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Large Hadron Collider (LHC) is the main particle accelerator at CERN. LHC is 
created with main goal to search elementary particles and help science investigate our 
universe. Radiation in LHC is caused by charged particles circular acceleration, 
therefore detectors tracing particles in existed severe conditions during the 
experiments must be radiation tolerant. Moreover, further upgrade of luminosity (up 
to 1035 cm-2s-1) requires development of particle detector’s structure.  
 
This work is dedicated to show the new type 3D stripixel detector with serious 
structural improvement. The new type of radiation-hard detector has a three-
dimensional (3D) array of the p+ and n+ electrodes that penetrate into the detector 
bulk. The electrons and holes are then collected at oppositely biased electrodes. 
 
Proposed 3D stripixel detector demonstrates that full depletion voltage is lower that 
that for planar detectors. Low depletion voltage is one of the main advantages 
because only depleted part of the device is active are.   Because of small spacing 
between electrodes, charge collection distances are smaller which results in high 
speed of the detector’s response.  
 
In this work is also briefly discussed dual-column type detectors, meaning consisting 
both n+ and p+ type columnar electrodes in its structure, and was declared that dual-
column detectors show better electric filed distribution then single sided radiation 
detectors. The dead space or in other words low electric field region in significantly 
suppressed. Simulations were carried out by using Atlas device simulation software. 
As a simulation results in this work are represented the electric field distribution 
under different bias voltages.  
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Chapter 1 Introduction 
 

1.1 General concepts and purpose of RD50 collaboration  
 

 

European Organization of Nuclear Research, shortly CERN is an organization 

founded in1954 in Geneva, Switzerland with main goal to study and investigate our 

Universe. Numerous experiments which have been realized at the Large Hadron 

Collider will lead science to understand many unclear aspects of particle physics [1].  

LHC is the main particle accelerator of accelerator complex at CERN, in 27 km long 

circular tunnel constructed underground near Geneva. LHC accelerates two hadron 

beams toward opposite directions in order to gain maximum collapse energy.  

Hadrons are particles which contain quarks and are much heavier then Leptons which 

are not made of quarks, therefore energy dissipation during particle’s traveling 

through synchrotron radiation is lower for them. Most well-known hadrons are 

protons and neutrons. This is the reason why for instance protons and neutrons are 

accelerated often in LHC.  Radiation in LHC is caused by charged particles circular 

acceleration. The figure 1.1 below illustrates an accelerator complex. All accelerators 

in complex are used in sequence, one after another, in order to obtain high-energy 

collisions.  

How particles acquire mass if they have no structure, or which mechanism gives rise 

to mass, is one of the most important and unanswered question up to now. One 

possible solution is in Higgs mechanism, which declares that particles acquire their 

masses by interacting with a Higgs field. Besides the whole space is filled with a 

Higgs field and strong interaction with it gives heavy particles while the light 

particles are the result of weak interaction. If such particles really exist, then LHC 

will be able to detect them [1, 2]. 

 Because of existing radiation in the LHC experiments, detectors used in high energy 

physics experiments for particle trace must be radiation-hard. The 3D stripixel 
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radiation detector considered in this work is the new type of radiation-hard particle 

tracer with many structural advantages.   

  

 

 

 

 

 

 
 

 

Figure 1.1 Accelerator complex at CERN (CERN website) 

 

Production of a new form of radiation-hard silicon detectors have become more actual 

during resent years for experiments at CERN’s Large Hadron Collider (LHC), due to 
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the future upgrade of luminosity (up to 1035 cm-2s-1) of the Large Hadron Collier 

[3,4,19]. 

Silicon detector technology used up to now will not be able to meet the extreme 

requirements at the proposed upgrade.  The main disadvantage of the planar structure 

of those detectors is that depletion voltages are many hundreds of volts for the 

detector with thickness of several hundred microns.  

Therefore development of detector which will tolerate existing sever conditions 

became important. The CERN RD50 collaboration “Development of Radiation Hard 

Semiconductor Devices for Very High Luminosity Colliders” which was founded in 

2002 is dedicated to the creation of the advanced structure of radiation-hard silicon 

detectors [5, 6].  

