simulated results. Geant4 was installed
on a high-performance computing system with libraries for both multi-threading and GDML sup-
port. Simulation for each sensor was performed for 2.5 billion histories divided equally over five
nodes of 20 cores each. The total simulation time to obtain the results was approximately three

days. The raw results from Geant4 were later processed in MATLAB?®® to perform Gaussian

95



Frustum Shaped
Anisotropic region

Region of Increased
Region of Decreased  Neytron Fluence

Neutron Fluence

Figure 6.1: A representation of anisotropy in the output of the D-T generator

broadening over the entire energy spectrum.

6.1.1 Uncertainty in Source Output

The B-322 neutron generator has a region of anisotropy due to the presence of unknown compo-
nents (proprietary information) present around the tritium target. As per the guidelines from the
manufacturer, this anisotropy accounts for an approximately 15% decrement in D-T generator out-
put along the axis of the generator. Further, there should be an increment of flux around this region
as compensation, the distribution of which is unknown. The energy distribution of the emerging
neutrons within the frustum and near the source is also unknown. The presence of low energy
neutrons due to inelastic scattering from the above-mentioned components could be expected in
this region, which could not be accounted for in the Monte Carlo simulations. The outer structure
of the neutron generator also gives secondary gamma-ray emissions, which are also unknown and

are unaccounted for in the Geant4 simulations.
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6.1.2 Comparison of Simulated Results

List mode data provided the capability to select the data only when the neutron generator pulse was
ON. In the past, efforts had been made to compare MCNP simulation with the data accumulated
for only pulse ON segments of the time spectrum '*3. Although this gave acceptable results, around
90% of the generated data that included delayed gamma emission from various radionuclides were
ignored. For the work presented, simulations were performed in Geant4, which addresses activa-
tion and subsequent processes by default. Geant4 utilizes G4RadioactiveDecay() for estimation
of activation from neutron interaction. Hence, the integral spectrum that was collected from the
radiation sensors for the entire 3600 s of bulk material irradiation was utilized for the comparison
with the simulated data from Geant4.

The spectra obtained from simulations were in counts per simulated source particle and were
scaled with a constant to match the 2.2 MeV hydrogen peak in background-subtracted and non-
linearity corrected experimental spectra of the Nal Near sensor for both sand and water experi-
ments. These constants are considered as an approximation of neutron output over a period of
3600s. Preliminary simulations were performed with only a model of Nal(Tl) crystal instead of
the whole Nal detection assembly. In the improved optimized Geant4 model, the Nal crystal was
modeled along with its external components as shown in Figure 3.8, and both source and sensor
locations were updated, along with cross-sections and testing materials. Energy spectra from the
Nal sensors for the Preliminary model and the Optimized model are plotted in Figure 6.2. Here, it
is shown that between 0-2 MeV, the optimized model fits the peak at 0.5 MeV much better. This
is largely due to a 3 mm thick Pyrex™ glass PMT tube model that contained approximately 4%
boron by weight. An improvement in the continuum below 2 MeV is also observed, mostly due to
the inclusion of the oxide layer, aluminum casing, and magnetic/light shield models in the simu-
lations. Although bialkali dynodes were also modeled, contributions due to these structures were
almost negligible due to the thickness of these being in the range of 300 nm. It is also noted from
Figure 6.2 that the optimized model improves the fit for 2.2 MeV hydrogen peak. The optimized
model further improves the overall fit for the spectrum up to 6 MeV. Due to the low efficiency

of Nal(Tl) crystals for high energy gamma rays, a drastic decrement in counts is observed after
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6MeV. A model similar to the unoptimized Geant4 model was implemented in MCNP %4 and
corresponding results are shown in Figure 6.3. Except for the peak at 0.5 MeV, almost every
feature is similar in the lower energy part (< 6.1 MeV) of the comparison. As external sensor
components (e.g., Pyrex™ PMT) are not present in the MCNP model, the peak at 0.5 MeV is
mostly missing in MCNP spectra. This consistency in results with different transport codes further
demonstrates that the neutron cross-sections and the CAD model import methods deployed in the

Geant4 are appropriate for these simulations.

Comparison of Gamma Spectrometer Results

A comparison of experimental Nal spectra and scaled Geant4 Nal spectra for the water experiment
is provided in Figure 6.4. All important spectral features that are present in the experimental spectra
for both Nal Near and Nal Far sensors are also present in the simulated spectrum. In the region
of 0-1.8 MeV, there is slight disagreement in the spectral counts where the Geant4 simulations
underestimate measurement. Proper modeling of all the minor internal metal components and
printed circuit boards of the Nal sensor would likely improve agreement as shown in Figure 6.2.
Further, the entire Nal Far sensor simulated spectrum overestimates the count rates as compared to
the experimental spectrum due to the reasons mentioned in Section 6.1.1. Here, it is hypothesized
that the bulk material inside the anisotropic frustum around the Nal Far sensor is getting irradiated
less from source neutrons as compared to the simulation case where the source is ideally isotropic
and mono-energetic.

Similar attempts were made to benchmark the experimental Nal spectra and scaled Geant4 Nal
spectra for the sand experiment as shown in Figure 6.5. In this case also, every important spectral
feature that was present in the experimental spectra was also observed in the simulated spectra for
both Nal Near and Nal Far sensors. For the sand results, the region of 0-1.8 MeV where a slight
disagreement between the spectral counts for both simulations and measurements is observed. This
could also be mitigated by proper modeling of all the minor internal metal components and printed
circuit boards of the Nal sensor as mentioned in the above paragraph. It is important to note that

in this case, the Nal Far sensor data show minor disagreement as seen in the case of water. This
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is due to the scattering nature of the sand which compensates for the anisotropic effects observed

around the Nal Far sensor, that were observed in the case of water.

Table 6.1: Analysis of neutron sensor experimental results from the sand experiment

. Geant4 . Relative
. Irradiation Experimental . Dead
Time Number Sensor | Calculated Counts (E) Difference Time (%) C/E
Counts (C) in E (%) ’
Day 1 1 3 675,267 2.31 1.22
Day 3 ) He | 821,508 661,004 151 300 | 124
Day 1 1 2,128,828 1.68 1.55
Day 3 P BFs 1 3,309,354 =597 314 1.05 165 | 158

Table 6.2: Analysis of neutron sensor experimental results from the water experiment

. L. Geant4 . Relative
. Irradiation Experimental . Dead
Time Number Sensor | Calculated Counts (E) Difference Time (%) C/E
Counts (C) inE (%)
Day 1 1 289,130 12.05 1.04
Day 2 2 3He 301,888 292,191 1.17 9.63 1.03
Day 3 3 285,439 12.96 1.06
Day 1 1 2,748,238 9.98 0.59
Day 2 2 BF3 1,638,842 2,699,969 1.83 13.09 0.61
Day 3 3 2,683,524 12.14 0.61

Comparison of Neutron Sensor Results

Comparisons of experimental and simulated counts generated in the neutron sensors for sand and
water experiments are presented in Table 6.1 and Table 6.2, respectively. The counts per neutron
source in each of these cases were scaled with the same scaling factor used to scale Nal spectra
for both sand and water. Since the thermal neutron population decreases as the sensor location
moves further away from the neutron source, the BF3 sensor registers a higher number of counts as
compared to the >He sensor. In Table 6.1, analysis of two irradiations for sand is presented. There
was a one day gap between the irradiations and fluctuation of 1.51% and 1.05% was observed in
both *He and BF;3 experimental data respectively. Acceptable deadtime of 2.31-3.02% and 1.65-
1.68% was also observed for *He and BF3 experimental data respectively. Further, a comparison of

scaled Geant4 counts and experimental data for the *He and BF3 sensors is shown in Table 6.1. It
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was observed that Geant4 results overestimate the He (Far) and BF3 (Near) experimental results
by 22-24% and 55-58% respectively, which suggests that the effect of anisotropy of the source
1s more severe at the BF3 sensor location which is closer to the neutron source. Furthermore,
the streaming of neutrons due to the porous nature of the sand is also not modeled in the Geant4
simulations. These effects diminish as the sensor moves farther away from the neutron source, i.e.
at the *He sensor location.

