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Summary of Publications

Publication I presents the proposed new structure, a silicon semi 3D detector, developed by VTT
Technical Research Center of Finland. In this case, only the vertical p-type doping pillars are
employed for the n-type substrate. The vertical depth of the doping profiles is left as a variable. The
paper describes the fabrication and the first results on the behavior of the semi 3D silicon radiation
detector structure. The semi 3D detectors are processed on both Float Zone (FZ) and Czochralski (Cz)
material. The measured electrical characteristics include leakage current and capacitance-voltage
measurement. These were measured by a CV-IV measurement setup. The results show that the semi
3D pixel structures have low leakage currents and low pixel capacitances. On the FZ silicon, the
leakage current is smaller than on the Cz silicon and the breakdown occurs at higher voltages.

Publication II continues  the  work  done  for Publication I. In this paper, the simulation method and
measurements using a scanning electron microscope are added to the study of the silicon semi 3D
radiation detector structure in order to investigate the potential distribution inside the detector. There is
a correspondence between the simulation results and SEM measurements, in other words, they show
the same phenomenon: the semi 3D detector structure is fully depleted at low voltages, and with the
high bias, the electric field is mainly formed between the end of the pillars and the backside.

In Publication III, the voltage measurement system with a scanning electron microscope was applied
to 10 MeV proton irradiated Float Zone silicon radiation pad detectors. The results were compared
with those acquired with other methods. The same semiconductor type inversion of n-bulk and a
double-junction behavior were observed in this study with a better accuracy.

Publication IV describes the proposed p+/n/n+ pad detector structure with n+ guard ring placed at the
edge of the detector. In this structure, the guard ring has the same doping type as the substrate and the
n+ electrode  at  the  bottom  of  the  structure.  Now,  a  full  depletion  region  (active  region)  can  be
extended also sideways, when it is normally formed vertically from anode to cathode. This guard ring
technique has evolved to minimize the dead space at the edge of the detectors and thereby to enhance
the efficiency of the detector.

In Publication V, the simulation results of two single-sided 3D detector designs, one with single-type
(n-type)  columns  and  the  other  with  dual-type  columns  (n-  and  p-type)  on  the  p-type  substrates  are
presented. The detectors are developed by Brookhaven National Laboratory (BNL). The full 3D
simulations of different detector types show that it is possible to achieve similar electric field profile
between a BNL dual-column 3D detector and other dual-column 3D detectors developed by other
institutes  with  the  benefit  of  the  true  one-sided  process.  In  the  case  of  the  BNL single-type  column
detector, the simulations show that the high electric field is on the pixel side, which is the sensing area.
Also the 3D simulations of weighting field profiles for different 3D detector structures were reported
in this publication.

Publication VI presents the results of the 3D simulations that have been performed to study the effect
of the irradiation on the dual-column 3D Si detectors. BNL dual-column 3D detectors have been
simulated in detail with a variety of fluences. First, the full depletion voltage and then the electric field
for a dual-column 3D detector are studied by simulations under the irradiations. Also it has been
suggested that for future development, to achieve full depletion in a dual-column 3D detector at 1E16
neq/cm2 with a reasonable bias (  200 V), the column spacing should be reduced.
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Symbols and Abbreviations

b bottom quark
b acceptor introduction rate
c charm quark
c donor removal coefficient
Dn diffusion coefficient for electrons
Dp diffusion coefficient for holes
d down quark
d thickness
dtr trapping distance
E, E electric field
E(x) electric field distribution
E0 weighting field
EC conduction band
Ec activation energy on conduction band
EF Fermi level
En

F0 Fermi level on n-side
Ep

F0 Fermi level on p-side
Ei intrinsic level
Em maximum electric field
EV valence band
Ev activation energy on valence band
e+ positron
e- electron
ga average introduction rate
Gn electron generation rate
Gp hole generation rate
Gth thermal equilibrium generation rate
h+ hole
Ileak leakage current
i current
Jn electron current density
Jp hole current density
k Boltzmann constant, 1.38·10-23 J / K
kT thermal energy
Lp column spacing
NA acceptor impurity density or short-term annealing component
NB acceptor or donor impurity density
NC stable damage part
ND donor impurity density
ND,0 donor concentration before irradiation
Neff effective carrier / doping concentration
NY reverse annealing component
n neutron
n n-type semiconductor material
n electron concentration
n0 equilibrium electron concentration
ni intrinsic carrier density, 1.45·1010 cm-3 (Si, 300K)
n+ heavily doped n-type material
n- low-doped n-type material
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P pitch width
p proton
p p-type semiconductor material
p hole concentration
p0 equilibrium hole concentration
p+ heavily doped p-type material
q elementary charge, 1.6021·10-19 As
R recombination rate
Rn electron recombination rate
Rp hole recombination rate
Rth thermal equilibrium recombination rate
s strange quark
T temperature
t top quark
t time
t electrode length
U excess recombination rate
Udep depletion voltage
V potential, external voltage
Vbi built-in potential
Vdep depletion voltage
Vfd full depletion voltage
VSEI voltage applied to a secondary electron detector of SEM
v up quark
vd drift velocity
W diode thickness
WN device depth
W boson
x x-direction
xd depletion region length
xn depletion region length on n-side
xp depletion region length on p-side
Z boson

Greek letters

recombination factor
0 permittivity of vacuum, 8.854·10-12 F / m
Si permittivity of silicon, 11.7· 0

µ muon
µn electron mobility
µp hole mobility

e electron-neutrino
µ muon-neutrino

tau-neutrino
± pion

ρ charge density
τ tau (lepton)
τ lifetime
τg generation lifetime
τr recombination lifetime
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a)

b)

  c)

Figure 1.2: a) CERN accelerator complex. The LHC ring is 27 km long (CERN website). b) The map of the accelerator
area (CERN – Web Communications Copyright used with permission). c) In the photo of the CERN site, the LHC and SPS
rings are presented as visible structures, but actually the accelerator is placed under the ground (CERN website).

