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Abstract

Through the use of a radiation detection system simulation framework, a gallium nitride
vertical fin-shaped field effect transistor (FinFET) was investigated for output response when
utilized as a thermal neutron detector. The FinFET was assumed to have been backfilled
between fins with boron carbide, reactive to thermal neutrons. The GaN FinFET response
was modeled with radiation transport from MCNP, and semiconductor physics and charge
carrier transport using COMSOL Multiphysics. Fabricated FinFET devices (not neutron
reactive) were tested for electrical performance characteristics to aid in the tuning of the
COMSOL FinFET model. Through time-dependent simulation studies, the drain current
response pulse to a single event was collected. This was done for several input parameters
including particle type, energy, location of entry, and angle of entry to produce a data look-
up table. By integrating the current pulses over time, the induced charge was calculated.
Using the results of the radiation transport PTRAC file in combination with the induced
charge database, an integrated charge spectrum was calculated.

Results of this work showed the capabilities of the GaN FinFET for use as a thermal
neutron detector, through the radiation transport studies, fabricated FinFET device testing,
and electronic charge carrier transport studies. The radiation transport studies found a
thermal neutron detection efficiency of 0.8%. Through the fabricated FinFET device testing,
it was found that multifin devices show variation in output characteristics, concluding that
tuning and calibrating of detection devices would be necessary. Through the electronic
charge carrier transport studies, it was found that simulated ionization could be detected
through the drain current, where holes contributed to the most induced charge over time.
Overall, the simulated GaN FinFET may detect thermal neutrons inefficiently compared to

other sensing technology, but perhaps may be useful with its claimed radiation hardness.
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Chapter 1

Introduction

1.1 Motivation

The control and shortage of 3He gas creates a demand for alternative neutron detectors.
Solid-state detectors offer rigidity to mechanical damage and typically require lower voltage
to operate as compared to gas detectors. Due to the neutral charge of the neutron, methods
to detection are indirect, meaning detectors observe secondary products due to neutron
interactions with matter. Neutron detectors have been developed using neutron conversion
layers®, which takes advantage of neutron capture reactions, where an incident neutron is
absorbed by a nucleus and the unstable isotope then quickly emits ions or gamma rays.
Through material activation, a material could also absorb a neutron and create an isotope
that then later decays into ionizing radiation and be detected.

Semiconductors are used for radiation detection in part because of their unique property
to either conduct or insulate due to a gap in the electronic valence and conduction bands,
called the band gap. Ionizing radiation can promote electrons from the valence band to the
conduction band, which allows an electric current to pass through the device. When used
in combination with a solid-state conversion material, either through an alloying process
or through a thin film applied on the material of the detector, the reaction products may

be detected. Typically, semiconductor detectors like Si(Li) or HPGe are used for x-ray or



gamma-ray detection, and require cool temperatures to mitigate electronic background noise.
Semiconductors like Hgly, and CdZnTe are also used for x-ray and gamma-ray detection,
but they also have intrinsic thermal neutron detection capabilities due to prompt gamma
products from neutron capture in Hg and Cd™®. Wide band gap materials like gallium
nitride and silicon carbide have grown in popularity due to their electronic and thermal
properties, with recent studies investigating the materials for transistors in harsh radiation
environments.

Gallium nitride (GaN) is a wide band gap semiconductor material that has properties
relevant for ionizing radiation detection. Some of these properties include its thermal conduc-
tivity, electron mobility, and composition of low atomic number elements with high threshold

displacement damage values. Properties of GaN are compared to those of silicon in Table 1.1.

Table 1.1: Properties of silicon and gallium nitride”.

Si GaN
Density [gcm ™ 233 6.15
Band Gap [eV] 1.12 3.39
Average Ionization Energy [eV] 3.61 8.9-10
Thermal Conductivity [Wem™2K=1] 1.5 1.3
Mobility Electrons [cm?V~!s™] 1450 1000
Mobility Holes [cm?V~1s7!] 450 30
Critical Electric Field [MV cm™!] 03 3.3
Displacement Energy [eV] 13 18 (Ga), 22 (N)

Gallium nitride has also been shown to be sensitive to alpha particles and low energy

I The material

x rays, while not very sensitive to high-energy gamma rays and x rays®
has shown intrinsic sensitivity to neutron radiation, mostly from the “N(n,p) reaction with
a neutron capture cross sectional area of 79.5 £ 1.4mb'2, and has been studied for use as

a neutron scintillation detector'3.

Although there is intrinsic neutron sensitivity in GaN,
using a neutron conversion layer, like °LiF, was shown to increase collection efficiency by two
orders of magnitude as compared to bare Si-doped GaN'?. These characteristics of GaN may
provide a solid-state option for neutron detection with gamma discrimination via calibration.

Another benefit of GaN for ionizing radiation detection purposes comes from its radiation

hardness qualities, which allows the material to withstand harsh radiation environments like

nuclear reactors or space. This is due of the strength of nitrogen-gallium bonds, tested



through radiation degradation experiments'4 "

using protons, neutrons, and gamma rays.
Material defect studies using ion beams and molecular dynamic studies have shown that
GaN typically accumulates point defects, causing traps and higher recombination probability,
which often can be annealed %19,

The geometry of a detector impacts both where ionization is likely to occur and where the
active detection region is located. Planar PIN diodes utilize a thin film conversion layer on
top of the device, limiting the solid angle of reaction products to the detector’s active region,
but have an active detection region near the conversion layer. Microstructured neutron
detectors (MSND) are designed to incorporate a PIN diode’s active region and include deep
trenches into the diode that can be backfilled with the neutron conversion layer, increasing
thermal neutron detection efficiency?’. A trenched device geometry has potential to be a
thermal neutron radiation detector if it has an active detection region near the conversion
material, low background device current, and scalability. The device geometry addressed in
this thesis is the GaN vertical fin-shaped field effect transister (FinFET).?! 2

The GaN FinFET has a raised “fin” from the bulk of the GaN, which separates the
source and drain contacts, shown in Fig. 1.1, and requires only n-type doped GaN. The
FinFET also features two dielectrically insulated gate contacts along both sides of the fin
walls, controlling the flow of current through the device. The FinFET geometry has some
adaptability in the width and height of the fin as well as the length the gate can travel up
the sides of the fin. The device has two main operating states, the on-state and off-state.
The on-state means that current is allowed to flow through the device while the off-state
shunts the current low. When operating the FinFET, bias on the drain and gate contacts
are with respect to the source contact, such that the drain bias Vp is the same as Vpg and
the gate bias V is the same as Vgg. It is customary that the source contact Vg is grounded
and the drain bias is greater than 0 V. The gate bias that is greater than 0V is the on-state
while a gate bias that is less than or equal to 0V is the off-state. The GaN FinFET can
be manufactured as a single fin device or multifin device (up to 60 fins), according Kyma

Technologies, Inc.



n* - GaN
Dielectric
n- - GaN
n* - GaN

Figure 1.1: [llustration of FinFET device geometry, where S is the source contact, G is the
gate contact, and D is the drain contact®.

1.2 Simulation Framework

A simulation framework was utilized to test the GaN vertical FinFET geometry for use as
a thermal neutron detector which incorporated radiation transport and electronic charge
transport, based on previous work?%?7. The framework includes the radiation transport
codes MCNP6.228 and SRIM/TRIM?’. To simulate the electronic charge transport in the
GaN FinFET, COMSOL Multiphysics®® was used. If necessary, electronic circuit simulation

to the device can be simulated using LTspice®!.