Table 6.2 shows an analysis of three irradiations for water. Each irradiation was performed
on consecutive days, and a fluctuation of 1.17% and 1.83% was observed in both *He and BF3
experimental data respectively. An increase in deadtime was observed in the water experiments as
compared to the sand experiments. For 3He sensor the deadtime varied from 9.63% to 12.96%,
while the deadtime for BF3 sensor was observed to be between 9.98% to 13.09%. Further, a
comparison of scaled Geant4 counts and experimental data for both *He and BF3 sensors were
performed and presented in Table 6.2. It was observed that Geant4 overestimates the 3He (Far)
experimental results by only 4-6% and has excellent agreement with the experimental data. How-
ever, the simulated data for BF; (Near) sensor underestimates the experimental data by 39-41%.
This is consistent with the fact that the effect of anisotropy of the source is more severe at BF3
sensor location nearer to the D-T neutron source. This high dead time in BF3 and *He justifies a

need to investigate a need for a replacement solid state sensor.

6.1.3 Error Analysis in Simulations

As the counts generated in the sensors are of rare events, all the detection events are independent,
and the average rate of counts does not change over the period of irradiation. Relative Errors (R.E.)

in simulated results were calculated considering Poisson Distribution as shown in Equation 1.

RE.(%)= VIS | 0 6.1)

@G

In equation 1, Cp is counts/bin and G is gross counts. Here,

| represents that this equation can
be applied to either Cp or G. Relative error per bin in calculated gamma spectra from Geant4

is represented in Figure 6.6, due to the higher number of counts, the spectra obtained from Nal
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Figure 6.2: Optimization of Geant4 results. Unoptimized Geant4 model consists of only active
region of the Nal sensors. Optimized Geant4 model includes all the realistic components of the
Nal detector, for e.g. PMT tube, light shield, oxide layer, etc.
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Figure 6.3: Comparison of MCNP and Optimized Geant4 results.
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Figure 6.4: Comparison of Geant4 and experimental results of Nal sensors with water as a testing
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Figure 6.5: Comparison of Geant4 and experimental results of Nal sensors with sand as a testing
material
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Figure 6.6: Relative error calculated for Gamma spectra obtained from Geant4 simulations

Near sensor for both sand and water irradiation have a lower relative error as compared to Nal

Far sensors. For the Nal Far sensor, less than 15% relative error is observed at energies less than

5-6 MeV;; error increases from this point to approximately around 45%. Similarly, results for Nal

Near sensors are mostly reliable at energies less than 8-9 MeV. The normalized spectra were scaled

with a constant that represented total neutron output for that experiment.

For the sand experiment, the neutron and gamma sensors were scaled with 1.4438 x 10'0 neu-

trons. Hence, for sand irradiation, the neutron output was estimated by this number for a duration

of one hour. In Table 6.1 the C/E value for *He is around 1.24. Similarly, for BF; the C/E number

is around 1.55. This variation is due to the following reasons:

* The anisotropic region of the source as mentioned in Section 6.1.2.

* The density of sand is not likely to be constant throughout the large irradiated volume.

* The porous nature of the sand is not accounted for in the simulations.

* Impurities in the sand were not accounted for in the simulations.

Further, for Nal Near and Nal Far sensors, the scaling factor works very well and all the features

in the experimental gamma spectrum are visible in the simulation results. This also suggests that
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the anisotropy of the neutron source does not have much effect on the gamma sensor results in a
high scattering and low absorption medium like sand. Minor variations in the spectrum are possibly
due to unaccounted chemical impurities and porosity of the medium in the simulations.

Similarly, for the water experiment, the neutron and gamma sensors were scaled with 1.0062
x 1019 neutrons. In Table 6.2 the C/E value for He is around 1.05 and BFj3 is around 0.60. This

suggests that:

« 3He simulated results exhibit excellent agreement with the experimental data.

* The high uncertainty in C and E values for the BF3; sensor is due to the sensor’s proximity

with the neutron generator.

Further, for Nal Near and Nal Far sensors, the scaling factor selected this way does not work
well in an absorbing medium like water. However, all the features in the experimental gamma
spectrum are visible in simulation results as well. This suggests that the effects of source anisotropy
are more prominent in water.

The results presented in this section successfully demonstrate the superiority of methods devel-
oped to simulate complex CAD models in Geant4. The results obtained by these advanced methods
provide better results than MCNP. Thus Geant4 was used to perform future studies related to solid

state detector development as already described in Section 3.7.
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6.2 Sensor Response Simulation and Analysis

6.2.1 Electric Field Calculations

Fast signal read-out requires the presence of strong electric field that can be achieved from a de-
pletion region of a semiconductor diode. An estimation of the bias (V) at which a doped semicon-

ductor planar diode fully depletes is given by Equation 6.2.

V= (6.2)

where, w is sensor width (600 um), N; is background electron concentration (8.9163 x 1017 m—3),
q is the elementary charge (1.6022 x 10-1°C), € is the electric permittivity ((11.7) x (8.854 x
10712 F m'!)). This formulation indicates that 248 V reverse bias is needed for a full planar device
depletion. An MSND and a planar sensor model was prepared in COMSOL with a charge carrier
life time of 1 ms and similar doping profiles. It was observed that a full MSND device depletion
can be achieved at 200 V as presented in Figure 6.7. This is due to the presence of higher electric
field magnitude as compared to a planar device in the fin structure of the diode as represented in
Figure 6.8.

Boundary conditions representing FOC were implemented at the Si-SiO; interface. This was
done by defining a surface charge density of 8.01 x 107> Cm™2, equivalent to 5 x 10'% q cm™.
SRH Trap Assisted Surface Recombination was modeled at the Si-SiO, interface with a SRV of
10cms~! for both electrons and holes.

The presence of positive FOC on the trench walls attract n-type carriers, thus forming an n-
type region that decreases the resistivity of the substrate of this region significantly and increases
the reverse bias required to deplete the device as exhibited in Figure 6.7. It can further be noted
from Figure 6.8 that the presence of FOC drastically reduces the electric field in the fins, causing
charge transport in these regions to be dominated by diffusion. In a radiation detection event where
all energy is deposited at the top of the fin, the formation of induced current is dominated by the
downward motion of holes. Thus, a much slower detector response is expected due to the presence

of FOC.
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Figure 6.7: Comparison of log of electron concentration at 200V reverse bias for a planar
diode (left), an MSND diode with zero FOC & SRV (middle), and an MSND diode with FOC
=5%x10"%cm™2 & SRV = 10cms™! (right).

