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1 Introduction

Neutron interaction comes into play as focus turns to space travel but also on lower
altitudes in our own atmosphere, here the major notation being intercontinental
flights. On terrestrial side nuclear industry and certain medical applications either
produce or apply neutron producing agents. In real world applications neutrons are
present with collision by-products and other background radiation so measuring and
making distinction between the radiation types is of interest in multiple disciplines.
[26] Neutrons also provide serious threat to human health due to damage done
absorption, collision and secondary radiation. [23]

We have three ways of detecting neutrons. Albeit being non-coulombic, neutron
interactions also tie to certain matter interactions in the same manner as ionisation
of gases or semiconductors and scintillation. In these methods charged particles
cause an ionisation in the product under scrutiny and the produce is measured -
neutrons on the other hand do scatter with other particles and the collision produce
is then analysed. [23]

Helium based applications have been de-facto standard in neutron detection in
the form of *He isotope being used as fixed gas volume reaction measurement. The
problem here is scarcity and availability of the currently needed amounts of this
special isotope which has driven the development for alternatives. [36]

We focus mainly on semiconductors as development path does not need major

investments and most production phases are commercial off-the-shelf solutions.

1.1 Project outline

The focus of the testing run was to investigate the effects of a selected coating
variant on silicon chips used for neutron detection. A need to measure the currents
over a silicon diode raised from a question of reliability of the sensor package as it
is known that leakage currents cause undesired noise on signal and increase in total
power requirements. Study of currents was taken by initially comparing samples
of non-surface-treated chips with coated ones and afterwards processing the coated
chips to meet the limits set by the non coated silicon baseline samples.

One of the main factors was to ascertain the initial measurements of microam-
pere class leakage - which is a significant amount. Normal magnitude of operation
independent of manufacturer is usually in nano ampere class. Question here was how
to pinpoint the erroneous source of the mentioned scale of currents as it appeared

in all the coated samples.



1.2 Literature study

Most elements of the project must be taken as given by announcement of the manu-
facturer regarding detectors, coating methods, materials [13], measuring equipment
providers etc. These are all tried and tested methods and beyond our critique in
this study.

Regarding analysis on commercial producers we have domestic silicon die detec-
tor manufacturer [2] providing us off the shelf products with only small alterations to
the commercial version of the device. Other manufacturer alternatives were Vishay
[4] and Hamamatsu which both provide same type of silicon based p-n diodes. A
comparison can be made regarding peculiarities in packaging, active sensitive area
and most importantly, would these work within the same scale of events when talk-
ing about electrical properties of diodes as radiation detectors.

Novel methods still under development are the use of neutron sensitive materials
as compounds as discussed by Klein et al providing many different approaches from
material combinations, doping to physical dimensions of detector assemblies and sub-
assemblies. [18] Detector inner dimension variations are also proposed and shown
to have positive impact on detection efficiency as shown by Nikolic et al. [19] This
also leads to a conjecture to be further studied - what could be the best possible
stacking structure to enhance the detection process. McGregor et al have studied
this matter from incident angles of radiation flux to stacking options of detector
assemblies and other geometries. [2§]

By gathering best practices from studies mentioned and thus narrowing the
search on critical components it was decided to tread path also laid out by Piscitelli
[26] and our team contacts with Guardiola. [24] These publications and contacts
also provided valuable source of information regarding where to focus our efforts on
initial simulations.

The neutron converter material selections and detector variants were thus nar-
rowed down to few with possible detector configurations and these further validations
are discussed below.



2 Background

Here we focus on basic concepts behind semiconductors, their usage in radiation

detection and fabrication of distinct models for varied use cases.

2.1 Semiconductors as radiation detectors

A semiconductor detector can be seen as a system of measuring energy of exciting
electrons by capturing energy from ionising radiation. This energy comes from
incident where electron moves from the valence band to the conduction band.

