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SYNOPSIS
1. Introduction and Motivation-Chapter1
Neutron detectors are of prime importance in wide spheres of applications ranging
from homeland security, dosimetry to monitoring of power levels in nuclear power
plants [1,2]. However, neutron is uncharged and its detection relies on the measurement
of secondary reaction products generated in matter, resulting either from a neutron
capture (absorption) or scatter mechanism [3,4].Currently, neutron detectors deployed in
these applications are based on He3 gas, scintillators and thermo luminescent dosimeters
[5]. All these detectors detect neutrons based on the ionized reaction-products produced
either from transmutation, fission or recoil nuclei reactions. Detectors based on
scintillators require high power photomultiplier tubes for their operation while thermoluminescent dosimeters have inherently low detection efficiency, moderate gamma
discrimination [5]. Therefore, He3 gas based detectors which possess high efficiency are
the most sought after. But, worldwide shortage of He3 [6] has compelled the scientific
community to look for other viable alternative detectors which can address these issues
and are also easy to handle. Solid state semiconductor neutron detector is one such
candidate which has inherent advantages such as low power requirement for its
operation, easily integrable with active readout design and thus provide portability,
compact size and low cost over their counterparts [7,8]. The simplest semiconductor
neutron detector is of a two dimensional (2D) planar configuration. It consists of two
regions (see figure.1), a neutron converter region and charge particle semiconductor
detection region, wherein in the former region, the neutron interacts with the converter
material producing charged particles while the latter region registers the event of
xvii

interaction with converter [9]. In essence, the efficiency of neutron detection by solid
state semiconductor neutron detectors is therefore dictated by two fundamental aspects the conversion of neutron into charged particles and its detection. The converter material
is integrated onto the top surface of electronic devices such as Si PIN diode by thin film
technology.
The suitability of the converter material in the neutron detector for
deployment in field measurements is subtly dependent on its ability to discriminate
from the background radiation as well as its interaction cross section value, which in
turn is dependent on incident neutron energy. Traditionally,

10

B, 6Li and natural Gd

are widely employed for detection of thermal neutrons [10]. Amongst the three,
although Gd possesses the highest neutron interaction cross section value of 27000
barns, it is seldom employed owing to the generation of low energy electrons, which
poses a problem for background radiation discrimination. Hence, B10 with neutron
interaction cross section value of 3840 barns is the next best choice of converter
material which has a moderate Q value of 2.73 MeV
[9, 10].
When a parallel beam of thermal neutrons is perpendicularly incident on a
detector as shown in figure 1, it interacts with the converter and generates charged
particles (Li7 and α). The depth at which the above interaction takes place in the
converter region is probabilistic in nature. Subsequently, if any one of the generated
charged particles viz., Li7 (0.839 MeV) or α (1.47 MeV), impinge on the Si layer, it
creates electron-hole pairs through columbic interaction. The sweeping of electronhole pairs through an appropriate bias voltage provided to the silicon PIN diode
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generates the electrical signal as an output pulse which is further processed by
external charge sensitive pre-amplifier and associated nuclear read-out electronics
chain.

Figure 1. Planar semiconductor neutron detector configuration consists of B10 as
converter material and Si as charge sensitive semiconductor detector region. The
parallel beam of impinging thermal neutrons undergoes B10(n,α)Li7 reaction in
B10 converter material and produces charged particles (Li7 and α), which will be
detected in Si detector. This configuration is also known as two dimensional basic
Detector Unit (DUB).
The figure above shows a typical planar configuration detector with B10 as
converter region and Si as charge sensitive detector region. As mentioned above, the
depth or ‗length‘ of interaction of neutron in these detectors is probabilistic. This
forces an optimization for the thickness of the converter layer to a critical thickness
‗tc‘ for maximum neutron detection efficiency (η) through simulations. For
thicknesses lesser than tc, most of the neutrons pass through the converter region,
while a few interacts and which in turn generate lesser number of charged particles
resulting in low η. For thicknesses larger than tc, the generated charged particles are
xix

absorbed in the converter region itself and do not reach/ register in the silicon region,
thereby leading to decrease in η. This conflicting critical thickness requirement
constrains the maximum η of planar detector configuration (also known as 2D
architecture). In order to overcome this problem, three dimensional (3D)
architectures are adopted for the fabrication of neutron detectors [10, 11]. However,
in the 3D detector also, several geometrical parameters pertaining to ‗lengths‘ entail
to be optimized from simulation to achieve maximum neutron detection efficiency.
Present thesis focuses on two aspects - GEANT4 simulation for estimating
the efficiency of Semiconductor neutron detectors in various configurations (2D, 3D)
with different converter materials (B10, depleted UO2) and Preliminary experimental
work on the neutron sensitivity of Boron based material coated on Si PIN diode
based planar neutron detector. As mentioned above, the optimum critical length is a
crucial aspect in design of semiconductor neutron detector. It is prudent that prior to
detector fabrication, various parameters of the detectors are warrants to be optimized
for its maximum efficiency using simulation. As far as simulation in neutron
detection is concerned, Monte Carlo based GEANT4 (GEometery ANd Tracking) is
best known for its reliability and integrity [12]. Necessary benchmarking and
validation was carried out using conventional B10 converter by GEANT4
simulations. Subsequent to validation with literature, extensive GEANT4 simulations
were carried out for boric acid as converter material. One of the important
parameters to evaluate neutron detector performance is its ability to discriminate
against the background radiation. The low Q-value of neutron interaction with B10
sets a limitation on gamma discrimination to ~ 300 keV and therefore other converter

xx

materials such as Depleted Uranium Oxide (DUO2) with larger gamma discriminator
values ~20MeV were investigated for its efficiency in various geometers
configurations. Preliminary experiments were performed to detect thermal neutrons
in planar configuration using Si PIN diode coated with Boron Based material
(BBM). The optimum critical coating thickness for this material was also obtained
from GEANT4 simulation. All necessary precautions were taken to eliminate
artefacts and minimize noises while performing the experiment on these BBM coated
Si PIN diode based neutron detectors. Apart GEANT4 simulation and thermal
neutron detection experiment, the present thesis also explore on the degradation in Si
PIN due to neutron irradiation by I-V characteristics measurement.
2. GEANT4 Simulation Package and Experimental details - Chapter-2
The necessary theoretical background on Monte Carlo based GEANT4 simulation is
outlined in chapter 2. GEANT4 is a particle tracking simulation toolkit developed by
CERN with in-built physics library for the same [13, 14]. Further details like
architecture of the simulation toolkit, its methodology and its adaptability to the
problems addressed in the thesis are presented in this chapter. Apart from this,
experimental details on the thermal neutron detection set up, alpha spectroscopy
measurement and electrical characterization such as Current-Voltage (I-V) and
Capacitance-Voltage (C-V) on Si PIN diodes are elucidated in detail.
It is well known that fabrication of semiconductor detectors is both time and capital
intensive and therefore, it is prudent to optimize various parameters using
simulations to achieve maximum detection η, prior to detector fabrication. In
particular, in the design of solid state semiconductor neutron detectors, various
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interactions of neutrons such as scattering (elastic and inelastic) and capture with
matter are random phenomena having a probabilistic distribution, which are better
addressed by Monte Carlo methods. In the present thesis, extensive Monte Carlo
simulations were carried out using the GEANT4 simulation toolkit for various
converter materials and in different geometric configurations. In the experimental
section, experimental details regarding neutron irradiation of silicon PIN diodes in
KAMINI reactor and their electrical characterization (I-V and C-V) are elaborated.
The details of alpha spectroscopy measurement which is mandatory for calibration of
channel number to energy scale, along with details of the read-out electronics for
pulse mode operation are explained. The experimental tools and procedures adopted
for thermal neutron detection have also been elaborated in this chapter.
3. Benchmarking and GEANT4 Simulation of Boric acid - Chapter-3
Any simulation methodology necessitates commensurate benchmarking as a prelude
for validation of results generated by the simulation. In line with this, detailed
benchmarking simulations for two test problems, viz., B10 as converter in planar and
stack configuration geometries were performed and compared with existing literature
[15]. The focus on benchmarking and validation is on the determination of relevant
critical ‗lengths‘ for achieving maximum  for detection of neutrons. A typical two
dimensional basic Detector Unit (DUB) for benchmarking consists of B10 as
converter material on top of Si detector as shown in figure 1. While the planar
configuration consists of one unit of DUB, the stack configuration was designed by
replicating DUB in the third dimension.
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The results of the GEANT4 simulation (snapshot in figure 2) for planar and
stack configuration are in excellent agreement with literature [15]. A maximum  for
the planar configuration consisting of 100% enriched B10 elemental boron as
converter material and Si as charged particle detector material obtained from the
GEANT4 simulation was 4.01% at a critical thickness of 2.5 μm. In case of stack
configuration, η was found to increase with increasing number of stacks.

Figure 2. Snapshot of GEANT4 simulation for boron (pink color) coated on Si
(Light Blue) detector in planar configuration. The yellow, green and blue lines
indicate incident neutrons, emerging gamma rays and charged particles (Li7,),
respectively.
Having validated the two test cases, the simulations were performed on boric
acid as a converter material for various detector configurations like planar, stack,
spherical, cylindrical perforation and cuboidal trench geometries. The choice of boric
acid over conventional boron is due to its ease of handling owing its non toxic nature
and coating on silicon detector. The GEANT4 simulation was carried out for
different thickness of boric acid and with optimization parameters showed that a
maximum detection η value of 0.73% was obtained for converter layer at critical
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thickness of 5 μm with 100% enriched B10 for planar configuration consisting of
boric acid as converter material and Si as charged particle detector material.
Further, simulations pertaining to stack, sphere, cylinder and cuboid – were
performed and the η were simulated for different relevant geometric ‗length‘
parameters and B10 enrichments (BE). A stack configuration detector was designed
by replicating two dimensional detector units (DUs) consisting of boric acid as
converter material and Si as charged particle detector material - in a third dimension.
The simulation carried out for varying layer thicknesses of boric acid in stack
configuration showed that η was maximum for a critical thickness (tsc), but tsc itself
depended on the number of DUs. Detection ηwas also found to increase with
increase in BE and DUs. Typically, at a critical thickness of ~3.5 μm, the  for 100%
BE was found to be 15.96% for 30 DUs. For the case of sphere, cylinder and cuboids
of boric acid embedded in Si, the simulations were performed for diameters and
widths varying from 0.5 m to 9.5 m in steps of 0.5m. In particular for cylinder
and cuboid geometries, the depth was also varied from 25 m to 275 m with a step
size of 25 m. Although the simulated  increased with diameters and depths for
sphere, cylinder and cuboids configurations, they showed a maximum  at critical
dimensions between 8-9 m of diameters and widths. Apart from the simulated η
estimation, histoplots depicting the energy deposited in Si detector region by the
generated charge particles (Li7 and α) upon neutron interaction in boric acid have
also been studied for various thickness, diameter and width of the detector.
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4. GEANT4 simulation of Depleted UO2 -Chapter-4
In chapter 3, boric acid was explored as converter material for the detection of
thermal neutrons. However, the Q value for B10 interaction with neutron is ~2.7 MeV
which forbids of setting Low Level Discriminator (LLD) values larger than 300 keV.
Whereas, the typical energies of background gamma radiation in the nuclear reactor
are in the higher range of ~ 11 MeV [16] which forbids the usage of boric acid
converter material. Therefore, an alternative converter with better gamma
discrimination which is of vital importance in radiation field applications is
desirable. Neutron sensitive materials like the Depleted Uranium Oxide (DUO2)
which has the advantage of higher LLD setting (as high as 20 MeV) are being
explored in literature [17]. Chapter 4 presents results and discussions of GEANT4
simulations for depleted DUO2 as converter material, in both two dimensional and
three dimensional (3D) configurations. In two dimensional cases, both direct and
indirect configurations detectors were explored, while in the three dimensional case,
cylindrical perforation and trench structure configurations were explored. As DUO2
can be used for detection of thermal and fast neutrons, the simulations were
conducted for neutrons of variable energy viz., thermal (25 meV) and fast (1 to 10
MeV). The neutrons were incident on varying thicknesses (0.25 μm to 1000 μm),
diameters (1 μm to 9 μm) and widths (1 μm to 9 μm) along with depths (50 μm to
275 μm) of DUO2 for planar, cylindrical perforated and trench structures,
respectively. In the case of direct planar detectors, η was found to increase with the
thickness of DUO2 and the rate at which η increased was found to follow the
macroscopic fission cross section at the corresponding neutron energy. In the case of

xxv

indirect planar detector, η was lower as compared to direct configuration and was
found to saturate beyond a thickness of ~3 μm. This saturation is explained on the
basis of mean free path of neutrons in the DUO2 material. For the 3D perforated
silicon detectors of cylindrical (trench) geometry, backfilled with DUO2, the η for
detection of thermal neutrons ~25 meV and fast neutrons ~ typical energy of 10MeV
was found to be ~0.0159% (~0.0177%) and ~0.0088% (~0.0098%), respectively.
These η values were two (one) order values higher than planar indirect detector for
thermal (fast) neutrons. Histogram plots were also obtained from the GEANT4
simulations to monitor the energy distribution of fission products in planar (direct
and indirect) and 3D geometry (cylindrical and trench) configurations. These plots
revealed that, for all the detector configurations, the energy deposited by the fission
products are higher as compared to the typical gamma ray background. Thus, for
detectors with DUO2 as converter material, higher values of LLD (20 MeV) can be
set, so as to achieve good background discrimination.
5. Neutron Detection Experiment- Chapter-5
This chapter describes the preliminary experimental details and results on the
detection of thermal neutrons using Si PIN diode coated with Boron Based Material
(BBM) in planar configuration. An experimental effort was made to fabricate a
prototype thermal neutron detector in collaboration with IISc, Bengaluru, using
BBM and test it for its thermal neutron detection. The BBM of optimum thickness
arrived from GEANT4 simulation was coated on commercial Si PIN diodes to make
a prototype test detector. The electrical characterization in the form of reverse I-V
and C-V measurements were carried out on Si PIN diode prior to and after BBM
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coating. A typical reverse current and capacitance of 122 nA and 50 pF, respectively,
were obtained at a reverse bias voltage of 100V. As I-V, C-V measurements prior to
and after BBM coating did not show any significant change, it was concluded that
the BBM coating has not affected the electrical behavior of diodes i.e. acts as a
passive layer. The uncoated Si PIN diodes were also tested for its sensitivity to alpha
particles using triple energy (Pu239-5.155 MeV, Am241-5.486 MeV and Cm244 -5.805
MeV) alpha source. The experiments revealed that the Si PIN diode had a resolution
of 30 keV for the triple energy alpha source, i.e., the three peaks corresponding to
their energies were resolvable. The BBM coated diode was then subjected to
calibrated Am-Be neutron source which was moderated by 80 cm thick graphite [18]
to generate neutrons in thermal energy range. It is to be noted that the neutron
measurements were carried out in pulse mode. A standard read-out electronics chain
consisting of charge sensitive preamplifier, spectroscopy amplifier and Multi
Channel Analyzer (MCA) was used for acquiring the signal as counts vs channel
number. Noise due to Electromagnetic Interference (EMI) was encountered in the
process of data acquisition and was reduced by performing the measurements in a
specially designed aluminum chamber. Moreover, the detector was operated at low
reverse bias voltage to improve the gamma discrimination [19]. The uncoated Si
PIN diode was also subjected to the neutron source for estimating the background
contribution due to gamma radiation. The channel number to energy scale
conversion was carried out using alpha spectroscopy experiment. The alpha
experiment was performed on the uncoated Si PIN diode at the same electrical
setting of neutron experiment, like the reverse bias supply to diode, gain and shaping
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time of spectroscopy amplifier. The neutron detection experiments results revealed
that compared to uncoated Si PIN diode, the BBM coated Si PIN diode showed the
plateau type behaviour around ~1.4 MeV energy ranges which is indeed due to the
charged particles generated in B10 (n,) Li7 reactions and hence confirms that BBM
coated Si PIN diode are detecting thermal neutrons.
6. Effect of Neutron irradiation on I-V characteristics of Si PIN diode - Chapter-6.
Chapter 6 discusses the investigation of I-V characteristics of commercial planar SiPIN diodes procured from M/s BEL Bengaluru, irradiated in a typical thermal
nuclear reactor – KAMINI for neutron fluences ranging from 1x1014 to 1x1016 n/cm2.
The I-V characteristics of the virgin and neutron irradiated Si-PIN diodes are
measured in ambient environment for the forward and reverse biased conditions.
Analysis of forward characteristics, based on conventional diode equation in the
voltage ranges below and above knee voltage, revealed increase in ideality factor
from a typical value of ~2 for virgin diode to anomalous value of ~496 for the
highest irradiated specimen. This increase is attributed to the damage that the diodes
undergo upon irradiation. Another significant consequence of increasing the neutron
irradiation fluence is the increase in knee voltage from ~ 0.5 V for virgin diode to
37.4 V for 1x1016 n/cm2 irradiated diode specimen, without any electrical breakdown
of the diode. Another consequence of the increasing neutron damage is four orders
increase in the magnitude of reverse leakage current (from ~10 -9A to 10-5A)
measured under reverse bias condition. A qualitative analysis of the forward and
reverse I-V characteristics, showed that the diodes change from a rectifying to ohmic
behaviour with increase in fluence and this was inferred from the decrease in ‗gap‘
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between the forward and reverse currents in the low voltage regions. Quantitatively,
the rectification ratio - ratio of the forward to reverse currents –was calculated to be
108 and 84 for the virgin and 1x1016 n/cm2 irradiated specimens, respectively. The
damage constant evaluated from the reverse bias I-V measurements conditions was
found to be 1.7683 x 10-18 A/cm.
7. Summary, conclusions and Scope for future research –Chapter-7.
The thesis ends with the summary, conclusion and future scope which are briefly
spelt out in chapter -7.
8. Organization of thesis
In summary, the findings and research contribution are documented and organized in
seven chapters.
Chapter 1 introduces the motivation of the thesis along with literature on the current
scenario on 1) simulation of converter materials suitable for neutron detectors using
GEANT4, in particular, 2) neutron detector fabrication and detection using a boron
based material and 3) neutron radiation damage on the I-V characteristics of Si PIN
diodes.
Chapter 2 discusses the various simulation and experimental tools adopted during
the course of research. The basics of Monte Carlo (MC) based GEANT4 simulation
toolkit with a brief outline of its architecture is presented. Details of experimental
tools such as current-voltage measurements (I-V), capacitance-voltage (C-V), alpha
spectroscopy, neutron detection, Si PIN diode for irradiation are also discussed in
this chapter.
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Chapter 3 explains the details of the benchmarking procedure of GEANT4
simulations, followed by detailed simulations and optimizations of appropriate
lengths for boric acid as converter material, in planar and three dimensional
configurations for efficiency of neutron detection.
Chapter 4 discusses in detail optimization of the associated geometrical lengths for
different configurations using GEANT4 for depleted UO2 as a converter material in
order to yield maximum efficiency for thermal and fast neutron detection. This
chapter discusses the depleted UO2 based detector in direct/ indirect and three
dimensional configurations such as cylindrical perforation and cuboidal trench
design structures.
Chapter 5 focuses on documenting the attempts made in fabricating thermal neutron
detectors based on boron based material coated on Si PIN diode and experiments on
the thermal neutrons detection.
Chapter 6 describes the changes in current voltage (I-V) characteristics on Si PIN
diodes before and after neutron irradiation in a predominantly thermal nuclear
reactor – KAMINI -with a particular emphasis on diode parameters such as knee
voltage, ideality factor and rectification ratio.
Chapter 7 presents summary, conclusions and scope of future research.
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Chapter-1
Introduction and Motivation
Neutron is a subatomic particle that does not carry any electric charge and therefore does
not ionize matter directly [1]. It is highly penetrating and traverses considerably large
distances into matter without being detected. Unlike other radiations like alpha and beta
particles, the detection of neutrons poses challenges as it mainly relies on the
measurement of parameters of products generated in matter by secondary reactions,
resulting either from neutron capture (absorption) or scatter mechanism [2]. The
design/fabrication of neutron detector warrants an understanding of neutron matter
interaction and is presented in the following section.
1.1 Neutron matter Interaction
As neutron detection is strongly contingent on the mechanism of its interaction
with matter, viz., capture or scattering (see figure 1.1), along with the choice of target
material for its detection is also of paramount importance [2,3].

Figure 1.1. Various mechanisms of neutron interactions with matter.
In neutron capture mechanism, the incident neutrons get absorbed by atomic
nucleus of target material. This causes nucleus to become unstable, which promptly
1

decays either through the emission of charged particles such as alpha or fission into
heavy ions. These emitted charge particles from neutron capture reactions are then
detected by a charge sensitive detecting medium which indirectly registers the neutron‘s
presence. In neutron scattering mechanism, the interactions are either elastic or inelastic
depending on how the energy and momentum transfer of incident neutron is conveyed to
the target matter. Thus, depending on the type of interaction the neutron undergoes i.e.,
capture or scattering, its incidence direction and energy will be changed or it can get
transmuted into secondary charged particles such as alpha. A very important aspect of
the type of interaction that the neutron undergoes with the matter depends on the cross
sectional value or equivalently, the target area presented by the nucleus to the incident
neutron, which in turn depends strongly on the energy of impinging neutron. Larger the
neutron cross sectional values of matter, higher the probability of neutron interacting
with that target matter. Therefore, the detection of neutron is based on the type of
interaction mechanism it undergoes with matter. The following section discusses the
applications of neutron detector in diverse areas and various types of neutron detectors.
1.2 Important applications and parameters of neutron detectors
Neutron detectors are of prime importance in vast spheres of applications as shown in
figure 1.2.

Figure 1.2. Prominent areas of applications of neutron detectors.