The overall aim of the CERN’s above mentioned collaboration and research can be 

separated in two main directions, one main point is to produce more radiation-hard 

semiconductor material, and therefore RD50 investigates different materials by which 

silicon can be replaced in order to improve radiation hardness. Material with large 

band gap would be suitable to use because this property can ensure a very low leakage 

current even while irradiating with quite high fluence. Due to the large band gap 

material silicon carbide is interesting nowadays. Properties of silicon carbide and other 

interesting materials are shown in the table 1.2 below, [8, 14]. 

 

 
 

Table 1.2 Representation of Diamond, 4H-SiC, Si and GaN crystals 
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The second aim is to perform the geometry of the detector to make more radiation-

tolerant. It is suggested to fabricate new structure of detectors developed exactly for 

this purpose. 

 

 

 

 

1.2 Semiconductor Material  

 
Let’s investigate the band structure of a material. As we already know electrons of the 

atom occupy atomic orbits therefore form a discrete set of energy levels. If now we 

will imagine that solid is created with large number of atoms, so there will be a huge 

amount of orbits with too small difference with energy that they will form an energy 

band. However there exist also spaces which do not contain any orbits [8-9].  

 

 So by aggregating a large number of atoms (of order 1020 or more) we are getting 

band structure, most important bands are the last two allowed energy bands (denoted 

as valence and conduction bands), because these bands are responsible for material’s 

electric properties. If the two energy bands are overlapping then such material is 

metal. But if between them exists forbidden gap so that they are not overlapping then 

depending on the size of this gap material can be considered either as semiconductor 

or as insulator.  

 

If there is no thermal excitation then valence band in semiconductor/insulator is 

completely full and conduction band completely empty. In case of semiconductor for 

electrical conductivity is required external energy corresponding to the forbidden gap. 

As we know for different semiconductors forbidden energy gap is different, so energy 

needed for conductivity will also vary within several electron volts.  

 

The fundamental difference exists between metals and semiconductors because for 

metals highest occupied energy band is not completely full meaning that electrons 

need only small energy to move throughout the lattice causing fine electrical 

conductivity.   
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For radiation detectors most important material is semiconductor, but we will discuss 

this fact later.  

Depending on the impurity level semiconductors are divided in five subgroups (1) 

Intrinsic Semiconductors, which does not consists any impurity atom. Number of 

electrons in conduction band equals the number of holes in the valence band. (2) N-

Type semiconductor, doped by element from higher group element of the periodic 

table, resulting extra amount of the electrons, (3) P-Type semiconductor is formed 

when semiconductor is doped by lower group element of the periodic table, causing 

the extra concentration of holes, (4) Compensated Semiconductor, which means that 

both types of impurity are presented with the same concentration, so it can be roughly 

estimated like intrinsic semiconductor, (5) Heavily Doped Semiconductor, denoted by 

n+ and p+ and having quite high conductivity.     

 

 
 

Fig. 1.1 Illustration of donor and acceptor levels within the energy band gap (Na, Nd 
concentrations, Ed, Ea energies) 
 
 

As we already mentioned semiconductor’s own concentration is known as intrinsic 

concentration, and accordingly semiconductor without doping concentration is 

intrinsic semiconductor. For this purpose material has to be perfectly pure.  
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0 0n p= (1.1)

                          
Also        

 
2

0 0 in p n= (1.2)

               

 

 

Where   is intrinsic carrier concentration (cmin -3), intrinsic electron and hole 

concentrations respectively. 

0 0,n p

  

However the minor concentration of impurity atoms exists in almost all 

semiconductors but when doping concentration controls carrier concentration in 

semiconductor, then material is assumed to be n or p type, depending doping material 

type itself [10]. 

