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Abstract 
Semiconductor silicon detectors are used in many applications for detection and imaging of 

ionizing radiation. Detection of neutrons is also possible with these devices. However, the 

silicon detectors must be adapted for the thermal neutron detection and imaging. The silicon 

detectors must be supplemented with a material which ―converts‖ neutrons into a radiation 

detectable directly in the semiconductor detector.  

There are besides silicon also other types of semiconductor materials which can be used for 

neutron detection. Those materials can be cadmium telluride (CdTe) and composite materials 

based on boron nitride (BN) or lithium fluoride (LiF). Their advantage is that the neutron 

converting material is present directly in their volume.  

Study of the mentioned types of detectors was the task of the presented thesis. Properties of 

planar, semi-planar and 3D silicon detectors as well as the bulk detectors were simulated and 

experimentally evaluated. The detectors use layers and volumes of neutron converting 

materials based on 
6
Li, 

10
B or 

113
Cd. 

The presented work is divided into three main blocks. The first block deals with planar and 

semi-planar semiconductor detectors of thermal neutrons. The detection efficiency and 

spectrum of energy deposited in the detectors was simulated. The simulations were 

successfully evaluated by measurements. Imaging detectors with silicon detectors Medipix-1 

and Medipix-2 were adapted for thermal neutron detection. Their neutron imaging properties 

were evaluated. The measurements showed that the Medipix imaging detectors have a very 

good spatial resolution which is well comparable with the best commonly used neutron 

imaging devices. 

The second part gives an overview of development of so called 3D neutron silicon detectors 

which provide up to 6 times higher neutron detection efficiency in comparison with the planar 

neutron detectors. The detection efficiency is increased by introduction of complex structures 

created in the silicon. Detection efficiency and deposited energy spectra were simulated. 

Charge collection efficiency (CCE) in micro 3D silicon structures was measured. The 

measurement proved that even 10 m thick silicon walls can detect heavy charged particles 

which are products of neutron capture on 
6
Li or 

10
B. Finally, real 3D structures were 

fabricated and successfully tested with a beam of thermal neutrons. The functionality of these 

devices was proved. 

The last block describes the bulk thermal neutron detectors. These devices are made of 

materials which allow the detectors to be sensitive to neutrons directly in their body. The 

devices are previously mentioned CdTe and composite detectors based on BN or LiF. Tests of 

a CdTe detector which was bump-bonded on a Medipix-2 readout chip are presented. The 

measurements show that the spatial resolution of such a device is much worse than in the case 

of Medipix-2 devices with silicon detector complemented with a LiF layer. More promising 

for thermal neutron detection and imaging are BN and LiF composite detectors. These devices 

can provide good thermal neutron detection efficiency and can be produced in large areas. 

Detection properties of such detectors were simulated and measured. The results are presented 

as well. 

The research and development which was done within this work have shown usability and 

properties of the studied devices. It has also revealed areas of possible further optimization, 

improvement and study of all the mentioned devices. The presented detectors are being 

developed especially for neutron imaging, but can find usage also in many other scientific and 

technical applications. 
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Abstrakt 
Křemíkové polovodičové detektory jsou používány k detekci a zobrazování pomocí 

ionizujícího záření v mnoha aplikacích. Tyto detektory mohou být použity i pro detekci 

neutronů. Pro tento účel je však potřeba křemíkové detektory doplnit o materiál, který 

neutrony „převede― na radiaci v křemíku detekovatelnou přímo. 

Vedle křemíku existují i jiné polovodičové materiály, které mohou být rovněž použity pro 

detekci neutronů. Mezi těmito materiálny je Kadmium Telurid (CdTe) a kompozitní materiály 

na bázi bór nitridu (BN) a lithium fluoridu (LiF). Výhodou těchto materiálu je, že jsou citlivé 

na neutrony přímo ve svém objemu. 

Studium výše zmíněných typů detektorů je náplní předkládané práce. Vlastnosti planárních, 

semi-planárních, 3D křemíkových detektorů a detektorů citlivých ve svém objemu byly 

nejprve simulovány a poté zkoumány i experimentálně. Tyto typy detektorů používají 

konverzní materiály (
6
Li, 

10
B, 

113
Cd, atd.)  ve formě vrstev a objemů. 

Předkládaná práce je rozdělena do tří hlavních bloků. První z nich se zabývá planárními a 

semi-planárními polovodičovými detektory termálních neutronů. Byla simulována a měřena 

jak detekční účinnost takových detektorů, tak i spektra energií deponovaných v detektoru. 

Byly měřeny zobrazovací vlastnosti pixelových detektorů Medipix-1 a Medipix-2 upravených 

pro detekci termálních neutronů. Měření ukázala, že tyto detektory mají vysoké prostorové 

rozlišení, které je velmi dobře srovnatelné se v současnosti nejlepšími používanými 

zobrazovacími detektory neutronů. 

Druhý blok práce popisuje přehled vývoje tak zvaných 3D neutronových detektorů, které 

nabízí ve srovnání s planárními detektory až 6 krát vyšší detekční účinnost. Vyšší účinnosti 

těchto detektorů je dosahováno vytvářením složitějších struktur v povrchu křemíkových 

detektorů. Byla opět simulována jak detekční účinnost tak i spektrum deponované energie. 

Byla měřena účinnost sběru náboje v mikro 3D strukturách. Nakonec byly vyrobené 3D 

struktury testovány pro detekci termálních neutronů a byla prokázána jejich funkčnost.  

Poslední blok popisuje detektory, které jsou citlivé na neutrony ve svém vlastním objemu. 

Tyto senzory jsou vyrobeny z materiálů, které umožňují, aby byly neutrony detekovány přímo 

v těle detektoru. Tyto detektory jsou vyrobeny jednak z materiálu CdTe a jednak jsou to 

kompozitní detektory na základě BN a LiF. Byly provedeny testy CdTe detektoru 

kombinovaného s elektronickým čipem Medipix-2. Měření však prokázala že takovéto 

zařízení má prostorovou rozlišovací schopnost významně horší než stejné zařízení využívající 

křemíkový senzor doplněný vrstvou LiF konvertoru. Více slibnými se jeví BN a LiF 

kompozitní materiály. Tyto detektory mohou dosáhnout vysoké detekční účinnosti a mohou 

být vyráběny tak, aby pokrývaly velkou plochu. Detekční vlastnosti těchto detektorů byly 

opět simulovány a měřeny. Výsledky jsou shrnuty v předkládané práci. 

Výzkum a vývoj provedený v rámci této práce ukázal vlastnosti a použitelnost studovaných 

detektorů. Poodhalil rovněž další možnosti optimalizace, vylepšení a studia těchto zařízení. 

Prezentované detektory jsou vyvíjeny zejména pro účely neutronové radiografie. Mohou 

ovšem najít využití v mnoha jiných vědeckých a technických aplikacích. 
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Used abbreviations 
3D-RID 3D - Radiation Imaging Detectors (EU fifth framework project) 

ADC Analog to Digital Converter 

BN Boron Nitride 

CCD Charge Coupled Device 

CCE Charge Collection Efficiency 

CdTe Cadmium Telluride 

CMOS Complementary Metal–Oxide–Semiconductor 

DRIE Deep Reactive Ion Etching 

EE Electrochemical Etching 

FWHM Full Width at Half Maximum 

HF Hydrofluoric acid 

ICON Imaging with Cold Neutrons facility at Paul Scherrer Institute 

IEAP Institute of Experimental and Applied Physics 

IP Imaging Plate 

KOH Potassium Hydroxide 

LiF Lithium Fluoride 

LSF Line Spread Function 

LVR Light Water Reactor 

MCNP A General Monte Carlo N-Particle Transport Code 

MCRID Monte-Carlo Radiation Imaging Detector simulation package 

MESA Semiconductor process of a silicon detector pn junction passivation 

NEUTRA The Neutron Transmission Radiography Station at Paul Scherrer Institute 

NPI Nuclear Physics Institute of the Czech Academy of Sciences 

PERL Practical Extraction and Reporting Language (programming language) 

PSF Point Spread Function 

PSI Paul Scherrer Institute 

PSL Photostimulated luminescence 

R&D Research and Development 

RF Radio Frequency 

SACMOS Self-Aligned Complementary Metal–Oxide–Semiconductor 

SCR Space Charge Region 

SINQ Swiss Spallation Neutron Source 

SBR Signal to Background ratio 

SNR Signal to Noise Ratio 

SRIM The Stopping and Range of Ions in Matter (simulation code) 

TRIM The Transport of Ions in Matter (simulation code) 

VVER Light Water Pressurized Reactor of Russian type 





Introduction  9 

1 Introduction 
The progress in the semiconductor fabrication technologies have opened wider possibilities in 

the development of advanced silicon semiconductor detectors. Such detectors can be applied 

nowadays in a variety of applications. One of them is a detection of neutrons. The 

applications for neutron detectors range from a simple monitoring of neutron fluxes to 

neutron radiography. Namely for the neutron radiography can these detectors provide better 

properties than currently common devices. The semiconductor neutron imaging detectors can 

have high spatial resolution, high dynamic range and can suppress gamma and electron 

background efficiently. Both can be achieved while having high detection efficiency for 

thermal neutrons. 

Most of the semiconductor detectors are not able to detect neutrons directly. A material which 

―converts‖ neutrons into particles detectable by the semiconductor is necessary. Such material 

is called the ―neutron converter‖. The semiconductor neutron detectors can be divided into 

groups determined by how the converter is implemented in the detector. 

The first type is a planar neutron semiconductor detector. It is a simple planar diode where the 

PN junction is parallel to the detector surface. The neutron converter is deposited on the 

detector surface. Fabrication of such detector is simple, but its neutron detection efficiency is 

limited. The neutron detection efficiency is defined as a ratio of detected and incident 

neutrons. The reason for the limited detection efficiency of the planar detectors is that all the 

particles created in the converter by the neutron capture cannot reach the detector sensitive 

volume. 

The second type are so called 3D detectors. The abbreviation ―3D‖ stands for 3D structures 

created inside the detector. The current semiconductor technologies allow fabrication of 

advanced surface structures in the semiconductor. Such structures can be filled by a neutron 

converter. The 3D structures increase the surface between the neutron converter and the 

detector material. Thus, they also increase the probability that a particle created in the 

converter by neutron capture will be detected in the sensitive volume of the detector. 

a)  b)  

Fig. 1 Neutron radiography image of a film camera (a) and X-ray radiography (b). The 

neutron radiography can better reveal plastic parts (light elements) of the camera and 

the metallic pieces are transparent for neutrons. The situation is opposite with X-rays 

which show the metallic parts with a better contrast. Both images were taken by 

researchers at Paul Scherer Institute (PSI) in Switzerland at the neutron radiography 

facility “Neutra” [1]. 

The last type are detectors where the detector bulk material itself is sensitive to neutrons. 

Such detectors can be made of semiconductor materials such as cadmium telluride or 

composite materials based on boron carbide, boron nitride or lithium fluoride. It can 

obviously be a very efficient way of neutron detection. However, the semiconductor materials 

suitable for these detectors are still under development. CdTe based devices do not offer very 

good properties for neutron imaging. The signal generation procedure in composite detectors 

is not yet fully understood and the composite devices require presently a high voltage to 

create a sufficient signal. The neutron generated signals in the composite detectors are 
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relatively low and hence high amplification is needed. The signal to noise ratio can be 

moreover reduced by discharges which may occur in the devices as well. These are issues 

which will be addressed in further detector R&D. All three groups of semiconductor neutron 

detectors will be discussed later in detail. 

The main goal of the work presented in this document is a neutron imaging semiconductor 

detector with a high sensitivity and spatial resolution. The neutron radiography can be used as 

a complementary method to the currently well developed X-ray radiography (Fig. 1). 

Adjacent results of this main direction are single pad semiconductor detectors also with high 

detection efficiency. Usage of these detectors can be found in a wide range of applications 

starting from particle physics, going through medicine and biology research and ending in the 

defense industry. Especially radiation imaging using neutrons is a fast growing area of current 

science and detectors with high sensitivity and good spatial resolution are needed. 

The following sections of the introduction bring a brief overview on neutron detection 

generally and summarize the current status of neutron detection in the world. 

1.1 Neutron detectors 

Neutrons are generally detected through nuclear reactions that result in prompt energetic 

charged particles such as protons, alphas, and so on [2]. Virtually every type of neutron 

detector involves the combination of target material designed to carry out this conversion 

together with one of the conventional radiation detectors (gaseous detector, scintillation 

detector, semiconductor detector, etc.). The cross section for neutron interactions in most 

materials strongly depends on neutron energy and thus rather different techniques have been 

developed for neutron detection in different energy regions. The neutron energies can be 

roughly divided into two groups – slow neutrons which have energy below so called cadmium 

cut off (0.5 eV) and fast neutrons with energy above this level. 

The neutron detectors can be divided into two major groups. In the first group, there are 

passive detectors which include activation foils, imaging plates, etc. The second group 

consists of active detectors. Selection of an appropriate type of neutron detector depends on 

the application. The following subsections will give a brief overview of the most common 

types of neutron detectors and detection techniques. 

1.1.1 Neutron converters 

The neutrons are not directly detectable by most detectors. Therefore material which converts 

neutron radiation into a radiation detectable by conventional type of detector must be used [2]. 

Such material has to meet the following criteria: 

1) A high cross section for the interaction of neutrons in the converter which leads to the 

creation of a detectable secondary particle. This is particularly important for detectors 

where the neutron converter is in the form of gas. 

2) The converter nuclide should be either one of high isotopic abundance in the natural 

element or an economic source of artificially enriched samples should be available for 

detector fabrication. 

3) Energy of reaction Q should be high enough to allow a simple pulse height 

discrimination of gamma rays which are usually present in neutron fields. 

4) Products of the neutron interaction must have a range of flight in the converter 

material long enough to reach the sensitive volume of the detector and create a 

sufficient signal there. 

5) The range of secondary particles in the case of imaging detectors must not be too long 

to avoid creation of signal in detector pixels which are too distant from an interaction 

point. This would deteriorate the spatial resolution.  
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It is obvious that the last two criteria are contending. Hence, a compromise has to be found. 

It is important to point out that all the common reactions used to detect neutrons result in 

charged particles. Possible reactions are: 

 
Possible nuclei for the neutron converter material [2] are: 

 
10

B(n,) 
10

B+n  →  
7
Li+    2.792MeV (6%) 

  7
Li*++(0.48 MeV)  2.310MeV (94%) 

ELi+E=Q=2.31 

mLivLi=mv 

EmEm LiLi 22   =>  ELi =0.84 MeV, E= 1.47 MeV (94%) 

 ELi =1.01 MeV, E= 1.78 MeV (6%) 

The neutron capture cross section (Fig. 2): = 3842 b (0.0253 eV). 

The natural boron has abundance of 
10

B 19.8%. 
6
Li(n,) 

6
Li+n  →  

3
H+    4.78MeV 

E3H=2.73MeV, E=2.05MeV 

The neutron capture cross section (Fig. 2): = 942 b (0.0253 eV). 

The natural lithium has abundance of 
6
Li 7.40%. 

3
He(n,p) 

3
He+n  →  

3
H+p    0.764MeV 

E3H=0.191MeV, Ep=0.573MeV 

The neutron capture cross section (Fig. 2): = 5320 b (0.0253 eV) 

It is commercially available, but expensive material. 

  

Fig. 2 Neutron capture cross sections of 
3
He, 

6
Li and 

10
B [3]. 
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155

Gd 
155

Gd + n →  
155

Gd + 0.09, 0.20, 0.30 keV) + conversion electrons 

The neutron capture cross section (Fig. 3): = 60791 b (0.0253 eV) 
157

Gd   
157

Gd + n →  
158

Gd + 0.08, 0.18, 0.28 keV) + conversion electrons

The neutron capture cross section (Fig. 3): = 255011 b (0.0253 eV) 

Natural gadolinium has abundance of 15.70% of 
157

Gd, it emits gamma 

photons. In 39% of captures conversion electrons with energy mainly of 72keV 

are emitted (electrons with higher energies are also emitted). The conversion 

efficiency can reach up to 30%. 

 

Fig. 3 Neutron capture cross section of 
155

Gd and 
157

Gd [3]. 

113
Cd   

113
Cd + n →  

114
Cd + 558keV) + conversion electrons 

The neutron capture cross section (Fig. 4): = 20743 b (0.0253eV) 

 

Fig. 4 Neutron capture cross section of 
113

Cd [3]. 
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and the direction of the flight of the recoiled proton is dependent on the direction of the 

incoming neutron. 

The converter materials which produce heavy charged particles have two significant 

advantages. The first advantage is that the heavy charged particles detected in the detector 

sensitive volume deposit a large amount of energy and therefore create a high signal. As 

mentioned before, such a signal allows an easy discrimination of the background other than 

neutrons. It is an important feature because most of neutron sources are accompanied by a 

gamma background. The second advantage applies mainly to neutron imaging detectors. The 

relatively short range of heavy charged particles in the semiconductor material allows a 

design of neutron imagers with a higher spatial resolution. Neutron converters based on  
155, 157

Gd or 
113

Cd have a disadvantage of relatively long range of neutron capture products in 

the matter. The range of conversion electrons and gammas can be longer than a pixel size of 

the imaging detector. Moreover, the eventually detected electron can be generated by 

Compton scattering or photo effect at a different place than where the neutron was captured. 

This will deteriorate the imaging detector spatial resolution as well. 

These are reasons why 
6
Li or 

10
B based converters were used for the majority of simulations 

and measurements done within this work. 

1.1.2 Gaseous detectors 

The proportional counters of slow neutrons filled with BF3 gas [2] are widely used. The boron 

trifluoride serves both as a target for slow neutrons and also as a proportional gas. In nearly 

all commercial detectors, the gas is highly enriched in 
10

B resulting in an efficiency some five 

times greater than if the gas contains naturally occurring boron. The performance of BF3 as 

the proportional gas is poor when operated at higher pressures, its absolute pressure is limited 

to about 50-100 kPa. A very important consideration in many applications of BF3 tubes is 

their ability to discriminate against gamma rays. Gammas interact primarily in the wall of the 

counter and create secondary electrons that may produce ionization in the gas. The stopping 

power for electrons within the gas is quite low. Hence, a typical electron will deposit only a 

small fraction of its initial energy within the gas before reaching the opposite wall of the 

counter. Thus, most gamma ray interaction will result in a low amplitude pulse which can be 

easily discriminated. However, at high gamma rates, pulse pile-up can result in apparent peak 

amplitudes for gamma rays which are considerably larger than any individual pulse. 