2

1. The first and foremost application is in nuclear power plants to monitor power level,
as it is linearly proportional to neutron flux [3].
2. The other major application is in homeland security to prevent smuggling of special
nuclear materials such as U235, Pu239 etc. These special nuclear materials may be illicitly
taken by terrorist‘s organization to carry out nefarious activities like building improvised
nuclear weapons or dirty bombs [4].
3. Neutron detectors are also essential in space exploration/nuclear reactors to monitor
the neutron dose received by astronauts/personnel in real time [5].
4. It is employed as a particle tracker in high energy physics experiments [5].
Neutron detectors employed for the above applications possess certain basic
parameters/features as listed below [6].
1. Intrinsic detection efficiency: It is defined as the ratio of number of neutron
interaction events recorded by the detector to the number of neutrons incident on the
detector.
2. Geometric detection efficiency: It is the solid angle that the detector presents to the
neutron source.
3. Absolute efficiency: It is the product of intrinsic and geometric detection efficiency.
For a given geometry, it is the ratio of the number of neutrons detected to the total
number of neutrons emitted by the source.
4. Gamma discrimination: It is the ability of a detector to reject the gamma radiation
considered as background, vis-a-vis the radiation of interest, namely the neutrons here.
This is an essential parameter because neutrons are inherently accompanied by gamma
radiation [6]. This parameter is decided by a threshold voltage electronically and also by
a Low Level Discriminator (LLD) value.
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5. Sensitivity: It is the capability of a detector to generate a genuine and valid detector
signal in response to a radiation source. Weaker the radiation source, the more sensitive
should be the detector.
6. Dead time: It is the minimum time taken by a detector to recover and start processing
another radiation pulse signal. The dead time characteristics are set by the associated
read out electronics and detector.
Among all important parameters mentioned above, intrinsic neutron detection efficiency
(η) and gamma discrimination factors are the most crucial parameters essential for the
evaluation of performance of any neutron detector [6] for field applications. In the
present thesis, our focus is directed towards these two aspects.
Currently, neutron detectors deployed in above mentioned applications are based
on He3 gas, scintillators and thermo luminescent dosimeters [5]. Amongst them, He3 gas
based detectors which possess the highest neutron detection efficiency are the most
sought after. All these detectors detect neutrons based on ionized reaction-products
produced either from transmutation, fission or recoil nuclei reactions. Detectors based on
scintillators require high power photomultiplier tube, while thermo-luminescent
dosimeter has inherent low neutron detection efficiency and moderate gamma
discrimination [5]. Although He3 gas based detector is the most efficient, yet worldwide
shortage of He3 [7] has compelled the scientific community to look for other viable
alternative detectors which can address these issues and are also easy to handle.
Solid state semiconductor neutron detector is one such candidate which has
inherent advantages such as low power requirement for its operation, easily integratable
with active read out electronics design, cost effective and compact size, thus providing
portability over the other [6,8,9,10]. Hence, it is imperative to discuss the semiconductor
neutron detector design and its working principle, which is delineated in next section.
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1.3 Semiconductor Neutron Detector - Working principle
Semiconductor neutron detector is classically conceived as a solid state ionization
chamber with high density and large stopping power. It collects the electron and hole (eh) pairs created by impinging charged particles, in much smaller volume than that
needed by a gas or scintillator detector. Thus, they are compact in size. The simplest
semiconductor neutron detector design is of two dimensional (2D) planar configuration
type [10]. It consists of two regions (see figure 1.3), a neutron sensitive converter region
comprising of the converter material and the charge particle detection region. In the
former region, neutron interacts and generates charged particles while the latter region
registers the event of interaction with converter. In other words, it detects the charged
particles generated in the converter region.

Figure 1.3. Semiconductor neutron detector in planar configuration consists of
neutron sensitive converter region and charge sensitive region which is based on
intrinsic type of Si.
The principle of thermal neutron detection is that, when a parallel beam of
thermal neutrons are perpendicularly incident on a detector as shown in figure 1.3, it
5

interacts with the converter material (say, 10B) and generates charged particles 7Li and α
as depicted in equation (1) [6,10].

The depth at which the above interaction takes place in the converter region is
probabilistic in nature. Subsequently, if any one of the generated charged particles
impinge on intrinsic silicon (Si) region, which is a charge sensitive medium, it creates eh pairs through columbic interaction. The total number of e-h pairs created is
proportional to the energy deposited by charged particles. The e-h pairs generate an
output current pulse when they are swept across by the application of appropriate reverse
bias to the Si detector. The output current pulse is further processed by external charge
sensitive pre-amplifier and associated read out electronics comprising spectroscopy
amplifier and Multi Channel Analyzer [8].
As seen from the above the neutron converter matter interaction, i.e., the
generation of charge particles has a bearing on the neutron detection efficiency which is
dependent on both the converter materials and the energy of the incident neutrons. In
essence, the efficiency (η) of neutron detection by solid state semiconductor neutron
detector is dictated by two fundamental aspects - the conversion of a neutron into
charged particles and their detection. The efficiency (η) for a semiconductor detector is
defined as the ratio of number of neutrons detected (via counting the number of charged
particles reaching Si detector and depositing energy greater than a set LLD value) to the
number of neutrons incident on the detector.
As the suitability of converter material in the detector for field measurements is
subtly dependent on energy of the background radiation, it is important to look into
various types of converter materials.
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1.4 Converter material
The converter materials such as 10B, 6Li and natural Gd are widely employed for
the detection of thermal neutrons, for which the microscopic cross section and reaction
products that are generated from their interaction with thermal neutrons are shown in
Table 1.1 [6,10].

For the fast neutron, converter materials based on light atomic

elements like H, C are preferred as their detection principle is based on proton recoil
methods [11].

Table 1.1. Different converter materials for thermal neutron detection with
macroscopic cross section values and their reaction products which are generated
upon thermal neutron interactions [6,10].
S.No Neutron Sensitive
Converter
Material

1.

155

2.

10

3.

6

Gd,157Gd

Microscopic
cross section
for thermal neutrons
(barns)
27000

B

3840

Li

940

Reaction products
(Their energies )

Conversion electrons -29 keV to 250
keV
Prompt γ-rays – up to 9 MeV
α (1.47MeV, 1.78 MeV)
7
Li(0.839 MeV, 1.1 MeV)
α (2.05 MeV)
3
H (2.73 MeV)

As seen clearly from the table 1.1, amongst the three neutron sensitive converter
materials, Gd possesses the highest microscopic cross section of 27000 barns. However,
it is seldom employed owing to the generation of low energy electrons in range of few
keV which are comparable to background radiation energies, and therefore poses a
problem for background radiation discrimination. Hence,
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B with neutron interaction

cross section value of 3840 barns is the next best choice of converter material which has
a moderate Q- value of 2.7 MeV [6,10]. Here, the term Q-value refers to the difference in
binding energies of the interacting nuclei before and after interaction.
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Though boron based converter materials are widely used for thermal neutron
detection, it suffers from a major drawback of a low magnitude of Low Level
Discriminator (LLD) value setting. The LLD is an evaluation parameter that is used to
discriminate the genuine neutron signal against the background gamma radiation. In
dense radiation environments, the Q-values of 10B are either lesser than or comparable to
typical background radiation [12]. So, the reaction product energy (Q-value) which sets
an upper bound on the setting of LLD to higher values is therefore an impediment on the
detector side, to achieve ‗good‘ background discrimination. As discussed earlier in
section 1.2, among several detector characteristics, the neutron detection efficiency ‗η‘
and gamma ray discrimination are figures of merit for performance of solid state detector
which depend critically on the material parameters of the neutron sensitive converter
material and the energies of the reaction products. With these considerations, uranium
‗U‘ and its compounds are being considered as alternative converter material for solid
state neutron detectors [13] which is described briefly in upcoming section.
1.5 Alternative Converter material- DUO2
The distinct advantage of using U as a converter material over other converter
materials is that the energy of fission products released is in the range of 60 to 120 MeV,
which is significantly higher than the background radiation [12]. A fission reaction for
neutron upon interaction with fissile materials U or Pu liberating highly energetic fission
products is shown below [14].
1
235
0n + 92U
1
238
0n + 92U

A1

+ Z2Y2A2 + x0n1
………………….
Z1Y1

(2)

where Y1 and Y2 are fission products generated with atomic numbers Z1 and Z2 having
atomic masses A1 and A2, respectively, while x denotes the number of neutrons
generated. A major part of the fission energy (~160 MeV) manifests as kinetic energy of
8

fission products while the rest of it is carried away by other high energy radiations such
as gamma, alpha and beta [14]. This high kinetic energy of fission products permits two
major advantages
(a) Effective gamma discrimination by setting higher LLD values.
(b) High signal to noise ratio as high energy fission product generates surplus electron
hole pairs inside semiconducting region.
Among various compounds of Uranium, Uranium Oxide (UO2) is known to possess
semiconducting property with a band gap of 1.3 eV [15]. UO2 also has a unique
distinction of being resistant to radiation damage [15], which facilitates its operation in
harsh and highly dense radiation environment. As it is ceramic in nature, it is known to
withstand much higher operating temperatures (typically 2600 K), unlike other
converters like B4C, which tends to decompose at high temperatures [15]. In particular,
Depleted Uranium Oxide (DUO2) having isotopic composition as U235- 0.3% and U23899.7% is a potential candidate for semiconductor neutron detector applications owing to
its lower radiological hazard nature as compared to natural and enriched Uranium
[13,16]. Moreover, it is readily available as a low level radioactive waste product after
enrichment of natural uranium with U235 for reactor fuels [15, 16]. An added advantage
of DUO2 is that it is sensitive to both thermal and fast neutrons as it has high value of
fission interaction cross section for both neutron energies [6]. Therefore, a single
converter material can be used for dual neutron energies.
As mentioned/discussed in section 1.3, both the converter material and the charge
sensitive detection region is important for the successful functioning of a high efficient
semiconductor neutron detector. Therefore, it is worthwhile to discuss briefly on the
choice of Si as a semiconductor detector material. The advantages of Si semiconductor
detector material over other semiconductor materials are given below:
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1. Owing to low atomic number (Z) of Si, the probability of its interaction with
gamma radiation by the mechanism of photoelectric effect is lesser in comparison
to other semiconductor materials such as Ge and GaAs.
2. In case of Ge, a cryostat is required for its operation as radiation detector, since
its reverse leakage current at room temperature is much higher than a Si
semiconductor [17], thereby limiting its application at room temperature.
3. The added advantage of Si over other semiconductors is maturity in
semiconductor fabrication techniques.
As the fabrication of semiconductor neutron detectors is both time and capital
intensive, it is prudent that prior to detector fabrication, various parameters of the
detectors are entail to be optimize for maximum efficiency of neutron detection using
simulation.
It is important to note that henceforth in the thesis; Si detector refers to intrinsic type
of silicon in all types of detector configurations. The Si detector is also considered to be an
ideal one i.e., the energy deposited by the charged particles in the Si detector will be

perfectly converted to electron-hole (e-h) pairs which result in signal generation or in
other words recombination effect is neglected.
1.6 Need for simulation
As far as simulation in neutron detection is concerned, Monte Carlo technique is
implemented to optimize various parameters of detectors [2]. As mentioned in section
1.3, the depth or ‗length‘ of interaction of neutron in these detectors is probabilistic. This
forces an optimization for the thickness of converter layer to a critical thickness ‗tc‘(see
figure 1.3) for maximum neutron detection efficiency (ηmax). For thicknesses lesser than
tc, most of the neutrons pass through the converter region, while a few interact and
generate fewer charged particles leading to low η. For thicknesses larger than tc, the
10

generated charged particles are absorbed in the converter region itself and do not reach/
register in the detector region, thereby leading to decrease in η.
This conflicting critical thickness requirement constrains the maximum η of
planar configuration detector. In order to overcome this constraint, three dimensional
(3D) architectures are adopted for the fabrication of neutron detector (see figure1.4) [18].

Figure 1.4. Schematic representation of a unit cell for 3D neutron
detector, showing cylindrical perforations filled with converter material

However, in the 3D detector also, several geometrical parameters pertaining to
‗lengths‘ need to be optimized from simulation so as to achieve ηmax. GEANT4
simulation package based on Monte Carlo technique is known for its reliability and
integrity [19] which is versatile and has a large repository of physics library [19,20]. It is
best suited for neutron detection efficiency simulations. GEANT4 simulation toolkit is
an open source and developed by CERN. Further theoretical details of GEANT4
software are elaborated in chapter 2 of this thesis.
As discussed above, simulation forms an integral core for any neutron detector
fabrication. Several simulations followed by detector fabrication and subsequent neutron
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detection are reported in literature and a brief review of the same follows in the next
section.
1.7 Brief review of literature on simulation, fabrication and experiments on solid
state neutron detectors.
Several research works have been carried out in the design of solid state neutron
detectors and are presented briefly in this section. McGregor et al. [21] have estimated
the simulated thermal neutrons detection using LiF as a converter material for planar
geometry which is found to be 4.6%. These authors have also reported [22] the
improvement in the neutron detector efficiency experimentally by fabricating
microstructures in Si detector and back filling with LiF converter material. They were
able to achieve a neutron detection efficiency of 11.94%. S. Bellinger et al. [23] have
demonstrated further improvement in thermal neutron detection experimentally by
fabricating straight trench of 250 µm deep and filling with Li nano particles. They have
reported much higher efficiency of 42%. S.Bellinger et al. [24 ] have also demonstrated
neutron detection with LiF as converter material for different microstructure geometries
such as hole, straight and sinusoidal pattern on Si detector. The obtained efficiencies are
9.7% (hole), 12.6% (straight) and 16.2% (sinusoidal) at 200 µm depth. J.Uher et al.[25]
have performed Monte Carlo Simulation for LiF converter material and they reported a
efficiency of 4.9% (planar), 6.3% (pyramidal dips) and 33% for

3D porus

microstructures. S.Lo. Meo et al. [26] have performed GEANT4 simulation for LiF
converter for sandwich stack configuration and corroborate with experiments. They have
found GEANT4 simulation efficiency results are in good agreement with experiments.
The neutron detection efficiency reported by them was 10%. Though LiF can be used as
a converter material, it is hygroscopic in nature and also it has low neutron absorption
cross section compared to B10 converter material. The low neutron absorption cross
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section of Li6 leads to a requisite for fabrication of much deeper trench in Si detector
which can pose a challenge.
C.Petrillo et al. [27] demonstrated neutron detection experiments using Gd based
converter material but the major drawback in their experiment is the need of lead (Pb) to
shield the detector against back gamma radiation since Gd converter material is sensitive
to gamma radiation, which forces the LLD to be set at lower value.
A pyrolytic boron nitride based thermal neutron detector for direct configuration
was studied by McGregor et al. [28]. However, in their studies they found that pyrolytic
boron nitride material cannot be employed as a direct conversion detector owing to the
charge transport problem associated with it. J.Uher et al. [29] have performed Monte
Carlo simulation for boron nitride, they reported a simulated efficiency of 35%. B.W.
Robertson et al. [30] have performed neutron detection experiments using boron carbon
alloys as a converter material but the efficiency reported for the detector was of
extremely low value ~ 1.3 x 10-3 %. R.J.Nikolic et al. [31] have reported thermal neutron
detection efficiency of 7.3 % for B10 converter material. Q. Sao et al. [32] demonstrated a
maximum efficiency of 48.5% for pillar array structure using B10 converter material, but
LLD value in their studies was set at 30 keV. R.A. Muminov et al. [33] have
experimentally shown for B10, a efficiency of 40% for thermal neutron detection by
fabricating rectangular micro pattern trenches in the Si detector and filling the micro
pattern trenches with the B10. R.Dahal et al. [34] carried out monte carlo simulation for
honey comb microstructures detectors and reported a maximum efficiency of 45% for
95% enriched B10. They have also carried out the experiment and found efficiency to be
4.5% for their detector. Incidentally, K.C.Huang et al. [35] have also reported neutron
detection efficiency for honey comb microstructures in Si detector with B10 neutron
converter material and they found efficiency of 26% for 2.5 mm2 and 24% for 1 cm2
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detectors. They have also performed GEANT4 simulation for pulse height spectra which
matches well with experiments. J.K. Shultis et al. [36] have performed detail Monte
Carlo analysis on two perforation geometries namely circular holes and parallel trenches
for both 6LiF and B10 converter material. From their simulation studies they found that
the efficiency of 16% for B10 converter material at a diameter of 6 µm for circular hole
geometry, whereas in case of parallel trenches of 5 µm in width trench, they found the
efficiency to be 19%. Adam M Conway et al. [37] have performed Monte Carlo analysis
for pillar structured detector with dimension 2 µm x 2 µm for various depth of pillar and
reported a maximum simulated efficiency 78% for B10 converter material. They have
corroborated their simulation result for pillar depth 7 µm and 12 µm with experiments,
which are in good agreement with each other. Attempts on designing neutron detectors
based on alternate converter material such as DUO2 by C.Krushtwexz et al. [13] have
been also reported. A brief summary of literature review is given in table 1.2.
Table 1.2. Summary of brief literature review on solid state neutron detectors.
S.No Literature

1.
2.
3.
4.

McGregor et
al.[21]
McGregor et
al.[22]
S.Bellinger et al.
[23]
S.Bellinger et al.
[24]

5.

J.Uher et al. [25]

6.

S.Lo.Meo et al.
[26]

Geometry ,
Converter
material
Planar, LiF

Experimental
Remarks
(Exp.) / Simulation
(Sim.) Efficiency
4.6% (Sim.)
Hygroscopic nature
of converter
Micro structured, 11.94% (Exp.)
Hygroscopic nature
LiF
of converter
Straight
42% (Exp.)
Hygroscopic nature
Trenches, LiF
of converter
Micro structure
9.7% (Hole),
Fabricating
pattern, LiF
12.6% ( Straight)
sinusoidal trenches
and 16.2%
in Si detector is a
(Sinusoidal) –
formidable task.
(Exp.)
Planar,
4.9% (Planar),6.3% Hygroscopic nature
Pyramidal and
(Pyramidal),33%
of converter
Porus micro
(Porus structures)
structures, LiF
(Sim.)
Sandwich stack
10% (Exp.)
Hygroscopic nature
Configuration,
of converter and
LiF
Challenges in
fabrication.
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S.No Literature

Geometry ,
Converter
material
Planar, Gd

Experimental
Remarks
(Exp.) / Simulation
(Sim.) Efficiency
Not reported
Low gamma to
neutron rejection
and low LLD value.
Not reported
Suffers from
Charge transport
issues.

7.

C.Petrillo et al.
[27]

8.

McGregor et
al.[28]

9.

J.Uher et al. [29]

10.

B.W. Robertson et
al. [30]

11.

R.J.Nikolic et al.
[31]

12.

Q.Sao et al. [32]

13.

R.A. Muminov et
al. [33]

14.

R Dahal et al. [34]

Honey Comb
45% (Sim.)
Micro structured, 4.5% (Exp.)
B10

15.

K.C.Huang et al.
[34]

Honey Comb
Micro structured
B10

26% for 2.5mm2
detector and 24%
for 1 cm2 (Exp.)

16.

J.K. Shultis et al.
[34]

16% (Trenches)
and 20% (Holes)
(Sim.)

17.

Adam M Conway
et al. [35]

Parallel trenches
and circular
holes,
B10
Micro structured
B10

18.

C.Krushtwexz et
al. [36]

Direct
Configuration,
Depleted UO2

Not reported

Direct
configuration,
Pyrolitic Boron
Nitride
Direct
Configuration,
Boron Nitride
Planar,
Boron Carbon
alloy
Micro
structured,
B10
Micro structured
Pillar,
material
Rectangular
Micro structured,
B10
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35% (Sim.)

Fabrication
challenges.

1.3 x 10-3 (Exp.)

Low efficiency

7.3% (Exp.)

Low efficiency and
coating complexity

48% (Exp.)

Coating complexity
and low LLD value
of 30 keV.
Coating complexity
of B10 as handling
B10 precursor
diborane is toxic in
nature.
Challenge in
designing Honey
comb
microstructures in
Si.
Challenge in
designing Honey
comb
microstructures in
Si.
Challenges in
fabrication.

40% (Exp.)

78% (Sim.)

Coating complexity
of B10 as handling
B10 precursor
diborane toxic in
nature.
Maintaining
stoichiometry

As seen from literature survey, extensive studies has been carried out using B10 as
converter material and is conventionally deposited on Si using Chemical Vapour
Deposition (CVD) technique, that uses diborane as a precursor. But, as diborane is toxic
in nature [38], difficult to handle and expensive, alternative boron compounds are being
explored. A scan of literature from Table 1.2 reveals that boric acid (H3BO3) is little
studied as a converter material. Unlike B10, this material has the advantage of being
directly spin coated on Si PIN diodes using appropriate binders [39,40]. This motivated a
GEANT4 simulation on boric acid, to explore it as a converter material in different
configurations.
Although boron possesses high thermal neutron cross section and is suitable for
detection of slow neutrons, its low Q value of 2.7 MeV (as mentioned in section 1.4)
forbids the setting of LLD to high levels to achieve good gamma discrimination. As an
alternative material, depleted UO2 with a higher Q value of ~200MeV is known to
achieve good gamma discrimination [13].
Having performed simulation on boric acid and DUO2, an experimental endeavor
was undertaken to fabricate a planar detector based on boron and tested for its neutron
detection. The planar detectors were fabricated in collaboration with IISc by utilizing the
commercial Si PIN diode coated with suitable boron based converter material.
As Si PIN diodes are used as charge particle detection medium, it is imperative to
have a prior knowledge of the irradiation damage of the diodes per say on the neutron
fluence. Also the Si PIN diodes are to be deployed in field conditions, the effect of
neutron fluence on the semiconductor device is also of paramount importance. In this
thesis, the effect of neutron irradiation on the electrical characteristics of Si PIN diodes is
studied. The following section briefly describes the literature on neutron irradiation
studies of Si PIN diodes.
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1.8 Literature survey of neutron radiation damage on Si
The Si PIN diodes have been employed widely for neutron dosimetry in radiation
environment owing to their insensitivity to micro-phonics and amenability to
miniaturization [41]. Other distinct inherent advantages of these Si PIN diodes are fast
signal response, low voltage operation and better energy resolution in terms of pulse
height spectra [42]. Moreover, standardization of planar technology process with respect
to Si PIN diodes has led to the exploration of a choice of geometries and sizes for
optimization of sensitivity of the diode for neutron dose measurement [41]. However, the
performances of these devices are susceptible to radiation damage especially from
neutrons [43]. It is therefore imperative to study their electrical characteristics from
current voltage (I-V) measurements to understand their behaviour in the presence of
neutron field. The effects of neutron irradiation on semiconductor Si PIN diodes have
been studied in the context of LHC (Large Hardon Collider) too [44].
Several extensive studies on the effect of neutron irradiation on the electrical
characteristics have also been conducted as part of ROSE (R&D for Silicon for future
Experiments) project [45]. Beattie et al. reported increase in forward voltage of the PIN
diode from 10 V to 100 V with increasing neutron fluence [46], when irradiated with
neutrons of 1 MeV energy. A similar investigation on I-V characteristics of irradiated Si
detectors performed by Bosetti et al. [47] also reported the change in reverse and forward
characteristics of diode in terms of rectification ratio, which changes drastically after
critical fluence of irradiation. McPherson et al. [48] investigated the electrical
characteristics of Si PIN diodes subjected to 1 MeV neutrons, both prior to and after
irradiation. They concluded that the radiation damage occurs only up to certain neutron
fluences and beyond that limit, the material becomes resistant to further damage.
Additionally, commercial PIN diodes were characterized for their utilization as radiation
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monitors in LHC to cover 1 MeV equivalent neutrons by Ravotti et al. [49]. They also
reported the shifting of the forward characteristics to higher voltages with increase in
fluence. However, they obtained a ‗thyristor‘ like behaviour for fluences more than
3x1013 n/cm2. Irradiation studies conducted on Si detectors by Edwards et al. [43]
indicated increase in the reverse leakage current of diode after exposure to neutrons. The
increase in reverse leakage current is due to the formation of energy levels within the
energy band gap [50], which aids in the thermal transition of carriers across the band
gap. The I-V characteristics of non Si based materials like GaAs and GaN exposed to
thermal neutron irradiation for fluences upto 3x1014 n/cm2 have been studied by Fauzi et
al. [51]. They concluded that the performance of diode degraded owing to the
displacement damage due to neutrons and gamma ionization.
The above experiments have been conducted in controlled environments with
respect to energy of the neutrons. However, there are not many studies on electrical
characterization of Si PIN diodes when subjected to typical reactor operation condition.
Hasegawa et al. [52] reported measurement of I-V characteristics of Si detectors under
typical reactor operation conditions. The fluences in their study, however, were limited
to 1x1014 n/cm2. They have also not carried out any detailed analysis to study the
variation of the associated diode parameters such as rectification ratio and ideality factor
in particular, as a function of neutron fluence, in reactor field conditions. In the present
thesis, effect of neutron irradiation on the electrical characteristics of Si PIN diodes for
the typical reactor conditions was studied. The present study mainly focuses on the
change in forward and reverse I-V measurement of Si PIN diode upon neutron exposure
and the implications of the irradiation on device parameters such as ideality factor and
rectification ratio.
The next section discusses the motivation and objective of this thesis.
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1.9 Motivation and Objective of thesis
The thesis focuses on three aspects - GEANT4 simulation of converter materials
to optimize geometrical parameters for maximum efficiency of neutron detection,
design/fabrication of planar thermal neutron detector and to investigate the effect of
neutron radiation damage on I-V characteristics of virgin Si PIN diodes.
1. GEANT4 Simulation
As the optimum critical length is a crucial aspect in design of semiconductor
neutron detector and it is worthwhile to find out the critical length parameters in order to
achieve ηmax ahead of fabrication. The efficiency of semiconductor neutron detector in
several different geometric configurations like planar, stack, embedded sphere,
cylindrical perforation and cuboidal trench structures were explored for different
converter material (boric acid and depleted UO2) using GEANT4 simulation based on
Monte Carlo method.
Necessary benchmarking and validation were carried out using conventional B10
converter by GEANT4 simulations. Subsequent to validation with literature, extensive
GEANT4 simulations were carried out for estimating η with boric acid as a converter
material. One of the most important parameter to evaluate neutron detector performance
is its ability to discriminate against the background radiation. The low Q-value of
neutron interaction with boron sets a limitation on gamma discrimination to ~ 300 keV
and therefore other alternaive converter materials such as Depleted Uranium Oxide
(DUO2) with larger gamma discriminator values ~20 MeV were investigated for its
efficiency in various configurations.
2. Neutron detection experiments
An attempt is also made to design and fabricate a prototype planar configuration
thermal neutron detector in collaboration with IISc Benguluru. Preliminary experiments
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were performed to detect thermal neutrons in planar configuration, using Si PIN diode
coated with Boron Based material1 (BBM). The optimum critical coating thickness for
this material was obtained from GEANT4 simulation and same was coated on Si PIN
diode. All necessary precautions were taken to eliminate artefacts and minimize noises
while performing the experiment on these BBM coated Si PIN diode based neutron
detectors.
3. Investigation of radiation damage in virgin (uncoated) Si PIN diodes
Along with experimental detection of thermal neutrons, the present thesis also
investigates the neutron radiation damage that takes place when virgin (uncoated) Si PIN
diodes are exposed to varying neutron fluences. The main focus is to study the
degradation in I-V characteristics of Si PIN due to neutron irradiation.
A point to be noted that the word ‗neutron detector‘ used throughout the thesis
means converter material with Si detector (i.e., indirect detector) except in direct
configuration case where both the converter and detector are same. The Si detector refers
to charge sensitive region i.e. it detects the charged particle. Both detector and Si
detector are interchangeably used.
1.10 Organization of thesis
The work is entitled ―Design of solid state neutron detectors using GEANT4 simulation‖.
The findings and research contributions are documented and organized in seven chapters.
Chapter 1 introduces the motivation of the thesis along with literature on the current
scenario on 1) simulation of converter materials suitable for neutron detectors using
GEANT4, in particular, 2) neutron detector fabrication and detection using a boron based
material and 3) neutron radiation damage on the I-V characteristics of Si PIN diodes.