The framework is set up such that any
device geometry may be simulated and analyzed, utilizing a workflow as shown in Fig. 1.2.

MCNP, a Monte Carlo radiation transport code, allows the user to simulate radiation
transport and interactions of particles in a defined world. By creating a model of the GaN
FinFET with a neutron conversion material (see Fig. 1.3), a neutron source can be simu-
lated, where neutron transport and interactions can be tracked. Reaction products in the

conversion material can then be tracked, providing information like the location, energy, and

momentum of the particles. This track information can then be filtered to build a database



SRIM/TRIM

Energy

Database of |
device output i
1

Figure 1.2: Flowchart of simulation framework used to analyze radiation detection device.

for where directly ionizing radiation has the highest probability of contacting the modeled
device. By knowing the location, energy, and momentum vectors of ions entering the mod-
eled device, electronic charge simulation can be used to determine the device’s electronic
response.

Using COMSOL Multiphysics, a finite analysis solver, the GaN FinFET device’s elec-
tronic characteristics can be simulated. By building a model and providing adequate physics
initial and boundary conditions, Poisson’s equation can be calculated with both static and
time-dependent studies, including semiconductor specific physics like electron and hole con-
centration. Using the user-defined charge generation physics in COMSOL, electrons and
holes can be generated in the device at a given location and time through user-input func-
tions. By controlling the charge generation, a simulation of ionization due to radiation can be
generated in the device model based on knowledge of the particle and material. A database

of the device’s output current response can then be built for simulated ionization corre-



Figure 1.3: lllustration of FinFET device geometry with neutron conversion material By C.
The neutron will be captured by *°B and emit an alpha and lithium ion in opposite directions,
where they will ionize the GaN FinFET and be detected.

sponding to incident ions. Typically, a detection system will use a charge integration circuit
for the processing of a detection event. By simulating charge carrier transport and tracking
induced signal current, the total charge can be obtained by integrating the output current
responses over time, and therefore a database of charge for given incident ion simulations
will be calculated.

Using the TRIM program in SRIM, ion transport in materials can be simulated. This
program was used to support the charge generation profile in COMSOL through calculating
the Bragg curve of impinging ions in GaN. The Bragg curves can then be imported into
COMSOL where they can be used as the axial shape of electron-hole pair charge generation.
This method makes the assumption that the particles will typically have short track lengths
in the material and ionize the material based on the energy lost in the GaN.

Because the physics of the device can be adjusted in COMSOL, device-tuning physics
can be added into COMSOL to shift the output characteristics of the device to match

fabricated device measurements. Through adjustments of the charge carrier mobilities and



recombination rates (Shockley-Read-Hall, auger, and direct recombination), output drain
current values can be shifted. Tuning the simulated model to fabricated device measurements
would further help in understanding if the device would work for use as a thermal neutron

detector with more realistic simulated output characteristics.

1.3 FinFET Devices Evaluated

Various fabricated multifin samples of GaN vertical FinFETs were provided by Kyma Tech-
nologies, Inc. Shown in Fig. 1.4 are images of the devices. These devices had fin height
dimensions of 1.5 um, fin width dimensions of 100 nm, gate height up the sidewall of the
fin of about 750 nm, and device pitch of either 1.1 or 1.6 pm. Select devices were tested by
Kyma for the current-voltage response, with a “bad” device defined as gate leakage current
greater than 10 pA. The devices were then evaluated and compared to Kyma measurements.
The family of curves, defined as the plots of the drain current versus the drain-to-source
voltage for given gate-to-source voltages, were used to tune the the simulated COMSOL
model. The dimensions and materials used to create the simulation models follow that of in-
formation provided by Kyma and their publication? as well as other GaN vertical FinFET

literature?! 24

, using the pitch of 1.1 pym. The materials follow that provided from Kyma
shown in Fig. 1.5.

The simulation models developed follow that of an ideal geometry, where the geometric
values are assumed to be correct such that tuning should take place from physics in the
device rather than the geometry. Through the use of the simulation framework and hardware
analysis, the basis of determining if the GaN vertical FinFET is effective as a thermal neutron
detector is possible. The geometric device parameters follow that of the real samples, with
dimensions and materials provided by Kyma. The neutron conversion film considered was
B4C, chosen based on literature comparing LiF and B4C conversion films on simulated GaN
3

planar detectors®. Boron reacts with a thermal neutron to yield an alpha particle and

lithium ion, Fig. 1.6.



Figure 1.4: Kyma Technologies FinFET devices under probe station microscope.
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Figure 1.5: Cross-section image of fabricated GaN FinFETs, with material annotations®.

B +5n —7 Li*(0.840 MeV) + a(1.470 MeV)
B 450 =" Li(1.015 MeV) + a(1.777 MeV)

The lithium and alpha products will be released in opposite directions after the neutron is
absorbed. The reaction also yields a 480keV gamma ray from the excited “Li 94% of the

time, while the remaining yield of 6% does not leave the “Li in an excited state®. The gamma



ray was not considered in the radiation and electronic charge carrier transport simulations,

as GaN was shown to be insensitive to gamma rays®.

Ly o
.‘ Q =2.310 MeV O
0.840 MeV 1.470 MeV

1
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Figure 1.6: Reaction products from n-alpha reaction?.



Chapter 2

Radiation Transport Simulation

2.1 Model

Using MCNPG6, the radiation transport model of the GaN FinFET was designed using surface
card planes, following the hardware dimensions for a single fin device stated in section 1.3,
including materials annotated in Fig. 1.5. An illustration of the materials and model dimen-
sions are shown in Figs. 2.1 and 2.2. The model included the dielectric SiN along the base of
the trench and AION along the edge of the fin, as well as the metal contacts, pad metals and
dielectric spacers. The top-most metal padding layer was simulated as 0.5 pm thick with
a dielectric spacer of 0.3m, followed by another metal padding layer 0.5 pm thick. The
leftover space in the trench was then filled with B4C neutron conversion material.

At the edges of the model were reflection planes. These reflection planes reflected any
particles that reached them, with the goal of simulating a multifin device while only needing
to model a single fin. The pitch of the device (1.1 pm) represents the bounds for a unit cell,
therefore, by placing the coordinate system at the center-line of the fin and base of trench,
the reflection planes were placed at +0.55nm in the x direction as well as the z direction
(out-of-page direction). A reflecting barrier was placed 0.1 um above the thermal neutron
source, and a graveyard barrier was placed at the bottom of the simulated model 5 pm below

the GaN trench.

10



The thermal neutron source was defined as an isotropic irradiating plane 0.1 pm directly
above the pad metals, with the space between the metal and source defined as air, emmit-
ting 0.0253eV. The thermal neutron source was chosen to represent a moderated neutron

environment where the device may be implemented.

/ ~

Irradiating Metal Pads
Neutron Source and Spacer
B,C GaN Fin

Gate and Gate
Dielectric

Figure 2.1: [llustration of FinFET model and thermal neutron source placement. Not to
scale.