The accumulation layer due to FOC on the Si-SiO, interface counters the electric field gener-
ated by external bias (Figure 5.20). For the diode configuration investigated here, the holes will
propagate towards the bottom electrode being repelled from the positively charged trench walls,
preventing loss of holes in the interface oxide traps. However, once the charge carriers diffuse
towards the bottom of the fin, the presence of strong electric field in the bulk will ensure that the

holes drift and are collected in the bottom electrode. Since most of the energy deposited will be in
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the top region of the sensor, holes will travel a greater distance than electrons and will dominate
the induced current. Thus it is vital to maintain peak doping profiles to preserve charge collec-
tion efficiency of the sensor. Electrons, on the other hand, will be attracted towards the Si-SiO,
interface due to positive FOC and may fall in the oxide interface traps. However, since electrons
propagate a much shorter distance and toward the region of decreasing weighting potential, the

impact of electron motion is essentially negligible.
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6.2.2 CV Plot Calculations

In a simple MOSCAP (metal oxide semiconductor capacitor) device, the metal layer on the device
is considered as one plate of the capacitor, and silicon dioxide in between is the insulator. Further,
the majority charge carriers in the substrate is considered as the other plate of the capacitor. The

capacitance (C), is determined as in Equation 6.3.

2 T T T T -
— MSND Diode (Experimental)

- — —=COMSOL (Simulated - Zero FOC & SRV)

Capacitance (Fcm™)
R o

o
o

O | | | |
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Bias (V)

Figure 6.9: A comparison of simulated and experimental CV curve data for an MSND diode. The
y-axis is normalized for plate area to compare simulated and experimental results.

k
C=A() (6.3)

where A is the area of the capacitor, & is the dielectric constant of the oxide, and d is the sepa-

ration distance between two plates of capacitor. Therefore, large values of A and k will result in
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Figure 6.10: A plot demonstrating increment in the capacitance values observed in simulated (C)
values as compared to the experimental values (E).

greater capacitance. However, for p-i-n type devices, as the reverse bias is increased, the device
will deplete and the separation between the two plates d will increase, causing a decrease in the
capacitance. For a radiation detector, the ability to deplete is one of the most importance proper-
ties for optimum device operation. Typically, the semiconductor detector capacitance values range
from nanofarads to picofarads. Since CV measurements are actually made at Alternating Current

(AC) frequencies, the capacitance for the diode is calculated with Equation 6.4.

1

Cp =
b 2nfV

(6.4)

In Equation 6.4, I is the magnitude of the small AC signal through the diode, f is the frequency
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of the small signal, and V is the magnitude and phase angle of the measured AC voltage. The
CV measurement test measures the AC impedance of the diode by applying an AC voltage and
measuring the resulting AC current, AC voltage, and phase angle of the impedance between them.

Simulations show that at least 120 V reverse bias is needed for the depletion region to reach the
bottom of the fins as represented in Figure 6.11. Since the equipment used in this measurement
has an upper limit of 100V reverse bias, the results obtained provided information on the deple-
tion characteristics of the diode in the bulk region. A small signal analysis method was utilized in
COMSOL to model the experimental setup and obtain the simulated CV curve result for compar-
ison. A Harmonic Perturbation node was added to the top metal contact of the modeled diode to
apply an AC signal of 30 mV. Further, a Frequency Domain Perturbation node was added in the
stationary study to add a 100 MHz frequency to the small AC signal. The simulation included a
1 V per iteration step auxiliary bias sweep up to 100 V reverse bias on the top metal contact of the
modeled sensor.

The simulated (C) result is presented in Figure 6.9, which agrees with the experimental (E)
CV plot results, confirming that the FOC on the Si-SiO, trench interface has minimal impact on
the depletion rate of the bulk region of the MSND diode. During post processing, the calculated
capacitance from COMSOL was normalized with the simulated metal plate area, as the simulated
device size and the experimental device size are different. The experimental results presented
in Figure 6.9 are also normalized with the actual measured metal plate area to perform accurate
benchmark of the measured data. Around 20% overestimation of capacitance values at very low
reverse bias are expected from device edge effects that were not present in the simulated geometry
that basically consisted only a central section of the device. This difference decreases rapidly as
the reverse bias is increased and the depletion region reaches deep inside the bulk material. As
the depletion region approaches the bottom of the trenches at around 95 V reverse bias, COMSOL
starts underestimating the capacitance values, because the COMSOL simulated model does not
have FOC conditions implemented and keeps on depleting the diode, while in an actual diode the

depletion rate becomes slower due to the presence of FOC on the Si-SiO, interface.
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Figure 6.11: A plot of log of electron concentration representing the depletion region widths
achieved at 100V, 120V, and 200V external reverse bias.

6.2.3 Spectral Data Calculations

A detailed representation of the simulated geometry is presented in Figure 5.7. A 3 mm radius disk
shaped 2*! Am source was simulated and 5 million decay events provided provided good results
with acceptable statistics. To efficiently simulate the decay in Geant4, the Radioactive Decay
Module was used. Further, a controlled nuclei decay was needed to be simulated for eliminating
unwanted decays, so the grdm module was used to simulate a controlled decay scheme. All the

detector features were incorporated sequentially and the spectral features were analyzed for each
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of these cases. The purpose of these simulations was to explain the cause of the three peaks in
experimental alpha spectrum from the MSND diode as shown in Figure 6.12. The final simulation
incorporated all the physical features of the detector as shown in Figure 5.7 and the resultant output

is represented in Figure 6.13.
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Figure 6.12: Experimental spectral data obtained from the alpha irradiation of the fabricated
MSND detector.

Multiple simulations with different physical parameters provide sufficient evidence to conclude

that in Figures 6.12 and 6.13:

* Peak 1 at 4.1 MeV originates from the alpha particles that deposit energy in the top part of
the Si fin after losing energy in air, the oxide layer, and then the dead layer of the MSND

sensor. This section of the geometry is represented in Figure 6.14.
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Figure 6.13: Farticle energy deposition in the MSND device’s active volume from simulating the
alpha irradiation experiment in Geant4.

* Peak 2 at 4.6 MeV originates from the alpha particles that deposit energy on the slanted sides
of the Si fin after losing energy in air and then the oxide layer. It should be noted that due to
the angular feature of the fin’s side wall, the average track length of the alpha particle in the
Si0; layer is larger than those penetrating the region corresponding to peak 1. This section

of the geometry is represented in Figure 6.14.

* Peak 3 at 4.7 MeV originates from the alpha particles that deposit energy on the bottom of
the MSND trench after losing energy in air and then the oxide layer. The average track length
of the of the incoming alpha particle in the SiO, layer for this case is similar to the region

corresponding to peak 1.
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Figure 6.14: A representation of regions of interest for the explanation of three distinct peaks in
the alpha energy spectrum.