Of the practical side of the process, a bias voltage is applied across the detector,
establishing an electric field in a specific known direction. The electrons then move
through this electric field towards an electrode of the detector. Along with the free
electrons, there is a sameish amount missing from the valence band. This results
in some states within the valence band becoming partially occupied. The exiting
electron in the valence band creates a state of a hole which can be thought as a
positive charge. In the electric field these holes migrate in the opposite direction to
the electrons. This mechanism provides framework for the signal to be measured.
22]

2.1.1 Enmnergy bands and band gap

For solid materials electrons are typically considered to exist within energy bands.
These bands are continuous and span a range of energy levels for the electrons. The
structure we are focused inspecting is the behaviour of the outermost electrons in
the atoms, since the inner electrons’ orbitals do not overlap significantly forming
energy bands. The band that holds the valence electrons is known as the valence
band and the other notable band is referred to as the conduction band. For this
state to conduct current, it must be part filled. A band either full or empty remains
inactive and does not contribute to charge transport. [20]

For semiconductors a band gap exists between the valence band and the con-
duction band, representing a range of forbidden electron energies. Within this gap
electron energies cannot satisfy the Fermi-Dirac condition as no electron orbitals
in the material possess these energetic states. The width of the band gap plays
a crucial role in defining the electrical characteristics of the material. Insulating
materials have a large band gap. Thus a significant amount of energy is required
for an electron to transition to the conduction band. Due to mentioned, as valence
and conduction bands are essentially inactive we can assume the current conduction

is also near zero. A slight deviation from the norm and we have semiconductors,



which have a smaller band gap compared to insulators. For conducting materials

there isn’t band gap as the conduction and valence bands are overlapping. [21]
2.1.2 Doping of semiconductors

Semiconductors are doped with other elements in order to modify their properties.
As a simplification specific impurities are deliberately introduced to alter electrical
conductivity of target material. Silicon is a crystalline substance in which each
silicon atom forms four covalent bonds with its neighbouring atoms. When so called
impurity is introduced possessing for example a valence electron compared to silicon
atom, it replaces one of the Si atoms in the lattice. This excess electron is more
likely to be expelled into the conduction band by thermal energy. The hole left
behind by the incident atom remains within the crystal structure. Silicon doped
in this manner will have more free electrons when compared to holes and is thus
referred as n-type semiconductor.

If the impurity introduced is an atom which has one fewer valence electron than
silicon, the atom substitutes for a Si atom in the lattice leaving one covalent bond
unsatisfied. A material doped in this manner has characteristics of an excess of holes

relative to free electrons and is known as p-type semiconductor. [23]
2.1.3 p-n junction

A silicon based semiconductor detector can be considered as a diode with a p-n
junction (and for some minor applications n-p as well). In the n-type region where
electrons are the majority charge carriers these electrons are not able to cross into
the p-type region dominated by holes. At the interface between the two regions the
surplus electrons in the n-type material will be attracted to and recombine with the
holes in the p-type material. Recombination results in a region near the junction
where there are no free charge carriers but a net charge imbalance exists due to the

impurities creating a region with opposite charges on either side.
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Figure 2.1 p-n junction visualisation in respect to charge and electric field attributes

[34]

This charge imbalance between bands generates an electric field within the region
known as the depletion region. The said field holds the holes toward the p-type and
the electrons toward the n-type thereby suppressing charge carriers in the depletion

region as visualised on Fig. 2.1 "pn junction scheme” [34]
2.1.4 Reverse biasing

When applying bias voltage to a silicon detector with a p-n junction in a manner
the electric field aligns with the field generated by the charges in the depletion
region, process is called reverse biasing. When a reverse bias voltage is applied the
size of the depletion region grows due to recombination process. It can be seen
as connecting positive terminal to n-type end and negative terminal to p-type as
seen on Fig. 2.1 "pn junction scheme”. Under this reverse bias scheme possible
charge carriers generated within the depletion region are swiftly collected onto the
respected electrodes. By increasing the reverse bias voltage the depletion region can
be thought to expand as carrier mobility there diminishes. [25]

As this silicon diode detector exhibits finite conductivity when a bias voltage
is applied, a small leakage current will still flow even in the absence of ionising
radiation. This leakage current generates noise that can be significant enough to
obfuscate the signal generated by the radiation. Managing this signal to noise ratio,
through chemical, physical and data collection and refining means is essential part

providing repeatable results.



2.1.5 Electrical measurements of semiconductor detector

The usual semiconductor attribute measurements are done by four and two probe
measurements. With four probe measurement resistivity can be attained by letting
current flow through the outer two probes and this induces voltage over the inner
two probes. The depletion region of the semiconductor can here be regarded as

insulating layer imagined as the whole grey area in Fig 2.2.