The detection efficiency for a 30 cm long BF3 tube (96% enriched in 
10

B) filled to 80 kPa is 

91.5% at thermal neutron energies (0.025 eV) but drops to 3.8% at 100 eV. 
10

B can be applied in a form of layer on the internal tube surface. This configuration allows 

usage of a more suitable proportional gas than BF3. Also, the chemical degradation of BF3 

when exposed to high gamma ray fluxes can be greatly reduced by using alternative fill gases. 

With a cross section even higher than that of the boron reaction, the 
3
He(n,p) reaction is an 

attractive alternative for slow neutron detection. Unfortunately, because 
3
He is a noble gas, no 

solid compounds can be fabricated and the material must be used in gaseous form. 
3
He of 

sufficient purity will act as an acceptable proportional gas, and detectors based on this 

approach have come into common use. Compared with BF3 tubes, 
3
He counters can be 

operated at much higher pressures with acceptable gas multiplication behavior and are 

therefore preferred for those applications in which maximum detection efficiency is important. 

The lower Q-value of the 
3
He reaction, however, makes gamma ray discrimination more 

difficult than for an equivalent BF3 tube. When the gamma irradiation rate is high, the pile-up 

of the resulting pulses can raise their amplitudes to the point that a clean separation from the 

neutron-induced pulses is no longer possible. The choice of a gas additive such as CO2 or Ar 

that speeds up the electron drift will allow the use of shorter shaping times in the pulse 

processing electronics. That can minimize the gamma-ray pile-up. 
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As a stable lithium-containing gas does not exist, a lithium equivalent of BF3 tube is not 

available. Nonetheless, the larger Q-value of the lithium reaction offers some real advantage 

whenever discrimination against gamma-ray pile-up and other low-amplitude events is at a 

premium. More common application of lithium based detectors of neutrons is with 

scintillators rather than gaseous detectors. Application of Li in semiconductor devices will be 

described later. 

1.1.3 Boron and lithium loaded scintillators 

As the output pulse from a gaseous tube originates with reaction products created with a 

more-or-less random location and direction, typical pulses will have rise times that vary by as 

much as 3-5 s for tubes of average size. A further disadvantage for instance for neutron 

time-of-flight application is that the point of interaction of the neutron cannot be defined more 

precisely than somewhere within the volume occupied by the BF3 gas of the surface converter. 

Typical tubes are as much as 10-20 cm long to provide reasonable interaction efficiency and 

therefore the path length uncertainties can be large. In order to circumvent both of the above 

limitations, other types of boron and lithium loaded detectors have been investigated [2]. 

Scintillators made by fusing B2O3 and ZnS have found wide application in neutron time-of-

flight measurements. These scintillators are usually kept quite thin (1-2 mm) because of the 

relative opaqueness of this material to its own scintillation light and also to minimize path 

length uncertainty. Boron loaded plastic scintillators are also commercially available 

containing up to 5% of boron, with light output that is about 75% of the standard plastic one. 

Higher boron concentrations are possible, but result in a further drop in the light yield. These 

scintillators are much less effective in the gamma-ray background discrimination compared 

with BF3 tubes for several reasons. The secondary electrons from gamma-ray interactions 

tend to deposit all their energy in the solid scintillator, but they can only deposit a small 

fraction in BF3 gas. Furthermore, organic scintillators produce much more light per unit 

energy from electrons than from the heavy charged particles, while the ionization yield in 

gases is very nearly the same for each [2]. 

Lithium containing scintillators are quite common in the use as slow neutron detectors. A 

logical choice is the crystalline lithium iodide because of its chemical similarity to sodium 

iodide. If a small amount of europium (less than 0.1 at. %) is incorporated as an activator, 

light outputs of about 35% of the equivalent NaI(Tl) yield can be achieved.  The crystal sizes 

need not be large for very efficient slow neutron detection because of the high density of the 

material. For example, a 10 mm thick crystal prepared from highly enriched 
6
LiI remains 

nearly 100% efficient for neutrons with energy from thermal through the cadmium cutoff of 

0.5 eV. 

Also other recipes for the lithium containing scintillators have achieved popularity. One of 

these consists of a lithium compound dispersed in a matrix of ZnS(Ag) with thickness of 

about 0.6 mm. These scintillators are commercially available and their efficiency is quoted as  

25-30% for 0.1 eV neutrons. Gamma discrimination is very effective, because of their small 

thickness a large fraction of all secondary electrons created by gamma-ray interactions will 

escape without depositing their full energy. 
6
Li doped ZnS panels of thickness about 0.4 mm are in combination with a CCD camera often 

used for neutron imaging ([4], Fig. 5). As the light output of such scintillator is relatively low 

the applied CCD camera system must be as sensitive as possible. To reduce the dark current 

of the camera the CCD must be cooled down to about -50°C. 
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Fig. 5 Principle of a CCD detection system for neutron imaging [4]. 

1.1.4 Track detectors 

Track detectors [5] are made of solid material. Neutrons in these detectors are converted into 

charged particles which causes damages in the detector material. These damages are revealed 

by chemical etch. The converters are formed from fissile, hydrogenous or other materials to 

enhance track detector neutron sensitivity. However, nuclear recoil in the detector body is 

often sufficient. 

1.1.5 Imaging plates 

While for X-rays the imaging plates (IP) are well known, for the neutron radiation this 

technique is relatively new. The neutron sensitive IPs [5] are made up by a thin layer of 

phosphor mixed with a neutron converter and an organic binder [6], [7]. The layer is coated 

on a polymer film. The detection of neutrons with imaging plates is based on a cascade of 

physical processes, which are running during the neutron exposure and image readout.  

This physical process includes the neutron capture and their conversion to secondary radiation. 

Subsequently, the secondary radiation is absorbed in the storage phosphor and generates 

electron/hole pairs which are stored in electron and hole storage centers.  Point by point 

scanning with focused laser is used for the readout. The laser beam is broadened by the 

scattering of photos at the boundaries between the phosphor, neutron converter grains and the 

organic binder. The electrons trapped during the neutron exposure are released from the 

electron storage centers by photostimulation. The released electrons recombine then with 

holes storage centers. This recombination is followed by light emission. These photons are 

scattered in the phosphor layer until they escape from the IP. This process of light generation 

in the IP is called photostimulated luminescence (PSL). Then the PSL is transmitted by a light 

collector and an optical filter, which absorbs the laser light, and reaches the photocathode of a 

photomultiplier. The PSL intensity of each IP point is stored in a computer to recover the 

image information. 

The neutron absorption and conversion to detectable particles of secondary radiation (charged 

particle, fission product or photon) is done in a neutron converter material. Commonly used 

are 
6
Li, 

10
B, 

155
Gd, 

157
Gd and 

235
U. They can be applied in the form of different compounds, 

which should be transparent and should be available in the form of powder with a grain size 

of a few micrometers. 

To absorb the secondary radiation sufficiently, the absorption coefficient of the storage 

phosphor must be high enough to prevent the secondary radiation escape from IP. 
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1.1.6 Activation detectors 

Activation detection [5] is using induced activity in one or more specially chosen materials to 

infer the neutron flux and energy spectrum at a particular location. Activation detection has 

the advantages of low cost, superior physical form and ease of calibration. It is possible to 

find materials with linear response even to very high fluxes of fusion and fission reactors. 

1.1.7 Bubble detectors 

A bubble detector [5], also called a superheated droplet detector, consisting of a suspension of 

superheated droplets in a polymer matrix. Neutron interaction inside the bubble detector can 

deposit sufficient energy to overcome the surface tension forces that prevent vaporization of 

individual droplets. Since the length scale of nucleation is about 100 nm, gamma-ray 

interactions are unable to provide a sufficiently localized energy deposition. Therefore, this 

type of detector is virtually insensitive to gamma-rays. Neutron response is typically provided 

by nuclear recoil or through the reaction 
35

Cl(n,p)
35

S. 

Particularly interesting for dosimetry is the ability of bubble detectors to discriminate among 

neutrons of various energies. Detectors that are either insensitive or sensitive to thermalized 

neutrons can be now constructed. 

1.1.8 Proton recoil instruments 

The proton recoil method [5] utilizes an energy and direction measurement of protons 

recoiled by neutrons. The material in which the recoiling proceeds is a ―thin‖ layer of 

hydrogenous material. The relative accuracy with which the recoiled proton properties can be 

measured allows an acquisition of high resolution neutron spectra over a wide energy range. 

Resolutions of 1-3% are typical for 14.1MeV neutrons. Also energies from below 1MeV up to 

more than 1GeV have been measured. The short range of recoiled protons and the need for 

high resolution limit the possible recoil material thickness and thus reduce detection 

efficiency. A number of possible applications can be then limited to fusion experiments. 

Recent research and development is mainly oriented to the design and demonstration of novel 

instruments for fusion neutron characterization. A couple of these instruments use the 

magnetic deflection for the recoil proton spectrometry. Other instruments use different 

geometries to collimate the recoil protons on a semiconductor detector. Neutron spectroscopy 

is also possible with hydrogen rich plastic scintillators and pulse shape discrimination. 

1.1.9 Time-of-flight instruments 

Time-of-flight detection method can be used for detection of neutrons for which the initiating 

event (nuclear reaction, spallation, inertial confinement fusion, etc.) can be accurately 

timed [5]. A neutron energy spectrum is derived from the distribution of time intervals 

between neutron creation and detection. Some recent research was directed to geometry 

improvements leading to a higher overall detection efficiency. As a neutron detector plastic 

scintillators or other types of detectors can be used. 

1.1.10 Moderating detectors 

Moderating detectors [5] use firstly a moderator to slow down neutrons prior to their detection 

through neutron capture reactions. Usually, hydrogen rich materials such as paraffin or 

polyethylene surround the detector (typically a BF3 or 
3
He tube, 

6
Li doped scintillator or 

other). Moderating detectors are known for the efficiency at which they can detect fission-

energy neutrons (efficiencies above 10% are common). Examples of such detectors are well 

known Bonner spheres. 
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2 Planar and semi-planar semiconductor detectors of neutrons 
Planar detectors are the most straight forward adaptation of semiconductor detectors for 

detection of neutrons. Such a detector is based on a planar diode detector supplemented with a 

neutron converter layer deposited on the detector surface ([8], [9] and [10]). Neutrons are 

captured in the converter and secondary particles are produced. These particles (usually 

charged, see the section 1.1.1 Neutron converters) are subsequently detected in the 

semiconductor detector. 

 

Fig. 6 Principle of a planar semiconductor detector of neutrons with a neutron converter 

deposited on the surface. As an example is shown the reaction of thermal neutrons on 
6
Li (which is in form of LiF compound) 

However, the planar converter has its limitations. The probability of neutron capture in the 

converter is increasing with the increasing thickness of the converter layer. On the other hand, 

with the growing converter thickness the chance that the neutron capture products from the 

most distant converter levels will reach the detector sensitive volume also decreases. For a 

particular converter type an optimal converter thickness has to be found. Unfortunately, this 

limited effective thickness also limits the overall neutron detection efficiency (the detector 

sensitivity). These effects will be discussed later in detail. 

2.1 Simulations of planar neutron detector properties 

2.1.1 Ranges of heavy charged particles in matter 

Important parameters which determine the design of the neutron converter are ranges of 

neutron capture products in matter. Here is an overview of particle ranges for the most 

important neutron converters that have been used in this work. 

The first neutron converter which has been mostly used for our detectors is LiF enriched by 
6
Li to 89%. The LiF converter is in form of powder and therefore it can be pressed and have 

virtually an arbitrary effective density almost up to density of LiF crystal which is 2.64 g/cm
3
. 

The range of heavy charged particles as a function of LiF effective density is in Fig. 7. It is a 

result of simulations done with a software package which is described in Appendix 1 – 

Simulation package. 
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Fig. 7 Ranges of tritons and alphas in LiF of different effective density. Alpha particles and 

tritons are products of neutron capture on 
6
Li. 

The range of tritons in silicon crystal is 44.1 m and the range of alpha particles is 8.6 m. 

The following Fig. 8 contains results of a similar simulation but for amorphous boron and 

products of neutron capture on 
10

B. It is obvious that ranges of heavy charged particles are 

shorter than in the case of LiF. Ranges of products of neutron capture on 
10

B are in Si: 

RLi = 3 m / 2.7 m, R = 5.4 m / 5.2 m. 

 

Fig. 8 Ranges of alpha particles and lithiums which are products of the neutron capture in 
10

B. The curves are calculated for amorphous boron powder. 
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Fig. 9 Ranges of alpha particles and lithiums which are products of neutron capture on 
10

B. 

Curves are calculated for different densities of B4C powder. 

The curves in Fig. 9 are heavy charged particle ranges as functions of B4C density. B4C is an 

example of a boron compound usable as a neutron converter.  

It is possible to calculate such dependencies for any boron or lithium compound. However, a 

common property of all of them will be significantly shortened range of neutron capture 

products for 
10

B in comparison with 
6
Li. This somehow predetermines the applicability of 

converters based either on 
6
Li or 

10
B.  

The advantage of 
10

B over 
6
Li in the higher thermal neutron capture cross section is reduced 

by the shorter ranges of the capture products. This effect will be even more obvious if the 

heavy charged particles will have to pass through a thicker layer of metallic contacts or a 

thicker insensitive layer in the semiconductor detector. 

All the results of heavy charged particles ranges are also applicable on other types of detectors 

which use the same thermal neutron converters. 

2.1.2 Neutron detection efficiency 

A series of Monte-Carlo simulations were performed to predict the properties of planar 

converter layers. The planar converter geometry has an optimal converter thickness where 

neutron detection efficiency is the highest
1
. The determination of this thickness was the main 

aim of these simulations. The simulations were done using a software package prepared as a 

part of this PhD. work. It is described in detail in Appendix 1 – Simulation package. 

Charts in Fig. 10 show that the effect of the lower neutron capture cross section of 
6
Li is in 

comparison to 
10

B well compensated by longer ranges of secondary particles. The probability 

that neutrons will be captured in the 
10

B converter is higher, but on the other hand the shorter 

ranges of neutron capture products from 
10

B prevent them reaching the detector sensitive 

volume and create a sufficient signal. Secondary particles born in the converter layer most 

distant from the silicon surface should be still capable reaching the sensitive detector volume 

and leave a detectable amount of energy there. Thus, the converter thickness is limited to a 

value of the longest particle range in the converter material. A lower converter thickness 

increases the chance that heavy charged particles will reach the sensitive volume, but it 

                                                 

1
 The detection efficiency is defined as a ratio of detected neutrons and neutrons entering the detector. 
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reduces the probability that neutrons will interact inside the converter. The overall maximum 

detection efficiency of ~5% is similar for both types of converters. However, the 
10

B can offer 

a better spatial resolution when applied on a neutron imaging device which has a pixel size 

comparable or lower than ranges of flight of the neutron capture products. 

A way to overcome the limited detection efficiency is to introduce more complex geometrical 

structures of the surface between the neutron converter and the detector sensitive volume. 

 

Fig. 10 Dependencies of neutron detection efficiencies as functions of the neutron converter 

thickness for 
6
LiF and 

10
B converters. Both types of the converters show an optimal 

thickness at which the detection efficiency is the highest. It is about 5% for both types 

of converters. 

2.1.3 Front and back side irradiation 

Neutrons follow the exponential attenuation law when passing through the converter. If the 

detector is irradiated from the front side more neutrons captured closer to the converter side 

near the neutron beam (Fig. 11a). The heavy charged particles created close to the outer 

surface must fly through a thicker layer of the converter to reach the sensitive volume. 

Therefore, a chance that such particles will be detected in the sensitive volume is lower. 

Apparently, this effect becomes even more significant for thick converters (i.e. with a 

thickness comparable or higher than ranges of charged particles in the matter of converter). 

Since the semiconductor materials are in most cases transparent for neutrons it is possible to 

irradiate the whole detector structure from the backside. Neutrons pass through the 

semiconductor first and are then captured in the converter. Indeed, a higher number of 

neutrons are captured closer to the boundary between the semiconductor and the converter. 

The probability that products of the neutron capture will reach the sensitive volume is higher 

and the overall detection efficiency is higher. Moreover, the converter thickness does not have 

to be optimized and can be thicker than the range of the heavy charged particles. 

 

Fig. 11 Schematics of the frontal (a) and the backside (b) irradiation showing the numbers of 

neutrons captured in the neutron converter. 

The difference in efficiency if the detector is irradiated from each side was evaluated by 

simulations. Fig. 12 shows the dependency of the detection efficiency on LiF converter 

thickness. The LiF was enriched in 
6
Li to 89%. In both cases the detection efficiency is 

increasing up to a layer thickness of about 7 mg/cm
2
. It is a surface density which is equal to 
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the maximal range of tritons in LiF. The curve exhibited a maximum of 4.48% at this 

converter thickness in the case of the front irradiation.
 
From this thickness is the detection 

efficiency decreasing for irradiation of the front side, but remains constant at 4.90% for the 

back side irradiation. If the detector is irradiated from the back side the converter is active 

only to the depth which is equal to the longest range of neutron capture products. Deeper 

converter layers do not contribute to the neutron detection at all and the detection efficiency 

stays constant with the increasing converter thickness. 

 

Fig. 12 Detection efficiency as a function of the LiF converter thickness for the front and 

backside irradiation 

However, the effect of the back side irradiation is not significant for a thin converter layers. It 

is obvious also from the Fig. 12. The advantage of the back side irradiation is that it is not 

necessary to control the converter thickness during the deposition precisely. It is enough to 

deposit a layer thicker than the range if the heavy charged particles from the neutron capture 

reaction. The detection efficiency is the maximal achievable with this geometrical 

configuration. 