The discrepancies in the three distinct peak heights for Experimental and Simulated results in
Figures 6.12 and 6.13 likely result from losses in the charge collection efficiency due to presence of
oxide interface traps at the Si-SiO; interface, which cannot be modeled in Geant4. Interface traps
affect the charge collection efficiency as a function of location of energy deposited in the sensor.

All major features in the experimental spectrum are represented through the Geant4 simula-
tions. These results suggests that the presence of FOC and SRV do not significantly deteriorate

spectral features observed in Monte Carlo radiation transport simulations.

6.2.4 Electric Field Solutions

While simulating the charge carrier injection, it was noted that the presence of this dense region of
free charge carriers greatly depresses the electric field in that region, causing plasma effects*!4?
in the charge cloud. This happens because the high density charge cloud behaves as a conductor
temporarily. The time taken by the sensor to recover this electric field governs the ability of elec-
trode to quickly collect all the holes. In order to obtain a faster induced current, it is vital that this

electric field is recovered in the region of injection as fast as possible. One way to do this is by in-

creasing the applied external reverse bias. The effect of charge carrier injection on the electric field
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magnitude for MSND sensor modeled with ideal boundary conditions is shown in Figure 6.15. As
expected, at 0 ns, the electric field magnitude is linear as a function of device length. However, due
to the sudden injection of high density charge, a large disruption can be observed at 8 ns, where a
dip is observed in electric field magnitude up to a depth of 20 um. The shape of this dip follows the
inverse of the imported Bragg peak charge density profile and is accompanied by an abrupt spike
in the field magnitude, which occurs for balancing the space charge within the device. A complete
recovery of the electric field profile was observed at around 200 ns, which corresponds to complete

collection of holes by the bottom electrode.
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Figure 6.15: Variation of electric field magnitude along the line of charge injection at various
times.
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6.2.5 Induced Current Profile

For the these types of analyses, it is important that the study is separated into simulation results
with two types of boundary conditions: ideal boundary conditions and realistic boundary condi-
tions. The ideal boundary conditions will address the case where FOC and SRV is kept zero for
simulated Si-SiO; interface. Realistic boundary conditions address the case where FOC and SRV
are non-zero for simulated Si-SiO; interface. The charge cloud evolution inside the device starts
immediately from beginning of injection due to the presence of attractive and repulsive Coulom-
bic forces in the charge cloud and electric field inside the sensor due to external reverse bias.
Furthermore, it is known that any motion of charge carriers in the presence of external electric

field inside the sensor volume induces current at the electrode 19316

, so the shape of the simulated
charge cloud could plays a vital role in obtaining an accurate induced current pulse from the sensor
geometry.

The available literature '97-110

related to the simulation of charge cloud evolution inside the
semiconductor geometry generally assumes either spherical or elliptical shape with a Gaussian
distribution in the charge cloud density. For comparison, another COMSOL simulation was per-
formed where a spherical shaped charge cloud was simulated with a Gaussian distribution of the
charge carrier density amounting to same number of charge carriers. The Gaussian distribution for
this case had a spatial standard deviation of 4 ym and a temporal standard deviation of 0.025 ns.
The possibility of a coarser mesh was entertained for the Gaussian approximation of the charge
carrier distribution, making the simulations comparatively faster. However, a comparison of the
induced currents obtained for both the cases exhibits observable differences in the induced cur-
rent profiles as shown in Figure 6.16. The difference in the induced current profile in Figure 6.16
mainly is due to the difference in the simulated density profiles of the charge clouds. A higher den-
sity of injected free charge carriers causes a greater depression of electric field magnitude inside
the device, and this field takes longer to recover, resulting in a slightly longer charge collection
time for the free carriers and hence a slower induced current pulse. The difference presented in

these two cases is further expected to increase if a comparatively larger number of charge carriers

are being simulated, since the recovery of electric field magnitude will take longer.
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Figure 6.16: A comparison between the induced currents (at 200V reverse bias) when the simu-
lated charge cloud is in a generalized Gaussian profile and an imported profile with Bragg distri-
bution. The figure further shows the amount of total induced charge in the bottom electrode.

The induced current represented in the Figure 6.16 has two main features in the profiles.

* Feature 1: This is a decrement of slope in the induced current profile observed at 25 ns. As
per Figures 5.17 and 5.16, this feature occurs when the charge cloud begins transitioning
from the fin to the bulk region, where the charge carriers face a sudden decrease in the
electric field strength, and as per Equation 5.2, this causes a decrement in the drift velocity

of the carriers and a corresponding decrement of the induced current magnitude.

* Feature 2: This feature corresponds to the “Peak Time” (Tp), as described in previous
work?*, of the resultant simulated induced current and was observed at about 50ns. As

per Figures 5.17 and 5.16, this feature occurs when the charge collection by the bottom elec-
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trode obtains a constant level of hole concentration of around 1 x 10'! cm™3. This level of
charge transfer is maintained when all the charge carriers in the injected charge cloud starts
to move under the influence of an electric field due to an external reverse bias. The bottom
electrode continues to collect the holes after 50 ns at a nearly constant rate and the number
of charge carriers in motion decreases in the device, which further decreases the induced

current.

Slowest Current Pulse

l

Multiple simulations with different
FOC values and a constant SRV Value

l |

Match Rise Time Match Amplitude

l

Obtain Realistic
Boundary Conditions

Figure 6.17: Methodology to determine realistic Si-SiO» boundary conditions.

The results presented in Figure 6.16 demonstrate that simulating an accurate profile of charge
carrier injection is important for obtaining more realistic induced current pulse shapes from the
simulated radiation sensor in an FEM-based multiphysics software. To determine a high fidelity
response model of these microstructured sensors, it is vital to provide accurate numerical approxi-
mation of the realistic Si-Si0; boundary conditions. Experimental data were utilized to prepare a
robust plan of action represented in Figure 6.17.

Among the three group of pulses encountered in the Figure 6.12, the slowest ones were selected
for investigation. The slowest pulses are caused when the location of injection is at the top of the

fins, at this location the charge cloud is most affected by the Si-SiO; boundary conditions. As
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shown in Figure 6.17, the first step was to perform multiple simulations in COMSOL to match
the rise times and the amplitudes of the preamplifier pulses, since the rise time corresponds to the
current signal duration. Multiple COMSOL simulations were performed, where FOC was varied
from 1 x 10°cm=2 to 5 x 10! cm—2 and SRV was kept constant at 10 cm s~! as it was noted that
the variation in SRV value around 10 cms~! has a negligible effect on the induced current profiles.
Depletion profiles obtained for these simulations are provided in Figure 5.18 and the corresponding