The particle track (PTRAC) output file option was used to allow the user to record
filtered particle events, which for this work were the reaction products of lithium ions and
alpha particles. The PTRAC method was used to record all surface interactions involving
alpha and lithium ions for histories which passed through the GaN fin or bulk of the FinFET
geometry. The MCNP input file was limited to 1 x 10'° neutrons or until the PTRAC output

file reached 10°step histories. The step histories means that if a reaction product particle

11



Source, TiAlITiAu, ~100 nm thick

GaN, Fin

~100 nm full width

~1.5 um height
Dielectric Spacer, SiN, ~50 nm thick

Gate Dielectric, AION, ~20 nm thick

Figure 2.2: [llustration of half of FinFET model materials and dimensions. Not to scale.

(alpha or lithium) reached the GaN; its track history would be recorded as steps starting from
where the particle was born to where it was terminated. If two reaction product particles
reached the GaN, there would be two separate track histories recorded in the PTRAC output
file. Through the PTRAC output, the alpha particle and lithium particle B4,C reaction
products were separated and filtered to determine the location, angle, and particle energies
when incident on the GaN material. By separating out the GaN geometry into two cells,
the fin and the bulk, the reaction product histories were easily stored in separate databases—
this was done to help process the databases for the convolution with the electronic charge

carrier transport database.

12



Chapter 3

Fabricated FInFET Device Testing

Forty-five GaN vertical FinFET devices were provided by Kyma Technologies, Inc. to help
tune simulations to hardware. A datasheet, provided with the devices, included 10 devices
tested for current-voltage curves, where 3 devices tested were not included in the KSU
devices. The equipment used in the device testing is shown in Table 3.1. The cables used
include 1 triax cable, 2 BNC cables, 2 single tip cables (1 with BNC connector), and 2 BNC

splitter to banana clips.

Table 3.1: Equipment and materials used in the FinF'ET hardware testing.

Component Model No. Serial No. Company
GaN FinFETs REVH-Q4 - Kyma
Technologies, Inc.
High Voltage Power Supply 237 861426 Keithley
(drain, source contact)
High Voltage Power Supply DP832 DP8C194406180 Rigol
(gate contact)
Probe Holder (source contact) S-725-CRM 20087189 Signatone
Probe Holder (gate contact) S-725-CLM 06122159 Signatone
Probe Tips (1 pm tip) SE-SMS - Signatone
Probe Tips (whisker tip) SE-10T - Signatone
Probe Station H100 KSU:460465 Signatone

The goal in testing the devices was to determine the output characteristics through the

family of curves and compare them to Kyma measurements and determine if the devices

13



were consistent for use in simulation device tuning. These current-voltage curves provide
insight on the device’s resistivity and electron mobility, or performance of device when used
as a transistor. The output curves provide a goal for the electronic charge carrier transport
simulation work to help generate simulation results closer to fabricated hardware.

The testing equipment was set up following the illustration in Fig. 3.2 in order to gather
the family of curves for the devices. The workstation used is shown in Fig. 3.3. To verify
the equipment was set up properly, a commercial MOSFET TRL520N was tested against its
specification sheet. Once the equipment was confirmed to be working correctly, the FinFET

samples were systematically tested by repeating the following procedure:

1. With both voltage sources turned off, the probe tips were carefully placed onto respec-

tive contact pads and the dark box enclosure was slowly closed.
2. The gate voltage source was set to 0V and turned on.

3. The drain voltage source was programmed to sweep from 0V to 10V with a +0.05
step and 0.05 second delay, where the drain current versus drain voltage was recorded

on a connected computer.

4. After the sweep was recorded and saved, the process of changing the gate voltage source

by 1V increment and running the sweep was repeated.

5. After recording the drain current versus drain voltage plot for a gate voltage of 5V,
the gate source was slowly lowered back to 0V, shut off, and the connector to the gate

voltage source was flipped to test negative voltage.

6. The recording procedure was repeated for gate bias of —1V and —2V (showing positive
on power supply), after which the gate source was returned to 0V, shut off, and the

connector flipped back for positive gate bias.

7. The dark box enclosure lid was carefully opened and the probes were removed from

the FinFET sample.

14



After collecting the data, the family of curves could be compared to the Kyma tests as

well as simulated results.
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Figure 3.1: Current-voltage curves for MOSFET IRL520N to ensure equipment was working
properly.
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Figure 3.2: Illustration of wiring schematic for testing of fabricated FinFET devices®.
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Figure 3.3: Kansas State probe station, with microscope (a), probe tips (b), probe tip holders
(c), Keithley 237 High Voltage Source (d) connected to computer, and dark box enclosure for
measurement collection.

17



Chapter 4

Electronic Charge Carrier Transport

Simulation

4.1 COMSOL FinFET Model

COMSOL Multiphysics is a commercial finite analysis solver that lets the user create CAD
models and apply initial and boundary conditions to solve fundamental equations. The
model can be either 3D or 2D, depending on the device symmetry. Because the GaN vertical
FinFET has the same shape in its depth, a 2D simulation will provide a good approximation
of 3D device. This implies that an out-of-plane depth is necessary to correct device output,
for results like drain current. The Semiconductor Module in COMSOL lets the user imple-
ment semiconductor physics to the model, such as doping, trapping, recombination, charge
conservation, and charge generation.

The model built for the GaN FinFET in COMSOL is shown in Fig. 4.1. Two materials
were used in the model: GaN and AION. The core of the device is the cross-section of
the GaN FinFET, with the dielectric material AION (relative permittivity €, = 8.563%)
on the base of the trench (100nm) and edge of the fin (20nm), consistent with literature

25

and Kyma information®?°. On top of the AION is another layer of highly n-type doped

semiconductor—this was added only so that a metal contact could be applied (metal contacts
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could not be applied to dielectric materials in COMSOL ver. 5.6). There are physics in the
Semiconductor Module that create boundary conditions for thin insulating gates, however,
COMSOL assumes only perpendicular field lines into the boundary, so at the junction of the
fin and trench the simulation had a difficult time converging on a solution. The dielectric
material travels above the conductive semiconductor material (gate contact) along the fin
edge in order to allow electric field lines and bias to permeate to the GaN fin—this also helps
with convergence on a solution as the junction of the dielectric and GaN would be abrupt.
The dielectric was not modeled to the top of the device in order to keep the COMSOL model
simple, using the assumption of an ideal device.

The physics included in the COMSOL FinFET model are: analytic doping, geometric
doping, charge conservation, heterojunction/continuity, ideal ohmic metal contacts, trap-
assisted recombination, Auger recombination, and direct recombination.

The analytic doping for the model accounted for the background n-type doping of GaN

with a value of 2 x 106 cm™3.

Analytic doping was also used for the semiconductor layer
for the gate contact, providing a high n-type doping value of 1 x 10* cm~3. The geometric
doping is used to give a Gaussian doping distribution away from a boundary. For the GaN
FinFET, the geometric doping was used on the source and drain metal contacts for high
n-type doping with values of 2 x 10® cm™ and 1 x 10 cm ™2 respectively. The geometric
doping junction length away from both the source and drain was set to 0.5 pm, which agrees
with literature??.

Charge conservation physics were used to create the dielectric material between the gate
contact and the GaN fin and trench. This ensures that current will not pass through the
domain, but conserves electric fields from the gate to the GaN via D = ¢ye,E. Hetero-
junction/continuity allows the domains built to have continuous band structure based on
each domain’s quasi-Fermi levels, requiring the value for holes and electrons are equal at a
junction.