1

The details of the converter material is not disclosed in this thesis, as a patent application is being filed
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Chapter 2 discusses the various simulation and experimental tools adopted during the
course of research. The basics of Monte Carlo (MC) based GEANT4 simulation toolkit
with a brief outline of its architecture is presented. Details of experimental tools such as
current-voltage measurement (I-V) set up, capacitance-voltage (C-V) measurement set
up, alpha spectroscopy, neutron detection, Si PIN diode for irradiation are also discussed
in this chapter.
Chapter 3 explains the details of the benchmarking procedure of GEANT4 simulations,
followed by detailed simulations and optimizations of appropriate lengths for boric acid
as converter material, in planar and three dimensional configurations for efficiency of
neutron detection.
Chapter 4 discusses in detail optimization of the associated geometrical lengths for
different configurations using GEANT4 for depleted UO2 as a converter material in
order to yield maximum efficiency for thermal and fast neutron detection. This chapter
discusses the depleted UO2 based detector in direct/ indirect and three dimensional
configurations such as cylindrical perforation and cuboidal trench design structures.
Chapter 5 focuses on documenting the attempts made in fabricating thermal neutron
detectors based on boron based material coated on Si PIN diode and experiments on the
thermal neutrons detection.
Chapter 6 describes the changes in current voltage (I-V) characteristics on Si PIN
diodes before and after neutron irradiation in a predominantly thermal nuclear reactor –
KAMINI -with a particular emphasis on diode parameters such as knee voltage, ideality
factor and rectification ratio.
Chapter 7 presents summary, conclusions and scope of future research.
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Chapter -2
GEANT4 Simulation package and Experimental
details
This chapter outlines the details of methodology of GEANT4 simulation package
including its architecture and process flow adopted in this thesis. It also discusses briefly
the experimental aspects on fabrication of planar semiconductor neutron detector based
on boron and subsequent detection of thermal neutrons. The experimental details
pertaining to neutron irradiation and electrical characterization of silicon PIN diodes to
investigate the effect of radiation damage are outlined.
2.1 Simulation
2.1.1 Monte Carlo method
Monte Carlo (MC) method is a stochastic process which uses random number
sequence and probability statistics. This method developed by John Von Neumann and
Stanislaw Ulam [1] has been widely employed to solve complex integro-diferential
equation in the fields of physics and mathematics. Advancement in computer technology
coupled with improved performance in its operations enabled this method to be used
widely by scientists across the world.
Basically, MC methods are implemented in the form of computational algorithm
that heavily rely on random sampling in order to estimate any relevant parameters of
interest required for experiments. In context of particle transport in matter, it is very
important to determine the most probabilistic path length which changes frequently due
to a large number of possible interactions/events. So, instead of predicting or following
the path of a single particle, it is indeed prudent to statistically consider large numbers
particles that will undergo a specific type of interaction with help of MC techniques
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[1,2]. Millions of particles can be simulated with specific energy and direction, such that
they traverse some range in the matter based on their mean free path value [1,2].
In particular, for the design of solid state semiconductor neutron detectors,
various interactions of neutrons with matter, such as scattering (elastic and inelastic),
absorption or capture which are random phenomena are better addressed by MC methods
[3,4]. In addition to its ability in handling probabilistic interactions, it is also possible to
simulate experimental set-up [3], emulate the radiation source [3,4] and estimate the
parameters of interest. The other major advantage of MC simulation is that it allows the
optimization of detector design geometry which helps in reducing the cost, ahead of any
detector fabrication.
The MC method is extremely versatile to the extent that experimental simulation
of events, starting from the generation of neutrons with specific energy, direction and its
distance from the intended target can be simulated [2,3]. As for tracking the neutron
path, the implemented MC method takes a decision to simulate the type of interaction
including that of generation of secondary particles, which is dependent on both the
neutron energy and the magnitude of its interaction cross section with the material. The
above steps are repeated several times until the neutron and the secondary particles
which are generated on interaction, are either absorbed or escape the simulation
boundaries. These simulations and calculations were traditionally based on MC
technique had been carried out by D.S.McGregor et al. [5] using matlab tool for
estimating efficiency of semiconductor neutron detector. Although the implementation
with matlab is simpler, it gives fewer details on the type of interactions the neutrons
undergo, generation of secondary particles etc. More sophisticated, dedicated and
versatile software based on Monte Carlo methods such as MCNPX (Monte Carlo NParticle eXtended) and GEANT4 (GEometry ANd Tracking) are employed extensively
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by researchers in the field of designing neutron detector [6,7,8,9,10,11,12]. A brief
discussion on MCNPX and GEANT4 simulation is presented in following section.
2.1.2 MCNPX Simulation
MCNPX is an advanced version of MCNP (Monte Carlo N-Particle code) which
was developed in Los Almos National Laboratory [13] and has been used extensively to
study the transport and interaction of neutrons, photons and electrons in matter. Coded in
Fortran90, it possesses the capability to simulate interaction of 34 fundamental particles,
for energies ranging from meV to GeV using both nuclear library and various physics
models [13]. K.Sedlackova et al.[14] and Adam et al. [15] have performed MCNPX
simulations pertaining to fast neutron detection using SiC semiconductor and pillar
structured solid state thermal neutron detector with boron as a converter material,
respectively and showed excellent agreement with their experimentally obtained results.
Although several other studies have been carried out with MCNPX - it is seldom used for
tracking heavy charged particles in matter [16]. Moreover, it is a commercial software,
which involves huge cost in procurement.
2.1.3 GEANT4 Simulation
In contrast to MCNPX, GEANT4 software is an open source and freely
downloadable from GEANT4 website [17]. It is also a particle tracking simulation
toolkit software package [9,18] which is based on Monte Carlo method, developed in
CERN by worldwide collaboration of physicists and computer programming scientists.
Several library functions and features are available in repository of GEANT4 toolkit,
which offers user the versatility to cover all aspects of the detector simulation right from
definition of detector in terms of its size, material, defining its sensitive region, projectile
particle of interest, tracking of particle in detector, specific and relevant physics process
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of the particle, retention of data for detector response and to the visualization of detector
through graphical interface [18]. Going by its versatility and modularity, it has been used
in wide range of applications in domains of radiation physics for designing complex
detector, for high energy physics experiments, as well as in nuclear medicine, space
science and astrophysics [9,18]. The added advantage of GEANT4 is that, it is based on
user friendly Application Programming Interface (API). The API is a collection of
methods and subroutines with certain library functions which enable the developer to
communicate between various software components through call subroutines [16]. This
toolkit extensively uses object oriented concepts with C++ as programming language,
thereby facilitating modularity in the design of software. In the subsequent section, a
brief overview on the architecture of GEANT4 toolkit and process flow of the simulation
used in the present work will be discussed.
2.1.4 Comparison of GEANT4 and MCNPX
Although both GEANT4 and MCNPX have been used by researchers around the
world for studying physics problems, it is worthwhile to peep into their comparison. In
one of the reports, Guardiola et al. [6] have evaluated detection efficiency of thermal
neutrons for B10 converter material using GEANT4 (patch 4.9.2) and MCNPX (version
2.6.0) toolkit. They found that the maximum efficiency for thermal neutron detection
was 3.3% and 5% with GEANT4 (patch 4.9.2) and MCNPX (version 2.6.0),
respectively. The disagreement in efficiency between the two toolkits was due to
implementation of physics processes differently [6]. In ref.6, the cross section value for
interaction was taken from ENDF (Evaluated Nuclear Data File) B/VI version of library
in GEANT4 (patches 4.9.2) which are more accurate for fast neutrons [19]. Moreover,
neutron cross section data were constantly upgraded and ENDF B/VII version library is
implemented in GEANT4 for patch 4.10.02 for the interaction of thermal neutrons.
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ENDF B/VII has several advantages over ENDF B/V1 due to addition of new cross
sections for more extensive neutron fission product cross sections, more precise standard
cross sections and improved thermal neutron scattering [19,20]. Hence, in the present
work, an upgraded patch of GEANT4 (4.10.02) with updated file (ENDF B/VII version)
was implemented for simulation studies. Rotondwa Mudau et al. [21] have studied the
comparison of GEANT4 (patch 4.9.5) with MCNPX (version 2.7) for neutron scattering,
in order to validate the GEANT4 (patch 4.9.5) implementation of ENDF/B-VII database
for nuclear interaction cross sections and also benchmarking this against MCNPX
(version 2.7) for low energy neutron transport. They found good agreement between the
results of GEANT4 (patch 4.9.5) and MCNPX(version 2.7). Incidentally, another studies
by B. M.van der Ende et al. [22] have reported consistent results obtained from both
GEANT4 (4.10.02) and MCNPX (version 2.7) simulation studies for Cf
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and mono

energetic thermal neutron sources (0.025 eV). S. Meo et al. [23] have performed
GEANT4 simulation on LiF as converter material for thermal neutron detection and they
corroborated their simulation efficiency results with experiments which are in close
agreement with each other. The above reports reiterate that GEANT4 can be used for low
energy neutron transport in any material. Based on the above reported literature,
GEANT4 (patch 4.10.02) simulation package was employed for investigations in this
thesis. Detailed architecture of GEANT4 simulation toolkit follows in next section.
2.1.5 Architecture of GEANT4 software
The schematic of GEANT4 toolkit package consists of 17 major class categories
[18,24] as shown in figure 2.1. The architecture represents the hierarchical structure with
a unidirectional flow, where the lower class category is used by higher class category.
The bottom most and top most classes are the Global and GEANT4, respectively. The
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global category collects all classes, types, structures and constants which are needed in
the GEANT4 toolkit.

Figure 2.1. Architecture of GEANT4 simulation toolkit consisting of 17 major class
categories [24].
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The function of each category of toolkit is explained briefly in table 2.1 [18,24].
Table 2.1. Major functions of important category of GEANT4 Simulation toolkit.
S.No
1.

Category of
Toolkit
Geometry

Major Functions of Category


It is used to define the geometrical aspect of the
detector.



In this category, the user must define the sensitive
region

of

the

detector

by

implementing

G4VSensitive class [24].


The other aspects of detector like dimension,
orientation are also defined in the geometry
category.



The detector material is defined in the geometry
category using either G4Material class or NIST
Material database.

2.

Particle



It handles the definition of particles to be used in the
simulation.



The user has to specify the type of particles, number
of particles, position of incident particles, energy and
beam direction of particles.

3.

Physics Process



It deals with all the relevant physics processes
involved in the interaction of particles in material.



The modularity of toolkit allows users to implement
multiple physics models per interaction.



Physics models based on the energy range, particle
type, and material can be selected.

4.

Run and Event



It deals with the generation of events, interfaces to
the event generators and any secondary particles
generated in the material after interaction with the
primary particle [24].



Its specific role is to provide particles to be tracked
to the tracking management category.
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S.No
5.

Category of
Toolkit
Tracking and

Major Functions of Category


Track

Its function is to handle propagation of a particle by
analyzing the various factors which limit the step
and apply appropriate physics processes.



The significant aspect of the software design is to
generalize the GEANT4 physics process which
could perform actions, along the tracking step, either
localized in space, or in time, or distributed in space
and time.

6.

Hits and



Digitization
7.

Visualization
and Interface

It manages the creation of hits in the sensitive region
of the detector and its use for the digitization.



It manages the visualization of solids for detector,
trajectories of particles both primary and secondary
hits, which is the interaction of particles in the
sensitive volume of detector and it interacts with the
underlying graphical libraries.



The

object

oriented

design

of

visualization

component facilitates to develop several drivers
independently, such as for OpenGL, Qt and
OpenInventor (for X11 and windows), DAWN,
Postscript (via DAWN) and VRML [18].


The interfaces category handles the production of
the graphical user interface (GUI) and the
interactions with external software [18].

It is important to note that GEANT4 toolkit in itself is not a standalone
application. The user must define the material, projectile and geometry parameters that
are essential to carry out the simulation experiments. Moreover, the user has to write
customized codes using the library resources available in the toolkit. The user initially
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has to define the main () function. It is an imperative function and from this function all
other classes are defined and invoked.
Besides the main () function, the toolkit has two main user classes; one is
mandatory /compulsory which must be defined by the user and another is an optional
[24]. The mandatory class consists of user initialization classes which are used during the
initialization phase of simulation. The three classes under initialization class are:
1. G4VUserDetectorConstruction
In this user initialization class, the user needs to write codes for describing the detector in
terms of its size, shape and material.
2. G4VUserPhysicsList
The G4VUserPhysicsList is utilized by the user to explicitly define the relevant physics
processes required for the description of the particle interaction with matter.
3. G4VUserActionInitialization.
The attributes of the projectile in terms of projectile particle, its energy, direction and
number of particles are specified in the G4VUserActionInitialization class.
The optional classes are user action class, which includes five major classes:
1. G4UserStepping Action – for analyzing the steps of particles.
2. G4UserEvent Action- defines histogram and event selection.
3. G4UserTracking Action- decides whether the trajectory of particle needs to be stored
or not.
4. G4UserStacking Action-storing track information.
5. G4UserRun Action- to controls the flow of simulations and store histogram.
After defining the above two classes, the user must compile the collection of
GEANT4 individual files for which the GEANT4 kernel generates an executable file

36

which is to be run to begin the simulation process [24]. A point to note is that in the
present work, GEANT4 software was installed in Fedora Linux operating system.
Four important components in the execution of GEANT4 simulation are
1. Step - It is the minimum path length that particle traverses in material before
interaction.
2. Track- It traces the path taken by particle or total number of all steps taken by the
particle while propagating through matter.
3. Event- It stores the track history of single incident particle along with the track of all
the secondary particles that are generated upon the interaction of primary particle with
material.
4. Run- It is a collection of all events that share the same detector geometry, physics
process and particle.
The next section briefly explains about the process flow of the GEANT4 simulation
pertaining to the present neutron detector simulation work.
2.1.6 Process flow of Simulation pertaining to present work
The relevant parameters fed as input to simulation toolkit and outputs obtained from the
toolkit are illustrated in figure 2.2.

Figure 2.2. Process flow of simulation in the present work with relevant input and
output parameters.
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2.1.6.1 Detector definition - User input
The definition of detector to be simulated was defined in geometry category
while G4Detector Construction class was used to define its dimensions. The volume of
detector is expressed using the concept of logical volume and physical volume. The
logical volume defines the physical attributes of the detector element including its shape
and other volumes such as trenches, perforations etc enclosed in it. The physical volume
specifies the spatial positioning of the detector inside the world/mother volume. The
mother volume represents the experimental boundaries within which, both the projectile
and the detector are defined/confined. The material of detector was defined by
implementing G4Material class [24]. The graphic representation category is utilized by
geometry category for the visualization of the detector. Thus, the user defines detector
dimension and material composition in geometry category which was given as input
parameter in the toolkit (see figure 2.2).
2.1.6.2 Particle projectile - User input
Next important category in toolkit is the particle category in which the particles
to be projected on the detector are defined by user and given as input parameter in the
toolkit. In this category, primary generator class is used to input the particle energy,
direction, initial position, number of particles and type of the source - planar or point source. There are two ways of defining primary particles viz., Gun particle and General
Particle Source (GPS) class. The particles are shot serially one after another onto the
detector front face in Gun particle class while the GPS class has a feature employing
parallel source of particles. It is important to note that in present simulation work, GPS
class was implemented for generating parallel beam of mono energetic neutrons [24].
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2.1.6.3 Process flow in run and tracking manager
After the projectile is generated, the simulation passes on to run category which
is the largest unit of simulation. This category comprises of a class known as run
manager whose object needs to be defined in the main program. The run manager object
initializes three mandatory user classes, namely detector construction, primary generator
and physics process. Run category also manages collection of all events associated with
the particles. The simulation process flow in the run, event and tracking category is
depicted as flow chart (see figure 2.3) and further details are described below.


First step is to initialization of G4Event object in G4Event Manager class.



In the second step, G4Event object is assigned the primary particle and
primary vertex.



The G4EventManager converts the primary particles and primary vertex
objects associated with the G4Event object to G4Track object which is then
passed on to G4StackingManager class for storing.



G4EventManager then serially pops one by one the G4Track object from the
G4StackingManager class and sends to the G4TrackingManager class. The
G4TrackingManager acts as a broker link between the Hierarchal class (that
is the Event) and lower class (Track).



G4TrackingManager gives its input to the G4Stepping Manager whose
essential role is in tracking of a particle. It takes care of the entire message of
passing between the objects of different categories relevant to transporting of
particles.



G4SteppingManager has public stepping method and helps in steering the
particles through the medium. In GEANT4, all the particles are tracked till
their kinetic energies are zero or a particle goes out of the world volume.
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Start

Recalculate
step length

Repeat above steps

Initialization of G4Event object
in G4EventManager class





G4Event Category functions
Assigns primary particles and its vertex to G4Event object.
Convert G4Event object to G4Track object.
Store G4Track object in G4StackingManager




G4TrackingManager
It acts a broker link between Hierarchal amd lower class.
It provides input to G4SteppingManger for tracking particle.



Physics Process Category
Calculates step length using cross section information of
material by utilizing GPIL function.

If step length <
safety distance of
geometry
navigator

No

Yes




Track the particles till it Kinetic energy is zero and look for
secondary particles
G4EventAction is used to estimate the energy deposited in

matter.

Yes

If secondary
particles
generated

No

No
Yes


Obtained output file from
Read out Category.

Stop

Figure 2.3. Flow chart of simulation process in run, event and tracking category.
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Subsequent to the tracking of particles, the simulation then passes on to
process category which has a GPIL (Get Physical Interaction Length) method.
GPIL method calculates the step length of the given particle between
successive space time points - from the current space time to the next space
time point - based on the interaction cross section of the projectile with the
material, as dictated by physics process category.



The physics process category decides what type of interaction the particle will
undergo while it traverses through matter.



The associated physics process gives the step length and is compared with
‗safety‘ distance calculated by geometry navigator. ‗Safety‘ is the length to
the

next

volume

boundary

and

is

implicitly

specified

by

the

G4SteppingManager, so that the interaction takes place with a physical matter
entity.


If the step length provided by the process is smaller (more) than the ‗safety‘
distance of geometry navigator, then the step length is chosen (recalculated).



When the particle travels through the medium, all the continuous processes
are invoked. The particle kinetic energy is updated only after all the invoked
processes have been completed. The change in kinetic energy is the sum of
the contributions from all the continuous processes.



The secondary particles if generated in the process, are stored in the stacking
manager and popped out serially one by one and tracked. The G4Step class is
used to store the transient information like Pre step point and Post step point.
G4Track keeps the current information about the particles, whereas, all the
track information is stored in G4Event object.
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The energy deposited by particles in matter is traced by G4Event Action
function. G4Event class output is fed to the run category.



Finally, the run category input is given to the readout category to generate
final simulation result output file.

The output file gives the information on the detailed analysis of the types of
interactions that the particle undergoes, number of particles interacted, range of particles
in detector medium and efficiency of detector etc. The energy deposited by both primary
and secondary particles in detector is obtained from a histogram plot which is generated
in the analysis manager [24].
In summary, general process flow of simulation was discussed. Further details of
the simulation pertaining to detector geometry and material will be explained in
subsequent chapters. The initial simulations were based on benchmarking the literature
results which will be explained in chapter 3.
Apart from simulations, experiments were carried out for detection of thermal
neutrons by boron based materials coated on silicon PIN diodes and to understand the
effect of neutron irradiation on virgin (uncoated) silicon PIN diodes therefore, it is
pertinent to discuss the relevant experimental details.
2.2 Experimental details
2.2.1 Si Device Information
2.2.1.1 Si-PIN diode
In the present thesis, Si PIN (P-type, Intrinsic, N-Type) diodes procured from
BEL (Bharat Electronics Limited, Bengaluru) shown in figure 2.4, were used for
carrying out alpha/neutron detection and irradiation damage studies.
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Figure 2.4. Si-PIN diodes used in experimental work [25].

Figure 2.5. Cross sectional view of Si PIN diode [25].