2.1.4 Pulse height spectra of deposited energy 

The energy released from the neutron capture on 
6
Li or 

10
B is couple of orders of magnitude 

larger (MeV) than the energy of incident thermal neutron (meV). Therefore, the neutron 

detectors with 
6
Li and 

10
B based neutron converters cannot measure the incident neutron 

energy. However, the pulse height spectrum of energy deposited in the detector volume via 

the heavy charged particles is important [11]. The reason is a possibility to discriminate the 

background signal other than from neutrons. The signal created by products of the neutron 

capture inside the detector should be higher than the signal caused by gammas and electrons 

which are very often present in the neutron beams. 

A heavy charged particle created by the neutron capture in the converter has to pass through 

the converter, the detector metallic contact and reach the sensitive volume (space charge 

region) of the detector. While passing through all the layers the particle looses part of its 

energy. The rest of the energy is then deposited in the sensitive volume and generates a signal. 

The amount of energy deposited in the detector is driven by the depth where the particle was 

born inside the converter and the angle under which it flies towards the sensitive volume. 

Hence, a continuous spectrum of the deposited energy is observed. 
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a)   b)  

Fig. 13 Spectrum of energy deposited in the planar Si detector covered by a layer of the LiF 

neutron converter enriched by 
6
Li up to 89%: a) the LiF is 7mg/cm

2
 thick, b) the LiF 

is 0.2 mg/cm
2
 thick. 

Fig. 13 shows the spectra of deposited energy in the silicon detector (a contact layer was not 

included in the simulation) covered by LiF enriched in 
6
Li up to 89%. Two edges are visible if 

the LiF converter layer is thick (Fig. 13a) and two peaks if the converter is thin (Fig. 13a). 

One edge/peak corresponds to alpha particles with energy of 2.05 MeV and the second are 

tritons with energy of 2.72 MeV. Alpha and triton particles from one reaction always fly in 

exactly opposite directions. Therefore, both particles never reach the sensitive volume at the 

same time and there are no events above the maximal energy of tritons at all. On the other 

hand the minimum at about 500 keV in the spectrum gives a possibility to place a 

discriminator threshold there and obtain a stable counting performance of the detector. This 

simple pulse height discrimination also suppresses the gamma background. 

Fig. 14 contains the result of a similar simulation, but for the neutron converter made out of 

amorphous boron enriched in 
10

B to 80%. In this case the spectra contains edges/ peaks which 

corresponds to alpha particles and Lithia from the 
10

B(n,) reaction. The reaction runs in two 

channels with and without Li nuclei in an excited state (see 1.1.1 Neutron converters). The 

edge/peak of 1.01 MeV Li (6% of 
10

B(n,) reactions) is hidden behind counts generated by 

alphas of 1.47 MeV and hence it is not perceptible in the spectra. 

a)   b)  

Fig. 14 Spectra of energy deposited in the planar Si detector covered by a layer of the B 

neutron converter enriched in 
10

B up to 80%: a) the B is 0.7 mg/cm
2
 thick, b) the B is 

0.1 mg/cm
2
 thick. 

The counting performance of the device covered with 
10

B based on the neutron converter will 

be less stable than in the case of LiF. There is no minimum or plateau in the pulse height 

spectrum of the deposited energy at lower energies. The discrimination threshold has to be 

placed to a low energy in order to keep the high detection efficiency. But then the spectrum of 

deposited energy has a steep slope there and therefore slight instabilities of the electronics and 
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the threshold position will affect the counting performance of the device. This effect will be 

even more emphasized by the fact that the discriminator threshold must be placed at a lower 

value than in the case of LiF to obtain sufficient detection efficiency and not to lose a large 

part of pulses generated by neutrons. The gamma-ray background discrimination will be less 

efficient than in a device which uses 
6
Li based neutron converter. All these facts speak in 

favor of 
6
Li based converters and therefore 

6
Li and particularly LiF

2
 is emphasized further in 

this work. 

Fig. 15 illustrates a profile of the deposited energy in the planar neutron semiconductor 

detector. The majority of the energy is deposited close to the boundary between the silicon 

and the neutron converter. In the case of a real detector structure there must be also a metallic 

layer of contact between the converter and silicon. Furthermore, beneath the contact there 

must be a highly doped n+ (or p+) which is part of the contact or pn junction of the detector. 

These two layers are insensitive to charged particles from the converter and the charged 

particles do not create any signal if stopped in one of these layers.  

It is also obvious from the illustrative image Fig. 15 that the majority of energy is deposited 

right beneath the neutron converter down to about 50 m. Therefore, the semiconductor 

volume close to the converter will suffer from radiation damage by heavy charged particles. 

The level of radiation damage has to be investigated in future experimental work. Some steps 

towards a better knowledge of the radiation hardness of such devices were already done and 

are summarized in [12]. 

  

Fig. 15 Illustrative profile of deposited energy in a planar detector. The majority of energy is 

deposited within ~50m of detector depth. The neutron converter is depicted with 

light blue, the semiconductor is gray and red color depicts the volume with deposited 

energy. The y axis reflects energy deposited during the whole simulation run and units 

are arbitrary. 

                                                 

2
 LiF is a stable compound of Li, relatively easily commercially accessible and commonly used.  
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2.2 Test and applications of the planar and semi-planar detectors 

2.2.1 Planar single pad detectors 

In order to validate the Monte-Carlo simulation results the pulse height spectra of energy 

deposited in the simple planar detector were measured (Fig. 16) [13]. The sample was a 

5 x 5 mm
2
, 300 m thick Si detector. The resistivity of the n-type bulk was ~5 kΩcm. 

The sample was partially covered with a layer of 
6
LiF  (~20 mg/cm

2
) enriched in 

6
Li to 89% 

(Fig. 17). That left an empty space which allowed energy calibration with alpha particles from 

a calibration source. 

 

Fig. 16 Measured and simulated pulse height spectra of energy deposited in the detector 

sensitive volume. The applied bias was 50V. The simulation included a 1 μm thick 

insensitive layer between the converter and the sensitive volume. No events were 

detected above the triton energy edge. 

The measured spectrum was compared with the result of the Monte-Carlo simulation. The 

simulation is in good agreement with the measured spectrum. The simulation included also a 

1 m thick insensitive layer which corresponds to the Al contact (400 nm thick) and p+ layer 

(500 – 600 nm thick). The insensitive layer has an effect on sharpness of the alpha and triton 

edge. The edges in the spectrum are rounded in comparison with the device where no such 

layer is present (Fig. 13). The effect of the insensitive layer thickness on the detection 

efficiency is demonstrated in Fig. 18. 

 

Fig. 17 Photo and illustration of the simple planar structure and the neutron detection 

principle (for frontal irradiation). An alpha particle and triton from one event can 

never be detected simultaneously. The detector sample was only partially covered with 

a ~20mg/cm
2
 thick 

6
LiF converter to allow an energy calibration with an alpha 

particle source. 

The sample was irradiated from the backside with a beam of thermal neutrons. The 

measurements were performed at the horizontal channel (neutron guide) of the LVR-15 
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nuclear research reactor at the Nuclear Physics Institute of the Czech Academy of Sciences at 

Rez near Prague. The neutron flux was about 10
6
 cm

-2
s

-1 
at reactor power of 8MW. 

Alpha particles and tritons from the thermal neutron capture reaction always fly in opposite 

directions as it is indicated in Fig. 17. The simple planar detector can detect either alpha 

particle or triton, but never both. Thus, the spectrum of deposited energy does not contain any 

events above energy of 2.73 MeV which corresponds to tritons. 

 

Fig. 18 Simulation of the dependency of thermal neutron detection efficiency as a function of 

thickness of the insensitive layer between the sensitive volume and the LiF neutron 

converter. 

2.2.2 “Pyramidal” semi-planar single pad detector samples 

An intermediate step between the planar detectors and a full 3D detector are detectors which 

contain an array of inverted pyramidal dips created by anisotropic etching of <100> oriented 

silicon with KOH. Such detector was tested under the same condition as the previous planar 

detector. The base of the pyramids in this sample is 60 x 60 m
2
 and they are 28 m deep. 

The gap between pyramids is 23 m. The chip size was again 5 x 5 mm
2
, thickness 300 m 

and the bulk resistivity of 5 kΩcm. The sample was fabricated at Mid Sweden University, 

Sundsvall, Sweden. 

 

Fig. 19 Sketch of the dips dimensions of the sample  

The dips double the surface between the neutron converter and the detector. Contrary to the 

planar detector case the spectrum (Fig. 20) now contains events above 2.73 MeV, because 

both particles (alpha and triton) can be detected simultaneously if the reaction takes place in 

the region close to the pyramid tip (Fig. 21). Nevertheless, the simulation again agrees very 

well with the measured spectrum. Even though, the simulation does not contain any 

insensitive layers in this case. The detectors were irradiated from the back side. 
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Fig. 20 Measured and simulated pulse height spectra of energy deposited in the detector with 

pyramidal dips. The applied bias was 50V. Events with energies above the triton edge 

are already detected. The simulation does not involve any insensitive layers. 

 

Fig. 21 Photo and illustration of the structure with pyramidal dips (for the frontal 

irradiation). Alpha particles and tritons from the tips of pyramids can be detected 

simultaneously. The detector sample was only partially covered with a ~20 mg/cm
2
 

thick 
6
LiF converter. 

 

Fig. 22 Comparison of the detection efficiency as a function of the LiF converter thickness for 

the planar detector and the detector with pyramidal dips. The detectors were 

irradiated from the back side in both cases. 

A simulation was also used to predict the thermal neutron detection efficiency of the detector 

with inverse pyramidal dips on its surface. The plot in Fig. 22 contains simulated 

dependencies of the detection efficiency on 
6
LiF thickness for the detector without dips and 

with pyramidal dips. The detectors were irradiated from the backside in both cases. The 
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pyramidal dips increase the overall detection efficiency from 4.90% to 6.30% which means a 

relative increase by ~28%. One can also see in Fig. 22 that for the thin converter the increase 

of the detection efficiency corresponds to the increase of the detector surface. 

2.3 Adaptation of Medipix detectors for neutron radiography 

The progress in semiconductor technology has opened wide possibilities for development of 

novel radiation imaging systems. Utilizing the high integration of contemporary electronic 

parts for the design of an imaging detector can improve parameters of current radiation 

imaging systems. The semiconductor imaging detectors can provide a high spatial resolution, 

high dynamic range and low noise. Examples of such devices are Medipix-1 and Medipix-2 

X-Ray imaging detectors [14]. 

2.3.1 Description of the Medipix-1 and Medipix-2 devices 

The Medipix-1 device was originally designed for single photon counting. It is composed of a 

silicon pixel detector and a readout chip [15]. One side of the silicon detector is entirely 

metallized and forms a common electrode. The contact on the other side of the detector is 

divided into a matrix of square pixels. It consists of 64x64 pixels with 170x170 m
2
 pixel size 

with a total sensitive area of about 1 cm
2
. The detector is bump-bonded to the CMOS 

(Complementary Metal–Oxide–Semiconductor) readout chip. Thus, each pixel has its own 

readout with preamplifier, discriminator and 15-bit counter. Each cell has also a 5-bit register 

which allows masking, test-enabling and 3-bit individual threshold adjustment. One complete 

frame can be read out from the detector within 384 s (clock 10 MHz). The Medipix-1 

readout chip was manufactured according to 1 m SACMOS (Self-Aligned Contact Metal–

Oxide–Semiconductor) technology. 

The Medipix-2 device [16] is the successor of Medipix-1. It is manufactured using 6-metal 

0.25m CMOS technology. The pixel size has been reduced to 55x55m
2
 and the pixel array 

enlarged up to 256x256 pixels. The sensitive area is also increased to almost 2 cm
2
 (~1.4x1.4 

cm
2
). The Medipix-2 readout electronics offers a possibility to use two discriminators to set 

an energy window for choosing the measured energy of radiation. Each cell contains a 13-bit 

counter and an 8-bit configuration register which allows masking, test-enabling and 3-bit 

individual threshold adjust for each discriminator. Using the serial or parallel interface, the 

readout of the whole matrix containing measured data (clock 100MHz) takes 9 ms or 266 s, 

respectively. The fast readout is predestinating this detector also for applications where a fast 

frame acquisition is needed. 

2.3.2 Modification of the Medipix into the neutron imaging detector 

A layer of LiF enriched to 89% by 
6
Li was deposited on the Medipix detector surface the 

same way as in the case of the planar single pad detectors (Fig. 23). 

 

Fig. 23 Medipix detector covered by a 
6
LiF converter with an illustration of a neutron 

conversion in the converter layer (not on scale). 
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The signal created by the heavy charged particles is high enough to set the discriminator 

threshold in each pixel far above the noise and a possible background. Counts of events in 

each pixel obey a Poisson distribution with a standard deviation determined only by the 

number of neutrons reacting in the converter. Therefore, the signal to noise ratio can be 

improved to an arbitrary level only by an exposition time extension. In the case of thermal 

neutrons the threshold is high and thus the background is neglectable. The signal to noise ratio 

is then given only by n , where n is a number of counts per pixel. 

2.3.3 Experimental results 

The measurements with Medipix devices described here were carried out using neutron beams 

at the Nuclear Physics Institute of the Czech Academy of Sciences in Řež near Prague (NPI) 

[17] and at the NEUTRA facility at Paul Scherrer Institute in Villigen in Switzerland (PSI) [1]. 

Measurements at NPI used a parallel beam of thermal neutrons from a horizontal channel of 

the LVR-15 nuclear research reactor. The neutron beam intensity was about 

10
7
 neutrons/cm

2
s (at a reactor power of 8 MW) with a cross section of 4 mm (height) x 

60 mm (width) and a divergence less than 0.5°. 

The NEUTRA facility is located at beam port 32 of the Swiss spallation neutron source SINQ. 

A thermal neutron intensity of 3·10
6
 cm

-2
s

-1
 is obtained in a beam of 40 cm in diameter when 

the accelerator runs on 1 mA proton beam current. 

2.3.3.1 Thermal neutron detection efficiency 

The converter layer thickness has been optimized to achieve the highest detection efficiency 

with the planar geometry using a gradual deposition of the converter in thin layers on 

Medipix-1 and Medipix-2 devices. The count rate was measured between each deposition in 

the thermal neutron beam. Then, it was possible to measure changes of the detection 

efficiency and to find its maximum. Using an absolute neutron beam monitor, the final 

detection efficiency has been estimated to be ~3 % for both chips. It is lower than predicted 

by the simulation, probably due to the additional metallic layer of the common electrode 

contact, because some heavy charged particles stop in this layer and do not reach the detector 

sensitive volume. 

For instance, the efficiency ~3% means for the neutron beam in PSI and for the Medipix-2 

device count rate of ~0.3 counts/pixel/s. The device is capable handling up to 

~8·10
5
 counts/pixel/s. 

2.3.3.2 Spatial resolution 

The spatial resolution has been tested on both Medipix detectors measuring projection of a 

straight edge of a 1 mm thick cadmium plate [18], [19].  

a)  b)   

Fig. 24 Measured Cd edge profiles: (a) for Medipix-1 device and (b) for Medipix-2 
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The plate should stop all thermal neutrons striking on it. The measured edge projection is 

blurred (Fig. 24, see also Fig. 25 a, b). It is due to the charge sharing between adjacent pixels. 

The over sampled edge profile was fit by an error function. The detector spatial resolution is 

often described by the FWHM (Full Width at Half Maximum) of a line spread function (LSF) 

[20]. Since the LSF is equal to the first derivative of the straight edge projection (see 

Gaussian in Fig. 24), its FWHM can be easily evaluated. The results are summarized in Tab. 1.  

2.3.3.3 Comparison of the Medipix based neutron imagers with some devices currently used 

for neutron radiography 

A series of comparative measurements were done at PSI in Villigen. Properties of imaging 

devices available at PSI (a CCD camera with scintillator filled with 
6
Li and an imaging plate 

[1]) were compared to those of the Medipix-1 and Medipix-2 devices [21]. The measurements 

were mainly focused on the comparison of spatial resolution. The technique of the Cd edge 

projection described in previous section was used for all tested neutron imagers. The results 

are shown in Tab. 1.  

Imager 
Resolution [m] 

(FWHM
3
 of LSF

4
) 

Resolution
5
 

[lp/mm] 

Medipix-1 device 370 2.5 

Medipix-2 device 108 8.5 

CCD camera 824 1.1 

Imaging plate 124 7.3 

Tab. 1 Spatial resolution of  various neutron imaging systems. 

The Medipix-2 device exhibits a spatial resolution of 8.5 lp/mm which is the best of all tested 

systems. An imager with comparable resolution to the Medipix-2 device is an imaging plate 

with a resolution of 7.3 lp/mm. However, the dynamic range of the imaging plate was filled 

up to ~80% in all performed measurements. Thus, the image contrast cannot be further 

improved by an exposure time prolongation. Demonstration of the high spatial resolution of 

the Medipix-2 detector is in Fig. 26 where neutron radiography of a Gd Siemens star is shown. 

a)  b)  c)  d)  

Fig. 25 Cd edge profile images measured with different neutron imaging devices: a) Medipix-

2, b) Medipix-1, c) CCD camera with scintillator mixed with 6Li (pixel size 0.139 mm), 

d) Imaging plate (pixel size 50m). 

Thanks to the Medipix chip online readout, linearity and noise properties, it is possible to 

acquire a number of images which can be summed offline. Therefore, the dynamic range of 

the Medipix-2 (as well as the Medipix-1) device is virtually unlimited. Fig. 27 allows 

comparison of blank shell neutron radiograms measured with different imagers. The neutron 

radiography imagines in Fig. 27 are also supplemented with an X-ray image taken with the 

                                                 

3
 FWHM - Full Width at Half Maximum 

4
 LSF - Line Spread Function of Cd edge. LSF is equal to the first derivative of the straight edge projection 

5
 lp/mm – line pairs per mm 
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same Medipix-2 device which was used for the neutron radiography. The LiF is a low Z 

compound and therefore is transparent for X-rays. The Medipix-2 device thus provides a 

possibility of a multimodal imaging when neutrons and X-rays are combined. The X-ray 

radiography reveals metals and high Z materials in the sample, whereas the neutron 

radiography shows light elements and materials absorbing neutrons. Hence, these two 

methods can be combined. 