 
Figure 1.2 a) Shows n type Semiconductor,  (NdN in d donor concentration). 
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Figure 1.2 b) Shows p type semiconductor (NaN in a acceptor concentration) 

 

Consider briefly carrier transportation in semiconductor material based on different 

conditions. At room temperature electrons and holes are experiencing random motion, 

which is known as particle’s thermal motion. This motion is characterized by thermal 

velocity, collision time (time between two collisions) and mean free path, meaning the 

distance in which carriers travel without collisions. If now suppose that external 

electric field is applied, then carriers will be accelerated toward the direction of 

applied electric field. It is carrier drift and characterized velocity is proportional to the 

biased electric field. Another type of carrier transportation is diffusion which is caused 

by non-uniform distribution of concentration. The fact that carriers undergo the 

influence of diffusion may decrease the quality of detectors operation. Because of the 

diffusion all carriers will not travel directly to the collection electrodes but their 

collection area and time will expand. This drawback is not serious in small-size 

detectors but have to be taken in to account while operating on large-volume detectors 

[11].  
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1.3 General Consideration of Radiation Detectors 
 
 
 
Classification of radiation is based on a particle type irradiated by the source and can 

be divided into four groups [11]. 

Charged Radiation: 

1. Heavy charged particles (alpha particle, proton) 

2. Fast electrons 

Uncharged Radiation: 

3. Electromagnetic radiation (X ray, gamma ray). 

4. Neutrons  

 

 

Each of them is different depending on the way they interact with the medium. 

Radiation particles undergo many interactions with electrons inside the material. 

Heavy charged particles interact through Coulomb force and may cause either atom 

excitation or ionization. And also the path of traveling for heavy particles is not as 

tortuous as in case of fast electron interaction.  X ray, gamma ray and radiation of 

neutrons are uncharged radiations. They are not interacting with the material through 

Coulomb force and therefore can travel even several centimeter distances through the 

detector. But on the other hand they could cause secondary radiation, for instance, 

uncharged radiation can cause charged radiation, detector irradiated by 

electromagnetic radiation can induce fast electrons by transferring energy through the 

device. When we are discussing the electromagnetic radiation, it has to be mentioned 

that there are three major mechanisms of interaction of gamma rays with medium: a) 

Photoelectric effect b) Compton scattering c) Pair production. Each of them is 

dominant within different energy range.  

 

Hardness of the radiation is measured by the characteristic distance, or in other words 

by the distance in which radiation particles are penetrating through the medium.  
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In general radiation detectors are used to detect, track high-energy particles induced 

by nuclear decay or some other process. Response of the detector depends on the 

form of interaction by which the radiation interacts with the material of the device. 

The time of interaction which is known also as stopping time is very small, like is 

shown below (eq. 1.3), 

 

 
                   

71.2 10 AmT X R
E

−= (1.3)

 
                              

 
Where Am  the particle mass in atomic mass units, R is the path in meters and E is the 

energy of the particle in MeV.  

 

 Overall result of interaction, for instance in case of semiconductor diode detectors is 

appearance of electric charge inside detectors. After generation of charged particles in 

order to receive the signal/response of the detector, radiation induced particles have to 

be collected. Applied electric field will separate induced particles in such way that 

positive and negative particles will flow in different directions and collect by different 

electrodes. Therefore we are getting signal, because an electric current will flow 

while particles movement. However for above mentioned semiconductor diode 

detectors the current will flow during several nanoseconds (particle collection time). 

The time of detector’s response depends on particle mobility, traveling distances and 

therefore depends on the structure of the detector (active area).  

Also defects caused by radiation are important factor and playing an important role in 

quality of response. By reason of radiation we may have significant changes in space 

charge density therefore increase in depletion voltage, also trapping centers which are 

represented, worsening charge collection efficiency (CCE).   
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1.4 Semiconductor Diode Detectors 
 

Semiconductor materials are often used for manufacturing radiation detectors because 

of their unique properties. In semiconductor radiation detector, charged particles 

(electron-hole pairs) induced by radiation are separated through applied electric field 

and collected by different or opposite electrodes. Therefore current will flow in the 

detector until all charged particles will collect by the edges of the active are. Active 

area in the detector is the width of depletion region, which could be varied. The 

concentration of created particles depends on the transmitted energy by the radiation to 

the semiconductor. For given semiconductor the ionization energy is determined, so 

by measuring the number of electron-hole pairs, is possible to obtain information 

about incident radiation.  

In order to understand more clearly how semiconductor diode detectors work and 

produce the signal we have to provide detailed consideration of p-n junction.  