Recombination models were added to the GaN FinFET domains through the use of

Shockley-Read-Hall recombination, Auger recombination, and direct recombination. Shockley-

Read-Hall recombination considers traps created in the forbidden zone, inside the band gap,
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Figure 4.1: COMSOL model of 2D GaN wvertical FinFET. This model includes the gate
dielectric material (a), conducting semiconductor material layer (b) in order to use metal
gate contact physics, the GaN charge generation domain (c), and the remaining GaN domains

(d) of the device.

by ways of impurities or defects in the crystal®*3%. In COMSOL, electron and hole lifetimes
are input, as well as the defect level. For the current study, the defect level was set at the
default value of 0eV in order to ensure that the model could be simulated with trapping
and recombination. The electron lifetime value was 0.7ns, and the hole lifetime value was

37

2.0ns as done in other literature Auger recombination was added to the GaN, which

considers recombination when like carriers collide causing one to recombine and the other
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to absorb the extra energy rather than radiate a photon. The Auger recombination physics

6 1

requires Auger recombination factors for electrons and holes, with values of 3 x 1073 cm® s~
for both factors®’. Lastly, direct recombination was used in the COMSOL FinFET model,
where recombination is due to radiative transfer. A photon may be absorbed to create an
electron hole pair and a photon may be emitted when the electron in the conduction band
recombines with the hole in the valence band. In COMSOL, the recombination factor used
was 1.1 x 107 em3s7L.

Material properties of the GaN, like the electron and hole mobility, can also be manipu-
lated to adjust the FinFET’s output characteristics. Because the FinFET is n-type doped,
the electron mobility will manipulate the amount of current that can reach the contacts.

The electron mobility in the material properties of COMSOL were used as a simple tuning

mechanism to help match the results of the fabricated hardware testing.

4.2 Meshing Techniques

For a finite analysis solver to work, it needs finite elements of the model. The finite elements
are provided through meshing, so the converged solution is highly dependent on the meshing.
Large elements are suitable areas of little change in physics, and small elements are necessary
for areas with noticeable change in physics. Regions in a model that require small mesh
elements include areas with a gradient of doping, junctions, corners, and active regions
where electric potential will change. Small elements will also be needed to simulate a charge
generation profile, as there will be noticeable change in the generation profile in space.
COMSOL recommends the use of a structured mapped meshing for solving semiconduc-
tor simulations, as it can use a more efficient finite volume solver versus a finite element
solver. The structured mesh can be applied to the GaN FinFET model, but when it comes
to generating charge to simulate an incident ion, the structured mesh cannot be used. This is
because the mapped mesh requires that all elements to match adjacently, and when simulat-
ing an ion entering at any non-perpendicular angle, the generation domain prevents meshing

elements to match. Instead, a triangular mesh is used throughout the device, with increased
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resolution on the fin region, the source contact, and the drain contact. An example of the

meshing of the generation domain for the time-dependent studies is shown in Fig. 4.2.
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Figure 4.2: The meshing used for time-dependent solutions, zoomed out (left) and focused
on the generation domain (right).

4.3 Particle Ionization Simulation

When a charged particle passes through GaN, electron hole pairs are created, with an average
ionization energy of approximately 10eV. The charged particles of interest for the boron
neutron capture reaction are the alpha particles and lithium ions. There are two yield
branches to the reaction, with a 6% probability of 1015keV lithium ion and 1777keV alpha
particle products, and a 94% probability of 840keV lithium ion and 1470keV alpha particle
products.

The charged particles lose energy along their track length through the GaN as they ionize
the medium. The energy loss rate as a function of the particle distance through the medium
is called the Bragg curve. While Bragg curves vary from particle to particle and energy to
energy, the Bragg curve shape tends to repeat itself for the same particle with varying energy.

This means a Bragg curve of a higher energy particle can be transformed into a Bragg curve

22



of a lower energy particle, given they are the same particle and traveling through the same
medium. Because the Bragg curve gives a look at the energy lost in the GaN with respect
to range, it is used as the axial spatial profile to generate charge (electron hole pairs) in the
device. The Bragg curve for the 1777 keV alpha particle through GaN is shown in Fig. 4.3.

The parameter that is fed to COSMOL user-defined generation in order simulate particle
ionization is a volumetric generation rate (cm~3s™!), and requires the use of an out-of-plane
distance d. This makes the assumption that the charge generated will be uniformly spread
in the out-of-plane dimension. The out-of-plane value for the simulations was 1pm. The

generation parameter GO goes as:

GO(r,1,t) = N R(r)A()T () (4.1)

where r and [ are functions of position and angle, T'(f) is the generation time profile rate
(s71). The axial function A(l) and radial component R(r) is dependent on the particle type
and particle energy. The variable N normalizes the spatial functions (R(r)A(()), including
the out-of-plane depth d, and ensures the correct number of electron hole pairs are generated.

The electron hole pair generation domain created in COMSOL allows the user to give
the particle, energy, location, and incident angle and automatically translate, rotate, and
implement the correct generation profile in the domain. The translation and rotation aspect
was implemented through a rotational matrix that adjusts the radial (r) and axial (/) distance
components of the domain and generation profile. This is done by transposing the system
so that the center of the new coordinate system, P,, is the point where the user desires the

particle path to begin and is given in the original x and y coordinate system.

0,x

Poay

P, =

Consequently [ and r are calculated by
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r cos (f)  sin () Rl
l —sin (0) cos () y— FPoy

The r and [ distances are then implemented into the axial A(l) and radial functions R(r).

The radial model R(r) is given as

R(r) = exp (- ( éwx)j, (4.2)

with W, controlling the decay of the Gaussian, where a value of 0.01 pm was used, and the

function is unitless. The axial model A(l) is given by the imported Bragg curve, where the

units may be ignored or normalized.
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Figure 4.3: Bragg curve for 1777keV alpha particle traveling through GaN, calculated from
SRIM/TRIM.

The Bragg curve for alpha and lithium particles is calculated using TRIM. By simulating
10,000 normally incident 1777 keV helium ions and 1015keV lithium ions into a 5 pm GaN
layer, the Bragg curves are recovered from the ionization plots. The Bragg curves are verified
by integrating over the particle range to recover a value that is near the starting energy (not
all of a particle’s energy will be lost to ionization). The Bragg curves can then be imported

into COMSOL to be used as the axial charge generation profile.
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While it is difficult to determine the size of an ionization cloud, it is assumed that the
ionization cloud should be small around the particle’s track. Using a Gaussian profile as the
radial charge generation profile, the charge cloud is limited to a radial width of 50 nm. The
Gaussian profile also ensures that there are no major changes in initial conditions in the
finite element solver, otherwise a solution could not be converged on. Due to the Gaussian
gradient implemented into the semiconductor physics, small mesh elements are required in
the the generation zone. The size of the mesh elements are chosen based on their ability to
reduce skewed triangles in the meshing in the generation zone as well as the area around,
and adequately render the generation profile. Increasing the number of mesh elements also
increases the workload of the computer and ultimately affects simulation times.

With the spatial profile implemented into COMSOL simulating the energy loss of the
particle, the time aspect of the charge generation also needs to simulate an ionization event.
It is assumed that an ionization event happens nearly instantly, however, reasonable approx-
imations are necessary to ensure COMSOL can converge on a time-dependent solution, like
the use of a pulse shape for the time profile.