 

Fig. 26 Image of a Siemens star (Gd layer deposited on an Si wafer) which demonstrates the 

high resolution of the Medipix detector. The image was taken Medipix-2 Quad device. 

It is a 2x2 array of Medipix-2 devices. A cold neutron beam was used [1]. 

 

a)  b)  c)   

d)  e)  f)  

Fig. 27 Neutron radiograms of a blank shell: a) photography, b) Medipix-2, c) Medipix-1, d) 

CCD camera, e) imaging plate. The image (f) contains Medpix-2 X-ray radiography. 

The explosive filling which is rich of light elements is well visible with all neutron 

imagers. The X-rays shows the metallic body well, but the filling is not revealed. A 

scratch on the imaging plate is visible in figure (e). 

The following set of images and tomography reconstructions (Fig. 28 to Fig. 33) demonstrates 

capabilities of the Medipix devices for the high spatial resolution neutron radiography and 

100 m 

50 m 
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tomography. Images of different samples were taken by us at the thermal and cold neutron 

beams of the Neutra and ICON facilities at PSI [1]. 

  

Fig. 28 Photo and neutron radiography of a wrist watch. Taken with Medipix-2 Quad and the 

cold neutron beam at PSI. 

 

  

Fig. 29 Photo and neutron radiography of a child vertebra. Taken with Medipix-2 Quad and 

the cold neutron beam at PSI. The bone was too large even for the Quad and therefore 

was combined of 4 images taken separately. 

 

  

Fig. 30 Photos and neutron radiographies of a relay and LEMO connector. Taken with 

Medipix-2 Quad and the cold neutron beam at PSI. 
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Fig. 31 Photo and tomography of a LEMO connector. Taken with Medipix-2 and the thermal 

neutron beam at PSI. 

 

 

   

Fig. 32 Photo and tomography of a blank shell. The explosive filing is highlighted by the red 

color. Taken with Medipix-2 and the thermal neutron beam at PSI. 

 

 

 

Fig. 33 Photos and tomographies of a tooth and trimmer. The explosive filing in highlighted 

by the red color. Taken with Medipix-2 and the thermal neutron beam at PSI. 
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2.3.4 Neutron radiography using diffuse neutron source 

This section will describe other possible application of a thermal neutron imaging detector 

[22]. The standard neutron transmition radiography (Fig. 34) does not allow distinguishing 

between materials in the sample which are predominantly scattering or absorbing neutrons. 

Both types of materials create a shadow. Its intensity depends only on the cross section of 

scattering or absorption, density and dimensions of the material. The traditional transmition 

radiography also requires a collimated beam and therefore also large facilities are needed. 

 

Fig. 34 Principle of the classical transmission neutron radiography. It utilizes the attenuation 

of the neutron beam in the sample. The result is a shade on the imaging detector. The 

more the sample scatters or absorbs neutrons the darker shadow appears on the 

detector. 

Observation of neutrons scattered in the sample can provide information about the sample 

composition, i.e. distinguishing between the materials which absorbs and those which mostly 

scatters neutrons. A pinhole camera sensitive to thermal neutrons can be used for such a 

purpose (Fig. 35). Another advantage of such approach is that there is no need for a 

collimated beam and such camera can be placed close to a reactor core, because only diffused 

neutrons are needed for the sample irradiation. 

 

Fig. 35 Principle of the neutron pinhole camera. It observes neutrons scattered in the sample 

towards the pinhole and the imaging detector. Regions of the sample with larger 

neutrons scattering cross section are highlighted. 

The neutron radiography which utilizes a diffuse neutron source will not replace the classical 

transmission neutron radiography, but it can serve as a complementary method. It can be used 

to determine different types of materials - those which are mostly scattering neutrons from 

those which are primarily absorbing neutrons. 

A chance to test such neutron pinhole camera appeared with an USB interface of the 

semiconductor pixel detector Medipix. The USB interface is very compact and does not 

require any external bias or additional electronics. It is connected to a computer via one cable 

Sample

Imaging detectorCollimator
Neutrons

Sample

Imaging detector

Aperture
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only. The cable can be dozens of meters long and serves for data readout.  Therefore, the 

camera can be placed into a nuclear reactor vessel close to the reactor core. It is obvious that 

the camera must be well shielded from neutrons which are coming from other directions than 

from the pinhole. 

To prove the principle of the pinhole camera for the neutron radiography a simple geometry 

was simulated in MCNP. Thermal neutrons were irradiating the sample from a cylindrical 

source around the "sample chamber" - the left part to the aperture. The sample was a 

polyethylene cube of 1 cm side. The aperture was made of Cd sheet and the diameter of the 

pinhole was 2.4 mm. The sample was placed 5 mm aside from the axis to ensure that the 

picture is created by neutrons scattered inside the sample and not by any going directly 

through the pinhole (Fig. 36). 

 

Fig. 36 Layout of the MCNP simulation input. The dimensions are in millimeters. 

The advantage of the pinhole camera setup is a possibility to utilize a diffuse source of 

neutrons. It is a source which is not collimated and which irradiates the sample from all 

directions. However, it is necessary to block neutrons which can reach the detector directly 

through the pinhole from the forward direction. This was done in the case of the simulation by 

usage of the cylindrical source. The source surrounds the sample chamber but does not 

produce neutrons on the base of the cylinder. 

 

Fig. 37 Result of the MCNP simulation. An image of the plastic sample which is scattering 

neutrons towards the pinhole and the neutron imager. The units of axes are arbitrary. 
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The simulation showed that it should be possible to build a pinhole camera for slow neutrons. 

The camera should be capable of observing samples which primarily scatter the neutrons. In 

Fig. 37 there is a spot caused by neutrons scattered from the sample towards the detector 

plane. The ring around is caused by neutrons which came through the hole directly into the 

detector from the source. I.e. part of the cylindrical source was visible directly through the 

hole. It confirms that special attention must be given to the forward shield which is blocking 

the direct neutrons.  

The key condition of usability of such a neutron pinhole camera is a very good shielding of 

the imager against neutrons coming from other directions but the pinhole. I.e., much like in 

the case of the optical pinhole camera, the imager must be in a neutron proof box. Again, an 

MCNP simulation was used to design such shielding. 

Cd  (1 mm)

B C (3 cm)4

Al  (4 mm)

Al (2 mm)

6 2
LiF(3mg/cm )

Neutrons

 

Fig. 38 Example of layers of the neutron shielding simulated with MCNP (layer thicknesses 

are not in scale). 

Performance of different combinations of neutron shielding materials (B2O3, H3BO3, borated 

PE, B4C) has been simulated using MCNP. A real spectrum of neutrons of the LR-0 reactor 

was used in the simulation. The aim of the simulations was to optimize the thicknesses of 

each layer to achieve as high neutron shielding efficiency as possible while keeping the 

camera size reasonably compact. 

 

Fig. 39 Simulated spectra on borders of the pinhole camera shielding layers. The source 

corresponds to the neutron spectrum in the LR-0 nuclear reactor. 

A shielding based on B4C and Cd is shown in Fig. 38. Fig. 39 presents a result of MCNP 

simulation of the shielding. In the figure, there are spectra of the source, then after the 

shielding and a spectrum of neutrons captured in the LiF converter. The layer of B4C had 

significantly reduced a wide range of neutrons up to energy of 100 keV. The next shielding 

level was 1 mm thick Cd sheet. The sheet had completely cut off neutrons below the 
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"cadmium edge" of about 1 eV. The last curve is a spectrum of neutrons captured in the LiF 

converter. Thickness of the converter was about 3 mg/cm
2
. It corresponds to the neutron 

converter on the Medipix detector. 

The shielding efficiency affects how well the signal is distinguishable from the background. 

Let "S" be a level of the signal above the background "B" and  is a noise of the signal. Then 

the signal to background ratio is SBR=S/B. The noise should be lower than the signal itself, 

i.e.  < S. To meet this condition the time of the measurement must be: 

 2
1

SBRR
t   , 

where "R" is a rate of detected neutrons. Counts of events in each pixel of the Medipix 

detector obey the Poisson distribution with a standard deviation  determined only by the 

number of neutrons reacting in the converter. Therefore, the signal to noise ratio (which is in 

this case   BSBSSNR   can be improved to an arbitrary level only by an exposure 

time extension and the condition above can be fulfilled. 

 

Fig. 40  The final geometry as it was created in MCNP 

The simulations helped to choose a shielding based on B4C powder. The camera box and all 

inner parts were made out of aluminum. The inner parts were also plated by 1 mm thick Cd 

plates (not in the picture) to cut off the rest of slow neutrons which passed through the B4C 

shielding. The aperture itself was also made of Cd sheet and the diameter of the aperture is 

2 mm. 

A simulation of the whole setup (Fig. 40) has predicted the signal to the background ratio 

(SBR). The predicted exposure time is about 8.5 s to achieve SBR=100. This number reflects 

the efficiency of the neutron capture in the converter, but not the overall efficiency of the 

detector. Therefore, the required exposure time should be multiplied by factor ~3 => ~26 s. 

Therefore, the sample should be distinguishable above the background after roughly a half 

minute exposure. 
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Fig. 41 The camera with the inner detector box. 

The first testing of this camera (Fig. 41) was performed in the LR-0 reactor (Fig. 42). It is a 

zero-power experimental reactor. The fuel are shortened fuel assemblies of VVER-1000 and 

VVER-440 type reactors with enrichment of 1.6 - 4.4 % 
235

U. The fuel rod consists of UO2 

pellets Ø7.53 mm, active length 125 cm; total length 137.5 cm and cladding 9.15 x 0.72 mm 

(Zr+1% Nb). The reactor vessel is 3.5 m in diameter, 6.5 m high. It is made of aluminum. The 

maximal continuous power is 1 kW, the maximal thermal neutron flux is 10
13

 m
-2

s
-1

. The 

reactor is run by Nuclear Research Institute, Rez. 

 

Fig. 42 The core of the LR-0 reactor. 

 

Fig. 43 Demonstration of abilities of Medipix-2 to suppress the background (other than 

neutrons) when placed next to the reactor core. 

The aim of the first measurement was to test the abilities of the Medipix detector to work 

close to the reactor core. The pinhole camera setup was mounted 10 cm from the reactor core 

The background 
with a low threshold 

(the reactor was shut down)

measured The background 
with a low threshold 
(the reactor was )on

measured The  
with a  threshold 
(the reactor was )

high
on

neutron signal measured 
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and 30 cm under water. The detector interface was connected with a laptop PC with a 25 m 

long cable. The detector and the USB interface worked in the reactor vessel for about 4 hours 

without any noticeable degradation of its properties. 

The measurement has shown that all the background caused by gammas and electrons can be 

very efficiently suppressed by setting a higher level of the discriminator threshold (Fig. 43). 

High energy gammas and electrons deposits in a single pixel much lower energy than alpha 

particles and tritons from the neutron converter. 

This experiment proved that the Medipix device is capable of work under such conditions as 

the reactor core of a zero power reactor. The pinhole camera setup is currently ready for 

further measurements in the reactor. The further measurements in the future will be focused 

on imaging parameters of the camera. 
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3 3D semiconductor detectors of neutrons 
A way to overcome the limited neutron detection efficiency of the silicon planar detector 

geometry is to introduce more complex geometries of the detector. The contemporary 

semiconductor technologies allow creation of 3D structures in semiconductors which can 

increase the surface between the neutron converter and the detector diode. Such geometries 

allow a larger volume of the neutron converter while keeping a high probability of the 

secondary particle detection. In Fig. 44, there are some possible geometries which may help 

to increase the detection efficiency. The variants of possible geometries are almost unlimited. 

However, the structure c) in Fig. 44 seems to be the most suitable from the point of view of 

the existing technologies. Square (or cylindrical) pores can be relatively easily fabricated and 

allow a good filling ratio of the detector with a neutron converter. 

a)  b)   

 

c)  d)  

Fig. 44 The planar geometry (a) and various geometry suggestions how to enlarge the surface 

between the neutron converter and the silicon semiconductor. 

We will focus in further analysis on the porous structure of type c) in Fig. 44. The detector 

structures can be recognized then by placement of the pn junctions in the structure. The 

possible variants are shown in Fig. 45. 

Structure types a) and b) in Fig. 45 are a compromise solution between the full 3D structure of 

type c), d) and the planar detector. The pn-junction in structures a) and b) in Fig. 45 is placed 

parallel with the surfaces like in the planar detector, but an array of pores is created in the 

structure as well. This type of structure got name ―Stuffed detector‖, because in fact a planar 

detector is ―stuffed‖ with the neutron converter. An advantage of such a detector is an easier 

fabrication than in the case of the real 3D structure with pn-junctions on the pore walls 

(Fig. 45 c, d). The type c) and d) introduces difficulties with contacts on the inner surfaces of 

the pore walls. The walls have to be metalized and that can be a technologically difficult 

process. The type c) is still easier for fabrication because the pore etching can be done in one 

step followed by doping. In the case d) firstly one type of the pores (i.e. p+ or n+) must be 

created and doped. Only then the other type of pores can be fabricated while protecting the 

already fabricated pores. Nevertheless, the structure of type c) and d) is the direction of the 

further development, because it can offer a better charge collection efficiency (CCE) than the 

stuffed structures in the case of deep pores. 

It is a question of further research which version would be better from the point of view of 

CCE and the overall detection efficiency. The version b) may introduce problems with the 

surface currents on the pore walls if those are not passivated appropriately. 
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Fig. 45 Possible pn-junction placements a) on the bottom, b) on the top, c) p+ on pore walls 

and common electrode on the bottom, d) pn junction between pores (p+ respectively 

n+ pores are interconnected from the top)  

3.1 Simulations of detection properties 

The objective of the 3D structure simulations was to predict an optimal pore geometries and 

dimensions. It also predicted the pulse height spectra of the deposited energy for different 

geometries. The pulse height spectra are generally well suitable for an easy validation of the 

simulation by comparison with measured spectra. 

3.1.1 Optimization of structures for the highest efficiency 

The simulations should answer the question what the optimal dimensions (pore size) to 

achieve the highest detection efficiency are. Obviously, pores should be theoretically 

infinitely thin to allow all neutron capture products to escape from the pores into the 

semiconductor (Fig. 46). The walls should be infinitely thin as well, because the walls are a 

pure semiconductor (silicon) and thus are not sensitive to neutrons. In reality, the pores must 

have a finite dimension and walls between pores must have some minimal thickness to give a 

chance to heavy charged particles to deposit enough energy to create a sufficient signal. The 

walls must also allow collecting the charge generated by the charged particles entering them. 

The software used for these simulations was developed as a part of this work. It is a 

combination of MCNP, TRIM/SRIM and own C++/PERL code. The software is described in 

detail in Appendix 1 – Simulation package. 

The software simulates the neutron capture and energy deposition via heavy charged particles. 

Any software for the second stage of simulation – charge collection efficiency simulation is 

not available at IEAP. The charge collection efficiency was measured instead. The results are 

summarized in section 3.2.1 ―Charge collection efficiency in thin structures‖. 

a) b) 

c) d) 
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Fig. 46 Schematics of the structure with pores. Dimensions of the structure must meet two 

criteria – pores must be thin enough to allow neutron capture products escape even 

from inner parts of pores. Walls must be thick enough to 1) let the heavy charged 

particles leave enough energy to create a sufficient signal, 2) allow collect the 

generated charge to electrodes 

A series of simulations was performed to obtain information about the optimal pore size. 

There was no data available about CCE in thin silicon walls at the time when the simulation 

was performed. The thickness of walls was only estimated to 10 m. The results are presented 

in Fig. 47 and Fig. 48. The images show dependencies of thermal neutron detection 

efficiencies as functions of pores sizes and the converter filling effective density. It is for 

square pores filled with LiF or B in Fig. 47. Fig. 48 contains a similar simulation but for 

cylindrical pores. 

The maximum achieved neutron detection efficiency with the LiF neutron converter was 31.5% 

for square pores and the effective converter density equal to density of LiF crystal. It is 6 

times higher detection efficiency than in the case of the planar structure irradiated from the 

back side. The maximum detection efficiency of the planar structure covered with LiF neutron 

converter was 4.90%. The maximum neutron detection efficiency of the boron filled structure 

is 21.8% again for square pores. Boron based structures suffer from shorter ranges of 
10

B 

neutron capture products. The detection efficiency increases with increasing converter density 

in the case of the LiF filled structure. This is due to the increasing macroscopic cross section 

for neutron capture ( n  , where  is microscopic neutron capture cross section and n is 

number of converter nuclei per unit of volume). The range of heavy charged particles remains 

sufficient to escape the pore even with the increasing density. The situation is opposite in the 

case of 
10

B. The highest detection efficiency is reached with a lower density of the converter. 

More important is here the effect of the heavy charged particle range extension with the 

decreasing density. The macroscopic cross section  remains sufficiently large with the 

decreasing density, i.e. the number of converter nuclei per volume unit. 
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a)  b)  

Fig. 47 Dependencies of the neutron detection efficiency as a function of square pore size. In 

Fig. a) there are dependencies for square pores filled with 
6
LiF enriched in 

6
Li up to 

89%. Density of the converter changes from 1.00 g/cm
3
 to 2.64 g/cm

3
. The Fig. b) 

contains the same simulation but for amorphous 
10

B enriched in 
10

B to 80%. Density 

of the converter ranged from 1.00 g/cm
3 

to 2.20 g/cm
3
. Depth of pores was 230 m in 

both cases. 

a) b)  

Fig. 48 Dependencies of the neutron detection efficiency as a function of cylindrical pore 

diameter. In Fig. a) there are dependencies for cylinder pores filled with 
6
LiF enriched 

in 
6
Li up to 89%. Density of the converter changed from 1.00 g/cm

3
 to 2.64 g/cm

3
. The 

Fig. b) contains the same simulation but for amorphous 
10

B enriched in 
10

B to 80%. 

Density of the converter ranged from 1.00 g/cm
3 
to 2.20 g/cm

3
. Depth of pores was 230 

m in both cases. 