Figure 2.2 Four probe method schema [3]

Two probe measurement can be seen as simplification of the previous - basic mul-
timeter point to point measurement of currents. Combining these two approaches
we can deduct much of the uniformity of the semiconductor under study. [3]

As we are talking about radiation sensitive devices, to minimise measuring errors

it must be noted the cell has to be kept in the dark during measurements.

2.1.6 Capacitance & noise

Major issues with the planar detector configurations is diode having capacitance

related noise. Capacity can be calculated from
C=Kyxegx Ald, (2.1)

where A is the area of the detector, Ksi is the dielectric constant of silicon, gq is
the vacuum permittivity, and d is the thickness of the detector.

This meaning the capacitance of the detector increases as thickness decreases.
The main issue with the increased capacitance is the noise characteristics of most

charge sensitive preamplifiers which have direct correlation. Without going too



deep to signal processing matters it can be said as a general thumb of rule; keep the

detector capacitance low. [31]

2.1.7 Guard ring on noise suppression

A guard ring is traditionally used to protect diodes from leakage currents. It can
be seen as a ring of conductor connected by a low resistivity to a source of the same
potential as shown on Fig. 2.3. Guard ring can be thought to work by reducing
the potential difference to zero between the signal and the conductor’s surroundings

and in most cases it can be assumed to be connected to ground.

Figure 2.3 Wire bonding of non-coated chip, guard ring (outer narrow silvery ring) &
surface contact attached

As in our use case presented - an application where spurious voltage sources are
the thing to measure, ring acts as a noise suppression agent - reducing the noise

floor and thus giving better signal to noise ratio. [32]

2.2 Neutron detection

Detection phase of neutrons can be divided roughly into two phases; moderating
high energetic neutrons (> 1 MeV) down to thermal slow neutrons, next coming
the converter phase after which we measure indirect incidents that arise from the
converter induced scattering. A neutron is considered as thermal when it’s kinetic

energy is approximately 0.025 eV. In final production testing phase polypropylene



blocks will be used for slowing fast neutrons (moderating) down as the cheapest
alternative as water solution is far more inconvenient to be used around detector
electronics. In conclusion hydrogen based materials excel at moderation as they are
within same mass scale with the neutrons thus being strong scatterers. [5]

The second step after moderating when results are within thermal neutron scale
is to yield again to review of the different cross sections of different materials. This
brings us into selecting few potential materials for further examination. These are
Lithium, Boron and Gadolinium. [6] Each of these end up with different outcomes
when interacting with thermal neutrons. These and their compound permutations
are referred as converter materials from now on.

As mentioned in chapter 1 neutrons colliding with the different nuclei of materials
cause capture and scattering reactions in the detector volume. Neutron capture
occurs when a neutron is absorbed by the nucleus of an atom usually leading to the
nucleus becoming unstable which then decays or undergoes fission.

Neutron scattering is another critical reaction for neutron detection. This pro-
cess can involve both elastic and inelastic scattering. In elastic scattering some of
the kinetic energy of the neutron is transferred to the target nucleus. In inelastic
scattering the target nucleus temporarily absorbs this kinetic energy, forming an
excited compound nucleus then later releases from the excited state by emitting a
gamma ray and other by-products. [26]

The mentioned underlying reactions taken into account and by reading the out-
come distribution of nuclear phenomena we can backtrace the original reaction. By
utilising converter films added to the detector structure we measure selected indi-
rect incidents which arise from before mentioned physical processes. These reactions
allow for the indirect detection of neutrons by utilising energy/charge sensing de-

tection systems.

2.3 Converter materials

Although helium isotope ®He is widely used in large area detectors we focus in this
study on solid state materials as these can be fabricated to accommodate smaller
use cases not needing large tightly closed pressurised volumes, in regards to power
usage with lower voltage ranges and are also more flexible to be produced in varied

geometries.