electric fields are presented in Figure 5.19.
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Figure 6.18: A comparison between the simulated induced currents for an MSND device modeled
with Si-SiO; interface obtained for various reverse bias values. A artificial cutoff is implemented as
the simulations are resource and time expensive. No current is induced initially for a few hundred
nanoseconds as the charge carriers are diffusing in all the directions inside the fins, cancelling
each other’s effects. The artificial cutoff for the induced currents from COMSOL was removed and
replaced with extrapolated values for processing in LTspice 142A preamplifier model.
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Figure 6.18 shows the raw induced current profiles obtained from COMSOL Multiphysics sim-
ulations, which were performed for 13000 ns of simulated time and with realistic boundary con-
ditions on the Si-Si0; trench interfaces. Charge carriers experience diffusion and recombination
inside the undepleted region of the fin at first, so no net current is induced at the bottom electrode
due to compensating effects of charge motion in different directions in the very weak electric field.
The current becomes substantially positive as soon as the holes transition from the undepleted re-
gion to the depleted region, which occurs around 240 ns for an FOC value of 5 x 10'% cm~2, as per
Figure 5.21. A 1D quantitative representation of the charge cloud motion is shown in Figure 5.22.
Assuming constant values of FOC in the simulations, the rate of escape of holes from the unde-
pleted region increases as the charge cloud undergoes diffusion. The peak of the induced current
occurs when the maximum rate of hole transfer from undepleted to depleted region is achieved.
Subsequently, the current decreases in an exponential fashion. These simulations are extremely

time consuming and hence it was decided to perform extrapolation using exponential curve fitting

for times greater than 13 ps.

6.2.6 Experimental Results and Analysis

It was observed from the experimental results that signal pulses occurred in three distinct groups
of rise times and pulse heights. These differences are directly related to the interaction of alpha
particles at different locations in the MSND sensor as shown in Figure 6.19. This effect was
first observed from the oscilloscope’s persistence trace plot presented in Figure 6.20 and then the
detailed intensity plot of rise times and pulse heights from the digitizer as presented in Figures 6.21
and 6.22. It was observed from COMSOL simulations that at 120 V the depletion region will reach
the bottom of the fins. The intensity plots presented in Figure 6.21 describes the mutation of
correlation between pulses heights and rise times for the preamplifier’s pulses collected from one
hour of alpha particle irradiation at 40 V, 50 V, 60V, 70 V, 80 V, and 120 V reverse bias. The cause
of mutation these figures will be analyzed with respect to the depth of undepleted region (DUR)

below bottom of the trench (Location 2). As per Figure 6.21 following observations are made:
* At40V Reverse Bias: The DUR value is 192 pm, and the effect of the microstructures is not
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visible on the correlation. A small number of slow pulses were accumulated. The correlation

appears as a single nearly gaussian blob on the intensity plot.

At 50V Reverse Bias: The DUR value is 167 um, and the effect of the microstructures
is slightly visible on the correlation. An elongation is observed due to events depositing

energy at Location 2.

At 60V Reverse Bias: The DUR value is 142 um, and the effect of the microstructures starts
to dominate the correlation. Slight separation is observed for pulses arriving from different

parts of the microstructures.

At 70V Reverse Bias: The DUR value is 117 um, and the effect of the microstructures
becomes significant. Clear separation is observed for pulses arriving from three distinct

regions of the microstructures as shown in Figure 6.19.

At 80V Reverse Bias: The DUR value is 92 um. Three groups are clearly visible. Even
though the range of the >*! Am alpha particle in Si is around 20 um, these three groups are
evident at DUR equal to 92 um because a charge cloud injected at Location 2 will reach the

drift region faster that a charge cloud injected at Location 1.

At 120 V Reverse Bias: The pulse heights are improved and the rise times are faster than for

previously presented reverse bias voltages.

If ideal boundary conditions are assumed, the diode will achieve full depletion at 200 V reverse

bias. However, as per Figure 6.22, this does not happen. In Figure 6.22, the Group 3 pulses

originate from the bottom of the trenches, where charge is injected at a location where there is

negligible impact of the FOC. The charge carriers have a smaller probability of recombination as

compared to other groups, since injection occurs in the presence of a strong electric field. Thus,

Group 1 pulses exhibit the greatest pulse heights.

As the charge injection location begins moving towards the sidewalls of the fin, recombination

increases and the pulse height decreases to around 400 ADC Value. Each charge injection location

on the 183 um long fin side wall!!! results in a greater rise time and smaller pulse heights for
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the Group 2 pulses as compared to Group 3 pulses. Different rise times are expected for pulses
corresponding to different interaction locations along the fin side wall, which manifests as a band
of pulses presented in Figure 6.22.

Interestingly, Group 1 pulses originating from the top of the fins demonstrate a further decre-
ment in pulse height. This is because the incoming alpha particle loses some of its energy in the
dead layer of the sensor as represented in Figure 6.19. Charge carriers generated in this dead layer
do not contribute towards induced current generation. The rise times of the Group 1 pulses do not
vary as much as those of Group 2 pulses, since all the pulses in Group 1 are originating from a
common fin location.

The marginal histograms of the 2D intensity plot in Figure 6.22 are presented in Figure 6.23.
These figures support the hypothesis that the presence of FOC and surface traps impacts the in-
jected charge cloud evolution based on its location inside the fin of the MSND. If the charge is
injected at the top of the fin, then the preamplifier pulse corresponding to that event will have the
slowest rise time (i.e., slowest current pulse) and smallest pulse height. Similarly, if the charge is
injected at the bottom of the trench, then then the preamplifier pulse corresponding to that event
will have fastest rise time and largest peak magnitude.

Although the qualitative representation of the experimental data provides sufficient evidence of
the expected charge cloud behavior, a comparison with the high fidelity physics models is required
to benchmark and validate the detector responses. The SRH recombinations of charge carriers im-
pacts the magnitude of the preamplifier pulses, while the undepleted region created by the presence
of FOCs impacts the rise times of the preamplifier pulses. A detection event injecting charge at the
top of the fin, corresponding to Group 1, will have the resultant charge cloud most impacted by the
Si-Si0; boundary conditions, so validating the Group 1 pulses will enable the best approximation
for the FOC value.

An analysis and comparison of pulses from Group 1 and Group 3 will assist in understanding
the effects of Si-SiO, interface boundary conditions on the signal pulses. Further, a detailed anal-
ysis of the pulses originating from slower Group 1 is done to investigate whether the slow pulses
get faster as a function of detector bias. The results obtained from this analysis will provide infor-

mation on detector depletion characteristics. If the the pulses get faster significantly, it means that
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Figure 6.19: A representation of regions of interest for the explanation of three distinct group of
pulses observed in the experimental data.

the Si-Si0; interface boundary conditions have little to no effect on the diode’s depletion profile
and the induced current profile.

A detailed analysis of the rise times is done by splitting the fast (RT < 100ns) and slow (RT
> 1000 ns) pulses represented in Figure 6.23. Detailed curve fitting was performed using MAT-
LAB?® to extract significant parameters from the rise time distributions. The shape of the his-
togram obtained for the Group 1 pulses was observed to be a skewed Gaussian. A sample of the
fit is presented in Figure 6.24. Here, a reverse log normal distribution was used to fit the entire

distribution with a coefficient of correlation (R? value) of 0.9923. The peak of this distribution
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Figure 6.20: Experimental pulses observed from oscilloscope’s persistence mode. The pulses
emerge from 142A preamplifier due to alpha particle irradiation at 200V detector bias.

corresponds to the largest number of slow pulses originating from the top of the fins (Group 1).
This value will be used for comparison with the rise times of the simulated pulses. Similar fits
were performed to characterize a complete response of the MSND sensor, shown in Figure 6.24.