Fig. 48 shows the simulation results for a silicon structure with cylindrical pores. The highest 

reached detection efficiencies are lower than in the case of square pores. The cylindrical pores 

do not fill up the volume of the detector as much as the square pores. There is more silicon in 

between pores and thus this volume is insensitive to neutrons. The ratio of the pore top 

surface and the surface of surrounding silicon is higher for square pores and therefore the 

overall efficiency is higher. The cylindrical pores, however, should not be abandoned hence 

the bigger volume of silicon around pores may allow also better CCE. This is a question for 

experimental evaluation of real structures. 

3.1.2 Pulse height spectra of the deposited energy 

The simulations also predicted spectra of energy deposited in the 3D devices. In Fig. 49 and 

Fig. 50, there are examples of such spectra. Fig. 49 contains pulse height spectra for circular 

and square pores of 20 m size (diameter or edge size). The simulation was done for two 
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different effective densities of LiF filling. The densities were 1.00 g/cm
3
 and 2.64 g/cm

3
 

(density of the LiF crystal). The wall size was 50 m in all cases. Such thick walls can 

completely stop the alpha particles and tritons from the 
6
Li(n,) reaction. Both examples of 

the lower density of filling (Fig. 49a,c) have narrow peaks in common. These peaks 

correspond to tritons. However, in the case of the square pore the peak is slightly larger 

(Fig. 49c) and the integral of events above the triton energy is lower. The range of heavy 

charged particles is shorter in the case of the highest possible LiF density of 2.64 g/cm
3
. 

Therefore, the peak is much wider (Fig. 49b,d) and there were much less events when both 

the alpha particle and the triton were detected at the same time (events above 2.73 MeV). The 

pore edge and corner effects are visible in the case of the square pore filled with the highest 

LiF density (Fig. 49d). 

Nevertheless, in all cases these sizes of pores combined with wide walls offer a very good 

separation of the peak from the possible background which would be accumulated in lower 

energies (gamma, beta and other background). The threshold of the electronics can be set 

between the background and the peak. Thus, a detector with stable counting properties can be 

obtained. 

Spectra for pores of 70 m size (diameter or edge size) are shown in Fig. 50. If the effective 

filling density is of 1.00 g/cm
3
 (Fig. 50 a,c), the spectra are similar to the case of smaller size 

of pores. However, if the density of the LiF filling is at the level of 2.64 g/cm
3
 the spectra 

become very similar to the spectrum of the planar detector (Fig. 16). The peak-like shape 

which is characteristic for the narrow and low-density filled pores disappears and the edges 

corresponding to alphas and tritons are visible as in the case of the planar device spectrum. 

There is still a significant minimum present at lower energies. Therefore, the stable counting 

properties of such device can be still reached if the discrimination threshold will be placed 

there. 

In Fig. 51 and Fig. 52 there are results of a similar simulation. The wall thickness was reduced 

to 10 m in this case. The effect of this change is perceptible in all images. All the spectra 

contain a peak with a sharp edge at about 250 keV. The peak has a tail trailing to the right 

side. This peak corresponds to tritons
6
 which fly from one pore to another while leaving only 

part of their energy inside the silicon. The energy deposited in these cases is increasing with 

the increasing angle of these particles (starting from the direction perpendicular to the pore 

surface). That explains the right tail. These events are missing in the rest of the spectra which 

are changed too in comparison with the thick wall devices.  

An important conclusion which can be made based on these results is the following one: the 

advantage of the gamma-ray background pulse height discrimination still remains even with 

the pore based 3D geometry. A stable neutron counting performance of the device can be still 

expected if the threshold is placed to a value of about 500 keV in the case of thicker walls in 

between the pores. If the wall size is reduced to 10 m the threshold cannot be set at higher 

value than ~250 keV in order to keep the high detection efficiency and stable counting. A 

higher threshold can interfere with a peak generated by partial deposition of triton energy. On 

the other hand, the thin walls also reduce the probability of gamma background interaction 

within the detector sensitive volume. 

                                                 

6
 The range of alpha particles is 8.6 m in Si and therefore these particles are still always stopped within the wall. 
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a)    b)   

c)   d)  

Fig. 49 Simulated spectra of energy deposited in 3D devices with pores of 20 m size (the edge 

size in the case of square pores and the diameter in the case of circular pores). The 

wall thickness was 50 m. The pores were filled with LiF neutron converter: a) 

circular pores, LiF effective density of 1.00 g/cm
3
, b) circular pores, LiF effective 

density of 2.64 g/cm
3
, c) square pores filled, LiF effective density of 1.00 g/cm

3
, d) 

square pores, LiF effective density of 2.64 g/cm
3
. The depth of the pores was 300 m. 

a)   b)   

c)   d)  

Fig. 50 Simulated spectra of energy deposited in 3D devices with pores of 70 m size (edge 

size in the case of square pores and diameter in the case of circular pores). The wall 

thickness was 50 m. The pores were filled with the LiF neutron converter: a) circular 

pores, LiF effective density of 1.00 g/cm
3
,  b) circular pores, LiF effective density of 

2.64 g/cm
3
, c) square pores, LiF density of 1.00 g/cm

3
, d) square pores, LiF effective 

density of 2.64 g/cm
3
. The depth of the pores was 300 m. 
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a)   b)   

c)   d)  

Fig. 51 Simulated spectra of energy deposited in 3D devices with pores of 20 m size (the edge 

size in the case of square pores and the diameter in the case of circular pores). The 

wall thickness was 10 m. The pores were filled with LiF neutron converter: a) 

circular pores, LiF effective density of 1.00 g/cm
3
,  b) circular pores, LiF  effective 

density of 2.64 g/cm
3
, c) square pores, LiF effective density of 1.00 g/cm

3
, d) square 

pores, LiF effective density of 2.64 g/cm
3
. The depth of the pores was 300 m. 

a)   b)   

c)   d)  

Fig. 52 Simulated spectra of energy deposited in 3D devices with pores of 70 m size (edge 

size in the case of square pores and diameter in the case of circular pores). The wall 

thickness was 10 m. The pores were filled with the LiF neutron converter: a) circular 

pores, LiF effective density of 1.00 g/cm
3
,  b) circular pores, LiF effective density of 

2.64 g/cm
3
, c) square pores, LiF effective density of 1.00 g/cm

3
, d) square pores, LiF  

effective density of 2.64 g/cm
3
. The depth of the pores was 300 m. 
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3.1.3 Profile of the deposited energy  

Besides the spectral information about the energy deposited in the 3D detector via the heavy 

charged particles, the simulations also provide information about spatial distribution of energy. 

Examples of such results are in Fig. 53 and Fig. 54. Fig. 53 shows amounts of energy 

deposited around a pore 40 m in diameter irradiated by a narrow beam (2 m in diameter) of 

thermal neutrons. The first part of the image shows how the energy is distributed around  the 

pore if the effective filling density is only 1.20 g/cm
3
. The second is when the filling has 

2.64 g/cm
3
 (the LiF crystal density). A rim on the boundary between the pore and the 

surrounding silicon is obvious in both cases. The alpha particles and tritons leave less energy 

inside the converter if the effective filling density is lower. Therefore, the rim is sunken inside 

the pore in the case of the lower LiF effective density.  The situation is opposite in the case of 

the higher converter effective density. The rim is raised. 

a) b)  

Fig. 53 Profile of energy deposited in a cell containing a pore: a) LiF converter, r=1.2 gcm
-3

, 

40 m in diameter, b) LiF converter, r=2.64 gcm
-3

, 40 m in diameter. The diameter 

of the thermal neutron beam diameter was 2 m and it penetrates the LiF converter 

in the middle in both cases. 

Fig. 54 presents similar simulation, but with a pore of 100 m in diameter and the narrow 

thermal neutron beam shifted aside. It shows again for two different densities of the LiF 

filling. 

a) b)  

Fig. 54 Profile of energy deposited in a cell containing a pore: a) LiF converter, r=1.2 gcm
-3

, 

100 m in diameter, b) LiF converter, r=2.64 gcm
-3

, 100 m in diameter. The 

diameter of the thermal neutron beam diameter was 2 m and it was displaced from 

the converter center by 45 m in both cases. 

Such information, shown in the previous images, can serve two purposes. The first purpose is 

a simulation of charge collection within the device. The deposited energy profile can be used 

as an input in that case. Such simulation, however, was not done in our laboratory. The 
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second reason is the possibility to judge radiation damage of the device and thus also the 

detector life time. This study will be part of the detector R&D in the future. 

 

 

Fig. 55 The simulated vertical distribution of the deposited energy in a 3D structure. The 

neutrons come from the left side to coordinate z=0 m. The structure consists of 

square pores of 20 m size and 50 m walls in between.  The pores are parallel with 

the z-axis and are through the whole detector, i.e. 300 m deep. 

 

Fig. 56 The simulated vertical distribution of the deposited energy a planar detector. The LiF 

was 70 m thick and with density 1.00 g/cm
3
. The structure was irradiated from the 

back side, i.e. the thermal neutrons come from the right side in the image. The energy 

is in Si mostly deposited within ~50 m from the LiF/Si boundary. 

Fig. 55 contains a profile of energy deposited in a 3D structure along the z-axis (including 

energy deposited in the converter). The pores were 20 m wide and went through the whole 

300 m thick device. The different curves in the figure correspond to different effective 

densities of the LiF converter. It is obvious from the image that in the case of the high density 

converter is a large part of the energy deposited close to the surface which is exposed to the 

neutron beam. Hence, the volume closer to the neutron beam will suffer from higher radiation 

damage. The lower density of the converter provides more even distribution of the deposited 
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energy in cost of lower detection efficiency. Fig. 56 shows a similar simulation result, but for 

a planar detector. The detector has 70 m thick layer of LiF converter with the effective 

density of 1.00 g/cm
3
. It would appear from the image that the majority of energy is deposited 

close to the converter – silicon boundary. Thus, this area will suffer from high radiation 

damage while the rest of the detector will not be reached by the heavy charged particles from 

the converter. The more even distribution of the energy deposition in the 3D device is besides 

the higher detection efficiency also an advantage against the planar devices. 

3.1.4 Irradiation under an angle 

The area between pores insensitive to neutrons is a possible disadvantage of the 3D pore 

structure. If a neutron beam comes perpendicular to the structure surface (i.e. parallel with 

pores), the neutrons which enter the structure at the area of Si have no converter in their way 

and cannot be detected. However, this effect will disappear if the structure is tilted (the 

neutron beam is not parallel with the pores). Detection efficiency will rise and at a certain 

angle the structure will have uniform sensitivity across the whole surface (Fig. 57). An array 

of square pores was simulated. The structure was irradiated under angles ranging from 0 to 40 

deg. The results are in Fig. 58. The detection efficiency is increasing with the increasing angle 

of irradiation. 

 

Fig. 57 Illustration of the angle when the structure has a uniform sensitivity across the whole 

surface. This is the angle when regardless on neutron entry point into the structure 

the neutron has the same thickness of neutron converter ahead. 

 

Fig. 58 An example of a 3D structure of square pores (22 m wide pores, 8 m wide walls, 

60 m deep) irradiated under various angles.  Each curve is for a different LiF 

neutron converter filling effective density. 
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3.2 Experimental results 

3.2.1 Charge collection efficiency in thin structures 

The simulations, however, do not answer the question how thin the semiconductor walls 

between pores can be to collect enough charge to generate a sufficient electric signal. Samples 

were fabricated at the Stanford Nanofabrication Facility
 
for testing with alpha particles from 

241
Am (5.48 MeV) [13]. The goal was to determine the charge collection efficiency (CCE) of 

such structures. All samples are 300 m thick and contain arrays of pillars (Fig. 59a) with 

varying dimensions (from 808 x 808 μm down to 10 x 10 μm). Two sets of samples were 

fabricated with pillar heights of 80 and 200 μm. The n-bulk resistivity was about 2 kΩcm. 

There was no passivation of the pore surfaces. The pn junction was placed at the back side of 

the samples (Fig. 59c). The pillars were contacted with a probe (Fig. 59b). Each measured 

pillar was irradiated in air with alpha particles from a 
241

Am source and the pulse height 

spectrum was measured
7
. The pillars were irradiated obliquely to minimize the number of 

alpha particles hitting the bottom of the trenches. Thus, pulses from pillars were mainly 

detected. The smaller the pillars were, the longer the measurement time was needed. To 

achieve a reasonable length of measurement time (tens of hours) the pillars were irradiated 

towards their wider side (Fig. 59b). The bias applied during all measurements was 60V. 

a)  b)  c)  

Fig. 59 Examples of tested 3D structures: a) the structure with the largest pillars, b) the 

smallest 327 x 10 m measured pillar contacted with a probe (the arrow indicates the 

direction of incoming alphas), c) placement of the pn junction. 

3.2.1.1 Measurement results 

The first spectrum in Fig. 60 corresponds to the 808 x 808 μm pillar (the largest in the 

structure), the second spectrum to the narrowest measured pillar
8
 (327 x 10 μm). To compare 

the CCE, the peak position of the largest pillar was taken as a reference position for the rest of 

the smaller pillars in Fig. 61.  

The graph in Fig. 61 shows the dependence of the peak position on the characteristic pillar 

size
9
 for the sample with 80 μm high pillars. The peak position remains constant down to a 

pillar size of about 30 μm. The alpha peak then shifts rapidly towards the lower energies. The 

alpha particles from 
241

Am already do not deposit their full energy inside such narrow pillars 

(range of 5.48 MeV alphas in Si is about 28 μm). 

                                                 

7 The distance between the source and sample was about 1 cm so the alphas lose about 950 keV of energy before hitting the sample. 
8 Smaller pillars were not measured due to mechanical difficulties in contacting them with the probe tip. 
9 Always the smaller dimension in the case of a rectangular pillar. 

Si 

p+ 

n trench 
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a)  b)  

Fig. 60 Examples of measured alpha spectra - a) the largest pillar, 808 x 808 μm
2
, b) the 

smallest measured pillar 327 x 10 μm
2
. The applied bias was 60V. 

However, the conclusion can be drawn that the CCE remains almost 100% down to a pillar 

size of 30 μm, and even 10 m wide structures still collect a significant amount of charge for 

operation as a heavy charged particle counter. A well collimated source of heavy charged 

particles will be used for further experiments in order to measure the CCE in thinner pillars.  

 

Fig. 61 Dependence of the 
241

Am alpha peak position on the characteristic pillar size. Pillars 

were 80 m high. The applied bias was 60V. 

200 m high structures already suffering from too high surface current and were not measured 

– an appropriate surface passivation is needed. 

3.2.2 Pore fabrication technologies 

This section will give a brief overview of major technologies applicable for fabrication of 3D 

structures (pores) in semiconductor materials. These technologies were used for fabrication of 

samples tested within this work. The technologies of pore fabrication are reactive ion etching 

and electrochemical etching. 

In both cases, the etching was preceded by a photolithographic step which prepares a mask for 

the etching. The mask protects areas of surface against the etching and opens top of patterns 

to be etched. Type of the mask depends on the used technology. It can be a metal for DRIE or 

SiO2 layer for the electrochemical etching. 

3.2.2.1 Deep reactive ion etching 

Deep Reactive Ion Etching (DRIE) is a highly anisotropic etch process used in microsystem 

technology [23]. It is used to create deep and high aspect ratio holes and trenches in silicon 
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and other materials. Structures with aspect ratios 20:1 and more can be produced. DRIE etch 

rates are 5-10µm/minute. 

There are two main technologies for high rate DRIE: cryogenic and Bosch. In cryo-DRIE the 

wafer is cooled down to -110°C. It slows down spontaneous chemical (isotropic) etching and 

only the ion bombardment driven etching of horizontal surfaces proceeds. Another 

mechanism is sidewall passivation. SiOxFy moieties condensate on the sidewalls and protect 

them from lateral etching. As a combination of these processes deep vertical structures can be 

made. 

The Bosch process puts together three primary steps to achieve nearly vertical structures. 

First, a highly reactive gas sulfur hexafluoride (SF6) is used to perform a nearly isotropic etch 

of the substrate. After a brief period of 5-15 seconds the etching is stopped and the process 

switches over to passivation deposition. C4F8 source gas is used to deposit a Teflon-like 

passivation layer over the whole surface. This stage takes a few seconds. The polymer layer 

protects the substrate from further chemical attack and prevents further etching. The process 

now returns to etching with SF6 which is where the third process comes into play. Within the 

chamber there is energetic plasma which produces a collimated stream of ions which 

bombards the substrate. By a process of sputtering these ions remove the passivation layer 

from the bottom of the previously etched trench, but not from the sides of pores. Etching 

therefore is preferentially in vertical direction. These etch/deposit steps are repeated many 

times over resulting in a large number of very small isotropic etch steps taking place only at 

the bottom of the etched pits. To etch through a 500 m silicon wafer about 100-1000 

etch/deposit steps are needed. A closer look at the Bosch process etched sidewall shows 

undulation which has amplitude of about 100-500 nm depending on whether the process was 

optimized for a high rate or sidewall smoothness. Cryo etched sidewalls are smooth. A 

metallic mask can be used for patterning. 

 

 

Fig. 62 Examples of structures created using the DRIE technology. The DRIE provides rather 

large freedom in patterns design. 

The advantage of DRIE from the point of view of 3D detectors is a relatively large freedom in 

the pattern mask design (Fig. 62). This technology, contrary to the electrochemical etching, is 

not limited only to square patters. Pores with any cross section can be created with DRIE and 



52  3D semiconductor detectors of neutrons 

 

it was used also for fabrication of walls and pillars used for the CCE measurements (3.2.1 

Charge collection efficiency in thin structures). A disadvantage can be the high cost of the 

DRIE equipment. 

3.2.2.2 Electrochemical etching 

Another method for pore creation is the electrochemical etching (EE) [24]. EE is a low cost 

alternative to deep reactive ion etching (DRIE). It allows fabrication of structures such as 

walls, tubes, pillars and pores.  

 

Fig. 63 Mechanism of the pore array formation. The applied electric field is concentrated on 

the inverted pyramid tips. Holes generated by light or a pn junction drift toward the 

pyramidal pits where they interact with HF while removing the silicon. 