2.3.1 Gadolinium

The prime candidate to be considered as converter thin film coating was Gadolinium
as it has relatively one of the highest thermal neutron capture cross section of

naturally stable elements [6]. Gd also has a noticeably greater (over 66 times)



thermal neutron cross section than for example Boron, ie. the ability to interact
with the neutron. In the process it produces a distinct gamma rays and auger
electrons. [7] On positive note the element can be used for coating with chemical
vapour deposition (CVD) process for example as GdN, spin coating as an oxide
and various other approaches. On negative side the process produces particles and
radiation quantifiable close to each other so the separation between signals might

pose an issue.
157Gd + n — 158Cd + (0.08,0.18,0.28 MeV') + e, [37] (2.2)

Typical reaction products of conversion are electrons with very low energies,
measured to be < 200 keV. Electronic noise in the detection system plays a big
part in signal measuring systems (also discussed in section 2.1.6) and thus Gd is not

easily used in neutron detection and hereby removed from our scope. [27]

2.3.2 Lithium

Thermal neutron reaction of lithium produces triton and alpha particles which as
energetic particles are easy to detect. It has greater thermal neutron absorption
cross section than many other alternatives. As a highly reactive alkali metal pure
lithium is typically stabilised through compounding here as in form of ’LiF to make
it processable in atmospheric conditions. This adds to the manufacturing costs
substantially. Enriching process also ramps up the cost substantially which makes

us think of alternatives. [26]
6Li +n — 3H(2.72MeV) + a(2.05MeV), [37] (2.3)

As seen on equation 2.3 reaction products can be understood to be easily read
as energy deposited is signal wise substantial. Ultimately lithium compounds were
ruled out as rapid development cycle of the project on subject did not allow semi-

toxic compounds to be handled.

2.3.3 Boron

Boron isotope °B is widely utilised in various neutron detection applications due to
its solid-state properties, good absorption cross section, availability and the high-
energy products from neutron reactions which can be seen as and advantage -

thermal-neutron reaction of °B mainly produces alpha particles. [28]

10B +n — a(1.47TMeV) + TLi(0.84MeV) + (0.48MeV'), [37] (2.4)
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Boron is chemically stable and in purest form and it has semiconductor like
behaviour. It is important to mention natural non-radioactive forms of boron consist
mainly of isotopes 10 and 11 where latter is the most abundant with 80% share of the
total while '°B sits approximately on 19%. [9] Boron-10 is the one we are interested
in and will be further utilising on all instances as the neutron capture attributes ie.
cross section is significantly higher than on 'B. [10]

Here the selection ends up favouring boron in the form of 1°B as a combination
of cost, availability, malleability & ease of detection of it’s reaction products which
are lower than those on Lithium (fluoride) based converters but still on the MeV
scale. For the first round boron carbide was selected as such coating service was
readily present through a company affiliate. Pure boron was also taken into account
but no lab was found to be able to produce such films within reasonable time limit.
Both selections would be fabricated using either CVD or PVD as a coating method
for these methods produce precise micrometer scale films with relative ease as it is

a common process. [8]

2.4 PVD as deposition method

Physical vapour deposition, also referred as PVD, is an umbrella term of vacuum
deposition methods which is be used to produce thin films by semiconductor indus-
try. During PVD process the deposition source material transforms usually from
solid phase to a vapour and then condensing as a thin film on substrate surface.

Here we use pulsed DC sputtering.

— Sputtering Target

_|_(-)
Power Supply
: | T ) PPL)
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% / i
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—Substrate and Film Growth

Figure 2.4 Simplified schematic of DC sputtering setup [35]

At DC sputtering target material to be used as a coating is placed in a sputtering

chamber, parallel to the substrate to be coated. The chamber is then de-pressurised
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removing all the air and replaced with process gas which doesn’t react with the
materials in question but as ionised it is propelled towards negatively charged target
as can be seen on Fig. 2.4. On some processes reactive gases could be used but not
here.

A Pulsed DC electrical current ranges is several hundreds volts and is applied
to the target aka coating material which can be seen as cathode - substrate to be
coated being the anode. Rotation of DC pulsing is done up to 300 kHz. The most
notable positive side of pulsed DC sputtering when comparing method to traditional
sputtering reduces high voltage arcing in chamber. This might take place due to
target-substrate charge agglomeration. When discharging the mentioned charge in
vacuum systems filled with potential plasma can cause destructive arcs which might
be problematic when trying to produce uniform surfaces in nanometer class. Even
the PVD machinery can be damaged in worst case scenarios. [29]

Pulsed DC sputtering is an considered advantageous method to be used for low

electrical conductivity materials such as boron and related compounds.
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3 Experimental

We present a simulated approximation of our device, it’s physical composition and
electrical functions. We also debug errors met in our manufacturing process and

veer towards possibilities of correcting them.
3.1 Simulation of detectors

A series of simulation was run on Geant4 software (version 4.9.6 at 03/2014).