The time profile T'(t) used to turn on and off the generation of electron hole pairs in
COMSOL follows a normalized error function. The profile is input into COMSOL as a

function given as
2exp [~ (‘722)7]

TC - \/_erfc(—T—O)

where t is time, erfc is the complementary error function, the parameters T and T control

T(t) = (4.3)

when the peak value value occurs and the width of the distribution respectively, and has
units of s7!. The time profile has an on-range of approximately 0.4 ns.

In order to ensure the correct number of electron hole pairs are being generated in COM-
SOL, the charge generation spatial profile (R(r)A(l)) is normalized so that the number of
electron hole pairs expected in a full energy deposition can be associated for the spatial
profile. Then, when the spatial profile is not a full energy deposition, the fraction of the
profile that is used directly scales the number of electron hole pairs generated. The expected

number of electron hole pairs to generate over the full spatial profile N (including the out-
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of-plane depth d) is calculated by taking the particle energy E and dividing by the average

ionization energy w and the spatial profile integrated over all space:

E

N=3 [ [ [AVR(AA() d "

(4.4)

with units of cm™3.

To change the axial function A(l) with a change in energy, the assumption of a similar
Bragg curve for lower energy like-particles is used, where the starting point of the Bragg
curve is adjusted to the corresponding energy. Using a cumulative integrated Bragg curve
(see Fig. 4.4), the energy of the particle is related to the distance that the particle has made
it in the material to have that energy. Therefore, when given a particle energy, the new
starting point of the Bragg curve on the x-axis is chosen. When a new Bragg curve is used
for the axial profile A(l), a new value of N must be calculated in order to normalize the
full spatial profile. This is done in COMSOL by calling a database of pre-integrated spatial

profiles, and interpolating where necessary.
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Figure 4.4: Cumulative Bragg curve for 1777keV alpha particle traveling through GaN,
calculated from SRIM/TRIM and numerically calculated using Python.
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The number of electron hole pairs that were generated in COMSOL was confirmed by
integrating the value of the charge generation parameter GO over the spatial domain of
the device (including the uniform out-of-plane depth d) at each time interval of the time-
dependent study and integrating over each time step using Python trapezoidal integration.

In equation form:

smca 10 = [ ( [ [ [ w10 aav] ) 5

where the t; represents each time step made in the simulation, and the integration over time

was done numerically. This value was then compared to an expected value of electron-hole
pair generation based on the particle track length in the GaN. The track length could be
calculated through simple trigonometry by knowing the location and angle of the particle
entry and using the boundaries of the FinFET geometry to know where it exited. Using
the track length the expected value of electron hole pairs was calculated by integrating the
Bragg curve of the given particle and energy over the calculated track length. By integrating
the Bragg curve, the amount of energy the particle lost in the GaN is known. Dividing by
the average ionization energy value (10eV), the expected number of electron hole pairs is
calculated. In equation form, the expected number of electron hole pairs to be generated

based on a given track length L and average ionization energy w:

L
Expected EHP = — (4.6)
w

The methods presented in this section allow the user to simulate the ionization from a
single incident ion in the GaN FinFET model. The user can choose the particle, the energy,
the incident location, and the incident angle to simulate. By building up a database of single
event responses, the results of the radiation transport database of incident radiation can be
used to build an expected output spectrum and help characterize the device for thermal

neutron detection.
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Chapter 5

Results

5.1 Radiation Transport Results

After running the MCNP simulation, 5,517,789 source thermal neutrons were simulated,
and the output PTRAC file was processed. The PTRAC output allowed 1,000,000 step
histories, and provided the particle type, location, momentum cosines, and energy for each
step. Processing the PTRAC file, it was calculated that 45,229 reaction product particles
reached the GaN. The file was parsed to gather only the incidences that are entering the
GaN fin or trench edge by knowing the location and momentum vectors, removing the
history steps that are recorded on the interior cell boundary and on the top edge of the
fin. Using the processed and filtered file of the histories incident on the fin edge and trench,
histograms of the incident energies for the alpha and lithium particles were made, shown
in Figs. 5.1 and 5.2. Histograms of where the particles were incident on the fin edge and
trench edge were also made, shown in Figs. 5.3, 5.4, 5.5, and 5.6. The value of N shown on
the histogram figures is the number of instances the reaction product particles entered the
GaN, not the number of neutrons; this number can be greater than 45,229 because a single
particle can be incident on the GaN edge more than once due to the reflection barriers or
particles traveling through the fin and entering the bulk.

The histograms of the alpha and lithium energies (Figs. 5.1 and 5.2) show the two yield
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Figure 5.1: Histogram of energy values of alpha particles incident on GaN.
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Figure 5.2: Histogram of energy values of lithium ions incident on GaN.

branches of the boron-neutron capture reaction by the ratio of the highest energy peak to
the most frequent energy peak. For the alpha energy spectrum, the ratio is approximately
100/1500 = 6.6%, and the lithium energy spectrum ratio is approximately 50/1000 = 5.0%.
The most frequent energy is due to most frequent particle energy from the boron-neutron
capture reaction. In the alpha energy histogram the most frequent energy is 1.24 MeV, a

0.23 MeV shift lower than the most frequently born alpha energy. The most frequent energy
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Incident Location Spectrum - Alpha on Fin: N=59215
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Figure 5.3: Histogram of location values of incident alpha particles along the fin edge.
Arc length of Opm corresponds to bottom (drain) of the device and arc length of 3.5 pm
corresponds to the top (source) of the device.
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Figure 5.4: Histogram of location values of incident alpha particles along the base of the
trench. Arc length of Opm corresponds to bottom (drain) of the device and arc length of
3.5um corresponds to the top (source) of the device.

for the lithium energy histogram is 0.42MeV, a 0.42 MeV shift lower than the most frequent
born lithium energy. These shifts represent the energy lost in the process of reaching the

device edge.
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Incident Location Spectrum - Lithium on Fin: N=31609
| | | | | | | |

350

300

Frequency
5 & o U
(=] o =] (=]
| | | |

un
[=]
T

o

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Location (um)

Figure 5.5: Histogram of location values of incident lithium ions along the fin edge. Arc
length of Onm corresponds to bottom (drain) of the device and arc length of 3.5pm corre-
sponds to the top (source) of the device.
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Figure 5.6: Histogram of location values of incident lithium ions along the base of the
trench. Arc length of Opm corresponds to bottom (drain) of the device and arc length of
3.5um corresponds to the top (source) of the device.

The histograms of particle locations show that the most common location for the particles
to enter the device are along fin edge, near the top of the device. This makes sense because

the neutrons are irradiated from above and have a better chance of reacting with the boron
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near the top of the device. Another reason is that the trench base is intrinsically shielded
from charged particles due to the dense tungsten gate contact and dielectric spacers. There
is noticeable shielding of the lithium ions compared to the alpha particles along the base
of the trench, with a difference of particle instances on the base of trench of 9,687 more
for alpha. There were 70,726 alpha particle incidences and 32,849 lithium ion incidences on
the device edge (the sum of the incident values is over 45,229 due to reflection barriers and

particle scattering).