The pore formation requires an anisotropic etch of pyramidal dips by KOH using an oxide or 

nitride mask prior to the EE. The electrochemical etch uses hydrofluoric acid which interacts 

with holes generated in the silicon by light or injected by a pn junction (the case of presented 

samples). 

The n type Si and the electrolyte boundary forms a reverse biased Schottky junction under the 

bias. A space charge region (SCR) is formed along the surface. The holes generated in the 

silicon by light or in the pn junction either recombine in the bulk or contribute to the chemical 

reaction being accelerated by the electric field inside the SCR. The current lines are bent 

towards the pore tips where the electric field intensity is higher (Fig. 63). The pore walls are 

therefore passivated by the combined effect of the SCR and the limited diffusion of the 

minority carriers. Under stable conditions if the current is set into the so-called transition 

regime (between values that produce porous silicon formation and electropolished silicon) the 

pore tips are polished and the current density at the pore tip is equal to the polishing current 

density. High aspect 3D structures can be formed using this technique. 

 

Fig. 64 Beaker for the electrochemical etching. In the image is the beaker supplemented with 

a light source for hole generation. 

An advantage of EE is its low cost. An example of beaker used for EE is in Fig. 64.  On the 

other hand the structure dimensions and shapes are limited. The initial dips created with KOH 

are always of pyramidal shape and therefore it is not possible to create pores with a circular 

shape. Moreover, the walls between pores cannot be too wide (depending on the bulk 
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resistivity) because the natural space charge region of HF – silicon boundary can not protect 

the surface against the spontaneous etching anymore. Nevertheless, EE is a very promising 

technology for the 3D neutron detectors described in this work. 

3.2.2.3 Fabrication of stuffed detector samples 

In the fall of the year 2006 were 3D single pad detector samples were designed and fabricated 

samples using the electrochemical etching. The fabrication was carried out at Mid-Sweden 

University clean room with the gracious help of Göran Thungström. 

The mask of pores contained a set of square samples with pore sizes varying from 20 to 

100 m. Based on the measurements of CCE in thin Si walls the distances between pores 

were set to 10 m in one half of the samples. The rest had the walls between pores set to 50 

m. This thickness of silicon stops alphas and tritons from the 
6
Li(n,) reaction entirely. The 

material used for these samples were <100> 4‖ wafers of n type and resistivity of 10 kΩcm. 

 

Fig. 65 3D detector samples fabrication procedure. The dimensions of elements are not in 

scale. 

Fabrication steps
10

 (Fig. 65): 

1) Doping of n+ layer. The other side is protected by SiO2. For doping a diffusion furnace 

and solid dopant sources were used (Fig. 66a). 

                                                 

10
 This is only a summary of the main fabrication steps. In reality many other steps were needed such as rinsing, 

drying, photoresist deposition, baking, etc. These detailed steps were omitted in the list. 
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2) Growth of silicon oxide on both sides and then removing the oxide on the ―p side‖ with 

HF.  

3) Doping of the p+ layer. (Note: the p+ layer is thinner than n+. Therefore, there can not be 

grown oxide for doping protection on the p+ side - the p+ can be ―eaten‖ by the oxide 

layer and thus the n+ layer has to be done first.) 

4) Photolithographic masking of the SiO2 layer for pore openings and etching of the 

openings with HF. 

5) KOH anisotropic etching of inverse pyramids (Fig. 66b). The potassium hydroxide 

attacks the Si crystal preferably in <100> orientation. This leads to the creation of 

characteristic pyramidal shaped pits with an angle of 54.7° to the wafer surface. 

6) Electrochemical etching of pores. 

7) MESA etch. The MESA structure (together with SiO2 deposited in the next step) opens 

through the p+ layer which protects the sides of pn junction after dicing [25]. 

8) Growth of a thin oxide which will serve as the surface passivation (including surfaces of 

pores).  

9) Patterning and HF etching of an opening in the SiO2 passivation on the p+ side. 

10) Filling of pores with photoresist and spinning. The pores are full of the photoresist, but 

the surface has only a thin layer of the resist. After exposure of the whole surface with 

UV light in a stepper can be the thin layer of exposed resist removed in a developer. After 

this step the walls between pores remain clean of the photoresist, but the pores are filled 

up (the photoresist inside pores was too thick to be exposed by the UV light enough). 

Then the thin oxide on the top of walls can be etched away with HF. 

11) Evaporation of Al contacts. 

12) Lift-off of the Al layer above the pores. In the lift off technique is the wafer dipped in 

acetone. The acetone removes the photoresist together with the metallic film on top of it. 

The metal on other surfaces remains untouched. 

13) The very last step (not shown in Fig. 65) is the chip dicing (Fig. 66c,d). The detector is 

done. 

 a)  b)    

 c)  d)  

Fig. 66 a) silicon wafers are being removed from the diffuse furnace, b) microscopic view of 

the pyramidal dips on the wafer surface, c) and d) the final dicing of chips with a 

precise saw. 
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The electrochemical etching step in detail 

It was necessary to resolve couple of difficulties related to the electrochemical etching (EE) of 

these samples. First of all, it was not possible to etch the whole wafer at once. The beaker 

used for the EE is shown in Fig. 64. In the beaker, there can be etched samples of size up to 

1.5 x 1.5 cm
2
 plus a rim for a gasket. It is theoretically possible to etch the whole 4‖ wafers, 

but it is difficult to achieve uniform conditions of the etching process across the whole wafer. 

This issue will be addressed in the future. 

The wafer was cut into 9 pieces of about 2 x 2 cm
2
 (including the rim for the gasket) to fit the 

beaker. Each piece contained 9 detector samples of 5 x 5 mm
2
 each (Fig. 68). 

There was not enough experience with EE of a material with such a high resistivity of 

10 kΩcm and therefore it is necessary to find appropriate conditions of the etching. Xavier 

Badel who was working on the EE within the 3D-RID project had tested etching of materials 

up to 5 kΩcm only [24]. Hence, his results could not be taken over entirely. 

 

Fig. 67 Mask for 3D samples fabrication. The red color represents arrays of pores. The pore 

sizes are 20, 40, 60, 80, 100 m and the walls in between are 10 or 50 m wide. The 20 

m pores are present only in combination with 50 m walls. The samples are grouped 

into sets of 9. Each this group is of size 2x2 cm
2
 (including the rim for the gasket 

during the EE process). Each set contains samples with the same pore and wall 

dimensions. The samples within these sets are of 5x5 mm
2
 size and the pore arrays are 

separated by 1 mm gaps. 

Initially, the samples were etched with the help of light to generate enough holes. However, it 

was found out that the pn junction on the bottom of samples can inject enough holes to run the 

EE. The rest of samples were etched without light generated holes. 

walls 50   m 

walls 10   m 

pores 40   m pores 60   m pores 80   m 

pores 100   m pores 40   m 

pores 60   m pores 80   m pores 100   m 

pores 20   m 
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Fig. 68 The 2x2 cm
2
 array of  9 detector samples prepared for the electrochemical etching. 

The arrays of dips in each single pad detector sample were separated by rims of about 1 mm. 

This area suffered from a spontaneous etching and porous silicon
11

 was formed in these areas 

(Fig. 69). This problem was solved by covering the rims with photoresist which easily 

sustained the EE process for a few hours. The photoresist was deposited manually using a 

brush, because it was impossible to deposit the photoresist by spinning. The traditional 

spinning does not work in this case, because the photoresist always penetrates the initial 

inverted pyramidal dips and prevents the etching of pores. The manual photoresist deposition 

was mostly sufficient for these samples, but the regions close to the pores arrays were not 

protected enough in some cases. It is shown in Fig. 70. 

 

Fig. 69 The porous silicon in between arrays of pores (the pores are 80 m wide and walls in 

between are 10 m thick). 

 

Fig. 70 Formation of the porous silicon close to the pores array (the pores are 40 m wide and 

walls in between are 10 m thick).  

                                                 

11
 Nomenclature: the arrays of desired wide pores will be reffered as ―pores‖. These pores are formed when the 

current in the EE is set above the ―porous silicon‖ formation region [24]. The term ―porous silicon‖ refers to 

structures of random tiny pores formed if the current during the EE is not sufficient. 

Porous silicon 
Array  

of pores 

Array  

of pores 
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Fig. 71 An electron microscope image of a sample after the EE process. The pores were 40 m 

wide and walls between pores were 50 m wide. The formation of porous silicon on 

top of walls is visible. The walls are too wide and therefore the natural SCR on the 

boundary of Si and HF does not prevent all holes reaching the surface and 

contributing to the porous silicon formation. 

However, it was not possible to stop the porous silicon formation on top of the 50 m wide 

walls (Fig. 71) if a higher current was used. Reliable and repeatable technology of the 

photoresist deposition in areas in-between initial pyramidal dips and in-between the entire 

pore arrays has to be developed in the future. 

Nevertheless, structures such as in Fig. 72 were created using this technology even on such 

high resistivity material. Fine tuning of etching conditions (the HF solution concentration and 

the electric current) can provide even better results. 

 

Fig. 72 A sample with 80 m wide pores and 10 m wide walls 

3.2.3 Measured pulse height spectra of 3D porous detectors 

The samples fabricated as described in the previous section were sorted according to their 

leakage current [26]. The best were chosen for further testing in the neutron beam. The yield 

of these prototypes was not high. Many of them suffered from very high leakage currents. 

This was probably due to an insufficient depth of the MESA structure. This issue will be 

addressed in the future development of detector fabrication technology. 



58  3D semiconductor detectors of neutrons 

 

a)  b)  

Fig. 73 The sample for tests with thermal neutrons. a) cross section of the etched pores, b) top 

view on the pore array filled with 
6
LiF. The width of pores is 20 m and the wall 

thickness is 50 m. The pore depth is 62 m. 

 

Fig. 74 Illustration of the 3D neutron detection structure and the neutron detection principle. 

The alpha particles and tritons from one event can now both escape from the pore and 

can be detected simultaneously. 

The best working samples are those which contain an array of pores (Fig. 73) with bases of 

20 x 20 m
2
. The pores are 62 m deep. The wall between pores is 50 m wide. The chip size 

is 5x5 mm
2
 and the thickness is of 300 m. The bulk resistivity is of 10 kΩcm and the p+ is 

on the back side of the detector (the side without pores). 

 

Fig. 75 Pulse height spectrum of energy deposited in the sample with square pores 20 m 

wide, the distance between pores was 50 m and the pores were 62 m deep. The 

spectrum also contains pulses with energy above 2.73 MeV (energy of tritons) because 

both alpha and triton particles can now escape from the pores and the energy 

deposited by each of them in the sensitive volume is summed. The device was biased to 

20V. 

As mentioned before, the wall width of 50 m was selected because alpha particles and tritons 

can be stopped completely before reaching another pore. Structures with wall thickness down 

to 10 m or less will be studied in the next step when the main fabrication steps, the 

electrochemical etching particularly, will be better mastered and tuned for the high resistivity 

material. 

Si

6LiF

 T

neutron
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The sample was filled with 
6
LiF powder (enriched in 

6
Li to 89%) and irradiated with thermal 

neutrons (using the neutron beam in Rez, the same as in the case of the planar detectors and 

detectors with pyramidal dips), but from the front side in this case (the planar devices and the 

samples with pyramidal dips were irradiated from the back side). The pulse height spectrum 

of deposited energy was measured (Fig. 75). It contained pulses of all energies up to 

4.78 MeV. That is the sum energy of both alpha particle and triton because both can escape 

from the pore at the same time and deposit the full energy of reaction. The most important 

result obtained with this sample is that the 3D neutron detector detects thermal neutrons. 

However, the shape of spectrum is not in good agreement with simulations shown in section 

3.1.2. The reason is that the fabrication process has to be improved. The devices still does not 

have very well defined pore surfaces (the pores do not have the ashlar like shapes) and 

thicknesses of layers between the LiF converter and sensitive volume (SiO2 passivation, 

metallization, etc.). 

Thus, there are still issues to be solved from the fabrication point of view. One of them is a 

proper and permanent passivation of the pore surfaces. The passivation does not only reduce 

the surface leakage current, but also creates a barrier between the LiF converter powder and 

the detector silicon bulk. It was observed in couple of cases that the detector filled with LiF 

was working fine for some period of time. After few tens of minutes, when the detector was 

biased at 20V, a large noise appeared and it was not possible to extract any signal from the 

device anymore. This can be explained by a chemical reaction of LiF (possibly partially 

dissolved by air humidity) with SiO2 passivation layer and with the Si bulk subsequently. 

A possible solution can be the deposition of a polymeric passivation of the same type which is 

used during the BOSCH DRIE process. Nevertheless, this technology was not accessible for 

us at the moment of samples fabrication. 

3.2.4 Samples with trenches 

Another possible approach to create 3D structures is sawing trenches into silicon using a 

standard saw for dicing. Such an approach was tested on a batch of samples in ON-

Semiconductor Rožnov pod Radhoštěm. 

a)  b)  c)  

Fig. 76 Samples with trenches created by cutting. a) pitch 150 m, depth 60 m, b) pitch 250 

m, depth 60 m, c) pitch 350 m, depth 60 m 

The experiment proved that it is possible to create an array of trenches, but sawing causes a 

relatively large damage of edges and bottoms of trenches. This would lead to high leakage 

currents. Technologies which are based on etching are more suitable for creation of detector 

3D structures. 

3.2.5 Converter layer preparation 

A methodology of the neutron converter layers deposition has been developed for the planar 

detectors. It was used for the deposition of 
6
LiF neutron converter layers on the single pad 

detectors as well as on the Medipix 1 and 2 devices.  
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The deposition was done by spraying the detector surface with a mixture of LiF powder, 

distillated water and glue. The glue was polyvinyl alcohol
12

 which contains 90% of a 

dissolvent. The final mixture of the neutron converter on the detector surface consists of 95% 

of LiF powder and 5% of the dry glue. The mixture for spraying consisted of 500 mg of the 

LiF powder, 263 mg of the glue and 5 ml of distillated water. 

The spraying of the detectors was done using an air brush. The converter layer was deposited 

in many steps and in between each step the new layer was left to dry. To speed up the drying 

the sample was heated with an infra-red lamp. 

3.2.6 Filling of pores with powders 

The 3D structures (the pores in neutron detectors) are of a couple of micrometers in size and 

the depth can be up to 300 m or more. To fill such pores with a neutron converter which is 

usually in the form of powder was not a trivial task. Different filling procedures were tested 

during the research of this problem. One approach was based on an ultrasound ―shakedown‖ 

of powder grains into pores. Though, the grains of LiF or BaSO4
13

 of size less or about 

micrometer got electrostatically charged and did not enter the tiny pores. Another approach 

tested at AST
14

 was knocking down the powder into pores by a brush. This technology is able 

to fill the pores, but the final converter density is not very high (from 0.5 to 0.8 g/cm
3
 of LiF). 

However, it is suitable for gentle and fragile samples which do not sustain high pressures. 

The technology which proved to be acceptable was a technique of high pressure filling. The 

procedure is shown in Fig. 77. The chip with pores is placed on a flat support slab. Then the 

converter powder is poured on the chip and covered with foil. A lead hob is placed On top 

and fixed with a tape. Then a force of about 80 kN is applied. The lead hob helps to distribute 

the pressure uniformly over the sample and prevents cracking of the sample. 

 

Fig. 77 Procedure of high pressure pores filling 

The converter powder filled by such method is very compact and does not need any further 

passivation, even though it might be necessary if any other technological steps in a clean 

                                                 

12
 The chemical formula is (-CHOHCH2CHOH-CH2-)n 

13
 Barium sulfide has a higher Z and therefore is better visible using X-rays than Li. The powder has similar 

granularity, properties and is cheaper than LiF and therefore was used for tests of the filling procedure. 
14

 Advance Scintillation Technologies 

Empty pores 
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room will follow. The filling stability was tested by placing the samples into a vacuum 

chamber.  

 

Fig. 78 Test of the filling under vacuum. a) is before evacuation and b) after the evacuation. 

The pore size is 39 m and depth of pores is 150 m. 

 

Fig. 79 Macro-photography of samples filled using the high pressure technology. The pore 

size is 39 m and depth of pores is 150 m. 

 

Fig. 80 X-ray radiograms of filled structures. In the case of a LiF sample there is a higher 

noise caused by lower Z of the material and therefore also lower contrast. From the 

average attenuation was estimated the depth of pores filling 150m. The pore size is 

39 m and depth of pores is 150 m. 

There was no visible damage of the filling (Fig. 78). The Fig. 79 shows the top and side view 

of a broken sample after filling. It shows that the filling is uniform and the full depth of pores 

was filled (150 m). 

X-ray radiography was used to check if the pores are fully filled over the whole sample. The 

radiograms are in Fig. 80. The X-ray images also confirm that the pores were fully filled 

across the whole sample. 

LiF BaSO4 

 
 LiF  

BaSO4 

BaSO4 

BaSO4 

a) b) 
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4 Bulk neutron detectors 
As mentioned many times before in this work, neutrons cannot be detected directly in most 

semiconductors. However, there are few exceptions such as CdTe or the new types of 

semiconducting composite materials based on LiF
15

 or BN. Such materials were also tested in 

our lab as a part of this PhD. work. This research is at the very beginning at the moment, but 

the first results can be already presented. 

CdTe detectors have a high Z and hence they are being developed for X-ray, gamma detection 

and imaging. However, the natural Cd contains also 
113

Cd which has a high cross section for 

thermal neutron capture. Products of this reaction are gamma photons and conversion 

electrons. Even though this material can have a quite high sensitivity to thermal neutrons, it is 

not well suitable for imaging due to long ranges of the neutron capture reaction products. 

Similarly to the CdTe are the BN or LiF based composite materials sensitive to thermal 

neutrons inside their bulk. The thermal neutron capture products in these materials are heavy 

charger particles. Hence, the ranges of particles are not as long as in the case of CdTe and 

these materials are very suitable even for imaging. A drawback of these materials is a 

necessity of a high voltage bias (of about 300 to 1000V). The next disadvantage is quite low 

amplitude of signals which require high amplification. Occasional discharges in the material 

moreover create a constant background and noise. Advantage of these materials is their high 

detection efficiency, cheap fabrication and possibility to create a very large thermal neutron 

sensitive surfaces. 