The cross sectional view of Si PIN diode shown in figure 2.5 with thicknesses of
P, I and N regions as - 0.9 μm, 300 μm and 3 μm, respectively. Silicon diodes with
lateral dimensions of 10mm x 10mm (with active area of 94.09 mm2) were used for
alpha/neutron detection experiments while those of smaller dimensions 5mm2 (with
active area of 22.09 mm2) devices were used for irradiation experiments to facilitate
loading of diode inside the polythene vial. Two Guard Rings (GR) each of thicknesses
about 100m completely surround the active region of diode to improve its performance
[26]. Aluminum metal contacts to the guard rings are 0.1mm x 0.1mm in dimension.
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The p+ pads present over the guard rings are about 10mx10m in size. The window
material made of SiO2 on top surface of diode is 0.5 μm thick. The operating temperature
range of diode is -65 °C to 125 °C.
2.2.1.2 Electrical characterization of Si-PIN diodes in terms of I-V and C-V
measurements.
The electrical characterization i.e., current-voltage (I-V) and capacitancevoltage(C-V) measurements were performed on Si PIN diodes by mounting them on a
specially designed PCB (Printed Circuit Board) which in turn was placed inside a light
tight Aluminum chamber (see figure 2.6). This chamber shields the diode from external
electrical interference, apart from providing a dark environment.

64 mm

115 mm

14 mm

Figure 2.6. Aluminum Faraday chamber encasing PCB used in measuring the I-V
and
C-V characteristics of Si PIN diodes. (Top lid cover is not shown)

A Source Measurement Unit (SMU) (model- Keysight B2912A) and LCR meter
(model- E4980 A) were employed for I-V and reverse C-V measurements, respectively.
These measurements were automated using LabView interfacing platform and
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commercially available Quick I-V measurement software, so as to acquire data using a
personal computer. The complete automated experimental set up for I-V and C-V
measurement is shown in the figures -2.7 (a) and 2.7 (b), respectively.

(a)

(b)

Figure 2.7. Experimental set-up used for (a) I-V and (b) C-V measurement.
2.2.2 Neutron detection experiment
2.2.2.1 Read out electronics for detection of alpha /neutrons
Before embarking on detection of neutrons, the nuclear readout chain shown in
figure 2.8 [27,28], is tested for its functionality by detecting alpha particles [29]. Since
the range of alpha particles in air is typically a few cms, the experiment was conducted
under a vacuum of 10-3 torr, in a dedicated and specially designed Aluminum vacuum
chamber (see figure 2.9). This consisted of grooves (see figure 2.10) to facilitate the
placement of detector (Si PIN diode) and triple energy alpha source (Pu239 - 5.155 MeV,
Am241- 5.486 MeV and Cm244- 5.806 MeV) in a disc form (see figure 2.11). The alpha
source was placed at a distance of 1 cm from Si PIN diode inside the Aluminum
chamber. It is worthwhile to note that the pulse mode of operation was used for both
detection of alpha particles and neutrons. Si PIN diode was reverse biased using a high
voltage power supply (model - NHQ105 M). The current pulse from Si PIN diode due to
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alpha exposure was measured using a charge sensitive preamplifier (model CSP-11, gain
of 150 mV/pC). In order to reduce the noises arising out of parasitic capacitance, a
smaller length of cable - typically 15cm - with SMA (Sub Miniature –A) and SHV (Safe
High Voltage) terminators was used to connect signal output from the diode to charge
sensitive preamplifier. The charge sensitive preamplifier integrates the current signal
pulse id [27,28] from the detector, over a time t and generates a voltage output pulse Vout
(t) as

Figure 2.8. Block diagram of the read out electronics for detection of alpha particles
and neutron.

Figure 2.9. Vacuum chamber with SMA (Sub Miniature –A) to SHV (Safe High
Voltage) cable connection.
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Figure 2.10. Aluminum holder consisting of grooves to mount silicon PIN diode and
alpha source to be placed inside the vacuum chamber.

Figure 2.11. Triple energy alpha Source in disc shape.
As shown in figure 2.8, the charge sensitive preamplifier output is fed as input to
a pulse shaping amplifier (also known as Spectroscopy Amplifier) which consists of
integrator and differentiator circuits, to improve on signal to noise ratio [27,28]. The
output pulse of spectroscopy amplifier is a gaussian pulse whose rise and fall times are
dictated by time constant of integrator and differentiator circuits [27,28], respectively. In
the present work, spectroscopy amplifier (model- Ortec-673) with appropriate gain
settings and shaping time was used. The last stage of the read out electronics chain is a
multi channel analyzer (MCA) (model-Fast Comtec MCA-3,13 Bit ADC (Analog to
Digital Converter)) which converts the analog gaussian pulse to a digital one, and was
interfaced with a personal computer for further data acquisition, storing and processing
[27,28]. The photograph of the experimental set up for alpha detection is shown in figure
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2.12. The same experimental setup is used for the detection of neutrons except that (a)
the alpha source is replaced by a thermal neutron standard source, (b) Vacuum pump is
not required and (c) settings of detector bias and gain parameter of spectroscopy
amplifier were varied.

Figure 2.12. Experimental set up used in the alpha particle detection.
2.2.2.2 Detection of thermal neutrons
For the detection of thermal neutrons, a suitable converter material based on
boron, herein referred to as BBM, was used. The details of the converter material and the
coating procedure are not disclosed in this thesis, as a patent application is being filed.
The optimum thickness of BBM coating was obtained from the GEANT4 simulation and
same was coated on Si PIN diodes having an active area of 94.09 mm2. The coating
thickness was measured using a Dektak surface profilometer (model-6M Vektak,
Veeco,USA). The I-V and C-V measurements were carried out on the diodes using
experimental setup as shown in figure 2.7 (a) and 2.7(b), before and after the BBM
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coating, to ascertain the effect of the BBM coating on these measurements. The thermal
neutron detection experiments were carried with a thermal neutron flux standard facility.
This facility has eight Am-Be neutron sources of activity 0.5 Ci and is moderated by
nuclear grade graphite [30,31]. The facility has constant neutron flux zone where flux
was 7 x 103 n/cm2-s. The neutron flux was estimated by foil activation method. The
BBM coated Si PIN diodes were exposed to thermal neutrons by placing them inside the
Aluminum chamber at constant neutron flux zone. Then the appropriate bias was applied
to detector and cable connection was provided to acquire the signal. The read out
electronics for the detection of neutrons is similar to the alpha experiments as shown in
figure 2.12.
As is well known, devices of silicon devices like PIN diode when exposed to
harsh radiation conditions undergo radiation damage [32]. Therefore, an attempt is made
to examine the radiation damage in silicon PIN diodes when exposed to predominantly
thermal neutrons by measuring the electrical characteristics. The details of this
experimental procedure follow in the next section.
2.2.3 Neutron Irradiated experiments on Si- PIN Diodes
In order to understand the effect of neutron irradiation on the electrical I-V
characteristics, the Si PIN diodes were subjected to predominantly thermal neutron
source in KAMINI (KAlpakkam MINI reactor) nuclear reactor. This reactor is cooled
and moderated by light water and fueled with uranium-233 metal. The KAMINI reactor
generates 30 kW of thermal energy at full power [33].
The Si PIN diodes were packed in a polythene vial and transferred to the core of
KAMINI reactor with a pneumatic fast transfer mechanism. The flux at the irradiation
location was 6.01x1011 n/cm2s when the reactor was operated at 20 kW. The irradiation
times were so chosen so as to result in neutron fluences ‗‘ ranging from 1x1014 to
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1x1016 n/cm2. The neutron flux and spectrum at irradiation location have been
experimentally measured by foil activation method [34]. The neutron spectrum at the
irradiation location of the reactor is shown in figure 2.13. The corresponding neutron
fluxes for various energy intervals are summarized in table 2.2 [34]. The ambient
temperature at the irradiation location was 300 K. Post irradiation, the diodes had an
activity in excess of 10 mR/h and was unsafe for handling/ carrying out any experiment.
The diodes were therefore placed inside a lead pot for over a month until the activity was
below 0.1mR/h and which is considered safe to be handled by personnel for further
experiments. It is to be noted that diodes were also subjected to gamma rays (approx 3.14
x 104 Gy/h).
1.00E+05
1.00E+04
Flux tally (particles / cm 2 )

1.00E+03
1.00E+02
1.00E+01
1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
1.00E-06
1.00E-10

1.00E-08

1.00E-06

1.00E-04

1.00E-02

1.00E+00

1.00E+02

Neutron Energy (MeV)

Figure 2.13. Neutron flux variation at the neutron irradiation location.
Table 2.2. Neutron energy and flux measured at neutron irradiation location [34].
Neutron Energy Interval

Neutron Flux(cm-2s-1)

0 - 0.56 eV

3.45 x1010

0.56 ev – 0.5 MeV

4.30 x1011

0.5 MeV- 2 MeV

1.36 x1011
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The I-V characteristics in forward and reverse bias conditions were carried out
for all the Si PIN diodes prior to irradiation. In case of virgin diode (i.e., on unirradiated
diode), for the forward bias condition, the measurements were carried out till 0.8V with a
step size of 50 mV, while for the reverse bias conditions, the measurements were carried
out from 0 V till 100 V, incremented by 1 V. The experimental set up as shown in figure
2.7(a) was used for the I-V measurement. For measurements of forward current in
irradiated specimens, the upper limit on forward voltage was set at a value where a sharp
increase in current was obtained [35]. However, for measurements in reverse bias
conditions, the upper voltage (till 100 V) was kept the same as that in the virgin case. In
order to estimate the depletion width of Si PIN diode, a reverse C-V measurement was
performed using the set up shown in figure 2.7 (b) from 0 V to 100V at constant
frequency of 1 MHz.
Having discussed about the GEANT4 simulation and experimental details, the
focus now moves to the simulation and experimental results which are presented and
explained in the subsequent chapters. The next chapter discusses in detail about the
GEANT4 simulation results for benchmarking with literature and employment of boric
acid as a converter material.
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Chapter-3
Benchmarking and GEANT4 Simulation of Boric
Acid
This chapter discusses benchmarking and validation of GEANT4 simulation results with
literature for two test problems. It also includes result and discussion of boric acid as a
converter material for thermal neutron detection in various geometries configurations
such as two- dimensional (2D-planar and stack) and three dimensional (3D-spherical,
cylindrical and cuboidal trenches). The aim of the GEANT4 simulations is primarily to
estimate neutron detection efficiency.
3.1 Benchmarking
The reliability of any simulation package is based on its validation and
benchmarking with experimental data or corroborative results [1]. As far as simulation in
radiation detection field is concerned, GEANT4 is known for its reliability and integrity
[2, 3]. It is also important to note that any simulation methodology necessitates
commensurate benchmarking as a prelude for validation of results generated by the
simulation. Therefore, prior to application of GEANT4 for simulation of detectors in the
present work, suitable benchmarking and validation needs to be carried out. In present
work, two test problems, viz., planar and stack geometries were selected for
benchmarking with literature. The focus in benchmarking and validation is on the
determination of critical thickness for achieving maximum efficiency for detection of
thermal neutrons (max).
3.1.1 Planar Geometry- Benchmarking
3.1.1.1 Planar geometry detector design
A neutron detector in planar geometry also known as two dimensional (2D)
configuration was designed in ‗geometry‘ category of toolkit with a surface area of 1cm2
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along X-Y plane consisting of 100% enriched elemental B10 (neutron sensitive converter
material) and Si (charged sensitive detector material) as shown in figure 3.1 (a) and (b).
The Si semiconductor detector region was defined as a charge sensitive region by
utilizing GV4Sensitive class [4]. The thicknesses of Si detector and B10 Converter
Material (CM) was 300 µm and variable ‗t‘, respectively as shown in figure 3.1 (a),(b)
and (c).

(a)
(b)

(c)

Figure 3.1. Planar detector configuration geometry consisting of elemental B10 as CM
having variable thickness ‘t’ on top of Si detector (300 μm), as shown for front
irradiation (a) Side view (b) Top view and (c) Back irradiation.
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G4Placement function was implemented to define the position of detector with
respect to mother volume. The mother volume is an experimental boundary region in the
simulation with a volume cube of dimension 1000 cm3. Requisite material parameters,
like density, isotope composition and constituent number of elements in a compound
were given as input parameter by the user in the toolkit, while other parameters like the
atomic number and mass were taken from material library database of National Institute
of Standards and Technology (NIST) of GEANT4 [4]. In the present simulation, density
for 100% enriched elemental B10 and Si materials were given as 2.34 g/cm3 and 2.32
g/cm3, respectively.
3.1.1.2 Simulation methodology
A typical simulation begins with a parallel beam of 108 mono energetic thermal
(25 meV) neutrons emanating from a planar source incident perpendicularly on the front
face of the detector as shown in figure 3.1(a) and (b) [5]. Figure 3.1(c) shows the
geometrical configuration for the back irradiation, where the neutron source was placed
behind the detector. The parameters relevant to neutron source like the energy, number
of particles and direction was specified using General Particle Source class.
Mono energetic thermal neutrons impinge on the detector (see figure 3(b)) and
interacts at random depth in the boron converter region and these depths were
determined by random numbers generated by Ranceu Engine of toolkit [4]. The
magnitudes of neutron cross section values for ((n, α)-see equation (1)) interaction were
taken from built-in library of G4ENDL (Evaluated Nuclear Data Library B/VII) [4]. The
charged particles generated upon neutron interaction with B10 (equation (1)) are tracked
by G4Track class whereas their energies deposited in different regions are traced by
G4GetEnergyDeposit function. The Low Level Discriminator (LLD), which is a
threshold parameter for discriminating against background gamma radiation was set at a
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value of 300 keV in the simulation by employing G4Stepping class of GEANT4 [4,6].
The variable ‗t‘ of 100% enriched elemental B10 CM was varied from 0.25μm to 40μm in
the simulation. A typical time for simulation for one ‗t‘ of CM in the present work was
~95 hours using Intel Pentium Core 5 processor. A representative snapshot of GEANT4
simulation is shown in figure 3.2.

Figure 3.2. Snapshot of GEANT4 simulation for boron (pink color) coated on Si
(cyan) for planar configuration geometry. The yellow, green and blue lines represent
incident neutrons, emerging gamma rays and charged particles (alpha, Li),
respectively.
3.1.1.3 Simulation Result – Comparison of probability of neutron interaction
In order to validate the neutron cross section values of G4ENDL [4], the
simulated probability of neutron interaction ‗Ps(t)‘ was obtained from GEANT4 and
compared with the analytical result of the probability of neutron interaction ‗Pa(t)‘
(equation (2)). The number of neutron interactions (i.e., (n, α) – equation (1)) was
recorded for different ‗t‘ of CM from the output file of the simulation for estimating
‗Ps(t)‘.
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The equation (1) for (n,) interaction with B10 is given below.

The analytical expression for the probability of neutron interaction ‗Pa(t)‘ is given by,
(2)
where Σ is the macroscopic cross section for elemental B10 and ‗t‘ is the thickness of CM
[7].
The macroscopic cross section ‗Σ‘ was calculated using,
(3)
where, ρ is the density of the material, NA is the Avogadro number, while ni is the
number of atoms, σi is the microscopic cross sections of element ‗i‘ at the given neutron
energy, and M is the molecular weight. The Σ computed from equation (3) was found to
be ~535 cm-1, by substituting the values (M = 10.1 g/mol , NA=6.022 x 1023 atoms/mole,
ρ=2.34 g/cm3, n = 1, σ = 3840 at thermal energy of 25 meV) for 100% enriched
elemental B10.

Figure 3.3.Variation of probability of neutron interaction (for both analytical
calculated ‘Pa(t)’ and simulated by GEANT4 ‘Ps(t)’) with thickness of 10B converter.
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Using computed ‗Σ‘, ‗Pa(t)‘ was computed analytically for ‗t‘ varying from 0.25
µm to 40 µm and compared with the simulated Ps(t) obtained from GEANT4 which are
shown in figure 3.3. Figure 3.3 clearly shows a one to one correspondence between the
‗Ps(t)‘ and ‗Pa(t)‘. It is seen from the figure that both ‗Ps(t)‘ and ‗Pa(t)‘ increases with
increasing ‗t‘ which is attributed to the exponential decay as dictated by second term of
equation (2). This also validates neutron interaction cross section value of G4ENDL
library for (n, α) interaction in CM.
3.1.1.4 Simulation Result – Efficiency (η) validation with literature
The neutron detection efficiency (η) is defined as the ratio of
The total number of charge particles (Li7-0.839 MeV or α-1.47 MeV) depositing
energy greater than the set LLD value (300 keV) in Si detector region
The total number of neutrons incident on the detector
The η evaluated from the output files generated in GEANT4 for front and back
irradiations are shown in figure 3.4 (a) along with the results reported by D.S.McGregor
et al. [8] for identical material and geometrical configurations as shown in figure 3.4 (b).

(b)

(a)

Figure 3.4. Variation in efficiency (η) of thermal neutron detection with the thickness
of enriched elemental B10 as converter for front and back neutron irradiation (a)
GEANT4 simulation (b) Literature Ref. [8].
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All the simulation parameters such as LLD, energy of the incident neutron,
converter and detector material, thickness of converter and detector were kept identical
to the simulations as described in ref. 8. The objective of the simulation was to estimate
η with the variation in thickness ‗t’ of CM.
It is clearly seen from the figures 3.4 (a) and (b) that the ‗η‘ variation with ‗t‘ of
CM obtained from literature [8], matches well with the present GEANT4 simulation
result. For the front irradiation, the variation of ‗η‘ with ‗t‘ of converter B10 shows an
initial increase, reaching a maximum at a particular thickness and thereafter a monotonic
decrease. The thickness corresponding to maximum efficiency is defined as critical
thickness ‗tc‘, as it gives an estimate to optimize the conflicting requirements of
thickness. In other words, for thicknesses lower than ‗tc‘, fewer charged particles are
generated in the CM region leading to low ‗η‘. For thicknesses larger than ‗tc‘, inevitable
self absorption of charged particles takes place in the CM itself, thereby leading to
decrease in ‗η‘ value.
In case of back irradiation, ‗η‘ saturates, which is in contrast to the case of front
irradiation [8]. The reason for the saturation in ‗η‘ is that the neutron interaction remains
constant close to the Si/CM interface and therefore the charged particles generated
always contribute to the ‗η‘. The disadvantage of the back irradiation is that it warrants
the thickness of Si layer to be very thin so that significant numbers of neutrons reach the
CM region.
The maximum efficiency (ηmax) for the front irradiation case obtained from the
GEANT4 simulation was 4.01% at a ‗tc‘ of 2.5 µm which is well in agreement with the
values reported in ref. [8]. Similarly, for the back irradiation case, ‗ηmax‘ of 4.28% for the
same ‗tc‘ of 2.5 μm agrees well with values reported in literature [8]. The above
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efficiency result validates our simulation for the 2D planar geometry detector
configuration.
3.1.2 Stack Geometry- Benchmarking
The detector in planar configuration had a very low ‗η‘ as perceived from the
previous section and this limitation is marginally overcome by designing a detector in
stack configuration [8]. The stack detector configuration consists of individual planar
Detector Unit (DU) arranged in the form of stacks i.e., are placed adjacent to each other
as shown in figure 3.5. The single planar DU refers to the design of planar detector
configuration as depicted in figure 3.1 (a). The stack detector configuration was designed
by replicating single DU along the z-axis using G4Replica function of the GEANT4
toolkit [4]. In other words, several such DUs are integrated together to form N-DU
stacked configuration, N being the number of DUs. The only difference in the design of
single DU in figure 3.5 from figure 3.1 (a) is that the thickness of Si detector region was
reduced from 300 µm to 10 µm so as to improve on the background gamma rejection [9].
Thinner the Si detector region better is the gamma rejection [9].

Figure 3.5. Stack detector configuration consisting of enriched B10 as CM and Si as
detector material arranged in the form of several (Here N=3) DUs. The B 10 thickness
of converter region was a variable parameter ‘t’ in simulation and while for Si detector
region thickness was kept constant at 10 m.
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Simulation methodology remains identical to planar configuration geometry as
described in section 3.1.1.2. The only difference was that the efficiency of stack detector
configuration case was estimated for two parameters:
[1] N varying from 1 to 15.
[2] Variation in thickness ‗t‘ of CM from 0.25 µm to 5 µm.
Unlike planar configuration, the methodology adopted for estimating the ‗η‘ for stack
detector configuration is slightly different. ‗η‘ in this case is defined as the ratio of
Total number of charge particles (Li7-0.839 MeV and α-1.47 MeV) depositing
energy greater than the set LLD value (300 keV) in the sensitive Si detector region
divided by a factor of 2
The total number of neutrons incident on the detector

(a)

(b)

Figure 3.6 Variation in vs thickness of converter 10B for N=1, 5, 10 and 15 (a) using
GEANT4 simulation result and (b) from literature Ref. [8].
Figures 3.6 (a) and (b) present the results of variation in ‗η‘ with ‗t‘ along with
the number of stacks for stack detector configuration simulated using GEANT4 toolkit
and as reported in ref. [8], respectively. It is observed that there is a good agreement
between the two, thereby validating the simulations carried out in the present work. Also,
the ‗η‘ for stack configuration case has increased considerably in comparison to planar
configuration detector which is evident from figures 3.6.
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3.2 Boric Acid-Converter material
Having validated the simulations by benchmarking with literature, the simulation
was employed for investigation of boric acid as a converter material. The advantage of
boric acid is its non toxicity and ease of handling over conventional B10 converter as
explained in section 1.7 of chapter 1 of this thesis. The simulations were performed for
2D-planar and stack configuration followed by 3D geometry configurations. Only the
material parameters were altered in the simulation i.e., instead of converter material B10,
boric acid was defined as the converter material. The simulation parameters including
LLD value (300 keV), energy of the neutrons (25 meV), number of neutrons (108), and
detector surface area (1cm2) along X-Y plane were unaltered. The following section
compiles the simulation results with boric acid as a converter material.
3.2.1 Two Dimensional (2D) detectors
3.2.1.1 Simulation result for planar configuration
As seen from previous sections, for any planar geometry detector configuration,
there exists a critical thickness ‗tc‘ of CM that is dictated mainly by three factors
1) Probability of neutron interaction in CM.
2) Range of the generated charge particles in CM.
3) Probability of charged particles reaching the Si detector.
GEANT4 simulation was performed to optimize the thickness ‗tb‘ of boric acid
(H3BO3) as a CM in a semiconductor neutron detector for planar configuration, in order
to achieve maximum efficiency ‗ηmax‘ for thermal neutron. The detector design and
simulation methodology remains the same as discussed in the previous section 3.1.1.1
and 3.1.1.2, except that the material parameter of the CM was changed. The boric acid
(H3BO3) compound was defined as a CM with 3, 1 and 3 atoms of 1H1,
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10

B5 and

16

O8,

respectively. The other input parameter to the simulation includes the density of boric
acid (1.435g/cm3).
It is well known that natural boron consists of two isotopes viz., B10 and B11
having compositions of ~ 20% and 80%, respectively and only B10 isotope is sensitive to
the thermal neutrons [10]. Therefore, in the present simulation, the enrichment of B10
content (henceforth referred to as ‗BE‘) in boric acid was varied from 20% to 100% in
steps of 10% for all detector configurations to estimate the simulated ‗η‘. The thickness
of boric acid ‗tb‘ was varied from 0.5 µm to 80 µm in the simulation. Apart from
simulation of efficiency estimation, a histogram plot which depicts the energy deposited
by the charged particles (Li7- 0.839 MeV and α-1.47 MeV) in the Si detector region for
different ‗tb‘ of CM was also studied using analysis manager of toolkit [4,11].
Fig. 3.7 indicates the variation in the probability of neutron interaction ‗P(tb)‘
with thickness of boric acid ‗tb‘, for ‗BE‘ levels varying from 20% to 100% in steps of
10%. There are two inferences that can be drawn from the above figure. First, ‗P(tb)‘
increases with increasing ‗tb‘ for a particular enrichment and second, ‗P(tb)‘ increases
with increasing enrichment for a particular ‗tb‘. As mentioned previously, the increase of
P(tb) with ‗tb‘ is due to the exponential decay as dictated by equation (2) while the
increase due to enrichment is attributed to the increase in Σ of boric acid (see figure 3.8)
which increases with percentage of enrichment.
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Figure 3.7. Probability of neutron interaction P(tb) with thickness of converter
material boric acid and its dependence on the enrichment of B10 level.