P-n junction is established by connecting of two similar semiconductors with different 

types of conductivity (electron and hole conductivity). Usually in order to set up p-n 

junction, one silicon specimen is doped by donors from one side while another side is 

doped by acceptors. 

After connection electrons from one side and holes from another are moving to 

opposite direction and recombine. Consequently leaving positively charged ions, 

donors and acceptors.    The transition area is known as depletion region or in other 

words space charge region [9, 11]. 
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a) 

 

 
b) 

Figure.1.3   These figures represents p-n junction under thermal equilibrium. On figure 

(a) p and n parts are illustrated separately and therefore Fermi levels in both parts are 

on different height. After contact Fermi levels will line up as is shown on fig. (b) [18].  
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 On the one hand electrons and holes attempt to diffuse and are generating a space 

charge region but on the other hand build up electric field of the SCR will counteract 

this process and after sufficient value of electric field the system equilibrium will 

establish. All these above mentioned facts are true in zero bias case but by applying 

electric field situation can be changed. Depending on the way how the field is applied 

we will receive either increased or decreased voltage barrier for particles. If the 

junction is under forward bias, (positive terminal of the battery is connected with p 

type and negative with n type) we are decreasing barrier high, which means that more 

electrons and holes are able to cross the junction causing decrease in width of 

depletion region. If the junction is under reverse bias then the situation is vice versa. In 

order to calculate the width of the depletion region toward n and p directions we will 

use the depletion approximation [12]. By calculating electric field and potential for 

both parts and connect them at the x=0 point we can get the equations for depletion 

region width for n and p part respectively.  

 

 

2 1 1s B
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a d

x
q N N
ε φ ⎛ ⎞⎛ ⎞
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⎝ ⎠⎝ ⎠

(1.4)

                       

2 s B a
no

d d a

Nx
qN N N
ε φ⎛ ⎞⎛

= ⎜ ⎟⎜ +⎝ ⎠⎝

⎞
⎟
⎠

(1.5)

 

2 1 1s B
do

a d

x
q N N
ε φ ⎛ ⎞⎛ ⎞
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⎝ ⎠⎝ ⎠

(1.6)

 

 

 

Where  B n pφ φ φ= −  known as built in potential or thermal equilibrium barrier height, 

and 0dX  the width of the whole depletion region. All these formulas are calculated 

under thermal equilibrium. After applying external voltage the depletion region width 

will defined as follows: 
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The proper operation of radiation detector is strongly connected with the depletion 

area width. Semiconductor has to be fully depleted in order to get maximum signal 

and energy resolution.    

Radiation can be detected because of this sensitive region. As we already mentioned 

this region only contains full acceptors and ionized donors which are not participating 

in conductivity, therefore carriers induced by radiation are easy to detect. P-n junction 

without bias can be also used like radiation detectors but the voltage existing is too 

small to separate and transfer charge carriers in short time that carrier trapping or 

recombination process will reduce density of electron-hole pairs and decrease signal.  

After applying external field problem concerning with slow collection time will be 

solved. The electric field mainly occurs across the depletion region due to high 

resistivity caused by deficiency of current carriers. 

  

Let’s clarify some more practical advantages of semiconductors over other materials. 

For this purpose it has to be declared which kind of problems appear while operating 

on radiation detectors and which features are crucial for the detectors perfect 

operation.  

 

One of the valuable characteristic of the radiation detector is fast response (short time 

of particle collection), In such way semiconductor materials are most appropriate to 

use because by applying enough electric field saturation velocities can be reached 

(~107 cm/s), saturation velocities for silicon material is shown in figure 1.4 below, and 

this consequently means quite high speed of response [11]. Quality of signal/response 

is also better when semiconductor is used. The reason is relatively small energy (~3ev 

for silicon) required for generating electron-hole pair. Exactly electron-hole pairs carry 
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primary information about radiation. Small ionizing energy ensures smaller statistical 

dispersion so achieved energy resolution is higher. 

 

 

 

 
 

 

Fig. 1.4 Electron drift velocity vs. electric field at different temperatures for silicon. 