Geant4 stands for GEometry ANd Tracking being a software development toolkit
(SDK) like collection of programs and scripts for simulation of the passage of parti-
cles through matter using Monte Carlo methods. The development of the software is
handled by international Geant4 Collaboration affiliated with CERN. Geant4 source
code is available under open source license, it remains actively updated and can be
downloaded from the official site geant4.org. [33]

Here we have utilised several aspects of the SDK; compiled the entirety of sev-
eral GCC based frameworks under Debian Linux operating system which was then
configured with XML type markup language to facilitate a testing geometry/vol-
ume consisting of different materials, setting the radiation source accordingly, and
thus finally visually inspected points of interest within respected layers as forms of
radiation passes through - output files providing for example a vector like image
presentation as shown on Fig 3.1. The primary focus here is to get a total dose and
distribution data of the radiation energies in relation to focus subject of our silicon
die.

After several iterations final simulated assembly was a silicon detector with 10
pm active silicon layer per sensor with 1,0 pm of boron carbide, B,C, conversion
layer. Stacking two parallel dies would almost certainly increase the total efficiency
but considering the real world application the choice must be made with simplicity
principle as it is reasonable to think two 380 pm chips would produce much unwanted
secondary noise mentioned in section 2.1.6.

Silicon based detectors with °B based neutron converter were found to have
decent gamma background rejection characteristics. As mentioned before gamma
background can here be thought as a noise source and it is a non-desired effect
when measuring is dependant of the ability to distinguish small signals. In order
to increase the gamma background rejection further, special measures in radiation
detector production can be used to reduce the charge collection efficiency of the
background gamma events. Method under study is based on deposition of the neu-

tron converter to the surface of the silicon based radiation detector and manipulating
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the active depth size.
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Figure 3.1 A 10 pm Si detector geometry (darker grey) with 1,0 pm B;C conversion
layer (lighter grey) shown as connected volumes

Secondary particles emitted from the neutron (green lines) capture interact only
close to the silicon active area shown in white and grey on Fig. 3.1. This is a
simulation optimised approach for reasonable computation times as it must be noted
a typical events of x-ray or gamma radiation can interact on whole bulk of silicon
as our real world subject is 380 ym wide. When reducing the thickness of the active
part of the silicon, the gamma background related event probability are significantly

diminished as no other reactions took place during 100 neutron test run pictured
above.

Figure 3.2 shows the energy distribution of simulation where number of events is
on the y-axis and deposited energy in keV on x-axis. The line shows the simulated
spectrum from neutron captures in B4C for two detectors. Here n = 1 000 000 for
initial number of neutrons with total capture efficiency value of roughly approxi-
mately 5%. As seen the neutron induced spectrum has continuous spectrum up to
1,2 MeV. From literature we know median of terrestrial gamma radiation energies
are usually within scope of few hundreds of keV. [30] By combining these two facts

we can adjust to reduce the gamma background, setting the signal threshold for
example 200 keV with the cost of some low end neutron counts.

3.2 Detector selection
A domestic silicon provider was selected as their off the shelf selection of bulk x-ray

detector was found to be within the parameters of the focus of the project. Also due

to short time given for the project, wafer approach with dicing and multiple other
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Figure 3.2 Neutron capture counts for two 10340 based detectors

sub-stages was also ruled out. Others manufacturers proposed were Hamamatsu and
Vishay and altogether very similar specs were present the most optimum physical
area size of the silicon die made the initial call. The final commitment was as the
company also provided easy access to the service to adjust the product according to
customer’s needs - here being our need for active depth of the detector to be 10 pum.

The detector itself is an p-n type detector with efficiency value of 32% for the
original primary use case of x-ray detection. Of main notable values obtained from
manufacturer three points should be mentioned; active area size being 10 x 10 mm,
depletion region maximum size of 380 um - being then fully depleted as chip is of
the same thickness (see section 2.1.3), dark currents range 5.5-10 nA for non-treated
detector sets a starting point for the baseline measurement part. [2]

For our chips the active depth was at 10 ym compared to the original manufac-
ture dimension of 380 um, bearing in mind equation 2.1 in section 2.1.6 means the
signal is much harder to be distinguished from the noise in first case. We must apply
various means of signal enhancing starting from chip die design capacitance min-
imising to selecting the easiest to detect neutron capture by-products by converter

material selection in section 2.3.