Figure 6.24 also shows the rise time distribution of the all groups at various reverse biases,
from 160V to 300 V. For a fully depleted sensor, the rise time should be on the order of around
40-50 ns. The reverse bias of this sensor was increased to 300 V in an attempt to overdeplete the
MSND diode**. Figure 6.24 shows that the peak value of the all the plotted distributions occurs at
same spot for increasing reverse biases; the pulses in Group 1 are not getting faster as a function
of applied reverse bias, indicating that the fins will not deplete.

To benchmark the preamplifier signals, an exponential curve fitting was performed to extrapo-
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Figure 6.21: Intensity plots demonstrating the mutation of correlation between pulses heights and
rise times for the preamplifier’s pulses collected from one hour of alpha particle irradiation at
40V, 50V, 60V, 70V, 80V, and 120V reverse bias.
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Figure 6.22: Intensity plot for one hour irradiation obtained from analysis of preamplifier pulses
at 200V external reverse bias.

late the missing portions of the simulated induced currents, shown in Figure 6.18. Readout elec-
tronics were simulated in LTspice''?. A model for the Ortec 142A preamplifier is represented in
Figure 6.25. The component details for the preamplifer were obtained from the manufacturer'!3.
It should be noted that this model is approximate, as the manufacturer could not provide accurate
details due to proprietary issues. The diode in this model was represented by a parallel connection
of a current source I_D (signal current); R_D is the detector resistance and C_D is the detector
capacitance. Here, the current pulses obtained from COMSOL were imported in as I_D to get the
final result at the E of the LTspice model. A1l is the generic ideal op-amp with an open-loop gain

of 40,000 was utilized to complete the simulated preamplifer model. A transient simulation was

performed for 50 us to obtain the simulated voltage pulses for comparison. Although the man-
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Figure 6.23: (LEFT) Rise time histogram obtained from alpha irradiation of an MSND diode
reverse biased at 200V reverse bias. (RIGHT) Pulse height spectrum obtained from alpha irradi-
ation of an MSND diode reverse biased at 200V reverse bias.

ufacturer has specified a charge conversion gain of 45mVMeV~!, a calibration with tail pulse
generator provided a charge conversion gain of 31.63mVMeV .

The capacitance of the device was measured with a Hewlett-Packard CV-curve-tracing 1 MHz
system (model 4280A). This equipment has an upper limit of 100V in reverse bias application.
At 100V, the device capacitance was found to be 67 pF. It was found in previous work '!! that at
around 100V reverse bias, the depletion region is close to the bottom of the trenches. Decrease
in capacitance of the diode is directly linked to the depletion width of the diode'!*. The simu-
lated electric field results presented in Figures 5.19 and 5.20, and the analysis of measured pulse
responses presented in Figures 6.20, 6.22, and 6.24, show that the device will not deplete further
with increased reverse bias. It is thus appropriate to assume that the detector capacitance (C_D)
at a reverse bias magnitude higher than 100 V will have capacitance values very close to 67 pF.
The detector resistances R_D was found to be 2920 MQ, 3747 MQ, 4525 MQ, and 6289 MQ for
an applied external reverse bias of 120V, 160 V, 200V, and 300V, respectively ''!. The I.D was
modeled as a current source where the extrapolated induced current from COMSOL (Figure 6.18)
was directly imported as a piecewise linear (PWL) text file in LTspice. The resulting output was
then adjusted for accurate charge conversion gain and then compared with the oscilloscope traces.

A comparison of simulated pulse with measured Group 1 pulses is presented in Figure 6.26. Fur-

127



0.05 — . . . : : : : : .
0.05 — . . . ; ; ; ; ; ; ,
Y = 0.045982 x exp( - (exp(X / 3069.434) - 9.9837)2 / (3.6651)%) —JMSND at 160V reverse bias
0.045 - 1 0.045 - |[__IMSND at 200V reverse bias E
Coefficient of Correlation: 0.9923 MSND at 300V reverse bias
0.04 1 0.04 ]
>0'035 [ Rise time PDF for Group 1 . ] 0.035 - i
2 oo3f A\ 1 0.03 .
a 2
20025 1 50025 1
; 8
g oo02p 1 0.02F .
o
0.015 1 1 0.015 ,
0.01 - Inverse Log Normal Fit 4 0.01 F 4
0.005 - ] 0.005 4
0 ‘ ‘ ‘ ‘ ‘ ‘ 0 . . . . ‘ ‘
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Rise time (ns) Rise time (ns)
0.06 ‘ ; ‘ [ 0.06 _
y = 0.046488 x exp( - (exp(X / 1447.7334 ) - [_—_IMSND at 160V reverse bias
182.9112) 2/(105.4922) 2 [__IMSND at 200V reverse bias
0.05 - B 0.05 [li":MSND at 300V reverse bias B
>004 - Rise time PDF 1 £0.04 |
i) for Group 2 S
& S
(a]
> 0.03 b 3 0.03 b
= i
g £
8002 f g 5002 ¢ g
o Inverse Log =z
Normal Fit
0.01 B 0.01 B
0 | | | | . 0 | | | | e
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
Rise time (ns) Rise time (ns)
0.18 T T T T T T T
0.18 [—IMSND at 160V reverse bias
0.16 L [__IMSND at 200V reverse bias ||
0.16 | B £MSND at 300V reverse bias
044 - Rise time PDF for Group 3 | 014 ¢ 1
/
>012 F i 2012 |
g 3 0.1
L ] 8 o1t i
8 0.1 3
> L 4
= 0.08 - Exponentially 1 % 0.08
S Modified Gaussian fit £ )
S 0.06 - . S 006 r ! 1
o
0.04 + g 0.04 | i 1
0.02 | 1 0.02 : |
0 . . ! 0 o ‘ ‘ g
25 30 35 40 20 25 30 35 40 45 50
Rise time (ns) Rise time (ns)

Figure 6.24: (LEFT) Curve fit performed on rise time histogram obtained from alpha irradiation
of an MSND diode reverse biased at 200 V reverse bias for Group 1, 2, and 3 pulses. (RIGHT)
Rise time distribution of measured pulses in Group 1, 2, and 3 pulses obtained from alpha particle
irradiation of reverse MSND at different reverse biases.
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Figure 6.25: LTspice model of the Ortec 142A preamplifier.

ther, a comparison of simulated pulse with measured Group 3 pulses is presented in Figure 6.27.
Very good qualitative agreement is observed in between simulated and measured pulses for both
the cases. These results demonstrate that the COMSOL Multiphysics MSND model with a con-
stant FOC value of 5 x 10'° cm~2 and a constant SRV value of 10 cms™! provides an acceptable
approximation for the actual MSND device performance. The discrepancies in the simulated and
experimental responses could be due to the fact that the values of FOC and SRV in actual devices
are not constant along the trench surfaces.