 

 

 

From all semiconductors, usually silicon is used in detectors. Because silicon gives 

more precious signal then other materials, due to both types of current carriers have 

nearly equivalent mobility it is possible to integrate both currents which will lead to 

the true response of the detector.    
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CHAPTER 2 
 

 

 2.1 Structure of 3D stripixel detector 

 

 
Radiation causes a number of problems that should be overcome in order to construct 

properly operating detector. One of the problem we already mentioned previously that 

defects induced by radiation in the crystal lattice causes carrier trapping. Radiation 

traversing detector is depositing energy throughout its volume; this extra energy may 

cause point defects, which means that in one node of the lattice atom is missing, or 

even cluster defects, both of which appear as particle trapping centers. Such serious 

damages often occur when the device is under heavy charged particles influence. If 

electron or hole is captured by these trapping centers they will not take part in signal 

for relatively long time period. Radiation appears to be the reason of existing 

recombination centers (defects with deep energy level placed in the middle of the 

forbidden gap) in the volume of detector. Trapping and recombination centers are 

both reducing space charge region and therefore worsening signal/response quality. 

To overcome problems with charge loss, the electric field inside detector must be 

large. By increasing bias voltage we can notice the rise of pulse height. Due to high 

enough voltage more particles are able to be collected by the electrodes [7, 14, 15, 

20]. 

 

 Also defects can be electrically active increasing the leakage current. It is necessary 

to use extra high voltage to deplete the active area. In general by thermal influence 

very small leakage current appears even when detector is under reverse bias. Leakage 

current caused by thermally generated electron-hole pairs in the depletion region can 

be decreased by cooling the device. During operating on the detector, monitoring of 

leakage current can provide important information about radiation damage which 

undergoes the detector.    

One important method to decrease the radiation damage of the device is to enrich 

silicon bulk with oxygen. It was tasted by the RD48 collaboration and as a result 
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demonstrated that oxygen concentration is beneficial for such experiments. Enriching 

of the silicon bulk goes under high temperature (1100-1200 0C) and from the oxide 

surface layer [16].   

Such and more important aspects have to be taken in to account in odder to create 

radiation-hard detector.  

 

The new types of radiation-hard detectors have a three-dimensional (3D) array of the 

p+ and n+ electrodes that penetrate into the detector bulk. The electrons and holes are 

then collected at oppositely biased electrodes. Detector’s fully depletion can be easily 

achieved because of adjacent columns of different polarity and is not required to take 

in to account the thickness of the detector.  We can choose the spacing between 

electrodes with the aim to set maximum drift. Exactly because of such columnar 

structure, on the one hand electric field is parallel rather then orthogonal to the 

detector surface and on the another small distances between the electrodes, both of 

these facts result in low full depletion voltages and short collection times. The fast 

responses of the detector observed in particular conditions confirms that short 

collection distance combined with high electric field is able to meet the problems 

caused by radiation.  

 

As it is indicated from the fig.2.1 (a,b), n+ electrodes (vertically) are forming X-strips 

while p+ (horizontally)  electrodes are forming Y-strip [13]. If the device will struck 

by electrons they will be automatically collected by the n+ and by the p+ we will have 

hole’s collection so in such way we will have X and Y coordinates of the particle 

track n+ implants or holes are making the cell and are enclosed by the p+ ring to 

overcome possible breakdown along the surface. For diagonal connection of the p+ 

pixels are maid by p+ implant as well.  The n+ holes and p+ ring are clearly visible 

from the figure 2.2 (a,b).  

 

All the columnar electrodes are circular, with a diameter of 10-13 µm. The required 

depth is 280 µm, so thickness-to-diameter ratio is as large as 20:1.  This aspect ratio 

ensures a small dead volume and an adequate signal to noise ratio of the detector. 

Based on the experiment requirements many different electrode arrangements could 

be used. Fig.2.2 (a, b) Illustrates dimensions of the detector structure. 
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Figure 2.1 a) Schematics of a 3D stripixel detector 
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Figure 2.1 b) Schematics of the new 3D stripixel detector. 
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Figure 2.2 a) Pattern of single-column 3D detector. Here is illustrated p+ and n+ 

electrodes and also n+ columns. Diameter of the n+ electrodes is 10microns and 

spacing between them 14microns.  
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Figure 2.2 b) Cell layout, Doping conditions, and strip connections for the 3D 
stripixel detector. 