5.2 Fabricated FinFET Device Testing Results

A comparison of some of the tested devices from Kyma are shown in Figs. 5.7 - 5.9. There
are discrepancies in the family of curves, from the turn-on bias, on resistance, and saturated
current values. These discrepancies could be there for a number of reasons, like temperature
of device during testing, weak contact to terminals, or excess gate leakage current. However,
on a per-fin basis, the devices appear to output inconsistent saturated current values, even
from the values tested by Kyma. This makes the goal of tuning the simulated GaN FinFETs
to the fabricated FinFETs challenging, where a general range may be used for simulation

tuning reference.
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Figure 5.7: Comparison of fabricated GaN FinFET S1D5 measured family of curves.
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Figure 5.8: Comparison of fabricated GaN FinFET S3F6 measured family of curves.
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Figure 5.9: Comparison of fabricated GaN FinFET S4/D5 measured family of curves.

5.3 Electronic Charge Carrier Results

Two types of studies were done in COMSOL using the GaN FinFET model: the stationary
study and the time-dependent study. The stationary study looked at the electrostatics of the
device at different operating settings, and the time-dependent study looked at the change

in the device’s output from the radiation particle simulation. The stationary studies were
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done in forward bias to tune the COMSOL model to the fabricated FinFETs. An example
of the family of curves obtained from the model is shown in Fig. 5.10. Unfortunately, there
were many discrepancies when comparing the Kyma test family of curves to the KSU test
family of curves, as well as inconsistencies on a per-fin basis of the saturated output current
from device to device. It was clear, however, that the simulated output current was greater
than the fabricated devices, so some tuning could be done to bring the current down and
reach a current in the range of some of the tested devices. Shown in Fig. 5.11 are two
KSU measured current-voltage curves at gate bias of 3V and the effects of changing the
GaN material electron mobility value, where a value of 200 cm? V~1s7! falls in line with the

I was then used for the

fabricated devices. The electron mobility value of 200 cm? V~!s~
time-dependent studies, which falls in line with published literature®. Off state plots of the
electric potential, hole concentration, and electron concentration are shown in Fig. 5.12.

The y-component of the electric field from a center cutline of the off state device, for
gate bias of =5V and —0.3V, is shown in Fig. 5.13. For use as a radiation detector, the
electric field should all point in the same direction, but that does not occur in the FinFET
geometry without the device being in an on state. The on state does work well for radiation
detection due to the large output current masking the ionization from charged particles. The
best case then is to operate the FInFET at an off state closer to a gate bias of 0V to ensure
minimal background current and lower the opposing electric field at the top of the gate.
Therefore, a gate bias of —0.3V was used for the time-dependent studies. Because one of
the advantages of a solid-state detector is to have lower operating biases, the drain bias was
increased enough to where the electric fields at the base of the fin reached electron saturation
velocity for GaN3?. This was reached at a drain bias of 5V, with a peak electric field of
approximately 1.45x 10° Vem™!. The operating parameters for the off state time-dependent
studies were then set as: Vg =0V, Vg = —0.3V, and Vp = 5V with the GaN material
electron mobility adjusted to 200 cm? V—ts1,

The time-dependent studies were set up to simulate alpha particles and lithium ions at
discrete locations and angles along the fin and trench edge. Due to symmetry, the simulation

locations only needed to be completed on one half of the device. The locations of the
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Figure 5.10: By keeping the gate bias constant and sweeping the drain bias, a family of
curves is simulated in COMSOL.

simulated ions along the device edge are shown in Fig. 5.14, which includes 5 locations along
the edge of the fin and 4 locations on the base of the trech. Each location along the edge
of the fin included 9 angles of incidence, —80°, —60°, —40°, —20°, 0°, 20°, 40°, 60°, and
80° with 0° being normally incident. Each location along the base of the trench included 5
angles of incidence, —30°, —60°, —90°, —120°, and —150°, with with —90° being normally
incident to the base of the trench.

COMSOL files were set up to simulate 2 to 3 different particle energies at a time. The

energies tested for the alpha particles incident on the base of the trench were: 50keV,
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Figure 5.11: By changing the static electron mobility in the COMSOL simulation model,
the current-voltage curve (black) can be adjusted to match measured devices (red). Gate bias

of 3V.

200keV, 500keV, 800 keV, and 1300 keV. The energies tested for the alpha particles incident
on the edge of the fin were: 50keV, 200keV, 500keV, 800keV, 1300keV, 1400keV, and
1700keV. The energies tested for the lithium ions incident on both the base of the trench
and the edge of the fin were: 50keV, 100keV, 200keV, 300keV, 500keV, 800keV, and
1000keV. The time-dependent study was set up have a 0.5ps time step during charge
generation starting at time 1.9ns to 2.1ns. After the generation period, the time stepping
was increased to 1ps, then to 10ps, 100 ps, and 500 ps starting at 10.5ns where it ends at
30 ns.

The time dependent studies used the same meshing for both alpha and lithium simula-
tions. Occasionally, convergence errors in the simulations would occur and minor adjustments
to the meshing of the generation domain would typically fix the issue. When the simula-
tions were completed, the output drain current versus time for each location and angle was
exported and saved, building the database of the device responses. The current pulses were
then integrated over time to calculate the induced charge (that may be collected on a charge
amplifier), turning the current response database into an induced charge database.

An example of the electron and hole concentration changes over time are shown in
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Figure 5.12: COMSOL stationary results showing the the electron concentration, hole con-
centration, and electric potential for the off state GaN FinFET.

Fig. 5.15. The output current pulse is then shown in Fig. 5.16, where the time of charge
injection is centered around 2ns. The drift and diffusion components of the output current

pulses are noticeable. Because there are still opposing y-component electric fields and dead
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Figure 5.13: Comparison of y-component of electric field down center cutline of GaN Fin-
FET simulation for gate bias of —0.3V and —5V, with a constant drain bias of 5V. Arc
length of Oum corresponds to bottom (drain) of the device and arc length of 3.5nm corre-
sponds to the top (source) of the device.

regions, the holes find themselves stuck in the gate region and slowly recombine. The elec-
trons are responsible for the sharp peak in the current and quickly drift, while the long tail

in the pulse is from the holes slowly sweeping out of the gate region in the fin.
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Figure 5.14: Location of where incident particles are simulated in COMSOL. Note the
angles given are referenced according the perpendicular of the side of the fin edge.

5.4 Combined Radiation and Electronic Charge Car-

rier Transport Results

By combining the databases from the radiation transport results with the electronic charge
transport results, an integrated charge spectrum can be built. The database from the radia-
tion transport included histories of particles incident on the edge of the device. Because the
device is symmetrical, the incidences on one half of the edge of the device were flipped on
the x-location value and x-momentum value in order to match up with the integrated charge

database. Clearly, a finite number of incident particle locations and angles were simulated in
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Figure 5.15: Time-dependent solution snapshots of 900 keV alpha particle ionization sim-
ulated. Snapshot times: 1.95ns, 2.0025ns, 2.067 ns, 2.126 ns, 4 ns, 8.5 ns.

COMSOL and the radiation transport database includes many incident values that do not
match the COMSOL half. To deal with this, linear interpolation was used.

Given a particle type, energy, location, and incident angle from the radiation transport
database, the two nearest corresponding energies are chosen in the electronic charge carrier
transport database. If the given particle energy is greater than the maximum simulated
energy or lower than the minimum simulated energy, the value of the simulated maximum or
minimum energy is used. Next, linear interpolation of the integrated charge value between

the two nearest angles is determined (edge cases also use the nearest angle value), and linear
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Figure 5.16: Output drain current from simulated 900 keV alpha particle ionization, see
Fig. 5.15, full pulse (left) and zoomed in of peak (red outline).

interpolation of the integrated charge value at the two nearest locations follows (edge cases
also use the nearest location value). Examples of the linear interpolation of the integrated
charge between angles are shown for alpha particle simulations in Fig. 5.17 and for lithium
ions in Figs. 5.18.