Figure 3.8.Variation in macroscopic cross section ‘Σ’ with the B10 enrichment ‘BE’
level in the boric acid.
Figure 3.9 depicts the variation of ‗η‘ with ‗tb‘ of boric acid at various level of
B10 enrichment content in boric acid. It clearly shows the conflicting thickness
requirement and imperative optimization of critical thickness that is required for
fabrication of neutron detectors with ηmax in planar configuration geometry. The
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variation of ‗η‘ with ‗tb‘ for varying content of ‗BE‘ shows an initial increase, reaching a
maximum at a particular critical thickness ‗tbc‘ and thereafter shows a monotonic
decrease. The ‗tbc‘ as computed from the simulation was found to be ~5μm, yielding a
‗ηmax‘ of 0.73% for 100% enriched B10 (see figure 3.9). Further, critical thickness
validation was performed by estimating range of ions Li7 and α in boric acid by TRIM
code which is found to be 3.12 μm and 6.16 μm, respectively [12], as indicated in the
figure 3.10. This agrees well with the results generated by GEANT4 simulations and has
a decisive role on the ‗tbc‘ of the detector.

Figure 3.9. Variation in the neutron detector efficiency ‘η’ of a planar configuration
detector with thickness of boric acid ‘tb’, for varying enrichment of B10 level ‘BE’.

68

Figure 3.10. The range of charged particles (Li7 and α) in boric acid having 100%
enriched B10 was estimated using TRIM code.

Figure 3.11. Histogram plot of energy deposited by Li7 and α particles in Si detector
for 80nm (red color) and 5μm (black color) thickness of converter layer.
Histogram plots of energy deposited by both Li7 and α particle in Si detector
region for two representative thicknesses of boric acid namely, 80 nm (lower) and 5 μm
(higher) are shown in Figure 3.11. Two peaks corresponding to energies of the two
charged particles (Li7- 0.839 MeV) and (α-1.47 MeV) generated in (n,α) reaction are
clearly discernible for 80 nm thick boric acid film. For higher thickness, the peaks evolve
to step like features and the poor energy resolution for higher ‗tb‘ is attributed to the long
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paths the charge particles travel before being detected. A point to note is that the counts
for 80 nm thick converter layer is low as compared to 5μm thickness, thereby resulting in
lower detector efficiency of the former.
3.2.1.2 Simulation results for stack configuration
Figure 3.12 shows the design of two dimensional planar stack configuration
which consists of boric acid as a CM on Si detector together to form one single DU. As
explained in previous section 3.1.2, i.e., DUs are replicated along Z-axis and integrated
together to form N-DU stacked detector configuration. In the present design, N was
varied from 5 to 30 and thickness ‗ts‘ varied from 0.25 µm to 10 µm. The other
parameters of simulation remained the same. Also methodology adopted for estimating
the simulated ‗η‘ remains the same as described in section 3.1.2. A snapshot of the
simulation is presented in figure 3.13 and the colour coding in the snapshots is the same
as in figure 3.2 except that the pink colour now represent boric acid.

Figure 3.12. Stack detector configuration consisting of boric acid as converter
material and Si as detector material arranged in the form of N (Here N=3) Detector
Units (DUs). The boric acid thickness ‘ts’ of converter region was a variable parameter
in simulation and whereas for Si detector region thickness was kept constant at 10 m.
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Figure 3.13. Snapshot of GEANT4 simulation for stack detector configurations.
Figures 3.14 (a) and (b) shows the variation of the estimated ‗η‘ with ts for
various number of DUs (BE constant at 100%) and enrichment content (constant N =
30), respectively.

(a)

(b)

Figure 3.14. Variation of ‘η’ with ‘ts’ for planar stack configuration (a) Variable N at
fixed BE=100% (b) Variable BE with N fixed at 30.
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Figure 3.15. Variation in the fraction of incident neutrons seen by each successive
DUs in the planar stack configuration with the number N of DUs at constant thickness
of ‘ts’=2μm boric acid.
From these figures four striking observations can be made. Firstly, with
increasing ‗ts‘ , ‗η‘ increases, reaches maximum at the critical thickness (tsc) and then
decreases for any given number of DUs. Secondly, with increase in the number of DUs,
‗tsc‘ shifts towards a lower value. This is due to the fact that as DUs increase, most of
the incident neutrons are attenuated in the first few stacks (see figure 3.15)
Thirdly, ‗‘ increases with increase in the number DUs at any given ‗ts‘ and is
attributed to the increase in the probability of neutron interaction. This is more evident
from figure 3.16 which shows the variation in ‗η‘ with number of DUs at typical constant
‗ts‘ of 3 m and ‗BE‘ =100%. It is clear from this figure that the η sharply raises from
2.94% to 15.96% when numbers of DUs are varied from 5 to 30.
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Figure 3.16. Variation in η with number of DUs at a given constant thickness
‘ts’=3 μm.
Fourthly, with increase in ‗BE‘, ‗η‘ increases and is again due to the increase in
‗Σ‘ of boric acid with increasing ‗BE‘ as seen in figure 3.8.
Simulation studies carried out for similar 2D planar stacked configuration by
McGregor et al. [8] for elemental boron with 100% enrichment B10 as a converter
material, showed ‗η‘ of 32% for ‗N‘= 15 and ‗ts‘ ~ 1.5 μm . However, in the present
case, for the same number of DUs, thickness and ‗BE‘ level in boric acid, ‗η‘ is found to
be 6.821%. This difference is attributed to smaller mass fraction of B10 in boric acid and
difference in the densities between elemental B10 and boric acid. Concurrently,
experimental efforts have also been attempted for the planar stack configuration by
X.Gao et al. [13] with LiF as a converter material. Their studies have shown an
improvement in the thermal neutron detection efficiency for planar stack configuration
compared to single DU.
The simulation studies so far discussed above focused on 2D detector
configuration i.e. on planar and stack configuration. With the advancement in the micro
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fabrication technique, it is indeed possible to create perforation structures in Si detector
and subsequently backfilling the perforation structures with CM. Such classes of detector
are known as the three dimensional (3D) neutron detectors [14]. The following section
presents the detector design and simulation results for 3D neutron detectors, namely
spherical, cylindrical perforation and cuboidal trench structures. The simulation
methodology remains identical to 2D detector configurations except that the number of
neutron flux was set at 107, in order to compensate for the truncated surface area of
1mm2 along the X-Y plane of all the 3D detector configurations. It is also important to
note that efficiency (η) estimation methodology in 3D detector configurations remains
same as stack detector configuration.
3.2.2 Three Dimensional (3D) detectors
3.2.2.1 Embedded Spherical configuration detector design
The advancements in direct silicon - silicon wafer bonding [15] technology
makes it possible to conceive fabrication of boric acid sphere embedded in silicon as
shown in figure 3.18. The fabrication involves scooping of hemispherical structures in
silicon wafers followed by filling the scooped regions with boric acid (see figure 3.17
(a)). Two such silicon wafers are then bonded by wafer bonding technology resulting in
embedded boric acid sphere in silicon (as depicted in figure 3.17 (b)). Such
hemispherical trenches on Si wafer have been designed by L. Monteiro et al. for different
applications [16].
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(a)

(b)

Figure 3.17. Schematic representation of (a) two hemispherical structures consisting
of boric acid scooped in two Si detectors (1 and 2) individually. (b) wafer bonding of
both the hemispherical structure of (a).
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Figure 3.18. Unit cell representation of embedded spherical detector configuration in
which the sphere consists of boric acid inscribed inside at the centre of cubical Si
detector. The diameter ‘Ds’ of sphere was the variable parameter in the simulation.
The dimension of unit cell was 10 m x 10 m x 10 m.
The embedded spherical detector was conceived using unit cell (see figure 3.18)
concept in the geometry class of toolkit. The dimension of the unit cell was 10 µm x 10
µm x10 µm. The entire detector was constructed by duplicating this unit cell 100 times
along the X-Y plane direction using G4Replica function of toolkit [4] which results in a
matrix form of detector and is designated as single layer embedded spherical detector
(see figure 3.19 (a)). When this single layer detector of embedded spheres is replicated in
the Z-direction again, it results in stacked embedded spherical detector configuration as
shown in figure 3.19 (b). In both configurations (single layer and stacked) the top and
bottom surface areas are 1mm2 with length and breadth kept 1mm each. The diameter
‗Ds‘ was a variable parameter in the simulation and was varied from 0.5 µm to 9.5 µm
with step size of 0.5 µm for both configurations (single layer and stacked). A snapshot of
simulation for single layer and stacked embedded spherical detector are shown in figure
3.19 (a) and (b), respectively. The colour coding remains identical to figures 3.2 and
3.13.

76

.

(b)

(a)
1mm

1mm

1mm

1mm
Figure 3.19. Snapshot of GEANT4 simulation for embedded spherical detector
configurations (a) Single layer (b) Stack configuration
3.2.2.2 Embedded spherical detector- simulation result

Figure 3.20 represents variation in ‗‘ with increasing ‗Ds‘ for a single layer
embedded spherical detector (see figure 3.19 (a)) for different ‗BE‘ levels in boric acid.
.

Figure 3.20. The variation in the efficiency ‘η’ of neutron detection with varying
diameter ‘Ds’ for the single layer embedded spherical detector at different BE level
content in the boric acid.
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From this figure it is clear that ‗η‘ increases with both increase in ‗Ds‘ and ‗BE‘
content. The increase in ‗‘ with ‗Ds‘ due to the increase in the surface area of converter
region leading to an increased probability of neutron interaction (Pint (Ds)) as shown in
figure 3.21. At ‗Ds‘ = 9 μm, ‗ηmax‘ = 0.91 % which is higher than the value obtained in
2D planar configuration detectors. Increase in efficiency with increasing ‗BE‘ is also
expected as Σ increases with the ‗BE‘ content in boric acid (see figure 3.8).

Figure 3.21 The variation in the probability of neutron interaction ‘Pint (Ds)’ with
varying diameter ‘Ds’ for the single layer embedded spherical detector at different BE
level content in the boric acid.

Figure 3.22. The variation in the efficiency ‘η’ of neutron detection with varying
diameter ‘Ds’ for the stacked embedded spherical layer detector having BE=100%
content in the boric acid. Number of layers varied from 1 to 30.
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Efficiency of these detectors can be further enhanced by stacking these detectors
in z-direction (see figure 3.19 (b)) as shown in figure 3.22. It is evident from this figure
that ηmax rises from 0.91% to 18.89 % for 30 layers of stacked spherical detectors. This
value is also slightly higher than the value obtained in planar stack configuration for the
same 30 DUs (see figure 3.14 (a)).

(a)

(b)

Figure 3.23. Histogram plot depicting the energy deposited by charged particles (Li7
and α) in Si for single layer embedded sphere detector at (a) DS-1μm and (b)Ds -8 μm.
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The histogram plots generated for single layer embedded spherical detector at
two typical diameters i.e. for ‗Ds‘=1 μm (lower) and ‗Ds‘=8 μm (higher) are shown in
figures 3.23 (a) and (b) respectively. For these simulations, ‗BE‘ was set at 100%.
Similar to planar configuration detectors, the energy peaks corresponding to Li 7 and α
charge particle are clearly distinguishable at lower ‗Ds‘, where as it is imperceptible at
higher ‗Ds‘. Also, counts are significantly higher in the later case, leading to an enhanced
‗η‘. However, at higher ‗Ds‘, it is interesting to note that the higher energy counts are
substantially reduced, which is in contrast to the planar detectors. This is attributed to
the diminishing volume of the Si region in embedded spherical design, which limits the
charge particle energy deposition.
From the foregoing discussions it is clear that the ‗η‘ of planar stack (2D) and
embedded spherical (3D) detectors can be enhanced by increasing the number of DUs
and stacking the layers, respectively in z-direction. However, fabrication of such
configurations imposes certain practical difficulties such as achieving the conformal
coating of converter material and complex electrode design for contacts. Also, in these
detectors gamma discrimination efficiency will be poor due to the increase in effective
thickness of Si [9] and requires high power for operation [8]. Some of these
shortcomings can be overcome by designing cylindrical perforation and cuboidal trench
configurations and will be discussed now.
3.2.2.3 Cylindrical perforation and Cuboidal trenches configuration detector design
Similar to single layer embedded spherical detector, cylindrical perforation and
cuboidal trenches shown in figures 3.24 (a) and (b), respectively were designed based on
unit cell concept, except for the difference in the dimensions of unit cell. The unit cell for
both cylindrical perforation and cuboidal trench was taken as 10 μm x 10 μm x 300 μm.
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(b)

(a)

Figure 3.24 Unit cell representation of (a) Cylindrical perforation geometry with
variable diameter ‘Dc’ and depth ‘H’ (b) Cuboidal trench geometry with variable width
‘Wt’ and depth ‘H’. The dimension of unit cell in both geometries is 10 m x 10 m x
300 m.
The unit cell was replicated 100 times along the X-Y plane for entire
construction of detector for both the configuration. The depth (H) in both cylindrical
perforation and cuboidal trench detector configuration was taken as variable parameter in
the simulation i.e., it varied from 25 µm to 275 µm in steps of 25 µm. The other variable
parameters were diameter (Dc) and width (Wt) in the cylindrical perforation and cuboidal
trench detector configuration, respectively. Both ‗Dc‘ and ‗Wt‘ were varied from 0.5 µm
to 9.5 µm in steps of 0.5 µm in the simulation. The snapshot for the simulation for both
the configuration is shown in figures 3.25 (a) and (b). Again the colour coding for the
figures remains same as described in figures 3.2 and 3.13.
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(a)

(b)

Figure 3.25. Snapshot of GEANT4 simulation for (a) Cylindrical perforation (b)
Cuboidal structures.
3.2.2.4 Cylindrical perforation and cuboidal trench detector-simulation result
Figures 3.26 (a) and (b) represents variations in ‗‘ with diameter ‗Dc‘ and ‗Wt‘
at various depths ‗H‘ for cylindrical perforation and cuboidal trench, respectively at BE
=20%. It is clear from figure 3.26 (a), that the ‗‘ increases with increasing ‗Dc‘, reaches
a maximum at a critical ‗Dc‘ of 8 μm and there after it reduces. In contrast to this,
cuboidal trench configuration shows a plateau like behaviour till ‗Wt‘ = 8μm and there
after it falls drastically. This is attributed to the higher probability of neutron interaction
and larger interfacial surface area between the boric acid layer and Si region which
facilitates the transport of charges particles into Si, in this configuration. Decrease in
‗‘after 8 μm in both the configurations is due to the following two reasons. First,
though probability of neutron interaction increases with Dc (Wt) (see figure 3.27 (a) and
(b)), there is an unavoidable self absorption of charged particles in boric acid layer itself.
Second, increase in Dc (Wt) beyond 8 μm decreases the detector volume, which limits the
charged particles to deposit their energy above LLD.
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(a)

(b)

Figure 3.26 The variation in the efficiency ‘η’ of neutron detection for BE=20%
content in boric in (a) Cylindrical perforation and (b) Cuboidal trench, detector
configuration at varying geometrical parameters like diameter ‘Dc’, width ‘Wt’ and
depth ‘H’.
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(a)

(b)

Figure 3.27. Variation of probability of neutron interaction for BE=20% content in the
boric acid at varying diameter ‘Dc’ and width ‘Wt’ in (a) cylindrical perforation and
(b) Cuboidal trench structure geometries detector configuration, respectively along
with their varying depth ‘H’.
At a given Dc (Wt), ‗‘ also increases with increasing depth ‗H‘ in both the
configurations, which is due to the increase in the converter material volume, which in
turn increases the probability of neutron interaction as shown in figures 3.27 (a) and (b).
The ηmax for cylindrical perforation at ‗Dc‘ =8 µm and ‗H‘=275 µm was found to be
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5.44%, whereas at same dimension of ‗Wt‘ and ‗H‘ the ηmax in case of cuboidal trench
was found to be 4.36%.
The variation in ‗η‘ was also studied and estimated for different ‗BE‘ levels (30%
to 100%) for both configurations and the results are shown in figures 3.28 (a) and (b) at
a given typical ‗H‘ of 275μm. The same explanation as in 2D planar stack configuration
holds good for the increase in ‗‘ with enrichment, i.e., the Σ increases with the ‗BE‘
content in boric acid (as shown in figure 3.8)

(a)

(b)

Figure 3.28. Effect of B10 enrichment level ‘BE’ (30% to 100%) on the efficiency ‘η’ of
neutron detector at varying diameter ‘Dc’ and width ‘Wt’ in (a) cylindrical perforation
and (b) Cuboidal trench structure geometries detector configuration, respectively for
the typical depth ‘H’ of 275μm.
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Similar trends in simulated efficiencies were reported by Shultis et al. [17] while
studying the 3D neutron detectors with elemental B10 as converter layer. However,
achievable peak efficiency is lower in our case and is attributed to lower Σ of boric acid
with respect to elemental B10. For comparison, Shultis et al. have reported ‗η‘ of 16.31%
for cylindrical perforation configuration for a typical Dc = 7 m , H = 40 m with a unit
cell width of 10 m. However, in the present studies to reach same η value with same
unit cell width dimension and ‗BE‘ level, ‗Dc‘ and ‗H‘ has to be around 8 m and 275
m, respectively. Though ‗η‘ is low in boric acid than the elemental B10 it can still be
considered as an alternate converter material due to its overwhelming advantages like its
ease of handling as it is non-toxic nature.
The histogram plots were obtained from the analysis manager for both the
configurations in order to study the pulse height spectra. A typical histogram plots for the
cylindrical perforation is shown in figures 3.29 (a) and (b) for the ‗Dc‘ =0.5 μm and 8
μm, respectively for 100% BE content in boric acid and ‗H‘=275 m.
Again the trends are similar to the embedded single layer spherical detector i.e. at
lower Dc of 0.5 μm, the peaks corresponding to individual charge particles (Li7 and α) are
discernible, while for higher Dc of 8 μm, the peaks are indiscernible. The observed trend
in behaviour has the same explanation as in single spherical detector.
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(a)

(b)

Figure 3.29. Histoplot depicting the energy deposited by charged particles (Li7 and α)
in Si detector region for cylindrical perforation detector at (a) Dc=0.5μm and (b) Dc=
8μm for constant depth ‘H’=275 μm for 100% BE level in boric acid.
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3.3 Summary of maximum neutron detection efficiency (η) for all configurations
A summary of maximum neutron detection for all the configurations along with the
critical geometrical parameters at BE =100% are tabulated in table 3.1
Table 3.1. The maximum simulated efficiency for different detector configuration
along with the critical geometry.
Sl.No

Detector
Configuration

1.
2.

Planar (Single DU)
Planar Stack

3.

Single layer
Embedded Spherical
detector
Stacked layer
Embedded spherical
detector
Cylindrical
perforation
Cuboidal trench

4.

5.
6.