 

 

 2.2 Manufacturing process 

  
As we already mentioned previously the 3D stripixel silicon detector has columnar 

structure, meaning, it contains a multiple amount of n+ and p+ electrodes. The bulk of 

the device is p type silicon. As general information it should be declared that silicon 

is dominant material for the diode detectors primarily for charged radiation. Neither 

of columns passes through the full thickness of the device.  They are etched via 

MEMS processing techniques at IMB-CNM. The columns are then partially filled 

with polysilicon and doped either by phosphorus or boron in order to obtain n+ and p+ 

type electrodes. While manufacturing the device we have to take in to account that 

both phosphorus and boron materials experience diffusion through the bulk material. 

In the below displayed fig.2.3 (a,b) are shown depths of diffusion for boron and for 

phosphorus respectively.  

 

 
 

Fig. 2.3 a) Doping diffusion, Boron. 

 

 22



  

 

 
  Fig. 2.3 b) Doping Diffusion, Phosphorus. 

 

 

  As it is illustrated in the fig.1 a, the ohmic contacts are formed on the surface of the 

detector. Electrodes are passivated with a TEOS oxide layer. 

 There are several steps which have to be done while manufacturing the new structure 

silicon detectors.  

 
1. Etching of the high aspect ratio columns.  

 

 The main step in the 3D detector processing is to produce the columns vertically 

deep into the substrate using deep plasma etching technology. The columns will be 

etched with Inductively Coupled Plasma (ICP) at the clean room facility of the CNM-

IMB with an Alcatel 601-E DRIE machine. Before the dry etching, the surface of the 

wafer is patterned by photolithography. Due to the long time required for the 

fabrication of the high aspect ratio holes and the aggressiveness of the DRIE etching, 

a metal mask is preferable to a photoresist mask to avoid damaging the silicon 

surface.   
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2. Fabricating the electrodes. 
 

 
The n+ electrodes within the dry etched columns will be formed by partially filling 

them with a thick polysilicon layer and doping it with phosphorus. The polysilicon 

doping will be carried out by diffusion of phosphorous in a POCl3 ambient. The 

polysilicon deposited will be patterned with a thick photoresist layer and etched using 

the same dry etching process used for the formation of the columns. A TEOS oxide 

layer will be deposited inside the columns for passivation. 

 

 
3. Ion implantations 

 
 Boron ion implantation will be used to form the p+ ohmic electrode and to form the 

p-stop between the n+ electrodes. Phosphorus ion implantation will be used to connect 

all the n+ columns together within a single pixel cell 

 
 

 
4. Contacts and passivation. 

 
   The contacts with the readout electrodes will be formed by depositing an Al/Cu 

layers. Double-metal technology will be used to form X and Y strips on the front side. 

A SiO2/Si3N4 layer will be used to separate the two metals. After all metallizations, 

thee detectors will be passivated with a SiO2/Si3N4 layer. 
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Chapter 3 
 

 Computer Simulations  
 

For the purpose to develop detector structure and operation, it has to be simulated 

under different conditions, meaning testing device operation using different process 

parameters. And so the main point is to choose suitable software which will cover 

entire operational process of the device.  

 

Simulations presented in this work are made by using software package ATLAS by 

SILVACO. It gives possibility to simulate semiconductor device, either two or three 

dimensional structure. ATLAS can be used in combination with VWF 

INTERACTIVE TOOLS, which by itself contains DECKBUILD, TONYPLOT and 

other tools. Both of these tools were used during simulations [17].  

 

 

 

 3.1 ATLAS Device Simulation Software 

 
As we already mentioned ATLAS is device simulator which means that by defining 

required structure and choosing numerical methods and physical models, one can 

obtain the electrical characteristics of the device. Atlas can be used with ATHENA 

process simulator software. ATHENA simulates process and gives physical structure 

which then is used by ATLAS to obtain results electrical characteristics. As we can 

see from fig. 3.1 within ATLAS two types of input file can be used. DeckBuild is a 

run time environment in which input decks are created using the command language. 