The integrated charge spectrum for alpha and lithium ions was then calculated, shown in
Fig. 5.19. The spectrum contribution from the alpha particles is shown in Fig. 5.20, and the
lithium ions is shown in Fig. 5.21. Also included in Figs. 5.22 and 5.23 are the contributions
from the alpha particles incident on the fin edge and base of trench respectively. The
lithium ion contributions from particles on the fin edge and base of the trench are shown
in Figs. 5.24 and 5.25 respectively. The value of N in the spectra represent the number
of particle instances on the surface of the GaN, where the total number of source thermal
neutrons simulated was 5,517,789. Because there were 45,229 thermal neutron histories
accounted for in the PTRAC output file, about 0.8% of the source thermal neutrons lead to
a reaction product reaching the GaN.

The total integrated charge spectrum (Fig. 5.19) shows a stepped shape, with a total of
103,575 total counts, reaching up to about 1.3 x 1073 C. The stepped shape was due to

different factors depending on where the particles entered, what angles they were incident
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Figure 5.17: Angular interpolated integrated charge values for 50keV and 800keV alpha
particle incident on the fin edge and trench base respectively.

with, and what energy they carried when incident on the GaN. The majority of the counts
come from the alpha particles with 70,726 counts and the lithium ions contributing 32,849
counts. Both alpha and lithium ions contributed to the region from 0C to 0.2 x 10~ C,
after which contributions come from alpha particles almost exclusively.

The lithium ions did not contribute much past 0.2 x 10712 C (see Fig. 5.21) because the
ions were mostly incident above the gate region in the fin. The integrated charge values
for lithium ions incident above the gate region reached 1.5 x 1074 C for a max. When
higher energy ions could reach the GaN in the gate region, integrated charge values up to
0.3 x 107 C were counted. The jagged nature of the spectrum less than 1.5 x 10714 C comes
from the low energy lithium ions (less than 50 keV) contributing up to 0.3x 107'* C. This was
due to the short range of the ions depositing roughly the same amount of charge no matter

the angle, and the location dependence of charge deposition created the range of possible
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Figure 5.18: Angular interpolated integrated charge values for 50keV and 800keV lithium
ton incident on the fin edge and trench base respectively.

integrated charge values, such that if the lithium ions were in the gate region the integrated
charge value was greater than the if they were incident above the gate region. The 1,240
counted lithium ions that reached the trench (see Fig. 5.25) were typically below 300keV
and the integrated charge value was nearly proportional to the energy, with values ranging
from 0.3 x 1071* C under 50keV and up to 2.5 x 107 C at 600keV and angular incidence
surrounding -90 degrees. The proportionality makes sense as the sensitive detection region
was shallow and the shorter range of the low energy ions would mean an increase of ion
energy would increase the generation of electron hole pairs when the incident angles were
near -90 degrees.

When looking at the alpha spectrum (Fig. 5.20), the most popular contributions are
from the fin region with 59,215 counts versus when the alpha ions enter from the trench
contributing 11,511 counts. When considering only the alpha particles incident on the fin

edge of the device (see Fig. 5.22), the spectrum consists of five regions: Region I 0C to
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Figure 5.19: Integrated charge spectrum including alpha particles and lithium ions. The
value of N represents the number of times the particles were incident on the GaN surface—
the total number of source thermal neutrons simulated was 5,517,789.

0.1 x 10713 C, Region I1 0.1 x 1073 C to 0.15 x 10713 C, Region 111 0.15 x 1073 C to 0.365 x
1071 C, Region IV 0.365 x 1073 C to 0.45 x 10713 C, and Region V 0.45 x 10713 C and above.
Shown in Fig. 5.26

Region I contained about 28,000 counts, with energies ranging to 1300 keV. Alpha par-
ticles contributed to this region if they entered from the gate region with energies under
200keV with angles of -80 to 480 degrees. If the alpha particles entered above the gate
region, the particle energies contributing were up to 1300 keV, and entered with angles from
-25 to +60 degrees. This region has a sharp peak due to the most common integrated charge
value being around 0.2 x 107 C for normally incident particles in the fin up to 1300keV
and is the only region where alpha particle energies under 500 keV contribute when incident
near the top of the fin.

In Region II, there were about 16,000 counts with energy values ranging from 200 keV up

to 1600keV. This region gained counts from alpha particles entering the device at mostly
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Figure 5.20: Integrated charge spectrum including only alpha particles. The value of N
represents the number of times the particles were incident on the GaN surface— the total
number of source thermal neutrons simulated was 5,517,789.

negative angles, with the gate region particles having energies under 500 keV, while above
the gate regions are commonly 500keV to 1600keV alpha particles. At the top of the fin,
the only alpha particle energies contributing come from 1300keV or greater. If the particles
were to enter the device at the top of the fin, they would need to enter with positive angles
only in order to increase the amount of electron hole pairs generated in the low electric field
region, as entering with negative angles would count for a larger integrated charge value.
This region stands out as it begins to include more counts from the 1300 keV to 1600 keV
particles entering the fin.

The slightly wider Region III contains about 12,000 counts and mostly includes incident
particles with energies of 500 keV to 1300 keV entering through the gate at negative angles
(less than -40 degrees), and energies less than 1000keV entering near the base of the fin.
Contributions from higher energy alpha particles (1300 keV to 1600 keV) were also possible

above the gate if they entered with positive angles from 0 to 40 degrees. This region begins
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Figure 5.21: Integrated charge spectrum including only lithium ions. The value of N repre-
sents the number of times the particles were incident on the GaN surface— the total number
of source thermal neutrons simulated was 5,517,789.

to show the incident angular dependence as a more negative angle allows the particle to
deposit more energy in the sensitive detection region of the gate and base of fin.

Region IV quickly lost popularity with about 2,000 counts contributing. Particles that
contributed in this region were typically higher energy (greater than 900keV) and entered
through the gate region near the base of the fin. When these particles were entering through
the gate region, they often had a negative incident angle (-40 to -70 degrees). If the particles
had energies greater than 1300keV, they entered just above the gate contact with only
positive angles. Contributions to this region were rare due to the scarcity of the higher
energy alpha particle being born and reaching the gate region near the base of the fin or
entering the fin above the gate with a positive angle. There was a large angular dependence
in the integrated charge value when the particle begins traveling through the fin at these
locations since the generated electron hole pairs will increase the induced charge value.

More rare was Region V, with around 1000 counts, where the counts were due to high
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Figure 5.22: Integrated charge spectrum including only alpha particles incident on fin edge.
The value of N represents the number of times the particles were incident on the GaN
surface— the total number of source thermal neutrons simulated was 5,517,789. Region I 0C
to 0.1 x 10713 C, Region II 0.1 x 10713 C to 0.15 x 1073 C, Region III 0.15 x 10713 C to
0.365 x 10713 C, Region IV 0.365 x 10713 C to0 0.45 x 10713 C, and Region V 0.45 x 10713 C

and above.

energy alpha particles (greater than 1300 keV) reaching the gate region and depositing the
most energy through the sensitive detection region at the base of the fin. These counts are
mostly from the 6% yield 1777keV alpha particles from the n-alpha reaction, therefore not
only are they rare from a generation perspective, but also from how they need to enter the
device to generate the greatest integrated charge values in the spectrum.