3.3 Case study on semiconductor bulk surface conductivity

With silicon diodes the leakage current of the reverse biased chip should be near
zero - more specific in the scope of nano amperes. Same scale results were done by
measuring pure silicon chips for reference purposes.

In our case diodes were assembled with conducting paste to ceramic housing then
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wire bonded for easier access for possible debugging process and later production
wise easier installation into larger detector configurations.

Due to coating process done only after the mentioned and thus lacking proper
masking (as not to harm the wire bonding) the boron compound film might be
prone to enhance the flow of current as the coating might cover also the sides of
the chip thus physically and electrically bridging both top and bottom conducting
aluminium coatings as can be seen in Fig 3.3 on both left and right flanks but not
so on up or down. Comparison can be made with Fig 2.3 close-up - here the gilded
bottom contact and pads are shown whitish under microscope light and in previous
picture as normal gold tinged. These parallels help understanding how the coating

has overflown.

Figure 3.3 Coated specimen close-up

No specific records remain of how chip positions were in the sputtering chamber
or angles they were experiencing during the process as to predict what kind of
uniformity of coating thicknesses is to be expected grown. Thus we take it as given

by the producer - the coating is uniform 1,0 pum all over.

3.3.1 Initial calculations

Although boron carbide possesses semi-conductive properties which are dependant
of factors which are beyond this discussion it also has direct current (DC) activity

proportional to usage temperature. [11] The ohmic bulk kind of conductivity in
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semiconductor devices is discussed in greater detail in a study by Prokesch et al [3]
as they delve deeper into the conductor mobility and doping on CdZnTe based de-
tectors. Contrary to this we focus here on added structure (although semiconductor)
on semiconductor so we keep an assumption ohmic kind conductivity is dominating
on emphasis of comparing resistivities of these two cases. One has to be reminded
values and to some extent even mechanisms for the °B isotope boron carbide (B4C)
thin films also vary greatly as the function of carbon content compared to pure
boron which is in totally different scale [12]

Following assumption was made to initially keep in moderate bias voltage range
of -1,0 .. 0,0 V as this would be the first phase of testing. If results are not
met another angles must be considered. It is worth mentioning we’re not stepping
anywhere near diode breakdown voltages as those are in order of tens of volts.

Following values are used;

« resistivity scale for B4,C is vast, p = 0,1 .. 10 Qm, [13] [14] from where we pick
initial value for p as 1,0 Qm for testing being the middle value in ten-folding

scale

o chip side height 1 = 0,388 mm, chip width w = 11 mm, coating thickness t =
1,0 pm

from which we can deduce the area for the conductor being,

A=wxt, (3.1)

results as 0,011 mm?. For resistivity and current applies,

results as 35,27 k€2, and depending on how we are able to physically measure the
chip due to differences on uniformity of coatings all over the detector it might be
reasonable at least to ponder whether the setup can be considered as combination
of the varied thicknesses ie. separate resistors for DC to flow through.

Flanks and the sum of resistances would then be written as follows,
1/Rtot:1/R1+...+1/R4 (33)

As we are not in possession of tools needed for such a precise measurements we
have to make an assumption the shortest path from measuring point (usually placed
near the corner of the detector) to negative terminal is the optimal path for DC to
flow.
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Using U = - 0,5 V biasing voltage, we revert to previous assumption using initial
measurements,

[ =U/R; = —0,5V/35,27kQ = —14, 181A (3.4)

For comparison taking the both ends of the recommended resistivity range (as
the end product is not thoroughly familiar to us) gives us values for the currents
1,42 .. 141,75 pA.

As is shown by calculations ohmic conductivity for uniformly coated detector
would render chip unusable. With these currents all normal functional signals would

be obfuscated seeing mostly noise.

3.4 Processing and measuring the chips

The debugging process was done adhering following flow.

First we measure baseline detectors properties and see how they match manufac-
turer’s data. Next we measure coated detectors, example shown in Fig 3.3, and see
if findings about the excessive conductivity is present. If results align with initial
knowledge we have to get rid of parts of the coating to severe the DC route.

After processing all parts must adhere to completing radiation test bench to pass
as this is the main function of the product itself. Finally passed chips are compared

to non treated and coated ones.