4.1 CdTe devices 

A CdTe detector bump-bonded on a Medipix2 device was tested for thermal neutron detection 

and imaging [27]. Due to the high neutron capture cross section of 
113

Cd is a 1 mm thick 

CdTe sensor almost opaque for thermal neutrons. When a neutron is captured by a Cd nucleus 

a 558 keV photon is emitted and about 3% of photons are converted to electrons of the same 

energy by the internal conversion mechanism.  

4.1.1 Simulations of the spatial resolution of CdTe sensor on the Medipix2 device 

The interactions of gamma photons and conversion electrons generated by the captured 

neutron in the CdTe sensor were simulated using MCNP. A pencil beam of thermal neutrons 

hitting the surface of a thick CdTe crystal perpendicularly was simulated. The crystal volume 

was divided to pixels (55 x 55 m
2
). Gammas and electrons were generated along the path of 

the neutron beam with exponentially decreasing intensity. A track of each gamma or electron 

in the CdTe sensor was simulated. Energy losses in each pixel were compared with a 

threshold value. If the deposited energy in one pixel was higher than the threshold value, the 

particle was detected and the count of events in the given pixel was incremented. 

Firstly, the gamma interactions were simulated. 10000 photos with energy of 558 keV were 

generated as describe before. Tracks of gammas in the CdTe crystals are shown in Fig. 81a. 

The resulting point spread function (PFS) of responses in pixels is shown in Fig. 81b. The 

corresponding line spread function (LSF) is shown in Fig. 82. The resulting spatial resolution 

can be expressed in terms of Full Width at Half Maximum (FWHM) of the line spread 

function. The resolution obtained by simulation of the gamma interaction in CdTe is 480 m. 

 

                                                 

15
Note: in spite of the other detectors described in this work these devices use the LiF as their bulk material and 

the signal is extracted directly from this material. 
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a)  b)  

Fig. 81 a) the simulated tracks of 558 keV gammas in CdTe, b) the simulated point spread 

function of signal generated by gammas with energy of 558 keV. The size of bins in the 

histogram is equal to the size of Medipix2 pixels (55 m). 

 

Fig. 82 The simulated line spread function (LSF) obtained with gammas from the neutron 

capture. The resulting spatial resolution expressed in terms of FWHM of the LSF is 

about 480 m. 

Secondly were simulated interactions of the conversion electrons (Fig. 83a). These electrons 

also have energy of about 558 keV. Under the same conditions of the simulation as in the case 

of the gamma interactions were obtained PSF (Fig. 83b) and LSF. The resulting spatial 

resolution (FWHM of LSF) was 200 m. 
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a)  b)  

Fig. 83 a) the simulated tracks of 558 keV electrons in CdTe, b) the simulated point spread 

function of signal generated by conversion electrons with energy of 558 keV. The size 

of bins in the histogram is equal to the size of Medipix2 pixels (55 m). 

 

Fig. 84 The simulated line spread function (LSF) obtained with conversion electrons. The 

resulting spatial resolution expressed in terms of FWHM of the LSF is about 200 m. 

 

Fig. 85 LSF of the linear combination of the gamma and conversion electron channels of 

thermal neutron detection. The device is 1 mm thick CdTe detector divided into 

55x55 m pixels. 

Both these types of interactions are present in the real device. Therefore, the overall spatial 

resolution can be estimated using a linear combination of both channels of neutron detection 

(through the gamma and the conversion electron). Weight coefficients of the linear 

combination are given by probabilities of each process. The combined LSF is shown in 

Fig. 85. The estimated spatial resolution is about 320 m, i.e. ~6 pixels. The estimated overall 

Full area=19.6% 

Peak area=8.1% 



66  Bulk neutron detectors 

 

detection efficiency is about 20%, but the detection efficiency only of about 8% was 

measured
16

.  

4.1.2 Measurements of the spatial resolution of CdTe sensor on Medipix2 device 

A Medipix2 device with a 1 mm thick CdTe sensor was tested at the horizontal channel of the 

LVR-15 nuclear research reactor (the same beam which was used for many other 

measurements presented in this work). The neutron beam flux was about 10
7
 cm

2
s

-1
. 

An edge response function of the detector was measured by projecting a straight 1 mm thick 

Cd edge. The result is shown in Fig. 86 and Fig. 87. 

 

Fig. 86 Comparison of the simulated (red) and measured (black) edge response function. 

 

Fig. 87 The line spread function obtained by numerical differentiation of the edge response 

function. The resulting (measured) spatial resolution is 445 m (in terms of FWHM of 

LSF). 

The resulting measured spatial resolution is of 445 m (8.1 pixels) in terms of FWHM of LSF. 

This is not an encouraging result when compared with a planar silicon device covered with a 

LiF converter. The spatial resolution of such device is at a level of 108 m (see section 2.3 

―Adaptation of Medipix detectors for neutron radiography‖). 

Examples of images of real samples are in Fig. 88 and Fig. 89 including comparison with 

images obtained with the Medipix2 device bump-bonded on a Si chip covered with the LiF 

thermal neutron converter. 

                                                 

16
 Detection efficiency of a planar silicon device covered with the LiF thermal neutron converter is from 3 to 5%. 
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Fig. 88 A photograph and comparison of thermal neutron radiographic image of a fish head 

taken with the Medipix2+CdTe detector and Medipix2+Si detector covered with 
6
LiF 

thermal neutron converter. 

 

Fig. 89 A photograph and comparison of thermal neutron radiographic image of a fish head 

taken with the Medipix2+CdTe detector and Medipix2+Si detector covered with 
6
LiF 

thermal neutron converter. 

4.2 Composite devices 

The devices consist of boron nitride polycrystalline grains which are imbedded in a binder. 

Similar composite polycrystalline HgI2 detectors were already successfully used for X-ray 

detection [28], [29] and [30]. The LiF based devices are prepared the same way, i.e. LiF 

grains are mixed with the binder. However, these devices were not tested yet in our laboratory. 

Nevertheless, the results of Prof. Schieber’s group are indicating similar properties to the BN 

devices.  

The composite BN or LiF detectors can reach high detection efficiency because the neutron 

converting material is directly embedded in the detector body. A further advantage is in 

possibility to fabricate them in large areas (dozens of square centimeters or more). 

Composite BN detectors samples which consist of BN hexagonal lattice crystals with a size of 

about 10 m embedded in a polystyrene binder matrix were tested. The thickness of these 

devices ranges from 80 m to ~1 mm with an area of the top circular graphite (Aquadag) 

contact of about 2.3 mm
2
, 6 mm

2
 and 16 mm

2
. The composite detectors are deposited on Al or 

Cu plates which create the bottom contact. The boron used in the device is of natural 

composition, i.e. 19.8% of 
10

B and 80.2% of 
11

B. However, due to the polystyrene content is 

the effective amount of 
10

B in the device reduced to about 10% (atomic fraction). 

Initially, the samples were tested with alpha particles from 
241

Am. The irradiation was done in 

air from a distance of 7 mm. Examples of obtained spectra are in Fig. 90 and Fig. 91. The 

CCE (Charge Collection Efficiency) and thus the alpha peak position are dependent on the 

applied bias. The dependency of the peak position on the bias voltage is in Fig. 92 for samples 

80 m and 200 m thick. 

CdTe Si+
6
Li 

CdTe Si+
6
Li 
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Fig. 90 Pulse height spectrum obtained with a device 80 m thick biased to 1000 V (polarity 

set for the hole collection) and illuminated by alpha particles from 
241

Am. The top 

aquadac contact was of 6 mm
2
. 

 

Fig. 91 Pulse height spectrum obtained with a device 200 m thick biased to 1000 V (polarity 

set for the hole collection) and illuminated by alpha particles from 
241

Am. The top 

aquadac contact was of 6 mm
2
. 

 

Fig. 92 Dependency of the 
241

Am alpha peak position as a function of applied bias. The 

samples were 80 m and 200 m thick, the top contact was of 6 mm
2
. 
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It would appear from Fig. 90 to Fig. 92 that the CCE and therefore also separation of the peak 

from the noise, is better in the case of a thinner device. The electric field intensity is higher 

for the thinner device when the same bias is applied. As will be shown later, the smaller 

thickness does not have to be a disadvantage because even thin BN device can provide rather 

high detection efficiency if made of B enriched in 
10

B. 

The measurements with neutrons were performed again at the horizontal channel (neutron 

guide) of the LVR-15 nuclear research reactor at the NPI. Thanks to the neutron guide which 

deflects thermal neutrons from their original direction is the thermal neutron beam virtually 

free of the gamma background and the beam is also well parallel. The samples were irradiated 

with this beam perpendicularly to their surface. The signals from the detector (the bias 

polarity was set for hole collection) were processed using a standard alpha spectroscopic 

electronic chain consisting of a charge sensitive preamplifier optimized for radiation detectors 

with a very low leakage current, a linear amplifier with a shaping time adjusted to 0.5 s and 

an ADC controlled by PC. The pulse height spectra measured in the beam of thermal neutrons 

are shown in Fig. 93, Fig. 94 and Fig. 95. 

The obtained results are rather promising. The measurement proved usability of the composite 

BN devices for thermal neutron detection. The detectors exhibit a rather good signal to noise 

ratio of ~38 for 1 mm thick device (6 mm
2
 top contact) biased at 450V. The samples with 

thickness of 200 m exhibit even better SNR of ~211 at bias voltage of 500 V and ~84 at 

1000 V. The rise of bias voltage from 500 to 1000 V increased the overall count rate 1.7 times 

and noise 5.7 times. The noise is probably generated by discharges in the bulk material. 

The model of signal generation in the composite devices is not yet fully understood. The 

upcoming experimental work will be focused on understanding it better. The technological 

development will be focused on further reduction of the noise and on reduction of the bias 

voltage which is necessary to generate a sufficient signal. Properties of a BN detector attached 

to a Medipix-2 imaging readout chip [16] will be studied as well. 

 

Fig. 93 Pulse height spectrum (squares) obtained with a device 1 mm thick biased to 450 V 

and illuminated by thermal neutrons. The top aquadag contact was of 6 mm
2
. The 

second plot represents the response of the device when placed out of the neutron beam 

(triangles). The resulting SNR is at a level of ~38. 
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Fig. 94 Pulse height spectrum (squares) obtained with a device 200 m thick biased to 500 V 

and illuminated by thermal neutrons. The top aquadag contact was of 6 mm
2
. The 

second plot represents the response of the device when placed out of the neutron beam 

(triangles). The resulting SNR is at level of ~211. 

 

Fig. 95 Pulse height spectrum (squares) obtained with a device 200 m thick biased to 1000 V 

and illuminated by thermal neutrons. The top aquadag contact was of 6 mm
2
. The 

second plot represents the response of the device when placed out of the neutron beam 

(triangles). The resulting SNR is at level of ~84. 

A MCNP simulation was done to predict the detection efficiency of BN based detectors with 

natural abundance of 
10

B [31]. The density of BN grains is 2.27 g/cm
3
 which correspond to 

the hexagonal crystal lattice. The BN was uniformly mixed with such amount of polystyrene 

that the abundance of 
10

B decreased from 19.8% to 10% (atomic fraction). The Tab. 1 shows 

some of the MCNP calculation results. One can see that at similar dimensions the natural 

composite BN detector is far more efficient than the commonly used 
3
He detectors. Even at 

3 atm of 
3
He pressure in a cylinder of 1 inch diameter the detection efficiency is only ~64 % 

compared with 88.6 % of the 1 mm thick composite BN detector. 
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Detector Dimensions 

Captured 

neutrons 

[%] 

Composite BN 

(10% 
10

 B) 

6 mm
2
 x 1mm 

thick 
88.6 

3
He, 2 atm.  

press 

6 mm
2
 x 1mm 

thick 
2.6 

3
He, cylinder, 

2 atm.  pressure 
Ø 2.54 cm x 1 cm 49.2 

3
He, cylinder, 

3 atm.  pressure 
Ø 2.54 cm x 1 cm 63.7 

Tab. 1 Comparison of a BN detector with 
3
He detectors of different sizes and 

3
He 

pressures. The values are results of an MNCP simulation. All detectors were 

irradiated with a parallel beam of thermal neutrons (0.025 eV). In the two 

first cases the beam was perpendicular to the surface to compare similar 

detector geometries. In the two last rows the beam was perpendicular to the 

cylinder axis, because it is a typical direction of irradiation of these detectors. 

The Fig. 96 shows attenuation of a parallel thermal neutron beam in a pure hexagonal lattice 

BN crystal with the natural abundance of 
10

B (19.9%) and BN with natural abundance of 
10

B 

reduced to 10% due to presence of the binder in the composite BN. The 1 mm thick pure BN 

crystal absorbs 98.5% of all thermal neutrons passing through the device whereas a 1 mm 

thick composite BN neutron detector absorbs 88.6 % of them. 

 

Fig. 96 Attenuation of thermal neutrons in BN hexagonal crystal which contains a natural 

abundance of 
10

B (19.8%) compared to neutron attenuation in a composite BN 

detector. The composite BN detector contains effectively 10% (atomic fraction) of 
10

B. 

One can expect a decrease of noise and improvement of charge collection efficiency in case of 

thinner devices. Hence, the similar simulation was performed for detectors of about 200 m 

thick. Even such a thin composite BN detector can still provide theoretical maximum 

detection efficiency at the level of 35 %. It is still reasonable value with respect to 
3
He based 

devices which must have much larger dimensions to reach the same detection efficiency. 

Obviously, a thin BN detector will be less sensitive to background radiation, commonly 

composed of gamma rays and energetic electrons. 
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5 Conclusion 
A wide spectrum of research and development (R&D) has been done on the thermal neutron 

detectors within this PhD. work. The work performed by the author covers the whole detector 

development process starting from the simulations, going through detector fabrication and 

ending with the detector characterization, testing and also application. 

Not all equipment necessary for such research is accessible in the Czech Republic. Therefore, 

each part of the project had to be done in close collaboration with partners from many other 

institutions and countries. The work can be further divided into three main areas:  

5.1 Planar devices and imaging 

The planar semiconductor devices were firstly studied in the form of single pad devices which 

allowed validating the simulation software. The software was later used for the prediction of 

3D detector properties and their optimization. Secondly, the planar thermal neutron detectors 

were studied in conjunction with the Medipix-1 and 2 imaging detectors. These devices 

exhibited excellent imaging properties – spatial resolution well comparable with the best 

devices currently used in the world. The Medipix detectors also provide an unlimited dynamic 

range and effective background suppression. The limitation of these devices can be for some 

applications their relatively low thermal neutron detection efficiency (less than 5%) which 

leads to longer exposure times. 

a)  b)  

Fig. 97 Neutron radiography images of a wrist watch and a child vertebra taken with 

Medipix-2 Quad detector. See section 2.3.3.3 for details. 

5.2 3D devices 

The limited detection efficiency can be increased by introduction of 3D structures into the 

semiconductor detector. The simulations predicted a significant increase of the detection 

efficiency by these structures. The detection efficiency can rise from less than 5% in the case 

of the planar devices to more than 30% in the case of the 3D detectors. The charge collection 

efficiency in pillars and walls with thicknesses of 10 m and height of 80 m was measured. 

The measurement proved that even such tiny silicon elements can detect alpha particles 

efficiently and thus can work in the 3D devices too (the neutron detection is done through 
6
Li(n,)

3
H reaction). 

Based on theses encouraging results were proposed and fabricated samples of 3D structures. 

Devices with the surface increased by inverted pyramidal dips were fabricated in the first step 

(semi-planar devices). These devices were tested on neutron detection and the results 

compared with simulations. Again, the measurements confirmed the correctness of the 

simulation software. 
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Full 3D samples were fabricated in the next step. The author of this PhD. thesis participated in 

the sample fabrication in the clean room of the Mid Sweden University in Sundsvall. The 

samples were fabricated using the electrochemical etching. This etching technology had to be 

adapted for this application. The adaptation was part of the work as well. 

Finally, the fabricated 3D structures were again successfully tested on the thermal neutron 

detection. The tests proved functionality of such detectors, even though there are still issues 

which have to be solved. The topic for the further R&D is mainly an effective passivation of 

the pore surfaces to reduce the leakage current and also to prevent the neutron converter to get 

in contact with the bare silicon. 

a)   b)  

Fig. 98 Array of pores of ~40 m wide pores created by DRIE technology (b) and by 

electrochemical etching (b) in silicon. See section 3.2.2.1 and 3.2.2.2 for details. 

5.3 Bulk detectors 

The last investigated devices were ―bulk‖ detectors of neutrons. Contrary to the previously 

mentioned devices is the bulk material of these detectors sensitive to neutrons. The nuclei 

which can absorb neutrons are imbedded in the detector material. The tested detectors were 

based on CdTe semiconducting material and composite BN. The CdTe devices did not turn 

out to be suitable for neutron detection and imaging in particular. Their detection efficiency is 

not too much higher than of the competitive detectors. The relatively long range of neutron 

capture products (gammas and conversion electrons) prevents these devices achieving a good 

spatial resolution if applied on an imaging detector. Moreover, the gamma background 

suppression would be problematic. 

The BN composite detectors contrary to the CdTe are very promising for neutron detection. 

They can provide very high detection efficiency (up to almost 100% for thermal neutrons). 

The spatial resolution of the detector if applied on an imaging chip should be in principle 

comparable with the planar silicon detectors. The gamma background suppression is also 

efficient and these devices can be produced in large areas. 

First prototypes of the BN composite detectors were successfully tested on the neutron beam 

as well. They require a high voltage and high signal amplification, though. The signal is often 

followed by discharges which produce noise. Further work will be focused on solving these 

problems. 