Maximum Efficiency (ηmax) in
(%) for 100% BE level in boric
acid.
0.73% for DU=1
15.96% for DU=30

Critical geometry
parameter

0.91%

Thickness ‗ts‘~5 m
Thickness ‗ts‘~3.5
m
Diamter ‗Ds‘ ~9 m

18.89% for 30 layers

Diamter ‗Ds‘ ~9 m

16.20% at 275 m depth (H)

Diamter ‗Dc‘ ~ 8m

13.02% at 275 m depth (H)

Width ‗Wt‘ ~ 8m

Though the stacked embedded spherical detector has the highest efficiency it has
certain practical limitation as discussed in section 3.2.2.2 which limits its usage. Hence,
it can be seen from the table 3.1 the next best configuration for maximum efficiency is
cylindrical perforation which can be deployed for thermal neutron detection.
3.4 Conclusions
The present chapter focused on two aspects, the first being benchmarking
simulation to validate the GEANT4 simulation with literature. The benchmarking
simulation was performed for two test cases i.e., planar and stack configuration using
enriched B10 as a converter material. The efficiency results of GEANT4 simulation
matches well with the literature. The next focus was to estimate the efficiency of
thermal neutron detection with boric acid as a CM for 2D (planar and stack) and 3D
(embedded sphere, cylindrical perforation and cuboidal trench structure) geometry
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configurations. In case of 2D planar configuration, it was found that ‗ηmax‘reaches a
value of 0.73% at a critical thickness of 5 µm for 100% enriched B10 content in boric
acid. For planar stack detector configuration, the ‗‘can be enhanced by increasing the
number of DUs. For instance, 30 DUs in planar stack configuration leads to ‗max‘ of
15.96% at a critical thickness of 3.5μm having 100% BE content in boric acid. For 3D
embedded spherical detector consisting of single layer, ‗max‘ is 0.91% at a critical
diameter of ~ 9 μm for 100% ‗BE‘ content in boric acid as deduced from the simulation.
However, ‗max‘increases considerably to 18.89 % for 30 numbers of layers in stacked
embedded spherical design. In case of cylindrical perforation and cuboidal trench 3D
detector configuration, the optimum critical diameter and width was found to ~8 μm. It
was also found that in both the configurations, ‗‘ increased with increasing depth of
perforation and trench. For a typical diameter/width of 8μm and depth of 275 μm, the
‗max‘ were 16.20% and 13.02 % for cylindrical perforation and cuboidal trench detector,
respectively for 100% ‗BE‘ content in boric acid. This is much higher than the 2D planar
configuration detector.
In summary, boric acid is a natural choice of converter material for detection of
thermal neutrons owing to its non- toxic nature, ease of handling and amenability to
fabrication in different configurations. To achieve higher efficiency, cylindrical
perforation and cuboidal trench are the preferred geometrical configurations.
The simulations on boric acid with different geometries presented in this chapter
were carried out with LLD set at 300keV due to the low Q-value of neutron interaction.
This makes it rather unsuitable for field applications with high energy background
radiation, such as in a nuclear reactor. Therefore, alternative converter materials with
higher Q-value need to be explored and this is the subject of the next chapter.
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Chapter-4
GEANT4 Simulation on Depleted UO2
Previous chapter dealt with benchmarking and simulation of boric acid as a converter
material in 2D and 3D geometry such as planar, stack, sphere, cylindrical perforation and
cuboidal trenches to achieve maximum neutron detection efficiency for thermal neutrons.
This chapter explores yet another alternative converter material which can be used for
detection of both fast and thermal neutrons using GEANT4 simulation. The aim of the
GEANT4 simulations is primarily to estimate neutron detection efficiency.
4.1 Introduction
In the pursuit of designing neutron detectors, the merits of depleted Uranium
Oxide (DUO2) as a neutron sensitive converter material as discussed in chapter 1 needs
to be considered and it is worthwhile to examine its theoretical efficiency, for three basic
designs, namely, planar, cylindrical perforations and trench structures. For the planar
structure, both direct and indirect configuration detectors have been considered. The
perforated and trenched configurations are inherently indirect as they are constructed by
scooping out cylindrical and cuboidal holes in silicon and backfilling them with DUO2
converter material. In the present chapter, a detailed discussion on the GEANT4
systematic simulation studies to estimate the efficiency of solid state semiconductor
neutron detection with different thickness in planar configuration, perforation
diameters/depths in cylindrical perforation, and trench widths/depths in cuboidal
structures of DUO2 converter material, for both thermal (0.025 eV) and fast neutron (1 to
10 MeV) energies are presented. The objective of simulation was to optimize critical
parameters such as thickness, perforation diameter and trench width, in planar,
cylindrical and trench configurations, respectively, for the maximum neutron detection
efficiency (ηmax). The LLD parameter for all the configurations was kept constant at 20
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MeV. Histogram plots were also studied for the energy distribution of fission products in
all the three detector configurations. The next section discusses briefly on the design
aspects of the various configurations of detector in terms of its size, area and thicknesses.
4.2 Detector Configuration and Design
4.2.1 Planar detector design
The principle of operation of direct and indirect configuration neutron detectors is
delineated briefly in the present section along with its design. In planar direct
configuration, the neutron sensitive converter material itself serves as the detector
material and is coated on a thin metal film such as gold ‗Au‘ to form a Schottky barrier
diode [1]. The planar direct configuration detector is inherently advantageous owing to
the fact that the neutron conversion and detection takes place in the same material.
Therefore, it has the potential to achieve high efficiency, as the entire energy of fission
products in the detector medium is available for generating the current pulse signal.
Although direct detectors are attractive in terms of efficiency, there are practical
difficulties in their realization due to challenges in fabrication and processing of
materials [1].
Unlike the planar direct configuration, the planar indirect configuration consists
of two distinct regions - one for the neutron conversion, comprising of DUO2 and
another region for detection of fission products, which is a semiconductor. The principle
of neutron detection in the planar indirect configuration is that, the neutron upon
interaction in the conversion region leads to ejection of two energetic fission products in
opposite directions. Any one of these fission products reaching the adjoining
semiconductor detector region would create electron-hole pairs, which provides a
detectable small current signal pulse as an output. However, the inevitable self
absorption of fission products inside the converter region limits the efficiency of planar
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indirect configuration. This limitation of efficiency is overcome by fabricating 3D
geometry design viz., cylindrical perforations and trench structure in the semiconductor
detector medium and then backfilling them with the DUO2 converter materials [2]. The
principle of neutron detection in 3D geometries remains similar to planar indirect
detector except that now both the fission products contribute to the detection of neutrons.
It may be noted that, the 3D detector configurations are inherently indirect in nature, as
the detector consists of converter regions embedded inside the silicon detector in the
form of cylindrical rods and cuboidal trenches.
The planar direct detector in the form a Schottky diode, as shown in figure 4.1 (a)
was constructed by appending a Au layer of 50 nm (metal layer) on the bottom surface of
the DUO2 layer (semiconductor region). It is to be pointed out that in the planar direct
detector configuration, DUO2 itself acts as a active sensitive region for charge collection,
as it is a semiconductor medium. The sensitive region was specified using the
G4VSensitive Detector class of toolkit [3].

(a)

(b)

Figure 4.1. Schematic representation of DUO2 based semiconductor neutron detector
in (a) planar Direct and (b) planar Indirect detector configuration mode.

For the construction of indirect detector in planar configuration, the Au layer of
direct configuration (in figure 4.1 (a)) was replaced with Si layer which is 300 m thick,
as shown in (figure 4.1(b)). It is to be noted that the Si is the active sensitive layer for
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charge collection for this configuration. However, unlike in the direct configuration case,
DUO2 is a passive layer in the indirect configuration mode and does not record the
fission products generated by neutron interaction.
In the present thesis work, GEANT4 simulations based on Monte-Carlo
technique are performed for estimating the efficiency of DUO2 in planar direct and
indirect configurations as shown in figures 4.1(a) and (b), respectively. Planar detectors
are constructed in the form of cuboids using Geometry category of the toolkit with top
and bottom surface cross sectional area of 1 cm2 having fixed length and breadth of 1 cm
each. The thickness of the detector is varied and denoted by ‗td‘ and ‗tid‘ for direct and
indirect planar configurations, respectively.
4.2.2 3D detector design

(b)

(a)

Figure 4.2. Schematic representation of (a) 3D indirect cylindrical perforation
designed detector configuration shown with a representative unit cell and (b) 3D
indirect trench structure designed detector configuration shown with a representative
unit cell.
The ‗3D‘ detectors consists of two different geometries namely, cylindrical
perforation and trenched structures were designed by employing unit cell concept in
Geometry category of GEANT4 toolkit. Initially, a single unit cell of 10 m x 10 m x
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300 m was designed consisting of cylinder perforations and trench geometry that were
circumscribed inside the Si detector cubical volume at the top face centre as shown in
figures 4.2 (a) and (b), respectively.
The diameter ‗Dc‘ (width ‗Wt‘) and depth ‗Hid‘ of the cylindrical perforations
(trench structure) were the variable parameters in the simulation. The entire detector
(both cylindrical perforation and trench structure) was constructed by replicating a unit
cell 100 times in the X-Y plane in the form of a matrix using G4Replica function [3].
The top and bottom surface area for both the cylindrical perforated and trench structure
detector geometries are 1mm2 with length and breadth of 1mm each.
It may be noted that, the dimensions of the 3D detector in the cylindrical
perforated and trench structures were limited to 1mm2 in contrast to planar detectors in
order to reduce the computation time. The entire construction of detectors (both planar
and 3D) was performed inside the mother volume having dimension of 1000 cm3.
In the present simulation, the isotope constituents of DUO2 were 0.3% of U235
and 99.7% of U238. The densities of DUO2, Si and Au were given as 10.97 g/cm3, 2.33
g/cm3 and 19.32 g/cm3, respectively.
4.3 Simulation Methodology
The simulation methodology remains the same as discussed 3.1.1.2 section of
chapter 3, except for the change in energy of incident neutrons and the setting of LLD
values. The energies were varied from 1 MeV to 10 MeV for fast neutron case and fixed
at 25 meV for thermal neutron case. The LLD value was changed from 300 keV to 20
MeV. All other parameters like

number of neutrons, direction of particles, distance

between source and detector were unaltered.
In each run of the simulation, a plane parallel beam of mono-energetic neutrons
(thermal or fast, as the case may be) emanating from a planar neutron source was
96

incident uniformly and normally on the top surface (ABCD as indicated in ((planar
figures 4.1.(a) & (b)) and (3D figures 4.2. (a) & (b))) of the schematic detector for all the
configurations [4].Neutrons upon impingement on DUO2, interacted at random depths
which were determined by random numbers generated by Ranceu Engine of toolkit [3].
The fission cross section (Σf) values were taken from built-in library of G4ENDL
(Evaluated Nuclear Data Library) in GEANT4 [3]. Further, neutrons generate highly
energetic fission products on interaction with DUO2. The liberated fission products range
and their energies were tracked in GEANT4 program using G4Track class and Get
Energy Deposit function, respectively. It is to be noted that those fission products which
deposits energy > set LLD value (20 MeV) in DUO2 region for planar direct
configuration are considered as counts for estimating the efficiency, whereas in case of
planar indirect and 3D configurations, the energy deposited in silicon region are
considered. The simulations for both the planar configurations were performed for
thicknesses (‗td‘ for direct configuration and ‗tid‘ for indirect configuration) of the DUO2,
ranging from 0.25 m to 1000 m. In case of 3D detectors, efficiency simulations were
carried out by varying ‗Dc‘ and ‗Hid‘ of cylindrical perforations, whereas ‗Wt‘ and ‗Hid‘
were varied for cuboidal trench structures. The Dc (Wt in case of trench design) and Hid
for both geometries was varied from 1 m to 9 m in steps of 0.5 m and 50 m to 275
m in steps of 25 m, respectively.
The objective of DUO2 as an alternative material for neutron detectors is
primarily driven by the possibility of setting high LLD values. It is known that, in typical
reactor or field conditions, fission reactions yield alpha and gamma rays which are in the
energy range of 5–10 MeV [5]. DUO2, as a material therefore, facilitates the setting up of
LLD at values ~ 20 MeV, so as to achieve the intended background gamma
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discrimination. In the GEANT4 simulation toolkit, an LLD value of 20 MeV was
incorporated using stepping action class.
The mechanism of neutron detection differs in the direct and indirect
configuration and this warrants appropriate definitions and explanations of method of
computing its efficiency (η). In the case of planar direct configuration detector, the
neutron detection efficiency (ηd), is defined as ratio of
Number of fission products depositing energy greater than set LLD (20 MeV) value
in the DUO2 sensitive detecting medium divided by factor of 2
Total number of neutrons incident on the detector
For the planar indirect configuration detector case, a different methodology is
used to estimate the efficiency of detection (η id). Here, the fission products are tracked
till they enter the sensitive detector volume i.e., the silicon region. It is defined as the
ratio of the
Number of fission products that deposit energy greater than set LLD (20 MeV)
value in the Si sensitive detecting medium
Total number of neutrons incident on the detector
For the 3D configuration detectors efficiency (η3d), the methodology adopted for
direct planar configuration detector was applied. Only the sensitive detector region in 3D
detector case was Si instead of DUO2.
While η gives the efficiency of neutron detection via the count of fission
products, the energy deposited by the fission products is estimated by studying the
simulated pulse height spectra, which is obtained from the Analysis manager category of
GEANT4 toolkit [3,6].
A snapshot of typical simulation is shown in figures 4.3(a), 4.3(b), and 4.3(c),
4.3(d) for the planar direct,

indirect configuration detectors and 3D configuration
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detectors for cylindrical, trench geometries, respectively. The colour coding for the
snapshots shown in the figures is as follows. The light blue and orange colour blocks
represent DUO2 and Si, respectively. The yellow, green, blue and grey lines depict the
incoming neutron, gamma rays, alpha particles and fission products, respectively.

(b)

(a)

(c)

(d)

Figure 4.3. Snapshot of GEANT4 Simulation for DUO2 (blue colour) as neutron
reactive
material in (a) planar Direct, (b) planar Indirect detector configuration
mode with Si (orange colour) as sensitive detector and (c) 3D Cylindrical perforation
indirect
detector configuration, (d) 3D Trench structure indirect detector
configuration.

4.4 Results and Discussions
4.4.1 Planar direct configuration detector
It is to be noted that the detector efficiency (η) is limited by the fission
probability ‗P(t)‘ and this criterion is often used to validate simulations [7]. In this
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regard, figure 4.4 (a) shows the simulated ηd, analytically computed fission probability
‗Pa(td)‘ and GEANT4 simulated fission probability ‗Ps(td)‘ for thermal neutrons incident
on DUO2 at lower thickness. The analytical computation was performed using the
following relation [8]
(1)
where td is the thickness of DUO2 and Σ is its macroscopic fission cross section at
incident neutron energy of ‗Einc‘ [8]. The figure shows a good agreement between Pa(td)
and Ps(td) and ηd does not exceed Ps(td), thereby validating the simulations. Moreover,
Ps(td) at thermal energy compares well with that reported by Kruschwitz et al. [9], as
shown in table 4.1. Figure 4.4(a) further shows that ηd does not exceed Ps(td) and is
slightly lesser than it. This is owing to the fact that there is always a finite probability of
few fission products escaping the sensitive detector volume, without registering their
energy larger than the LLD.
Table. 4.1 Comparison of fission probability of the direct conversion detector in the
present work and the values reported by Kruschwitz et al. [9]. Thickness of DUO2 in
both the cases is kept at 2μm.
S.No. Neutron energy
Ps(td)
Ps(td)
(MeV)
Kruschwitz et al. [9]
Present work
using MCNP
using GEANT4
1.
2.
3.

2.5x10-4
1
10

8.6 x 10-4
8.3 x 10-6
4.9 x 10-4

5.84 x 10-4
3 x 10-6
3.8 x 10-4

As for the fast neutrons, the results of the simulations pertaining to the detector
efficiency ηd for various thicknesses of DUO2, at different neutron energies ‗Einc‘ are
shown in figure 4.4(b). For comparison purpose, the ηd for thermal neutrons is also
shown. Four observations emerge from this figure. Firstly, ηd for thermal neutron
detection is highest as compared to that obtained for fast neutrons. It is well known that
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the fission cross section for U235 for thermal neutrons is very high as compared to U238
[see table 4.2 ] [10]. Therefore, even though the percentage composition of U235 in DUO2
is 0.3%, contribution from U235 to efficiency is still overwhelmingly high. In contrast to
the thermal neutrons, the contribution from U238 present in DUO2 is dominant for the fast
neutron case. Secondly, for any fixed value of neutron energy, ηd increases with the
increase in thickness. This is attributed to the increase in the fission probability ‗P(t)‘
with increase in thickness as dictated by equation (1). Thirdly, for a specified thickness td
of DUO2, ηd increases with the increase in neutron energy for fast neutrons. This is
attributed to the increase in microscopic and macroscopic fission cross section of U238
with neutron energy as seen from table 4.2 and from figure 4.4(c), respectively. Fourthly,
the slope or the rate at which ηd increases with thickness is different for different neutron
energies. The slope as a function of incident neutron energy is shown in figure 4.4(c) and
is attributed to respective behavior of macroscopic fission cross section ‗Σ‘ at these
neutron energies. It is to be pointed out that in figure 4.4(b), the ηd values of 2 and 5
Mev, 8 and 10 MeV are approximately the same.
This is indeed a manifestation of similar magnitudes of the macroscopic cross
sections, as shown in figure 4.4(c). The macroscopic cross section ‗Σ‘ was calculated
using the microscopic fission cross section values from table 4.2 and equation (2) as
given below.
(2)
where, M is the molecular weight, NA is the Avogadro number, ρ is the density of the
compound and ni , σi are the number of atoms and the microscopic cross section of the
element ‗i‘, respectively, at the given neutron energy. In the above expression, the fission
macroscopic cross section for typical thermal neutron energy, was estimated by
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substituting these values (M = 270, NA = 6.022 x 1023 atoms/mole, ρ = 10:97 g/cm3, n =
0.003 for U235 and 0.997 for U238,σ = 584 barns for U235 and σ = 0:00002 for U238) for
DUO2 at Einc of 0.025 eV.

(a)

(b)

(c)

Figure 4.4. (a)Comparison of fission probability (both analytical (Pa(td)) and simulated
(Ps(td))) and detector efficiency (ηd) with the thickness of DUO2(td) when exposed to
thermal neutrons in planar direct configuration mode. (b) Variation of η d with td in
planar direct configuration for various incident neutron energies. (c) Variation in
macroscopic fission cross section (Σ), efficiency (η/10) and slope of efficiency with
Neutron Energy for planar direct configuration mode.
For the direct configuration detector, thermal neutron energy experimental
detection efficiency of 3 x 10-3 % was reported for B4C of 0.232 m thickness by Day et
al. [11] whereas at same thickness the simulated detection efficiency for DUO2 is in the
range of 10-6 %. This efficiency is three orders lesser. However, DUO2 has
unprecedented advantage of gamma discrimination over B4C.
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Table 4.2 Microscopic Fission cross section for Uranium Isotope U235 and U238 at
different neutron energies.
Neutron
Energy (MeV)
0.025 eV

Microscopic Fission Cross Section
(barns)
U238
U235
2.00 x 10-5
584 .44

1

0.013

1.19

1.5

0.36

1.23

2
5
6.5

0.53
0.55
0.82

1.28
1.07
1.33

8

1.01

1.78

10

1.001

1.76

In order to understand the pulse height spectra of fission fragments in the detector
medium, the histogram plots were studied for typical fast neutron energy case. Figures
4.5(a) and 4.5(b) show the histogram plots of the energy deposited by the fission
products in the detector volume, for typical 10 MeV neutrons incident on two
representative thicknesses of DUO2, namely, 0.25 m (low thickness) and 500 m (high
thickness), respectively. The LLD was set at 20 MeV in these simulations. Two
inferences can be drawn from the apparent relationship displayed between the counts and
the notion of peaks. A point to note at this step is that, the counts correspond to the
number of fission products depositing energies larger than LLD in DUO2. As seen from
figures 4.5(a) and 4.5 (b), the magnitude of counts is less in the case of 0.25 m
thickness of DUO2 as compared to the 500 m thickness.
From the simulation, it was found that a sizable fraction of fission products
escape from the very thin DUO2. The low statistics of counts forbids the formation of a
discernable peak for the 0.25 m thick specimen. In stark contrast to the 0.25 m thick
specimens, the entire energy of fission products is deposited in 500 m thick DUO2
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specimen and peaks are centered around 70 and 100 MeV. Similar observation was made
by Kruschwitz et al. [9], while simulating the energy deposited by the fission products in
1, 2 and 100 m thick DUO2 specimens using GEANT4. They found broad spectra for 1
and 2 m thick specimen, whereas a well defined peak around 165 MeV was reported for
100 m thick specimen. Also, counts are very less in case of 0.25 m thick detector
compared to those for 500 m thick detector at the neutron energy 10 MeV, which is
consistent with efficiency simulations.

(a)

(b)

Figure 4.5. Histogram of energy deposited by fission products in (a) 0.25 µm and
(b)500 µm thick DUO2 for planar direct configuration detector mode when exposed to
10 MeV neutrons.
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From the above simulations, it is clear that efficiency of the planar direct
conversion detectors can be enhanced to higher values, with good gamma discrimination,
by suitably increasing the thickness of DUO2. However, electrical transport of charge
carriers and junction capacitance of UO2 do not scale with thickness, thereby limiting the
maximum efficiency achievable [1]. Fabrication of DUO2 crystals with desired
semiconducting properties strongly depends on its stoichiometry, which is important for
practical realization of these detectors [12]. These difficulties are overcome in planar
indirect detector configuration, where DUO2 acts only as a passive converter layer.
4.4.2 Planar indirect configuration detector
Figure 4.6 (a) shows the simulated ηid of the planar indirect configuration
detector for various thicknesses ‗tid‘ of DUO2, when exposed to different neutron
energies. It is evident from the figure that, ηid is maximum for the thermal energies (25
meV), as compared to fast neutron energies (MeV). As far as thermal neutrons is
concerned, the large ηid observed is attributed to the high fission cross section of U235
(see table 4.2) in DUO2. Moreover, the efficiency ηid initially increases till ~3 m and
thereafter it saturates for both thermal and fast neutron case.
The saturation behavior observed in DUO2 is in contrast to the conventional B10
based thermal neutron planar detectors for the range of thicknesses considered in the
present simulation [13,14]. The initial increase in ηid till ~3 m is attributed to the
increase in fission probability P(tid) with increasing tid, as is evident from the plot in
figure 4.6(b). However, above 3 m, which is the critical thickness dictated by the range
of fission products in DUO2, ηid is expected to decrease. The saturation in ηid beyond a
thickness of ~3 m implies that, although the number of fission products generated
increases with increase in tid as shown in figure 4.6(b), the fraction of fission products
reaching Si detector remains constant and is therefore independent of tid. The
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independence to thickness can be understood from an estimation of the mean free path
‗λ‘ of neutrons, as they traverse the DUO2. Although in principle, λ can be estimated for
both thermal and fast neutron case, the present discussion is limited to thermal neutrons
only.The λ of thermal neutrons in DUO2 calculated from the inverse of equation (2) was
found to be ~23.33 cm. However, figure 4.6 (a) shows the behavior of ηid till 0.1 cm,
which is much smaller as compared to the mean free path of thermal neutrons (23.33
cm). In order to facilitate a comparison of ηid of DUO2 with

10

B and to examine if the

saturation behavior in DUO2 extends to larger thicknesses as well, the simulation was
performed for higher thicknesses (typically, till 5 cm) and higher enrichment of UO2
(90%). It is to be noted that the mean free path of thermal neutrons in 90% enriched UO2
is ~700 m. The results of simulations upto 5 cm and 0.1 cm thickness for DUO2 and
90% enriched UO2 are shown in figures 4.6(c) and 4.6(d), respectively. Figures 4.6(c)
and 4.6(d) indicate that the efficiency ηid begins to decrease at tid of ~2000 m and 3 m,
respectively which is similar to the behavior as observed in the case of B10.
Unlike DUO2, in enriched UO2, the efficiency decreases beyond ~ 3 µm as
evident from figure 4.6 (d). This decrease is due to the reduction in the number of
neutron interactions near the Si region, as neutron has lower λ in enriched UO2.In fact,
for thermal neutrons incident on enriched UO2 detector in the indirect configuration,
decrease in ηid with increasing thickness was also verified experimentally by P.G.
Litovchenko et al.[15].Incidentally, Steve Kahn et al. [16] studied the energy spectra of
fission products escaping from the enriched UO2 films of various thicknesses using a
surface barrier detector, when exposed to thermal neutrons. They concluded that the
efficiency of energy deposition decreases with increasing UO2 thickness and attributed
the same to the fission products being stopped in thicker films. They also reported that
the fraction of fission products that escape, starts reducing after 2.53 µm, which is
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comparable to the value as estimated in this simulation. The above simulation results for
higher thickness and enrichment of UO2, indeed proved that the saturation in the
efficiency was due to the higher mean free path of neutron and limited range of fission
products in DUO2.

(b)

(a)

(d)

(c)

Figure 4.6.(a) Variation of efficiency (ηid) of neutron detectors in planar indirect
configuration detector mode with thickness (tid ) of DUO2 for various incident neutron
energies. (b) Fission probability (P(tid)) and ηid with tid whenexposed to thermal
neutrons. Variation in ηid with tid for (c) Higher thicknesses of DUO2 and (d) 90%
enriched UO2 when exposed to thermal neutrons.
The above discussion based on mean free path is focused on thermal neutrons.
However, the same argument goes through for fast neutrons also. The role of thickness
‗tid‘ on the energy deposited by fission products can be seen from figures 4.7(a) and
4.7(b), which show the histogram plots for two representative thicknesses, namely, 0.25
m (low) and 500 m (high) for the typical 10 MeV neutrons energy.
The fission products depositing energies larger than 20 MeV (set LLD) are
shown in the figures 4.7 (a) and 4.7 (b). It is observed that for lower thickness of 0.25
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m, two peaks corresponding to energy deposited by fission products are clearly
discernible; while for higher thicknesses, a single broad band is seen. This is in contrast
to that observed in planar direct configurations detectors, in which the peaks are clearly
discernible for higher thicknesses as compared to the lower ones.