3.4.1 Initial measurements

Baseline measurements for the study were conducted in a separate darkroom like
confinement environment to test the basic claims where on thermally stable condi-
tions the functions of the setup itself could be tested and ultimately dark current
values could be verified. These values are characteristic to diode.

As more interest was put on operating on coated subjects only a brief measure-
ment of series of 545 for two uncoated detectors were taken. With reverse bias of
-0,5 V detectors were found to comply with manufacturer literature values being

near 5,5 nA.

3.4.2 Measurements for the coated chips

Measurements were conducted for Fig. 3.3 type device using the same setup as
described in previous section 3.4.1. Also worth mentioning is to minimise possibility
of spurious readings special identical needle probes were used to minimise sources of
errors rising from measuring equipment. To improve the measurement further four
probe method was considered to validate our own standing on sheet resistivity but

due to one of the measuring units available turned erroneous readings this step was
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toned down to two probe current measuring setup shown in Fig. 3.4 and described

in section 2.1.5.

Figure 3.4 Measuring probe station inside the dark box with microscope for precise
observing of probes and Cremat Inc based signal processing box in front

Initially there were five coated chips but one was broken early on testing phase

so only remaining four are listed from here on and presented in chapter 4.
3.4.3 Physical removal of coating & final measurements

A proposition was made that by cutting away the coating from the sides of the chip
could drop the currents observed in measurement phase to near zero. A series of
approaches were tried on several other detector packages, resulting in most cases to
the destruction of the coating and/or chip. With trial and error the most delicate
way to peel of the coating was discovered.

Four chips that survived the initial phase had been glued on to a ceramic pack-
age as shown in Fig 3.3 and it was impossible to detach those without causing
considerable damage to the specimen. Eventually the chips were sawed out of their
containers by using a dicing saw to cut away the excess ceramic. Radiation mea-
surements, an example result shown in Fig. 3.5, were performed after every stage of
sawing to ensure the chips did not broke during the processing and could still fulfil

it’s primary use case.
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Boron-10 vs neutron reaction produces an alpha particle [15] and as it is not
recommended to often dally near neutron sources more than is absolutely necessary
there are easier ways to debug the devices but still be within confinements of the
operating conditions. Selecting an alpha emitter came into question and Americium

source was chosen as it was then available.

7 1 1
0.5 0.6 0,7 08 0a 1.0 11 12 13
Voltage

Figure 8.5 *1Am test of counting energy specific hits on the detector - snapshot is of
one of the processed chips

In retrospect, analysis should have been made with two collimated radiation
sources to pinpoint the curve(s) exactly on the voltage scale but here noting the
width of the Americium source spectrum as seen on Fig. 3.5 within a given time
did the trick. Three of the most common alpha particle energy ratios of 2! Am are
5,49 MeV 85,2%, 5,44 MeV 12,8% and 5,39 MeV 1,4% so by knowing the resolution
in this voltage scale and the limits of our measuring equipment we can safely say all
these were contributing to the counts accumulated. [16] In hindsight easiest way to
diminish effect of recoil hits between airborne particles and alphas and thus make the
distinct percentages related notches (within the measuring equipment’s resolution)
in the measured graph more visible would have required a vacuum chamber for

testing.
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Figure 3.6 From left to right; (a) side of the chip prior to grinding, (b) side of the chip
after grinding

Grinding the specimen with high-grit sand paper would have been the best so-
lution but without a fully functional lapping machine this attempt was in vain. A
method to use the flank of the dicing saw as a makeshift lapping disc proved to
be fruitful. In this procedure the optimal approach was to grind off the corners
of the sides with an approximation of 45° incident angle separating the top of the
boron-layer from the ground-level as can clearly be seen from Fig. 3.6(b).

Radiation measurements were successfully performed also after the lapping stage.
After passing this functionality testing phase current measurements were produced

in the same manner as previously explained.
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4 Results

Here we present the graphs related to this case study. As mentioned initial number

of subjects was five but only five passed as functioning detectors.
4.1 Coated Chips

Special attention here must be spent on the dispersion of the values between detec-
tors but the size and scale of these numbers align quite like it was estimated on the

section 3.3.1.
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Figure 4.1 Initial current measurements of 10340 coated chips before treatments

The dispersion of the values might be interpreted in the same light as was men-
tioned in the section 3.3; none of the coated chips is alike another, coating thickness
on flanks could be heavily depending on the place in the coating chamber and thus
we have different carrier routes. Also masking for the bare aluminised contact is
done on random part of the chip in relation to the wished-to-be-kept wire bond-
ings. This most definitely has an effect as the shortest path for current in testing is
different for all specimens.