 

Development of all these types of detectors leads towards effective neutron imaging detectors 

which are gaining importance in industry, research, security and other areas. Application of 

the 3D and bulk detectors on Medipix imaging readout chip is the further step of the R&D. 
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8 Appendix 1 – Simulation package 
A particular MC simulation software package has been developed for the purposes of 3D  

thermal neutron detector R&D. The package combines three main codes: 

1) MCNP – simulation of neutron transport [32], 

2) TRIM/SRIM – calculation of heavy charged particle ranges and stopping power [33], 

3) MCRID – code written in C++ which combines outputs from the two previous codes, 

simulates deposition of energy, calculates pulse height spectra and detection efficiency. 

The generation of input files for the simulation has been automated using variety of Perl 

scripts which prepare geometry definitions particularly for MCNP. Definition of the whole 

simulated problem is described in one input file. The information from the input file is used 

by scripts to generate the MCNP input and it is also used as an input in the MCRID code. 

8.1 Simulation procedure 

The Fig. 99 shows data links between all three codes used for the simulation. MCNP calculate 

coordinates where a neutron was captured within the simulated detector. The coordinate of the 

neutron capture is sent to the MCRID code which checks whether the neutron was captured 

inside the neutron converter. If it is inside the converter then it randomly samples direction of 

heavy charged particles flight
17

. MCRID picks an appropriate Bragg curve for the given 

particle from a database of ion stopping power. The database data were calculated using 

TRIM/SRIM. Then it stores information about ionization into appropriate cells (Fig. 100a) 

along the path of the particle (Fig. 100b).  

 

Fig. 99 Data links between simulation programs and dataflow. MCNP simulates the neutron 

transport and provides information about neutron interaction coordinates. MCRID 

uses this information together with data of the ion stopping power for further 

calculation of energy deposition by heavy charged particles in the detector. 

If the heavy charged particle flies through the detector sensitive volume the information of the 

overall deposited energy is stored also into an energy spectrum. The detection efficiency is 

calculated as well. 

                                                 

17
 Alpha particle and triton from the neutron reaction on 

6
Li always fly in opposite directions. It is isotropically 

distributed to all directions. The same is true for 
7
Li and alpha particle from the neutron reaction on 

10
B. 

Neutron transport 
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Ion stopping power 
(TRIM/SRIM) 

Energy deposition 
(MCRID) 

Bragg curve shape 
(offline data) 

Neutron capture 

coordinates (online data) 
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a)  b)  

Fig. 100 a) Example of a simulated geometry. It is a cylindrical pore surrounded by silicon. 

The whole device is virtually divided into cubes/cells (blue color in the figure). Each 

cell contains information about the amount of deposited energy. 

b) Illustration of the energy deposition calculation – information about the ionization 

by heavy charged particles is stored into cells along the particle path.  

8.2 Problem definition file 

This section contains a brief description of the simulation input file. It will be explained in the 

following example file. Each line of the example is numbered and described further in the text. 

 
(1) ##### PARAMETERS FOR 3D-RID DETECTOR SIMULATION #### 

 
(2) ################ TYPE OF GEOMETRY ################## 

 

(3) geomType=1 #type of geometry - cylinder ... geomType = 0 / planar ... geomType = 1 / cylinders array ... geomType = 2 
/ box ... geomType = 3 / box array ... geomTypE = 4 

(4) array=0 #whether the detecting array is simulated (1) or not (0) 

 
(5) ################ ARRAY PARAMETERS ################## 

 

(6) xPixelCount=1 #number of pixels in the x-direction 
(7) yPixelCount=1 #number of pixels in the y-direction 

(8) detDist[1]=(1,1)  #detailed distribution of dep. energy - coordinates of pixel 

(9) detDist[2]=(32,32) 
(10) detDist[3]=(16,16) 

 

(11) ##### DIMENSIONS OF SENSITIVE VOLUME/DETECTOR ###### 
 

(12) xSiWidth=20000 #[mikrom] 

(13) ySiWidth=20000 #[mikrom] 
(14) zSiWidth=50 #[mikrom] 

(15) convHeight=25 #converter height [mikrom] (only with geom=planar) 

(16) diam=1 #cylinder diameter [mikrom] (only with geom=cylinder) 
(17) convXWidth=30 #converter x size [mikrom] (only with geom=box) 

(18) convYWidth=30 #converter y size [mikrom] (only with geom=box) 

(19) planarConv=0 #[] converter on the top of the structure (for all geometries but planar) 

(20)  #if planarConv=0 then planar converter is off 

(21)  #now only for box array (geomType=4) 

(22)  #one must take to account value of zStep, which must devide sensitive volume and also the planar 
converter into 

(23) insensLayer=.9 #[um] thickness of the insensitive layer between the converter and detector (now works only for the planar 

geometry) 
(24) pileUp=0.05 

(25) cceInnerSize=1605  #[um] for planar geometry - defines square in the middle of detector with the  

(26)  #highest CCE. This is half of the rim!!! I.e. the square size is 2 x cceInnerSize 
(27) cceRimSize=995 #[um] area were the CCE is decreasing after the inner part. CCE decreases linearly from 

(28)  #cceMax (inside the inner square) to cceMin on the edge of the rim. Then is CCE=0 

(29) maxCCE=1 
(30) minCCE=1 
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(31) ########## DIMENSIONS OF INLINED CELLS ############# 
 

(32) mcnpGrid=0 #switches on (1) and off (0) grid inside the converter used for neutron capture data storage 

(33)  
(34) xGridWidth=10880.0 #[mikrom] 

(35) yGridWidth=10880.0 #[mikrom] 

(36) dx=10880 #[mikrom] 
(37) dy=10880 #[mikrom] 

(38) dz=25 #[mikrom] 

 
(39) ############# SHIELDING OBJECT DEFINITION ########### 

 

(40) shObject=0 # 0 = off, plate, cylinder, sphere 
(41) objectXPos=0 #[um] possition of the object - meaning of the variable is different for each object type 

(42) objectYPos=0 

(43) objectZPos=0 
(44) objectVar1=1200 #[um] object specific variable - in the case of plate it's a thickness 

(45) objectVar2=0.895174 #[degree] for the plate it's a angle in which is the plate rotated around z axis (so the edge isn't planparallel 

to pixels 
 

(46) ##################### MATERIALS ##################### 

 

(47) materialDatabase=materials.dat #file with material records 

(48) objectMat=air #material of irradiated object  

(49) objectSurMat=air #material of irradiated object surroundings 
(50) converterMat=LiF #material of the converter 

(51) sensVolMat=Si #material of the sensitive volume 

(52) SiDens=2.3 #g*cm^-3 
(53) LiFDens=2.00 #g*cm^-3 

(54) LiEnrich=0.9 #[-] enrichment of LiF with 6Li (the rest is 7Li) 

(55) #BDens=2.00 #g*cm^-3 boron compound density 
(56) #BEnrich=0.8 #[-] enrichment of LiF with 6Li (the rest is 7Li) 

 

(57) ############## NEUTRON SOURCE DEFINITION ############# 
 

(58) xSrcPos=0 #[mikrom] 

(59) ySrcPos=0 #[mikrom] 
(60) srcInRad=0 #[mikrom] 

(61) srcOutRad=7400 #[mikrom] 

(62) srcEng=0.025 #[eV] 
(63) maxwell=1 #0/1 ... use or not Maxwell - Boltzman distribution (if 1 then kT used and srcEng ignored) 

(64) kT=0.0253 #[eV] 

(65) unidir=1 #=1 ... all neutrons from source have the same direction 
(66) emax=30 #[MeV] ... maximum neutron energy in the problem (see phys card in MCNP doc) 

(67) aCapture=0 #[MeV] ... boundary above which neutrons are treated with implicit capture 

(68) usephys=1 #1/0 if use the phys card in input file (and emax and aCapture values) or prefer default vaules of MCNP 
(69) nps=10000000 #number of neutrons from the source 

(70) ptrac=1 #use (1) ptrac option in mcnp or not (0) 

 
(71) ##################### MCRID CONTROL DATA ###################### 

(72) ########################## GENERAL ############################ 

 
(73) update=18000 #period of graphs updating (number of genereted particles - pairs) 

(74) onlyOne=0 #calculates only one pair of alpha+triton 
(75) skipTo=0 #skips lines from the begginig of the input file 

(76) skipFrom=9999 #skips lines from to the end of the input file 

(77) ignoreConv=0 #sets if ignore storing data deposition in converter (LiF) 
(78) ignoreZeroLines=0 #sets if ignore saving lines (cells) with zero deponed energy to output file 

(79) cellTreshold=2.7e6 #[eV] treshold below which particle isn't counted to the cell 

 
(80) #################### REACTION SETTINGS ##################### 

 

(81) #reaction is chosed based on density - which material of converter is set there 
(82) reactionEnergy=4.73 #[MeV] 

 

(83) ######################### PLOTTING ############################ 
 

(84) histPos[1]=detector 

(85) histPos[2]=sensVol 
(86) histPos[3]=partType 

(87) histPos[4]=zDistrib 

(88) histPos[5]=single_detector 
(89) histPos[6]=spectrum 

(90) histParams{detector}=energy 

(91) histParams{sensVol}=counts 
(92) histParams{layers}=logY 
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(93) histParams{zDistrib}=linY 
(94) histParams{spectrum}=logY 

(95) histParams{partType}=linY 

 
(96) #################### CUBIC NET PARAMETERS ################## 

 

(97) cubicNet=1 # 1=on/0=off 
(98) xSize=20000 #[um] ... this is size of ONE PIXEL in the case of detector arrays (do not use the size of the whole device) 

(99) ySize=20000 #[um] ... this is size of ONE PIXEL in the case of detector arrays (do not use the size of the whole device) 

(100) zSize=75 #[um] 
(101) xStep=10 #[um] 

(102) yStep=10 #[um] 

(103) zStep=0.1 #[um] 
 

(104) #following values have a higher priority than xStep, yStep and zStep. It means that if the variables below are present, then the steps 

(105) #are calculated using these values. If the planar converter above box structure is chosen, then the zStep is calculated from  
(106) (zSize+planarConv/density*10)/noZStep) 

(107) #It is necessary to remeber, that the edge between the converter and the silicon must not be inside of the layer of cells!! 

(108) noXStep=100 #[-] number of steps in x direction 
(109) noYStep=100 #[-] number of steps in y direction 

(110) noZStep=750 #[-] number of steps in z direction 

(111) xNetPos=0 

(112) yNetPos=0 

 

(113) ################## TALLIES NET PARAMETERS ################### 
 

(114) tallies=0 # 1=on/0=off 

(115) tallySpheres=0 # 1=on/0=off 
(116) tallyDiam=2 #[um] ... diameter of tally spheres 

(117) numOfLayers=40 #[-] ... integer! 

 
(118) ################### MEDICI ################### 

 

(119) elHlPairEng=3.61 #[eV] energy necessary for electron-hole pair creation 
(120) pairsPerNPS=1 #determines if the data will be stored per nps or not 

 

Line Description 

3 Selection of the geometry type. Available are single cylinder, planar geometry, 

array of cylinders, single box and array of boxes 

4 Switches on and off the array 

6,7 Number of cells in the array  

8-10 Settings of the plot details 

12-14 Outer dimensions of the simulated structure
18

 

15 Height of the neutron converter in the case of planar structure 

16 Diameter of the cylinder in the case of the appropriate geometry 

17,18 Size of the square pores 

19 Thickness of the planar converter which is placed on top of the 3D structure 

23 Thickness of an insensitive layer between the converter and sensitive volume – 

only in the case of planar structure 

24 Relative number of pile-up events in the simulation 

25-30 Definition of the reduced charge collection efficiency in the rim of the planar 

geometry 

32 A parameter which can switch on the division of the structure into a mash of 

boxes in the MCNP input. (recommended is to switch the net off) 

34-38 Setting of the net – must correspond with data in lines 12-14 

40-45 Definition of an object which can cover the detector from the top. 

47 Name of the file which contains the definition of materials for MCNP. 

48 Material of the shielding object. 

                                                 

18
 Units of each variable are indicated in the example. 
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49 Material of the surrounding of the shielding material. 

50 Material of the converter. 

51 Material of the detector. 

52 Density of the sensitive material. 

53 Density of the neutron converter (LiF). 

54 Enrichment of the neutron converter (LiF). 

55 Density of the neutron converter (B). Note: it is commented out. 

56 Enrichment of the neutron converter (B). 

58-61 Position and dimensions of the neutron source 

62 Mean energy of neutrons from the source. 

63 Type of the neutron energy distribution from the source. 

64 Temperature of neutrons for the Boltzman neutron energy distribution. 

65 Switch on a parallel beam of neutrons. 

66 Maximum energy of neutrons in the problem (see the MCNP manual for details). 

67 Analog capture switch (see the MCNP manual for details). 

68 Phys card switch (see the MCNP manual for details). 

69 Number of neutrons generated from the source. 

70 Determines if the PTRAC file/stream will be generated or not. It must be 

generated if the neutron capture information are used for MCRID. 

73 Refresh rate of plots during the simulation 

74 If 1 then only one particle is generated – this function is useful for debugging 

purposes. 

75-76 Skipping of lines in the file/stream of neutron captures. 

77 Ignoring the energy deposited in the converter. 

78 If 1 then lines with cells without any deposited energy are not stored in the output 

file. 

79 The energy threshold for cells. 

82 The overall reaction energy (heavy charged particles). 

84-95 Settings of plots. 

97-112 Parameters of the inline mesh of cells into which information about deposited 

energy is stored. These values must correspond to dimensions of the whole 

structure. 

114-117 Parameters of tallies in the MCRID code – obsolete. 

119-120 Parameters for Medici data stream. 

An example of the file containing the material definitions: 
 

cadmium 48000 1 $ Cd density=7.14 g/cm3 

air 8016 0.21 7014 0.79 $ air density=0.00062 g/cm3 

8.3 MCNP inputs 

MCNP input file is generated from the general input file using the crin.pl script. 

8.4 TRIM/SRIM calculations 

The TRIM/SRIM code was run manually for different combinations of heavy charged 

particles and target materials. The output file containing data of ionization per unit of distance 

along the particle flight were used as a database of ionization for MCRID as mentioned before. 

For details about running the TRIM/SRIM see the TRIM/SRIM documentation. 
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8.5 Running the code 

In order to run the code a named pipe has to be created first. This can be done by the unix 

command: 

 

mkfifo pipe 

 

where ―pipe‖ is the name of the pipe. Then the MCNP input file must be generated using the 

―crin.pl‖ script. To run it type: 

 

./crin.pl inputdatafile.in mcnpin geomfile 

 

where ―inputdatafile.in‖ is the input file described before, ―mcnpin‖ is the input file for 

MCNP and ―geomfile‖ is a file containing the geometry definition. 

Now can be run the MCNP code: 

 

xterm –e mcnp i=mcnpin ptrac=pipe & 

 

This command will run the MCNP code in a separated terminal window (assuming running 

under unix X windows environment). This way can be the MCNP code better under control. 

The mcrid code can be run next: 

 

./mcrid –i pipe –c inputdatafile.in –o mcridout –g 

 

where ―pipe‖ is the named pipe, ―inputdatafile.in‖ is the input date file and ―mcridout‖ is the 

base name for the output files. If the switch ―-g‖ is present the plots will be shown during the 

simulation. For the list of possible other switches type: 

 

./mcrid –h 

 

The code generates a couple of files. Most of them are useful for the code debugging purposes. 

The overall results of energy distribution and detection efficiency are stored in the file with 

name given after the ―-o‖ command. This file is without an extension. The file with the 

extension ―.spc‖ contains spectra of the deposited energy including spectra deposited by each 

type of the heavy charged particle. Description of the file format is always part of the output 

file. 
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9 Appendix 2 – Keithley SourceMeter control software 
The measurements of composite detectors required a slow ramping of high voltage (up to 

1100 V) in order to protect the very delicate charge sensitive preamplifier. The voltage 

increase rate could not be faster than ~1 V/s. New software was written to control the 

Keithley 2410 SourceMeter via RS-242 to avoid manual voltage ramping. The software 

allows settings of the final bias (combo box: ―Final bias [V]‖ in Fig. 101), bias step size 

(―Bias step [V]‖) and the time between each step (―Time step [s]‖). It also monitors the 

current increase after each voltage increase. If the increase is higher than the given value 

(―Max curr delta [nA]‖) it stops the ramp and waits till the current drops below the allowed 

value. The overall current limitation can be set as well (―Max curr [nA]‖). The final bias can 

be set to any value between -1100 V and 1100 V. 

 

Fig. 101 Main window of the Keithley 2410 SourceMeter control software. Black charts are: 1) 

voltage vs. step monitoring, 2) current vs. step monitoring, 3) voltage vs. current plot 

 

Fig. 102 COM port setting communication dialog filled up with parameters default for 

communication with the Keithley 2410 SourceMeter device (except the COM 7 port 

which depends on ports available on used PC). 

1 

2 
3 
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The function of buttons in the ―Bias ramp control‖ section in Fig. 101 is: 

Button Function 

BIAS ON Starts the voltage ramp. 

BIAS OFF Turns of the voltage output. 

PAUSE Temporarily stops the voltage ramp. 

STOP Stops the voltage ramp. 

Reset Resets the SourceMeter device. 

Go to bias 0V Automatically goes to zero voltage. 

The ―Measurement control‖ section in Fig. 101 contains the start/stop button for voltage and 

current monitoring which can be used when no voltage ramp is running. The data refresh 

timing can be set as well. 

The last section ―Device communication control‖ contains buttons to connect and disconnect 

from the given COM port. Parameters of the RS-242 communication can be set in a dialog 

(Fig. 102) which can be found in the ―Settings‖ menu. 
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10 Appendix 3 – Probe station 
In order to be able to contact features of few microns size a probe station was designed and 

made (Fig. 103). The probe tips can be set with precision of about 5 microns (Fig. 104). The 

probe station is equipped with a stereoscopic microscope and the tables asides allow free 

placing of the probe manipulators. The whole manipulating area can be covered with an Al lid 

which is shields against RF noise and light. It is possible also to mount a radioactive source 

inside and irradiate the sample. 

  

Fig. 103 The probe station and the rotary table for samples. 

 

Fig. 104 A sample contacted with the probe tips. 

All the charge collection measurements presented in this thesis were done with this probe 

station. It proved that it is possible to reliably contact features (pillars) of sizes 10 x 10 m
2
. 
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