ATLAS produces three types of output files. 

 Runtime Output - is an output file which gives us information about simulation 

progress, including error messages. Fig. 3.2 illustrates DeckBuild framework which 

consists of two sub windows. In the upper window the input files are created while the 
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lower window represents all information about simulation processing giving a 

possibility to control simulation.  

 Terminal characteristics calculated by ATLAS are stored in Log Files. 

Solution Files – stores all data concerning to solution variables. Log and Solution files 

are then displayed using TonyPlot (fig. 3.3).  

 

 

 

 

 

 
 

 

Figure 3.1 ATLAS inputs and outputs 
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Figure 3.2 BeckBuild Interface 

 

 

 
 

Figure 3.3 TonyPlot interface 
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An appropriate grid containing exact amount of nodes has to be specified first of all in 

order to start simulations. Amount of nodes depends on the solution accuracy 

requirement and is limited by timing of the simulation. After defining all structural 

elements of the device one can choose mathematical model or in other words 

equations which have to be used during calculating electrical characteristics. 

Mathematical equations have to be chosen based on physical models. Carrier 

transportations, generation and recombination, variations in potential and other 

physically interesting processes are described through Maxwell’s, carrier transport and 

carrier continuity equations. 

 

Continuity equations for both types of carriers which are used by ATLAS are provided 

below:  

 

(3.1)

 

(3.2)

  

Where n and p are the electron and hole concentrations, , are generation 

and

nG pG

nR , pR  recombination rates for electrons and holes. And  ,  represent current 

densities.  

nJ pJ

Based on simulation requirements one of the carrier concentration can be ignored.  

For current transportation are ATLAS uses following equations: 
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(3.3)

 

 

(3.4)

 

 

The physical model which uses these equations is known as Drift-Diffusion Transport 

Model. 

The (3.3) equation is the current density equation for the electrons, while eq. (3.4) 

defines current density for holes. The first term, on the right hand side in both 

equations is drift current and the second term describes current caused by carriers 

diffusion. nμ and pμ are the electron and hole motilities. 

 

Diffusion coefficients are found by following equations. 

 

L
n n

KTD
q

μ= (3.5)

 

 

L
p p

KTD
q

μ= (3.6)

 

TL is the lattice temperature. (3.5) and (3.6) equations are known as Einstein 

Relation. 

Within ATLAS it is also possible to use Energy Balance Transport Model in which the 

electron and hole temperatures and heat flux from carriers to lattice are considered. 

For this purpose current transport equations described in this section will be modified.  

 
For the purpose to set up simulations of 3D stripixel detector firstly we have to define 

the structure of the device like is shown in Fig.3.4.  
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Mesh definition requires careful separation of physically interesting regions. Mesh for 

areas where precise simulations are important must be finer, meaning that enough 

many node points must be included. However, in this case two main aspects are 

contradictory. On the one hand accurately simulated process requires finer mesh and 

therefore causes sufficient increase of program running time and on the other hand 

coarse mesh will speed up the process but probably will fail in result exactness. 

Besides, there exists limitation for the maximum amount of nodes; in case of 3D 

simulations the number of nodes must not exceed 20,000 nodes per plane.  

After defining appropriate mesh one have to define regions, electrodes and doping 

profiles, then chose numerical method which will be used during simulations. Each 

step should be performed corresponding to the Atlas command language.  

 

 
 
 

Figure 3.4 Order of commands while using ATLAS simulation software 
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3.2 Simulation Results of 3D stripixel detector and dual-column 3D 

detector 
 

Simulations were carried out on 300μ m thick detector with 280μ m n+ columns 

etched through the p type bulk. Spacing between n+ and p+ electrodes was 50μ m [4]. 

Figure 3.5 below demonstrates schematics of the single-column 3D detector which 

was simulated.  

Figure 3.6 illustrates simulation results of electric potential. 

  
 

 

 

 

 

 

 
 

Figure 3.5 Cross section of the 3D detector, [4]. 
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Figure 3.6 Simulation results of electric potential under different bias [4]. 