When it comes to the 11,511 count contributions to the integrated charge spectrum from
the alpha particles reaching the trench (see Fig. 5.23), there was not much dependence
on where along the base of the trench the particle entered. This was due to the sensitive
detection region being consistent across the length of the trench, and as a result lead to more
incident angular dependence. A large peak occurs around 0.14 x 10713 C due to the large
number of low energy alpha particles reaching the trench. The interpolation scheme used

the integrated charge value from the lowest simulated energy (50 keV) even if the particle’s
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Figure 5.23: Integrated charge spectrum including only alpha particles incident on base of
trench. The value of N represents the number of times the particles were incident on the
GaN surface— the total number of source thermal neutrons simulated was 5,517,789.

energy was lower, and thus the low energy alpha particles deposit roughly the same amount
of electron hole pairs in the sensitive detection region no matter the incident angle. Alpha
particle energies could reach up to 1400 keV when incident on the trench, but typically stayed
below 800keV and entered at angles centered around -40+20 degrees or -140pm20 degrees,
which average out to -90 degrees. The cluster of angles of which the particles entered could
be in part due to the reflecting barriers implemented in MCNP, such that the alpha particles
may be born and reflect towards the trench. Due to the particles entering at a range of angles
and having particle tracks that may surpass the sensitive detection region, the integrated
charge spectrum was more spread out, where the greatest values of integrated charge were

from alpha particles with incident angles near -20 degrees reflecting into the trench.
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Figure 5.24: Integrated charge spectrum including only lithium ions incident on fin edge.
The wvalue of N represents the number of times the particles were incident on the GaN
surface— the total number of source thermal neutrons simulated was 5,517,789.
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Figure 5.25: Integrated charge spectrum including only lithium ions incident on base of
trench. The value of N represents the number of times the particles were incident on the
GaN surface— the total number of source thermal neutrons simulated was 5,517,789.
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Figure 5.26: Illustration of common alpha particle incident locations and which region of
the spectrum they contribute to (see Fig. 5.22), including particles incident on the trench.
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Chapter 6

Conclusions

From the radiation transport simulations, it is clear that both of the charged particle from
the boron-neutron capture products are capable of reaching the fin (Figs. 5.22 and 5.24), but
lithium ions are mostly shielded from reaching the base of the trench of the GaN vertical
FinFET (Fig. 5.25). The region near the top of the fin is the most common interaction
location, as shown in Figs. 5.3 and 5.5. About 15% of the total alpha particle instances
reached the trench and around 3% of the lithium ion instances made it to the base of the
trench. This implies that most of the radiation-induced damage would be concentrated in
the top portion of the device. As for count efficiency, it was found that about 0.8% of the
thermal neutrons simulated lead to a reaction product reaching the GaN.

By testing the fabricated GaN vertical FinFETSs, it was concluded that the devices were
not necessarily consistent in their output current values, on-state resistance, and turn on
drain bias (see Figs. 5.7 - 5.9). This could be due to multiple factors, including temperature,
probe contact, gate leakage current, as well as variation in the FinFETSs themselves. The
testing of the devices provided insight on the range of output characteristics of real devices, so
developing detectors with FinFETs would need to be able to handle the variability, perhaps
through operating parameter calibration.

From the stationary electronic charge carrier transport simulations, it was clear that

the device would need to be operated in an off state to minimize background current. By
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varying the gate bias and drain bias, the operating parameters that maintained an off state
and reduced the counter-pointing electric field lines in the gate region were determined to
be Vg =0V, Vg =—0.3V, and Vp =5V, as shown in Fig 5.13. By using the results of
the fabricated GaN FinFETSs, a general tuning of the COMSOL simulation model was made
with the GaN material electron mobility adjusted to 200 cm? V~!s™! (see Fig. 5.11). The
results of the stationary study show that the sensitive detection region is at the base of the
fin due to the large charge separation from the gate to bulk (see Figs. 5.12 and 5.13).

From the time-dependent electronic charge carrier transport simulations, it was shown
that the simulated ionization could be detected in an output drain current (see Fig. 5.16). A
database of output drain current pulses was then collected and converted to induced charge,
since the current would most likely be sent to a charge amplifier and convert the charge to an
amplified voltage. The difference in electron and hole mobility lead to holes leaving a longer
pulse tail and the electrons, being collected very quickly, to induced a large current value
over a short period of time. This meant that much of the integrated charge came from the
holes rather than electrons. Through analysis of the electric fields and hole concentration
after the ionization, it was clear that holes were being trapped in the region between the gate
contacts, and recombination was limited (see Fig 5.15). It is unknown what the effects of
multiple ionization events would do in the region between the gates, but it is suspected that
the charge separation of the bulk and gate region, as well as the top of the fin and the gate
region, would force an equilibrium and stop allowing holes to build up but rather recombine.

After combining the radiation transport database with the electronic charge carrier trans-
port database and creating the integrated charge spectrum from the boron neutron reaction
products, the simulated GaN vertical FinFET geometry was shown to be able to detect
thermal neutrons (see Figs. 5.19 - 5.25). The output charge ranges from near 1 x 1071 C
to 1.3 x 10713 C. Most of the counts will come in the region of 0 C to 0.4 x 1073 C due to
alpha particles and lithium ions entering the GaN in the fin. The charge values greater than
0.4 x 10713 C come from alpha particles penetrating the base of the trench. The simulated
integrated charge spectrum follows closely to the alpha particle spectrum, where the stepped

nature of the spectrum is due to location and angular dependence of the ions incident on
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the GaN fin edge. Because the lithium ions had a shorter range and were shielded from
the trench, they only contributed counts up to 0.2 x 10713 C, which shows that the FinFET

design hinders charge collection and detection efficiency.

6.1 Future Work

Further tuning of the electronic charge carrier transport simulations should be implemented
in the future to have more accurate simulations. By implementing a custom mobility model,
fine tuning of the saturation current values could more closely match a fabricated device?°.
The on-resistance can also be tuned through the junction length of the geometric doping on
the drain contact. This action has been shown on the current COMSOL model by adjusting
the drift region length with a constant geometric doping junction length, shown in Fig. 6.1.
Work has begun on implementing radiation-induced damage to the COMSOL electronic
charge carrier transport models. This work may be done by means of a custom mobility
model that incorporates radiation-induced defects calculated using MCNP radiation trans-
port and a displacement damage response function. This work will rely on accurate tuning
and fabricated hardware damage testing in order to see if the simulation framework has
predictive capabilities. The idea is that a simulation model, tuned to a fabricated detector,
could accurately reproduce a spectrum before and after radiation-induced damage.
Because the sensitive detection region is mostly shielded by the metal gate contacts and
dielectric spacers, it would be interesting to see if there would be any sensitivity to scattered
gamma rays. The thinking being that high energy gamma rays would lose energy traveling
through the pad metals, B,C, and gate contacts and then be detected in the high sensitivity
region. Although GaN does not have much sensitivity to gamma rays due to its low atomic
make-up?, there may be a chance that even a small amount of ionization could be detected

if deposited near the base of the fin due to the high electric fields present.
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