The simulated rise time and amplitude of the preamplifier pulse at 200V was 11.5us and
109 mV respectively. However, the experimental pulses of Group 1 show an average amplitude of
107.8 mV and according to Figure 6.24 the rise time of the Group 1 pulses can be anywhere in
between 4-11 ps, with a maximum probability around 7 us. This source of disagreement could be

due to the fact that the value of FOC at the Si-SiO, interface in the actual device has an unknown

129



150 T T T T T

125

—_

o

o
T

Amplitude (mV)
o

(&)
o
T

Experimental Pulses
""""" Simulated Pulse at FOC: 3 x 10° cm™@ |.

25
- = =Simulated Pulse at FOC: 5 x 10° cm™
0 — Simulated Pulse at FOC: 5 x 10'% cm™? |
0 10 20 30 40 50
Time (us)

Figure 6.26: A visual representation of comparison of simulated and experimental pulses of Group
1, obtained from the MSND at 200V reverse bias.

distribution and varies along length of the fin. Secondly, the 165 um restricted length of the simu-
lated fin in y-axis in not sufficient to incorporate entire diffusion of the charge cloud in the absence
of electric field. The charge carriers are not able to diffuse realistically, causing the simulated in-
duced currents to be artificially slow. The simulated size of fins in y direction is limited due to time
and memory requirements. Finally, the missing proprietary circuit component details of the 142A
preamplifier SPICE model could also be a potential source of disagreement.

Further analysis of magnitude and rise times of simulated and experimental scope traces con-
firm that an approximate FOC value of 5 x 10'° cm~2 and an approximate SRV value of 10 cms™~!

provides an acceptable model for an otherwise complicated device. Three major groups of pream-

plifier pulses were identified. Group 1 pulses were the slowest pulses with smallest magnitudes,
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Figure 6.27: A visual representation of comparison of simulated and experimental pulses of Group
3, obtained from MSND at 200V reverse bias.

radiation interaction location was at the top of the fins. Holes are most affected by the Si-SiO,
interface boundary conditions such as fixed oxide charge and surface traps. Group 2 pulses, where
the alpha particle interaction location was at the side walls of the fins. The charge cloud is moder-
ately affected by the Si-Si0O; interface boundary conditions such as FOC and surface traps. Finally,
Group 3 were the fastest pulses with largest magnitudes, alpha particle interaction location was at
the bottom of the trench. Holes are least affected by the Si-SiO; interface boundary conditions
such as FOC and surface traps.

The results provide strong evidence that the presence of high density FOC is extremely detri-
mental to fast operation of the X-DS-MSND. It should be noted that these results are for single

sided devices. Based on the results above, it can be confidently concluded that the dual sided
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sensors will have almost no pulses in Group 3, i.e., no fast pulses. Further, almost all the pulses
will be extremely slow as compared to MSND sensors considering that DS-MSND sensors will
have trenches on both sides and hence almost no depletion region. Simulations show that elec-
tric field lines points towards the bulk silicon region. The electric field lines at the bottom of the
top trenches are in opposite direction to the electric field lines on the top of the bottom trenches,
creating additional complexities for the charge carrier motion inside the sensor.

If the polarities of the doped junctions are reversed, almost 90% of the DS-MSND sensor
will still be undepleted. The induced current will be mostly due to electrons moving downwards.
Electrons will undergo more recombinations as they also recombine at the Si-SiO; interface due to
presence of positive FOCs. Hence, in this case, the magnitude of the induced current will be much

smaller than for the present doping conditions.
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6.3 Application of X-DS-MSND sensor as a neutron radiation

counter

Many physical features were found to be important to accurately construct a Monte Carlo radia-
tion transport model of the microstructured Si based detectors. Features like the 4 um dead layer,
trench shape, and 250 nm thick SiO, layer were found to be accurate during the alpha spectroscopy
characterization. This information was previously not well characterized. These features were in-
corporated and the Monte Carlo model of the updated X-DS-MSND with all these features was

irradiated with 0.0253 eV thermal neutrons and 662 keV gamma-rays in Geant4.
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Figure 6.28: Spectral response from a realistic DS-MSND model.

The updated X-DS-MSND spectral response for thermal neutrons (blue) and gamma-rays (or-
ange) are presented in Figure 6.28. Here, an energy based threshold was placed at 0.5 MeV. To
obtain an optimum gamma-ray rejection, all neutron and gamma-ray counts were ignored between
0-0.5MeV while accounting for the thermal neutron detection efficiency. It was found that the
updated model had 57% thermal neutron detection efficiency without gamma-ray rejection and

around 54.5% thermal neutron detection efficiency with gamma-ray rejection ratio higher than
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10°%. These results demonstrate that X-DS-MSND may be an excellent replacement for conven-
tional thermal neutron detectors used in large neutron interrogation experiments.

The 3He detector sensor was modeled with its aluminum casing to accurately account for
gamma-ray scattering. Neutron capture and gamma-ray spectra were calculated with Geant4 and
are represented in Figure 6.29. Here a energy based cut off was placed at 80 keV to reject any
counts achieved due to gamma rays. The neutron spectra demonstrated escape peaks for proton
(191 keV) and triton (573 keV) along with a full energy peak at 764 keV. The simulated count
rate observed for the *He detector was around 80 cps without gamma-ray discrimination. When an

energy cut off is applied at 80 keV, the >He detector count rate decreases to 40 cps.
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Figure 6.29: Neutron and Gamma-ray spectrum obtained from >He detector in oil well logging
setup with water as a testing material.

The main objective of the STTR project was to fabricate a tiled 2-by-2 X-DS-MSND system !2
(i.e., four X-DS-MSNDs per tile). In order to achieve higher count rate, six such tiles were modeled
in place of He sensor in the oil well logging irradiation setup as represented in Figure 6.30.

Figure 6.31 represents the X-DS-MSND’s simulated neutron energy spectrum obtained from

Geant4. As per Section 6.1.3, the total neutron fluence used for scaling the water experimental
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Figure 6.30: Six 2-by-2 X-DS-MSND tiles placement in oil-well logging experiment.

results was 1.0062 x 10'? neutrons for one hour irradiation, providing an expected count rate of 76
cps for X-DS-MSND. When an energy based cut off is applied to account for gamma-ray rejection,

the X-DS-MSND count rate decreases to 30 cps.
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Figure 6.31: Neutron and Gamma-ray spectrum obtained from X-DS-MSND as a replacement of
SHe detector in oil well logging setup with water as a testing material.

The 30 cps count rate in the X-DS-MSND system can be further improved as compared to

the *He detector’s 40 cps, with the implementation of cluster morphology analysis. A proof of
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concept was prepared and presented in this dissertation as a reference for future study. A source

code was developed in MATLAB to discriminate the clusters as a function of total charge, area,

circularity, and extent as described in Figure 6.32. Based on these features, each cluster is provided

a cumulative shape feature score. A shape feature score of 100 determines that the cluster was

generated by a neutron interaction event. Known clusters were accumulated from Allpix Squared

simulations and were used as a training data set and were processed in the machine learning source

code.
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Figure 6.32: Shape features used to perform cluster morphological analysis.

Total charge per cluster (g)

Figure 6.33:

training data.