The most notable detail is the point where these negatively biased values intersect
as the form after this point resembles diode type characteristic I-V curve - only the

place of where measurements should normally reside at origo seems skewed.
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4.2 Processed Chips

Measurements were again done on all four detectors in the same manner as described
in section 3.4.1. The voltage range was kept same as to ultimately gain insight

whether these detectors are salvageable or not.
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Figure 4.2 Current measurements for chips after grinding & lapping

Further discussion is needed about measurements’ intersection with origo - why
is it shown with the same displacement also seen on Fig. 4.1 case. Most likely this
has something to do with the current measuring unit being separate system from
the connected bias voltage source - either by stability or by some other inherent
attribute these results can be considered guiding and not totally exact.

One also wonders how low-balling dark current limits set by manufacturer is
possible but this slow rise time seen on Fig. 4.2 combined with presumption of
shifted origo and relative low biasing voltages might contribute to the same error as
mentioned in section 4.1.
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5 Analysis & Conclusion

The achievement was getting rid ohmic scale currents which was shown in the range
of microamperes as the underlying characteristic diode like currents remained in the
nano ampere scale, see transition between Fig. 4.1 & Fig. 4.2. We got into same
dimension scale for values by measuring as presented by the manufacturer, 5-10 nA
being the data sheet value range.

As results on Fig 4.2 are presented in logarithmic scale they resemble the shape
dark current measurements shown usually in the literature so combining this and
the passed radiation measurement bit we can deduce basic functionality of diode
still remains. [17]

Of measuring error to mentioned results can be said there are too many sources
to make an statistically valid and thoroughly repeatable test scenario. The number
of devices tested were low, big part of the measurement equipment was self built,
physical detaching process of chip coating was by any means alike between samples
and process parameters considering coating process were vague. As greatest sources
of failure have now been eliminated more thorough approaches can be taken next.

Although chip packages are still usable as a detector, the ratio of gained benefits
versus the work load is far too low down this path of post processing. Hereby can
be said, actions to minimise the discussed currents in future should be taken rather
on the preproduction coating phase as it is relatively easy to protect the flanks with
proper masking preventing the growth of coating at undesired locations, compared
to a post production manual grinding of each individual chip.

Only feasible suggestion from the view of production is to select the project
parameters starting from coating method which sets limits to other parts in use due
to vacuum & high temperature of the process. As it is shown the coating tolerates
rough physical handling so in future coating is to take place first before any other
assemblies with proper masking and component testing afterwards.

The approximations for the total reverse leakage of a semiconductor diode con-
sists of many different types of conductivities; ohmic bulk conductivity related sur-
face leakage, generation-recombination and slow diffusion processes which shift the
balance of the carrier transmission. Although not from silicon point of view most
of these separate physical semiconductor events are discussed in great detail from
both experimental and theoretical point of view in the study made by Prokesch et
al. [3]
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6 Possible Future Work

Before knowing the exact culprit being surface conductivity other possible outcomes
were speculated according to values and findings in other studies but discarded after
initial measurements. [1] Additional to diode manufacturer’s p-n doping there might
be another possibilities present which form by the means of material diffusion on
B44C, aluminium interstitial layer & silicon interfaces.

Taking into account PVD coating process used by the coating provider, temper-
atures of up to 400°C (upper limit provided by coating service provider) and the
possible outcomes of silicon with it’s geometries and doping schemes, aluminium
contact surface, paste layer in the bottom and coating might all contribute to alter-
ing the diode characteristics by acting as dopants in some manner.

An open question remains, as all the parameters of the coating process are not
available, as to how deep the coating and interstitial layer diffusion might have
extended. An oven approach was proposed to tackle this issue but as a process
many factors need to be fined down before staging round of tests.

To make claims one of the components described above being present at any
form cannot easily be made with the equipment at hand but by measuring dark
currents at every step of the modifying process and comparing results would give at
least a glimpse of the possibility of alteration on carrier/hole relation as such can

be seen only when operating in nA scale.
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