 
During this simulation it was shown that under 3V bias voltage detector is already 

fully depleted. As we already mentioned previously, this is the main advantage of 

such structure detectors. In case of planar detectors the required fully depletion 

voltage is 30 times more then for new type 3D detectors. One drawback of this 

detector is existence of the dead space. 

Dead space is low field region which appears in the bottom of the device and under 

the p+ electrodes. Further experiments defined that no matter how big the value of 

bias voltage is the dead space still exists. In this region variation of the electric field 

value based on applied voltage is insignificant. Figure 3.7 and 3.8 illustrate vertical 

cut of the single-column 3D detector, directly under the p+ electrode, there is 

illustrated the low field area and 2D and 1D hole concentrations as well.  
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Figure 3.7 Demonstration of the vertical cut of the single-column 3D detector, 1D and 

2D hole concentration profiles [4].  
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Figure 3.8 Demonstration of the vertical cut of the single-column 3D detector, 1D 

and 2D hole concentration profiles [4].  

 

 

As we already know, the structure of the planar detector requires quite high depletion 

voltages. Further investigation of the new 3D structure revealed that if we will 

increase spacing between electrodes, the area of low field will disappear, but in this 

case depletion voltage will be approximately the same as it was in case of planar 

detectors.  

Experiments which have been realized on detector with 200μ m thickness, 180μ m 

depth of n+ columns and 150μ m spacing between n+ and p+ electrodes defined that 

depletion voltage increases up to 100V.  

There also exists the dual type of radiation detector, meaning that contains both n+ 

and p+ type of columns. In this detector columns are not penetrating throughout the 

whole bulk, similarly to the previously described detector structure, fig. 3.9. The 

required fully depletion voltage is 400V in case of 1016neq/cm2 irradiation, while 

spacing between columns is 60 μ m. In spite of high depletion voltage the dual-

column 3D detectors are usable because of the good electric field distribution. 

Simulation results are shown in fig. 3.10 and 3.11.   
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Figure 3.9 Illustration of the dual-column 3D detector cross section. 

 

 

 
Figure 3.10 Simulation results of the dual-column 3D detector. Here are 

demonstrated potential (2D) and electric field (1D) distributions. This is area between 

n+ and p+ columns (horizontal cut). 
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Figure 3.11 Dual-column 3D detector. On the left hand side is shown 2D potential 

distribution, the middle illustration shows hole concentration and on the right hand 

side is demonstration of the 1D electric field distribution.  
 

 

After radiation influence increase in effective concentration is observed, therefore 

voltage needed for depletion also increases. Atlas simulation software allows us to 

demonstrate electric field distribution under different bias voltages. It was also 

observed that high field concentrates between n+ and p+ columns, as shown in figure 

3.12, 3.13 [18].  

 

 

 

 

 36



  

 

 
Figure 3.12 Electric field distribution in dual-column 3D detector (unit cell) [4]. 

 

 

 

 
Figure 3.13 Electric field distribution over the unit cell area, between n+ and p+ 

columns under different bias voltage. 
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Conclusions  

 
The aim of this work is to provide appropriate main properties of 3D stripixel 

radiation hard detectors over standard planar detectors. Overall effort is dedicated to 

improve detector structure and make it more radiation tolerant. As we remember from 

our previous discussion multiple problems arise during operating under high 

irradiation.  

 

Problems connected with high depletion voltages, low efficiency of charge collection, 

existence of dead space and many other have to be solved.  

Proposed 3D stripixel detector structure demonstrates that full depletion voltage can 

be significantly decreased by placing columns near by each other. In such case the 

size of detector is not important at all because adjacent columns will deplete 

automatically the space between each other. The fact that charge collection distances 

are smaller results in high speed of the detector’s response. The speed of detector 

response can be improved by increasing bias voltage but carrier velocity saturates 

after certain value of applied voltage and further increase of voltage will not affect 

anymore.  

   In this work was also briefly discussed dual-column type detectors, meaning 

consisting both n+ and p+ type columns in its structure, it was declared that dual-

column detectors show better electric filed distribution than single sided radiation 

detectors. The dead space or in other words low electric field region is significantly 

suppressed.  
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