(a)

(b)

Figure 4.7. Histogram of energy deposited by fission fragments in planar indirect
configuration detectors when exposed to 10 MeV neutrons for (a) 0.25 µm and (b)500
µm thickness of DUO2.
In case of planar indirect detector configuration, even though the fission
probability P(t) is less for lower thicknesses, the fission products generated will deposit
most of the energy in the Si region and thus the peaks are resolved. With increasing
thickness, fission products lose significant part of their energy in DUO2 itself, before
entering the Si region. Moreover, unlike the planar direct detector configuration, number
of counts is lower even at higher thicknesses, thereby leading to lower ηid. This is
because of the fact that the large fraction of fission products generated in DUO2 will be
completely self absorbed in itself above a thickness of 3 m, and thus, is not expected to
reach the Si detector.
4.4.3 3D Indirect configuration detectors
Figures 4.8 (a) and (b) (4.9(a) and (b)) show the efficiency ‗η3d‘ of thermal
(representative fast neutron of 10 MeV energy) neutron detection in 3D cylindrical
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perforation and trench structures configurations, respectively. The diameter ‗Dc‘/width
‗Wt‘ of cylindrical perforation/trench structures were varied from 1 m to 9 m, while
their depth ‗Hid‘ were varied from 50 m to 275 m.

(a)

(b)

Figure 4.8. Variation of efficiency ‘η3d’for 3D indirect detector configuration at
varying diameter ‘Dc’ and width ‘Wt’ in (a) cylindrical perforation and (b) trench
structure geometries, respectively along with their varying depth ‘Hid’ for thermal
incident neutron energy.

(a)

(b)

Figure 4.9. Variation of efficiency ‘η3d’for 3D indirect detector configuration at
varying diameter ‘Dc’ and width ‘Wt’in (a) cylindrical perforation and (b) trench
structure geometries, respectively along with their varying depth ‘Hid’ for
representative fast incident neutron energy of 10 MeV.
From these figures, three important observations can be made. For the cylindrical
perforations, at a given depth of perforation, η3d for detection of thermal and fast
neutrons starts increasing with increasing Dc and reaches a maximum at a critical
diameter ~6 m and thereafter starts decreasing. While for the trench structure
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configuration, the η3d is relatively higher than cylindrical perforations even for a lower
trench Wt of 1 m. Moreover, unlike the peaking of efficiency in cylindrical perforations
case, a plateau like behaviour is observed till ~6 m trench width and thereafter
efficiency falls drastically. The plateau like behaviour is attributed to the larger
interfacial area between the converter and Si sensitive layers of the trench structure
configuration.
One more important observation from figures 4.8 and 4.9 is that decrease in η3d
above 6 m in both configurations is attributed to two reasons. Firstly, though the fission
probability increases with Dc of cylindrical perforation/Wt of trench (see figures 4.10 (a)
and (b)), there is an inevitable self absorption of fission fragments in DUO2 converter
region itself.

(a)

(b)

Figure 4.10. Variation of fission probability for 3D indirect detector configuration at
varying diameter ‘Dc’ and width ‘Wt’in (a) cylindrical perforation and (b) trench
structure geometries, respectively along with their varying depth ‘Hid’ for thermal
incident neutron energy.
Secondly, increase in Dc/Wt beyond 6 m, decreases the sensitive semiconductor
detector volume, thereby restricting the deposition of energy greater than LLD value of
20 MeV, by fission products. For a given Dc/Wt of the configurations, efficiency in
general, increases with increasing Hid which is attributed to the increase in the converter
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material volume which in turn increases the fission probability (see figures 4.10 (a) and
(b)).
The maximum efficiency (ηmax) of detection of thermal and fast neutrons
(10MeV) for cylindrical geometry achieved for a Hid = 275 m, Dc = 6 m was 0.0159%
and 0.0088%, respectively. For the trench counterpart, for the same Hid and a Wt of 3.5
m, the ηmax were 0.0177% and 0.0098% for the thermal and fast neutron cases,
respectively. The magnitudes of efficiencies are two (one) orders higher than the planar
indirect detectors for thermal (fast-10 MeV) neutrons. The increase in efficiency in both
the cases of 3D geometrical structures is primarily attributed to the possibility of both the
fission fragments contributing to the detector efficiency compared to former one.
Amongst the cylindrical and trench geometrical configurations, the efficiency for the
trench geometry is 11.32% (11.19%) higher compared to that of cylindrical perforation
for thermal (fast) neutrons. This is due to the increase in DUO2/Si volume ratio in the
trench structure design.

Figure 4.11. Variation of efficiency ‘η3d’ for 3D indirect cylindrical perforation
detector with various neutron energies at fixed diameter ‘Dc=6μm’ and depth
‘Hid’=275μm.
Figure 4.11 shows the variation of detector η3d with neutron energy at fixed Dc
and Hid of 6 m and 275 m, respectively. From this figure, it is clear that the detector
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efficiency is maximum for thermal neutrons and is minimum for 1MeV neutrons.
However, η3d increases with increase in fast neutron energy. Also, the trend seen in this
figure is similar to the one shown in figure 4.4 (c) for planar direct detector
configuration. The reason for this behaviour is again attributed to their respective fission
cross section which varies with neutron energies [10].
The role of Dc of cylindrical perforation on the fission fragment depositing
energy in the sensitive region of the Si detector can be understood from figures 4.12(a)
and (b) which show the histogram plot of two representative diameters, namely Dc = 2
m (lower) and Dc = 8 m (higher), for typical Hid = 275 m and 10MeV neutron
energy. From these figures, it is clear that the counts are larger for the 8 m diameter and
the peak shifts from 40 MeV to 20 MeV compared to 2 m diameter perforation. This is
because, with increasing diameter, most of the energy is deposited by fission fragments
in DUO2 itself before reaching the sensitive Si detector region.

(a)

(b)

Figure 4.12. Histogram plot of energy deposited by fission fragments in 3D indirect
cylindrical perforation detectors when exposed to 10 MeV neutrons for diameter (a)
Dc= 2 µm (lower) and (b)Dc=8 µm(higher) at fixed depth ‘Hid’=275μm.
Efficiency calculations at different neutron energies and histogram plots at
different trench widths were also studied and the trends were found to be similar to the
cylindrical perforations design.
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From these simulations, it is evident that the efficiency achievable in indirect
configuration detector is lower than that of direct detector ones. However, as mentioned
previously, in case of indirect configuration, DUO2 acts only as a passive converter
layer, and therefore is relatively easy to fabricate. In comparison to other conventional
converter materials like B10 and Li7, DUO2 has an added advantage of a better gamma
discrimination, as evidenced from the histogram plots. It is worthwhile to note that,
DUO2 based detectors proposed in the present work can be used in future fusion reactors
and related facilities, where the detection of neutrons emitted from plasma presents an
extreme challenge due to expected mixing of large gamma radiation fields [17].

4.5 Conclusions
In summary, it is found that DUO2 based semiconductor neutron detectors can be
used for detecting dual neutron energies of thermal and fast neutrons, with good gamma
discrimination, which is a distinct and indispensable advantage over other conventional
converter materials. Efficient background discrimination is an inherent feature of this
converter material, as the energy possessed by the generated fission products are
significantly above the background radiation. Efficiencies of the DUO2 based converter
material detectors in both planar (direct and indirect) and 3D (cylindrical perforations
and trench structures) configurations were studied. The studies revealed that, for a
typical thickness of ~1000 m, efficiency for thermal neutron (0.025 eV) and fast
neutron (typically 10 MeV) detection for planar direct (indirect) configurations are
0.45% and 0.24% (0.0008% and 0.0004%), respectively.
Even though the efficiency of DUO2 in planar direct configuration mode is
significantly larger than the indirect configuration, synthesis and fabrication of controlled
stoichiometry UO2 is still a formidable task and a major challenge. It is shown that
efficiency of planar indirect configuration detectors can be further enhanced by creating
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3D structures in Si detector. The simulations of 3D configurations of both cylindrical
perforation and trench structure showed an enhancement in efficiency over planar
indirect configurations by two (one) orders for thermal (fast) neutrons. Therefore, as
inferred from the simulations, for applications in high background environments which
require good background discrimination, it is prudent to use DUO2 in the 3D indirect
configuration mode as a better choice of converter material.
The last two chapter‘s discussion are solely focused on GEANT4 simulation for
Boric acid and depleted UO2 converter materials to obtain critical geometrical
parameters for maximum neutron detection efficiency. Along with the GEANT4
simulation in the present thesis experimental attempts were made to detect thermal
neutrons, and are discussed in chapter 5. In the subsequent chapter effect of neutron
irradiation on the electrical characteristics of Si PIN diode is discussed.
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Chapter-5
Neutron Detection Experiment2
This chapter discusses in brief the testing of a prototype planar semiconductor neutron
detector fabricated using a Boron Based Material (BBM) as a converter material and Si
PIN diode. The focus is on evaluating the optimum coating thickness of BBM using
GEANT4 simulation and coating the same on Si PIN diode to fabricate a planar
semiconductor neutron detector. In order to test the sensitivity of Si PIN diode for
charged particles, the alpha spectroscopy experiments were carried on these diodes. The
experimental results of thermal neutron detection by fabricated planar neutron detector
when exposed to a calibrated Am-Be neutron source are briefly outlined in this chapter.
5.1 GEANT4 Simulation- to obtain the critical thickness
A compound based on boron was synthesized (henceforth referred to as Boron
Based Material - (BBM)) in IISc and coated on Si PIN diode with an active area of 94.09
mm2. The optimum coating thickness of the converter material –BBM for a 2D planar
configuration was obtained from GEANT4 simulation, after relevant input parameters
were fed in the simulation. The details of the simulation methodology and design have
already been described in section 3.1.1.2 and 4.3 of chapters 3 and 4 of this thesis,
respectively.
5.2 Electrical Characterization (reverse I-V and C-V) of detector
Prior to and after coating BBM on Si PIN diodes with BBM, the reverse I-V and
C-V measurements were performed at room temperature, till 100V to ascertain the effect
of its coating on Si PIN diode. The results are not shown2. From the two measurements,
2

As a patent application is being filed, only skeletal details (no detailed materials aspects,
coating method, spectrum and associated signals) of the fabrication of neutron detector is
disclosed in this thesis.
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no significant changes were observed upon BBM coating and it is therefore concluded
that the BBM coating had not affected the electrical behaviour. It only acts as a passive
layer with regard to the electrical characteristics of the diodes.
A typical reverse I-V and C-V measurement carried out on virgin (uncoated) SiPIN diodes are shown in figure 5.1 (a) and (b), respectively. It is to be noted that
measurements were carried out using the Aluminium chamber as shown in figure 2.6 of
chapter 2 .

(b)

(a)

Figure 5.1. Reverse (a) I-V and (b) C-V measurements on virgin Si PIN diode
Like a typical Si PIN diode, the reverse current (Ir) increases with increase in
reverse bias voltage (Vr) and is attributed to the increase in the minority concentration of
charge carriers in the diode [1]. It reaches a value of 122 nA at Vr of 100 V. As for
reverse C-V measurements, the capacitance decreases with the increase in Vr. The reason
for this decrease is due to the increase in the depletion width of diode, which increases
with the increase in Vr [2]. As capacitance is inversely proportional to the depletion
width of diode, capacitance decreases with increase in Vr. As seen from figure 5.1 (b) for
a typical Vr of 80 V the capacitance decreases to a value of 70 pf.
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5.3 Alpha Spectroscopy on Si PIN diode
The silicon PIN diode is an extremely crucial component in a semiconductor
neutron detector for the detection of charged particles (Li7 and  in case of B10 converter
material) and it is therefore mandatory to examine its response to charge particles such as
alpha radiation as a test case [3] and also to confirm the working of read out nuclear
electronics chain. A Si PIN diode firmly appended on a customized PCB and an alpha
source (triple energy-Pu239-5.155 MeV, Am241 5.486 MeV and Cm244-5.806 MeV see
figure 2.11 of chapter 2) were mounted together in a vacuum chamber (as shown in
figure 5.2).

Figure 5.2. Si PIN diode mounted on the PCB board with the aluminum vaccum
chamber.
The distance between the alpha source and Si PIN diode was kept at 1 cm. The
read out electronics used for the measurement has already been discussed section 2.2.2.1
of chapter 2.The Si PIN diode was reverse biased using a high voltage power supply
(model - NHQ105 M) mounted in nuclear bin. The impingement of alpha particles on
the diode creates electron hole (e-h) pairs through columbic interaction. The electric
field induced in diode due to applied reverse bias voltage sweeps the e-h carriers to
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opposite electrodes. The movement of these e-h pairs produces a small output current
pulse which is coupled to a charge sensitive preamplifier (model- CSP-11) through
appropriate connectors and customized cables for amplification. The charge sensitive
preamplifier (CSP) integrates the current pulse and generates a voltage output pulse. A
typical output pulse as seen on Digital Storage Oscilloscope (DSO) is shown in figure
5.3 for an applied reverse biased voltage of 80 V. From this figure, it is clear that the
pulse has a peak amplitude of 27 mV and rise time of 100 nsec.

Figure 5.3. A typical preamplifier output pulse for the alpha radiation.

Figure 5.4. A typical output Gaussian pulse of the spectroscopy amplifier.
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The CSP output pulse was further amplified by a spectroscopy amplifier (also
known as shaping amplifier model-Ortec 673) to improve the signal to noise ratio [4,5].
The gain and shaping time parameters in spectroscopy amplifier was kept at 100 and
2μsec, respectively. A typical gaussian output pulse of the spectroscopy amplifier as seen
on DSO is shown in figure 5.4. The rise and fall time of the gaussian pulse are dictated
by the integrator and the differentiator time constant of spectroscopy amplifier,
respectively. The generated gaussian output pulse which is an analog one is subsequently
digitized as counts vs channel number using a MCA (Multi Channel Analyzer- Model
MCA-3 Fast Comtec).
Figure 5.5 (a) shows the recorded alpha spectrum as counts vs. channel number,
which is the response of Si PIN diode to the alpha source. From the figure, three peaks
corresponding to the triple energies (Pu239-5.155 MeV, Am241- 5.486 MeV and Cm2445.806 MeV) were observed with a resolution of 30 keV. After performing the calibration
using the inbuilt features of the MCA software, the channel number was converted into
energy scale and the corresponding counts vs. energy is shown in figure 5.5 (b). The
spectrum in figure 5.5 (b) confirms the proper functionality of the read out nuclear
electronics chain and sensitive of Si PIN diode to charged particles.

(a)

(b)

Figure 5.5. Alpha spectrum for Si PIN diode in terms of (a) channel number and (b)
energy
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5.4 Neutron detection on BBM coated Si PIN diode
The BBM coated Si PIN diodes (herein after referred to as detector) were tested
for thermal neutron detection using the nuclear electronics chain setup discussed in the
previous section, except that the alpha source was now replaced with a calibrated thermal
neutron source as explained in section 2.2.2.2 of chapter 2. The detector was exposed to
thermal neutron source by encasing it inside an Aluminum vacuum chamber in order to
minimize the effect of the noise. The output pulse obtained from CSP (not shown here3)
as observed on the DSO compared well with literature [6,7]. Additionally, the detector
was operated at low reverse bias voltage of 5V to improve on the gamma discrimination
[8]. Although the pulse height was low, it was substantially above the background and
discernible as a signal arising out of either  (1.47 MeV) or Li7(840 keV) charged
particles, that deposit their energy in Si PIN diode which are generated upon interaction
of thermal neutrons with BBM. In order to improve the signal to noise ratio, the output
pulse of CSP was fed to the spectroscopy amplifier with appropriately adjusted gain and
shaping time parameters. The obtained gaussian pulse from spectroscopy amplifier, was
then fed as input to an MCA to facilitate data storage. The neutron data were recorded till
the counts reached around 10,000.
It is important to note that the experiment was also performed on virgin (uncoated) Si
PIN diode under identical conditions and this served to estimate the contribution due to
background radiation. The experimental results for the uncoated and BBM coated diode
in terms of counts vs channel number are (not shown3) in this thesis. The calibration of
channel number in terms of energy was carried out by acquiring alpha spectrum on
uncoated Si PIN diode with the same settings of detector bias, gain and shaping time of

3

As a patent application is being filed, only skeletal details (no detailed materials aspects,
coating method, spectrum and associated signals) are disclosed in this thesis.
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neutron experiments. Thus after calibration channel number was converted into the
energy scale. The experimental result2 on BBM coated Si PIN diode revealed a distinct
typical plateau like behaviour spanning the energy range from ~700 keV to 1.5 MeV. A
comparison between the counts obtained from BBM coated and uncoated Si PIN diodes
confirmed that the plateau like feature indeed corresponds to the charged particles
generated in B10 (n,) Li7 reactions and hence confirms that BBM coated Si PIN diode
are sensitive to thermal neutrons. As stated earlier, the response to thermal neutrons for
BBM is not shown in the thesis. However, the expected response is similar to that of
figure 5 of ref [7] and figure 6 of ref [8].

5.5 Conclusions
The optimum coating thickness of BBM material was obtained from GEANT4
simulation. The I-V and C-V measurements performed before and after coating BBM
confirmed that the coating had not affected the electrical characteristics of diode. The
thermal neutron detection was conducted on BBM coated Si PIN diode and was found to
be sensitive to the neutrons.
This chapter presented results on BBM coated Si PIN diodes when exposed to
thermal neutrons. It is known from several investigations in literature that Si diode
undergoes radiation damage when exposed to neutrons [9]. The next chapter discusses
radiation damage of virgin Si PIN diode by investigating its electrical characteristics in
terms of I-V measurements for both forward and reverse measurement at different
neutron irradiation fluence.
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Chapter-6
Effect of Neutron irradiation on I-V characteristics
of Si PIN diode
In the present chapter, a detailed investigation is presented on the evolution of forward
and reverse current-voltage (I-V) characteristics on silicon PIN diodes, irradiated in
thermal research nuclear reactor - KAMINI, for neutron fluences varying from 1x1014 to
1x1016 n/cm2. The experimental details have already been elucidated in chapter 2 of this
thesis. The remaining sections of this chapter discuss on the results of the experiments
for forward and reverse current analysis on both virgin and neutron irradiated Si PIN
diodes as a function of neutron fluence.
6.1 Forward Current Analysis
6.1.1 Forward I-V characteristics of virgin Si PIN diode
The forward current of diode is governed by the majority carriers. The forward
current increases with the increases in forward voltage till knee voltage and it increases
exponentially after the knee voltage [1]. In general, for an ideal PIN diode [1], the
forward current voltage (If -Vf) relation is given by the equation (1).
(1)
where I0 and Ire are the diffusion and recombination saturation currents, respectively and

 =q/ηikT, where q is the electronic charge, k is the Boltzmann constant, ηi is the ideality
factor and T is the temperature. The ηi indicates the deviation of diode from its ideal
forward characteristics. In others word it resembles how accurately diode forward
current follow the diode current equation.
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(a)

(b)

Figure 6.1. Forward I-V Characteristics of virgin Si PIN diode in (a) linear and (b)
log-log scale.
Figures 6.1 (a) and (b) show the response of the forward current (If) of virgin Si
PIN diode as a function of forward voltage (Vf) till 0.8V, in the linear and log-log scale,
respectively. The forward I-V characteristics show normal rectification behaviour with a
sharp increase in If close to a knee voltage (Vknee ) of ~ 0.5 V.
From a linear fitting of If vs Vf to equation (1) for low and high voltage regions
on the semilog scale, the saturation current (Is) and ideality factor (ηi), were evaluated
from the intercepts and slopes, respectively. A point to note is that the knee voltage
‗Vknee‘ is taken as a voltage, above (below) which the total diode current is driven by
diffusion (recombination) mechanism.
Figure 6.2 shows the fitting of equation (1) for virgin Si PIN diode in the
recombination and diffusion regions, which yields ηi =2.1 and Is = 58.3pA for the low
voltage range, while for high voltage range, ηi= 2.4 and Is=185 nA. The ideality factor, in
general is ~ 1.2 -1.3 and ~2-3 for silicon and GaAs diodes, respectively [2]. For ideal p-n
junctions devoid of any defects, the ideality factor is described by Sah–Noyce–Shockley
theory [3], which yields ηi =1 at low voltage range and ηi=2 at high voltage range.
Although the experimental ideality factor for the virgin Si PIN diode indicates a small
deviation from the theoretical value ~1(2) for low (high) voltage, the diode is still a good
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rectifier as seen from the measured reverse leakage current (~ 1.69 nA at 100V) in the
reverse bias condition as discussed in later sections. The miniscule magnitude of reverse
leakage current (Ir) clearly indicates that the rectification property of Si PIN diode is still
intact.

Figure 6.2. Fitting of diode equation (1) for low and high voltage regions for virgin
diode, in order to obtain ideality factor (ηi) and saturation current (Is) in the respective
region.

6.1.2 Forward I-V characteristics of neutron irradiated Si PIN diodes

(a)

(b)

Figure 6.3. Forward I-V Characteristics of neutron irradiated diodes in (a) linear and
(b) Log- Log scale.
Figures 6.3 (a) and (b) show the If response of the neutron irradiated Si PIN
diodes as a function of Vf, for neutron fluences ‗‘, ranging from 1x1014 n/cm2 to 1x1016
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n/cm2 in the linear scale and log-log scale, respectively. The plot for the virgin Si PIN
diode specimen is also shown for comparison.
The forward I-V characteristics in these figures definitely show prominent
deviations from exponential behaviour of the virgin Si PIN diode as shown in figures
6.1(a) and (b). In particular, as  increases, the value of Vknee at which the diode reaches
limiting current also progressively increases. Therefore, the I-V characteristics of the
irradiated diodes could be measured for increased forward bias voltages without an
electrical breakdown of the diodes. The reason for the shift in Vknee is due to the
formation of traps caused by neutron damage of the Si PIN diode [4]. Higher the neutron
fluence, more the damage the diode undergoes, thereby leading to shifting Vknee to higher
voltage levels. As for the analysis, the I-V characteristics are fitted to equation (1) for the
low and high voltage regions to obtain the ideality factor and saturation currents. A
representative fit of the same is shown in figure 6.4.

Figure 6.4. Fitting of diode equation (1) to a typical neutron irradiated diode ( 1
x1015 n/cm2) for low and high voltage regions.
The ideality factors and the saturation currents obtained for all the specimens
from the fit are shown in figures 6.5 and 6.6, respectively. The ideality factor (ηi) and the
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saturation currents consisting of both Io and Ire, show distinct increase with increase in ,
which indicate considerable deviations from the ideal diode behaviour.

Figure 6.5. Variation of ηi with neutron fluence ɸ (n/cm2), obtained from fit to
equation (1) for low and high voltage ranges.