90000
80000 - 1

70000 _ st H
- oo
10 ’

60000

50000

‘ .‘00 ,a

o" 0‘ + o’o

| 0,3». :
| ..*: 00"* a +*
o;l
40000 - 1y
30000 | jt}tt“
, i!z
20000
10000 - oL

egeo
0 l

100

i i" °s%§ﬂgs°a

90 gp 70

60 20
S 2040 30 9 499 5 10 13
hape Feature

_|_ Neutron Clusters

+ (o] Gamma-ray Clusters

45 50

.inllnli_iiﬁ%_______ =
2

5 30 35 40

Cluster Siz€

Proof of concept describing results for machine learning processing of simulated

The initial result of the cluster morphological analysis of the source code is presented in Fig-
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ure 6.33. The result presented here demonstrates that the source code was successful in discrimi-
nating majority (57%) of the gamma-ray clusters from neutron clusters, on the basis of three shape
features. If more shape features are incorporated, this developed source code could improve the
expected count rates from an X-DS-MSND detection system. This would not be possible with a
3He detector.

The temperature at the oil well logging sites can be between 150-380 °C!!3, while the operating
temperature range for Si based detectors is -30 to 25 °C. An increase in the operation temperature
reduces the bandgap of the Si sensor. Due to this, an increment in temperature will result in an
increment in the electron-hole pairs generated thermally within the active volume of the sensor
increasing noise in the signal. Thus, a cryogenic system is needed to keep the temperature within

the warranted operating range.
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Chapter 7

Conclusions

The research presented in this dissertation successfully combined two different research topics, i.e.,
radiation transport (RA1) and charge transport (RA2). RA 1 concluded that the spectral features
in the gamma spectrum obtained from Geant4 for both irradiations show good agreement with ex-
perimental results. Small discrepancy between experimental and simulated gamma spectrum from
0-2 MeV was due to the lack of gamma scattering in the missing Geant4 models of electrical cables
and smaller components inside the sensor. The exploration tool was modeled in Geant4 and the
results from various sensors were benchmarked. Given that the neutron source was not character-
ized and was operated below the recommended specifications, the neutron output estimates from
the irradiations contained moderate disagreements, which was expected. The QGSP_BIC_HP ref-
erence physics list along with G4ANDL and G4TENDL cross-sections were adequate for validating
the spectral features in the experimental spectra. The spectral results from experiments and sim-
ulations were successful in characterizing and identifying the irradiation material with acceptable
statistics. The import tools presented improved the existing Geant4 source code by identifying
bugs and will continue to allow the community to run CAD models on a mutltithreaded machines.
These methods were then used in analysis of complex microstructured sensors.

RA 2 further demonstrated good agreement between experimental and simulated results, ex-
hibiting the ability to simulate the MSND device response using COMSOL Multiphysics and

Geant4 with high accuracy. The analysis provided a better understanding of all the modeling
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components and their importance in obtaining an accurate sensor response. The effects of positive
FOC and interface traps on the depletion profile within sensor were confirmed by the experimental
data. CV measurements and alpha particle irradiation measurements further confirmed the effects
of FOC and interface traps on the MSND’s depletion profile. An experimental validation is fur-
ther needed to benchmark the effects of Si-SiO; interface boundary conditions on the electric field
profile within the sensor. This validation required statistical analysis of the preamplifier pulses
emerging due to radiation interactions around different parts of the microstructured sensor and was
discussed in the proceeding section of the dissertation. A detailed analysis and experimental vali-
dation of the event pulses from the preamplifier can benchmark the parametric values of boundary
conditions.

COMSOL Multiphysics simulations were found to be extremely complicated and time con-
suming. The above results were proceeded by detailed information on an ideal (zero FOC and
SRV) and realistic (non-zero FOC and SRV) non-conformally doped MSND device performance.
A 5.48MeV 2*! Am source was used for the test irradiations. It was found that the actual device
behavior was significantly different from ideal. A detailed study was then presented to develop
methods for accurate charge injection profiles and obtain expected induced current response. It
was found that observable improvement in the current profiles could be expected by simulating
the accurate Bragg distribution in the charge cloud injection profiles. Electric field profiles were
analyzed for various FOC values and ideal case. It was found that due to the presence of FOC,
the electric field strength in the fin becomes negligible. Detailed analysis of rise times from slow
group confirmed this hypothesis. Further analysis of magnitude and rise times of simulated and
experimental scope traces confirm that a constant FOC value of 5 x 10'% cm~2 and a constant SRV
value of 10cms™! provides an acceptable approximate FEM model for an otherwise complicated
device. Three major groups of preamplifier pulses were identified, Group 1 pulses were the slow-
est pulses with smallest magnitudes (charge injection occurs at the top of the fin). Holes are most
affected by the Si-Si0O; interface boundary conditions such as fixed oxide charge and surface traps.
Group 2 pulses were of moderate duration (charge injection occurs at the side walls of the fin).
The charge cloud is moderately affected by the Si-SiO, interface boundary conditions such as

FOC and surface traps. Finally, Group 3 pulses were the fastest pulses with largest magnitudes
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(charge injection occurs at the bottom of the trench). Holes are least affected by the Si-SiO; in-
terface boundary conditions such as FOC and surface traps. Future studies will include multi-bias
experiments to characterize depletion rate inside the fin. The scope of the study of different passi-
vation methods is based on an attempt to reduce the deteriorating effects of FOC. The benchmarks
presented in this dissertation were novel, as the methods and the results are found to be desirable
in the field of advanced semiconductor radiation detector development. An attempt could also be
made to neutralize the positive FOC by intentionally contaminating the side walls of the fins with
aluminum ',

The research area 3 provides promising results for a tiled X-DS-MSND system which could
be used as an effective replacement for a *He sensor. Lower count rates in the X-DS-MSNDs
are largely due to the smaller active volume of X-DS-MSND sensor as compared to the >*He sen-
sor. The cluster morphological analysis of the X-DS-MSND data obtained from Allpix Squared
demonstrated a promising proof of concept to provide better gamma-ray discrimination with the
help of complex machine learning algorithms. Three basic shape features were used to perform
morphological analysis of the simulated data. More shape features can be incorporated in future
to obtain better discrimination. It was discussed that the temperature at the oil well logging sites
can be much greater than recommended Si device operating temperatures. An increment in tem-
perature results in an increment in the number of electron-hole pairs generated thermally within
the active volume of the sensor, increasing noise in the sensor signal. Thus, a cryogenic system is
needed to keep the temperature within the warranted operating range.

The work presented provides an approximation of device performance with a constant FOC
value. However, the actual FOC present on the Si-SiO; interface in not necessarily constant;
more research is needed to investigate the FOC profile as a function of trench depth. Another
significant research area is trapped charge buildup at the Si-SiO; interface. Significant research is
needed at the fabrication end to investigate methods for reducing the FOC value to ensure imaging
capabilities for X-DS-MSND sensor. Transient COMSOL runs with accurate boundary conditions,
are time and memory expensive. Hence, Allpix Squared source code needs to be upgraded as an
alternate simulation methodology to account for real Si-SiO, interface boundary conditions and

plasma times. There is tremendous scope in fabrication based research to reduce FOC value for
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making the device faster, so the X-DS-MSND could possibly have imaging properties. To use
X-DS-MSND as a neutron counter readout electronics with larger integration time needs to be

considered, i.e., older Timepix chips.
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