Figure 6.6. Variation of saturation current with neutron fluence ɸ (n/cm2) obtained
from fit to equation (1) for low and high voltage range.
The Shockley-Read-Hall (SRH) recombination theory [5] which assumes
recombination via isolated point defect levels has been traditionally used to explain the
ideality factor (ηi) in diodes for the diffusion and recombination regions. In the present
experiment, ηi typically changes from ~2 for the virgin diode to ~ 496 for the diode with
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the highest neutron irradiated fluence. Such large ideality factors have been observed in
silicon solar cell devices [6], BN/ZnO hetero structured rectifying diodes, phosphorus
doped n-Ge/i-Ge/p-Si hetero- structure diodes too [7]. The increase in ηi in the present
studies is attributed to the recombination currents being much higher than expected ones
[7]. The evolution of increase in ηi and associated saturation currents with fluence are
due to the large defects that are created thereby implying more recombination. Other
factors such as tunnelling and metal semiconductor junctions also contribute to high ηi
[7].
Qualitatively, the forward I-V characteristics of all irradiated diodes become
more and more shallow with increase in neutron fluence figures 6.3(a) and (b).
Moreover, for voltages below the knee voltage of virgin diode, If for all the neutron
irradiated diodes increased by three orders of magnitude. The large increase in If in this
region for the lowest irradiated specimen (1x1014n/cm2) is indicative of the damage that
the diode undergoes upon irradiation. This increase is attributed to the increased number
of electron-hole pairs generated from the generation-recombination centres during the
initial stages of irradiation. For higher fluences, the If decreases with increase in fluence
as shown in figures 6.3(a) and (b). This decrease is due to the formation of traps which
are formed by Frenkel defects [4].The traps lead to increased scattering of carriers,
resulting in decreased mobility of carriers. Consequently, the lifetime of the charge
carriers [4] decreases thereby leading to increased resistance of the material upon
irradiation. It is to be noted that even though the diodes were simultaneously exposed to
the inevitable gamma dose rate ~ 3.14 x 104 Gy/h, their consequential effect is neglected.
In order to corroborate the effect of gamma irradiation, the Si PIN diodes were exposed
to gamma radiations from Co60 source of strength 12200 curies. Prior to the gamma
irradiation, the I-V characteristics were measured. The Si PIN diode was exposed to a
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gamma dose of 1.38 KGy. In order to nullify the effect of annealing at room temperature
after the gamma irradiation, the forward and reverse I-V measurement was carried out
immediately. The I-V measurements indicated that the forward and reverse I-V
measurement showed little change post gamma irradiation. In particular, the magnitude
of reverse current was 5nA (40nA) for pristine (gamma irradiated to 1.38 KGy dose) at
reverse voltage of 100V. The change in the reverse current is owing to the Compton
scattering [8] of gamma rays on Si PIN diode. Even in literature, J.P Raymond et al. [9]
have studied comparison of neutron, proton and gamma ray in semiconductor. In their
studies on exposure to Co60 gamma source, they found that the gamma ray exposure
produces displacement damage through Compton electrons. But they also report that the
damage effects are negligible. J.R Sour et al. [8] and J P Raymond et al. [9] have
reported the gamma ray damage in silicon is almost three orders of magnitude less than
that caused by neutrons.
In order to further understand the quantitative changes and trends in the evolution
of If on irradiation, the Vf at which If is 17.5 mA, is monitored. This magnitude of If is
chosen for two reasons. Firstly, the slope of If vs Vf is very large at If =17.5mA and does
not change appreciably with further increase in Vf. Secondly, the current was limited by
heating effects to avoid damage to the junction of the diode. The Vf corresponding to
17.5 mA is taken as knee voltage and is plotted in figure 6.7 as a function of neutron
fluence on a linear scale. It is clear from the graph that, the increase in Vknee is maximum
in the initial stages of irradiation. The extent of increase in magnitude of Vknee with
neutron fluence has also been reported in literature by Swartz et al. [10].
With increase in neutron fluence, trap density is known to increase, which leads
to the recombination of generated carriers, thereby decreasing the concentration of the
intrinsic charge carriers. Consequently, there is a degradation of carrier lifetime and an
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increased resistivity upon irradiation. Incidentally, as seen from the fit shown in figure
6.7, the Vknee rises rapidly for low fluences and nearly saturates at a value 36.3 V for a
fluence of 5x1015 n/cm2. Such saturation behaviour is not reported in ref. [11], probably
due to the fact that the If was measured only till ~10-12 volts. The behaviour observed in
the present study is almost similar to that reported in Swartz et al. [10] and indicates that
there is little change in damage beyond a fluence of 4x1015 n/cm2. This ‗flattening off‘ is
construed to be a consequence of the occupation of displaced atoms and impurities by
the Frenkel pairs that have been created by the irradiation, thereby resulting in the
material becoming radiation hard or radiation resistant.

Figure 6.7. Variation of knee voltage (Vknee) with neutron fluence at constant forward
current of 17.5 mA.
6.2 Reverse Current Analysis
The I-V characteristics in the reverse bias conditions for the virgin diode along
with neutron irradiated diodes are shown in figures 6.8 and 6.9 in linear and semilog
scale, respectively. The measurements were performed up to a maximum reverse bias
voltage ‗Vr‘ of 100 V i.e., the limit to which the diodes can be operated in reverse biased
condition. Since the interest in the present thesis is on the change in characteristics upon
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neutron irradiation, the Ir-Vr profile of the virgin diode is taken as reference. The reverse
leakage current (Ir) due to minority carriers is typically in the nanoampere (10-9A) range
for the virgin diode. The magnitude of Ir is dependent on minority carriers and also on
the active volume of the diode, which in turn is determined by the depletion thickness
and lateral extension [12].

Figure 6.8. Reverse I-V characteristics of virgin and neutron irradiated diodes in
linear scale.

Figure 6.9. Reverse I-V characteristics of virgin and neutron irradiated diodes in semilog scale.
As for the neutron irradiated diodes, Ir increases by four orders of magnitude for
the diode with lowest irradiated fluence of 1x1014 n/cm2. The large change in Ir upon
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neutron irradiation is due to the fact that a large number of Frenkel pairs are created and
unoccupied. Moreover, defect states are introduced upon neutron irradiation and they act
as generation-recombination (g-r) centres [11]. These provide e-h pairs that are drawn by
the applied reverse field contributing to the increased Ir [13]. It is pointed out that
increase in Ir due to the minority charge carriers is a consequence of defects induced by
the irradiated neutrons both at the surface and in the bulk of the diode. The increase in Ir
is gradual, reaching a maximum value of ~ 5.7x10-4 A, for the diode irradiated to a
fluence of 1x1016 n/cm2.
The behaviour of Ir at full depletion voltage which is ~ 100V, in the present
experiment is shown in figure 6.10 as a function of . This behaviour is comparable to
that reported by S.Moloi et al. [14] but does not follow a linear behaviour as reported by
Hasegawa et al. [15] and Lemeilleur et al. [13]. Incidentally, a plot of Ir for lower Vr
(20V), shows the same trend as Vr of 100V. The behaviour shown in figure 6.10 implies
that change in minority carriers is very large for the lowest fluence and thereafter the
change is minimal. The curve tends to flatten indicating that the material is already
radiation hard [14].

Figure 6.10. Reverse leakage current at bias voltage of 20V and 100 V as a function of
neutron fluence ‘ɸ’ (n/cm2).
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A qualitative behaviour of the effect of exposure of the diodes to neutrons can
also be inferred from the ‗gap‘ between the If and Ir for both virgin and irradiated diodes.
The progressive convergence of ‗gap‘ between the forward and reverse profiles (Ir-If)
with increase in  is shown in figures 6.11 (a-c) for a few representative specimens,
namely virgin, 1x1014 n/cm2 and 5x1015 n/cm2 .The progressive decrease in the gap
shown in figures 6.11, is indicative of the change in behaviour from a diode like to
ohmic behaviour and compares well with the reported behaviour [14]. The forward and
reverse currents are almost equal and vary linearly with applied voltage for higher
irradiation fluences.

(a)

(b)

(c)
Figure 6.11. Low voltage gap between If and Ir for (a) virgin (b) 5x1014 n/cm2and (c)
5x1015n/cm2 showing the progressive decrease in gap between If and Ir with
increasing fluence.
The variations in the I-V characteristics are readily brought out by ‗rate of
change‘ in the knee voltage ‗Vknee‘ and reverse current Ir obtained from figures 6.7 and
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6.10, respectively. These rates of change are shown in log-log scale in figures 6.12 and
6.13. The reference current and voltage for forward and reverse bias measurements were
taken to be 17.5 mA and 100 V, respectively. For the evaluation of slope of Vknee with
fluence, the data was limited between 1x1014 to 1x1015 n/cm2, as beyond this fluence, the
Vknee saturates. Whereas in case of Ir the slope was evaluated for the full data range, i.e.
between the virgin diode and diode irradiated with 1x1016 n/cm2 fluence. The ‗rate of
change‘ of Vknee and Ir with fluence are 0.6 and 0.7 respectively, as obtained from figures
6.12 and 6.13, respectively. The magnitudes of the slopes in the present experiment are
nearly comparable and differ from that reported by Moloi et al. [14], where the slope of
the reverse bias is reported to be twice that in the forward bias case. The difference in the
slopes from ref. [14] is owing to the fact that in the present work the slopes were
estimated for low neutron fluence as saturation in Vknee was observed at higher fluence.

Figure 6.12. ‘Rate of change’ of knee voltage at forward current of 17.5mA with
neutron fluence in log-log scale.
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Figure 6.13. ‘Rate of change’ of reverse current with neutron fluence in log-log scale.
In order to verify whether Si PIN Diode had undergone transmutation due to the
thermal neutrons or in other words whether type inversion had occurred in diode, the XRay fluorescence (XRF) studies on virgin and highest neutron irradiated Si- PIN diode
(neutron fluence-1x 1016) was carried out, it showed minute difference in phosphorous
concentration. This showed that silicon had not undergone substantial transmutation
upon interaction with thermal neutrons.
6.3 Damage Constant
The damage constant ‗α‘ or volume reverse leakage current Ir/Vl, in the reverse
bias conditions is taken as a measure of the damage caused by irradiation [16] and it is
used to evaluate the radiation hardness property of the diode [16,17]. The constant ‗α‘ is
defined through the relation, ∆I=αVl, where, ∆I is the difference in the reverse leakage
current for the irradiated and virgin diode for the full depletion voltage of 100V and Vl is
the volume of the depletion region in the diode. The lateral dimension of the PIN diodes
used in the experiments is 5mm x 5mm and the width of the depletion region was
computed from a measurement of capacitance in reverse bias conditions (C-V). Figure
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6.14 shows the reverse C-V measurement of virgin Si PIN diode in which the
capacitance decreases with increase in reverse voltage and becomes constant beyond 60
V. The initial decrease in capacitance is attributed to the increase in depletion width of
diode with voltage, while the invariance above a certain voltage (~60V) indicates a
complete depletion of the diode. The depletion region width estimated from the C-V
measurement is ~300μm [18].

Figure 6.14. Reverse capacitance voltage characteristics of virgin diode.
The difference in the Ir per unit volume estimated at the reverse bias voltage of
100V for all the five irradiated diodes is shown in figure 6.15. From a linear fitting of ∆I
vs , the damage constant α is estimated to be 1.7683 x 10-18(A/cm).The damage
constant ‗‘ in this experiment is lesser compared to that reported in ref. [15]. This is due
to the use of a wide spectrum of incident neutrons energy rather than a mono energetic
neutron beam.
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Figure 6.15. Variation of current density with neutron fluence and slope showing the
damage constant ‘α’.

6.4 Rectification Ratio
It is well known that the I-V characteristics, which demonstrate the rectifying
behaviour, are crucial for device applications. In the context of diodes, rectification is
monitored and quantified in terms of rectifying ratio ‗RR‘, which is expresses as the ratio
of the If to the Ir. Mathematically, RR is

(2)

In the above expression, Vf,max is the maximum forward voltage of the diode which can
be applied within the permissible limits of operation and is used as the reference voltage
for calculation of the RR. In the present experiment, as seen from figure 6.3(a), Vfmax
varies with the neutron irradiation fluence.
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Figure 6.16. Variation of rectification ratio RR of virgin and neutron irradiated
diodes as function of neutron fluence ‘ϕ’ (n/cm2).
As seen from the graph (see figure 6.16), the virgin diode has the highest
rectification ratio RR of ~108, with the current conduction in one direction only. This
high value of RR is owing to the fact that the If is in the mA range, while the reverse
leakage current in the reverse bias condition is in the nA range. Large RR has also been
reported in all printed organic diodes [19] and metal induced lateral crystallization in aSi: H in solar cell application [20].
In the present experiment, RR decreases drastically to ~ 103 and ~84 for diodes
exposed to  of 1x1014 n/cm2 and 1x1016 n/cm2, respectively as shown in figure 6.16.
This decreasing trend is consistent with the observation by Bosetti et al. [21], although
the magnitudes vary. The decrease in RR clearly indicates that the neutron irradiated
diodes progressively lose their rectifying behaviour with increasing . The reason for the
loss of rectifying behaviour is the decrease (increase) in the concentration of majority
(minority) charge carriers. It is well known that irradiation induces defects and leads to
loss of crystallinity, thereby resulting in decreased lifetime and mobility [4] .Such defect
centres are known to increase the reverse leakage current and consequently resulting in
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loss of rectification [21].The variation of RR vs  has been studied in literature and a
critical fluence was observed [21] in which the RR is equal to zero. However, in the
present experiment, it is found that the RR is ~ 84 even for a fluence of 1x1016 n/cm2,
which is higher than that reported in ref [21].
The quantities, RR and i are inverse to each other and the same are shown in
figure 6.17. A large RR results in nearly ideal diodes where the ηi is ~1 in the
recombination region. It is pertinent to note that the ideality factor of an ideal diode is
1(2) in the recombination (diffusion) region with the concomitant RR being very large
(typically 108 or more). Figure 6.17 indicates a clear change in the behaviour of the diode
from a rectifying one to ohmic one. This is a consequence of deceasing (increasing)
forward (reverse) current with increasing fluence. Such a correlation has also been
reported for nanocrystalline pn diodes [20].

Figure 6.17. Variation of rectification ratio RR and ideality factor (ηi) with neutron
fluence ɸ (n/cm2).
6.5 Conclusions
This chapter discussed the effect of neutron irradiation on the current -voltage
characteristics of silicon PIN diodes in a typical thermal research reactor for fluences
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ranging from 1x1014 to 1x1016 n/cm2. The measured forward I-V characteristics, is
increasingly becoming shallow upon increased irradiation fluence. Moreover, the knee
voltage increases from 0.5V for the virgin Si PIN diode to ~ 36.3 V for diode irradiated
to a fluence of ~ 5x1015 n/cm2 and thereafter saturates. The shift and increase in knee
voltage is attributed to increased trap density [22], which in turn leads to the
recombination of the majority carriers, thereby decreasing the concentration of the
intrinsic charge carriers. The increase in knee voltage indicates that diodes can be
operated at higher voltages [23].The ideality factors extracted from the fit of the forward
I-V characteristics to diode equations in the low/high voltage regions varied from a
typical value of ~ 2 for the virgin case to ~ 496 for the highest irradiated fluence. The
large ideality factors observed in this study are caused by the defects that are created
upon irradiation.
With increase in neutron fluence, the reverse leakage currents also increased by
almost four orders of magnitude owing to the production of a large number of defect
states that act as generation-recombination (g-r) centres upon neutron irradiation.
Another important consequence of the increase in fluence of irradiation is the
transformation of diode properties from a rectifying to ohmic one, which was inferred
from the progressive decrease in gap between the forward and reverse currents. Further,
quantitatively, the rectification ratio decreased from 108 for virgin diode to 84 for the
maximum neutron irradiated fluence of 1x1016n/cm2. The damage constant evaluated
from the reverse leakage current indicates that the diode hardness property is still in
intact after the irradiation. The quantitative behaviour of diodes in terms of rectification
ratio shows that its rectification property has been degraded drastically with the increase
in neutron fluence.
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Chapter-7
Summary, Conclusion and Scope for future research
7.1 Summary
The present thesis presented three aspects of research on semiconductor neutron
detectors, namely, simulations for optimization of thickness of converter material to
achieve maximum neutron detection efficiency, fabrication of a prototype semiconductor
neutron detector in collaboration with IISc and investigation on neutron radiation
damage of Si PIN diode. The summary and important conclusions from the thesis are
discussed below.
7.2 Conclusions
As mentioned in the previous chapters of the thesis, a Monte Carlo simulation is
of paramount importance ahead of the semiconductor neutron detector fabrication. The
objective of GEANT4 simulation was to find out the optimized critical geometrical
parameters for various detector configurations in order to obtain the maximum neutron
detection efficiency. The two neutron sensitive converter materials used for the
simulation in the present work were Boric acid (H3BO3) and Depleted Uranium Oxide
(DUO2). In particular, for the boric acid converter material (CM) case, the efficiency was
estimated for various 10B enrichment levels. Different geometrical configurations such as
planar, stack, cylindrical perforation, embedded spherical design and cuboidal trench
were investigated using GEANT4 simulation toolkit. Besides estimation of maximum
efficiency, histogram plots to study the energy deposition in Si detector medium were
also studied for different detector configurations.
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Along with GEANT4 simulation studies, an experimental effort was attempted to
detect the thermal neutron using Boron Based Material (BBM) coated Si PIN diode was
successfully accomplished using the standard nuclear read out electronics chain. The
thesis also focused on experimental study on the behaviour of the electrical
characteristics of Si PIN diodes before and after neutron irradiation in a typical thermal
research reactor for neutron fluences ranging from 1x1014 to 1x1016 n/cm2.
Any simulation methodology necessitates commensurate benchmarking as a
prelude for validation of results generated by the simulation. In line with this, detailed
benchmarking simulations were carried out for 100% enriched 10B as converter material
and Si as detector material for two test problems, viz., planar and stack geometries and
compared with literature. The GEANT4 simulation result showed an excellent agreement
with the literature results.
GEANT4 simulation for the boric acid as neutron sensitive converter material
having 100% enrichment of

10

B in planar configuration revealed a maximum efficiency

(ηmax) of 0.73% for thermal neutrons at a critical thickness of 5 μm . Improvements in
efficiency (η) were affected by adopting stack, embedded sphere, cylindrical perforation
and cuboidal trench structured detectors. In the case of stack configuration, it was found
that the η can be enhanced by increasing the number of detector units. For instance, 30
detector units in stack configuration leads to ηmax 15.96% at a critical thickness of 3.5 μm
having 100% enriched

10

B content in boric acid. It is clear that, the efficiency is much

higher than the planar configuration. In the case of a single layer embedded sphere
configuration, the ηmax obtained from the simulation was 0.91% at a critical diameter of 9
μm. Improvement in efficiency was brought about by stacking single layer embedded
spheres to 18.89% for 30 layers.
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For a cylindrical perforation and cuboidal trench configuration, the optimum
critical diameter and width was found to be ~8 μm respectively. It was also found that in
both the configurations efficiency (η) increased with increasing depth. The typical
efficiencies at same dimension of 8 μm diameter and width at a maximum depth of 275
μm were 16.21% and 13.02 % for cylindrical perforation detector and cuboidal trench
detector, respectively. These efficiencies values are significantly higher than that of
planar configuration.
Although boric acid is a preferred converter material (CM) in terms of its
simplicity in coating on Si PIN diode, it has a low Q-value, thereby preventing setting up
of higher LLD values for background gamma rejection. Therefore, in a typical nuclear
reactor where background radiations are typically in high MeV range, boric acid as a
converter material for neutron detection is not a preferred choice. Hence, an alternative
converter material such as Depleted UO2 (DUO2) was explored. The simulations were
performed for geometric configurations similar to boric acid except for the direct
configuration mode. As DUO2 is semiconducting in nature, it can be used in the direct
configuration mode too.
From the GEANT4 simulation studies it was found that DUO2 based
semiconductor neutron detectors can be used for detecting dual neutron energies of
thermal and fast neutrons, with good gamma discrimination, which is a distinct and
indispensable advantage over other conventional converter materials. Efficient
background discrimination is an inherent feature of this converter material, as the energy
possessed by the generated fission products (in range ~200 MeV) are significantly above
the background radiation. Efficiencies of DUO2 based converter material detectors in
both planar (direct and indirect) and three dimensional (3D) (cylindrical perforations and
trench structures) configurations were studied. The simulation studies revealed that, for a
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typical thickness of ~1000 μm, η for thermal neutron (0.025 eV) and fast neutron
(typically 10 MeV) detection for planar direct (indirect) configurations are 0.45% and
0.24% (0.0008%and 0.0004%), respectively. Even though the η of DUO2 in planar direct
configuration mode is significantly larger than the indirect configuration, synthesis and
fabrication of controlled stoichiometry UO2 is still a formidable task and poses a major
challenge. It is shown that η of planar indirect configuration detectors can be further
enhanced by creating 3D structures in Si detector. The simulations of 3D configurations
of both cylindrical perforation and trench structure showed an enhancement in η over
planar indirect configurations by two (one) orders for thermal (fast) neutrons. Therefore,
as inferred from the simulations, for applications in high background environments
which require good background discrimination, it is prudent to use DUO2 in the 3D
indirect configuration mode as a better choice of converter material.
In collaboration with IISc a BBM converter material coated on Si PIN diode
planar neutron detector was fabricated. The critical thickness of BBM for maximum
efficiency (ηmax) was obtained from GEANT4 simulation and same was coated on Si PIN
diode. The BBM coated Si PIN diode was exposed to the calibrated thermal Am-Be
neutron source. Several noise sources were encountered in the neutron detection
measurement and steps were taken to minimize the effect of noise on the measurement.
A point to note that in order to study the background radiation contribution, an uncoated
Si PIN diode was also exposed to the calibrated thermal Am-Be neutron source. Before
exposing the BBM coated diode to thermal neutron source, the electrical characterization
in terms of reverse I-V and C-V were measured to ascertain the effect of coating on
diode. It was found from the I-V and C-V measurements that the coating had not affected
the electrical functionality of diode. It is also to note that in the present work the
functionality of read out electronics was tested by performing alpha spectroscopy
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experiment on uncoated Si PIN diode. The other objective of alpha spectroscopy was to
check the sensitive of Si PIN diode to charged particles.
The last part of thesis focused on the electrical characteristics of neutron
irradiated Si PIN diodes. From the studies it was found that the measured forward I-V
characteristics, is increasingly becoming shallow upon increased irradiation fluence.
Moreover, knee voltage increases from 0.5V for the virgin diode to ~ 36.3 V for diode
irradiated to a fluence of ~ 5x1015 n/cm2 and thereafter saturates. Whereas, the ideality
factors extracted from the fit of the forward I-V characteristics to diode equations in the
low/high voltage regions varied from a typical value of ~ 2 for the virgin case to ~ 496
for the highest irradiated fluence. The large ideality factors observed in this study are
caused by the defects that are created upon irradiation. With increase in neutron fluence,
the reverse leakage currents also increased by almost four orders of magnitude owing to
the production of a large number of defect states that act as generation-recombination
centres upon neutron irradiation. Another important consequence of the increase in
neutron fluence of irradiation is the transformation of diode properties from a rectifying
to ohmic one, which was inferred from the progressive decrease in gap between the
forward and reverse currents. Further, quantitatively, the rectification ratio decreased
from 108 for virgin diode to 84 for the maximum neutron irradiated fluence of 1x1016
n/cm2. The quantitative behaviour of diodes in terms rectification ratio shows that it
rectification property have been degraded drastically with the increase in neutron
fluence.

7.3 Scope for future research
1. In the present GEANT4 simulation work, the dead layer contribution on
efficiency was not included. The dead layer effect should be included in
GEANT4 simulation which will give a more accurate estimate of efficiency.
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2. The three dimensional (3D) detector configuration simulation result needs to
be validated with the experiments for different converter materials.
3. The depleted UO2 semiconductor device can be fabricated and tested for its
detection of neutron in radiation environment.
4. Other alternate radiation hardened semiconductor like SiC, GaAs can be
explored since Si detector electrical performance degrades at higher neutron
irradiation fluence.
5. A portable nuclear readout electronics needs to be designed which can be
integrated with the semiconductor detector.
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