The LHC is a particle accelerator, which will collide beams of protons at an energy of 14 TeV. In the
accelerator, the beam travels inside a chamber, which is a metal pipe, where air is permanently
pumped out to make sure that the residual pressure is as low as possible. Inside the pipe, particles are
accelerated by electric fields. Powerful amplifiers provide intense radio waves that are fed into
resonating structures, the radio-frequency (RF) cavities. Each time the particles traverse an RF cavity,
some of the energy of the radio wave is transferred to them and the particles are accelerated. To make
a more effective use of the limited number of RF cavities, the particle beam can be forced to go
through them many times, by curving its trajectory into a closed loop (CERN website – How does an
accelerator work?).

Curving the beam's path is usually achieved by the magnetic field of dipole magnets. This is because
the magnetic force exerted on charged particles is always perpendicular to their velocity. The higher
the energy of a particle, the stronger is the field that is needed to bend it. In addition to just curving the
beam, it is also necessary to focus it. Focusing the beam allows its width and height to be constrained
so that it stays inside the vacuum chamber. This is achieved by quadrupole magnets, which act on the
beam of charged particles. The maximum magnetic field is limited to some 2 Tesla for conventional
magnets and some 10 Tesla for superconducting ones. This explains why the machines used in this
kind of research are so large. The more powerful a machine is, the larger it needs to be. The whole
accelerator system requires also several more objects such as: other magnets to perform "fine tuning"
of the trajectory or the focusing, injection/ejection elements to put the beam into the accelerator or to
take it out, measurement devices to give the operators information on the behavior of the beam, and of
course, the safety elements (CERN website – How does an accelerator work?).
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The basic layout of the LHC follows the LEP tunnel geometry and is depicted in Fig.1.3 a. The LHC
has eight arcs and straight sections. Each straight section is approximately 528 m long and can serve as
an experimental or utility insertion. The two high-luminosity experimental insertions are located at
diametrically opposite straight sections: the ATLAS experiment is located at octant 1 and the CMS
experiment at octant 5. Two more experimental insertions are located at octant 2 and octant 8, which
also contain the injection systems for Beam 1 and Beam 2, respectively. The injection kick occurs in
the vertical plane with the two beams arriving at the LHC from below the LHC reference plane. The
beams only cross from one magnet bore to the other at these four locations. The remaining four
straight sections do not have beam crossings. Insertions 3 and 7 each contain two collimation systems.
Insertion 4 contains two RF systems: one independent system for each LHC beam. The straight
section  at  octant  6  contains  the  beam  dump  insertion,  where  the  two  beams  are  vertically  extracted
from the machine using a combination of horizontally deflecting fast-pulsed “kicker” magnets and
vertically-deflecting double steel septum magnets. Each beam features an independent abort system
(LHC Design Report).

a)

      b)

Figure 1.3: a) Schematic layout of the LHC. Beam 1 circulates clockwise and Beam 2 counter-clockwise (LHC Design
Report). b) LHC hall (http://atlas.ch/atlas_photos/lhc/lhc.html).

Five  experiments  have  been  approved  for  the  LHC  accelerator:  ATLAS,  CMS,  ALICE,  LHCb  and
TOTEM. These experiments, TOTEM excluded, are actually massive detectors used to track the
particles formed after collision. ATLAS (A Toroidal Lhc ApparatuS) and CMS (Compact Muon
Solenoid) are general-purpose detectors at the LHC. They are used to record proton-proton collisions.
ALICE (A Large Ion Collider Experiment) will also study proton-proton collisions, but it is mainly
looking for the formation of a new phase of matter, the quark-gluon plasma, which is expected to
happen with strongly interacting matter at extreme energy densities. The LHCb experiment is a
specialized detector only for studying B mesons. TOTEM (TOTal and Elastic Measurement)
experiment is positioned to the same place with CMS. Its purpose is actually to study the quality of the
beam. TOTEM will measure the total proton-proton cross-section and study elastic scattering and
diffractive dissociation at the LHC.
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If  we  look,  for  example,  the  CMS  experiment  in  more  detail,  we  can  see  that  the  detector  actually
consists of many different pieces of equipment and detector types, each one able to recognize and
measure a special set of particle properties such as charge, mass and energy.

a)

b)

Figure 1.4: a) CMS experiment and b) particle interactions in detectors (CERN website).

Figure 1.4 shows that the CMS detector is divided into the silicon tracker, electromagnetic and hadron
calorimeters, and muon chambers. The reason why detectors are divided into so many components is
that each component tests for a special set of particle properties. These components are stacked so that
all particles will go through the different layers sequentially. The tracking chambers make the path of
the particle visible. It is not possible to see the particle itself, but the track of the particle can give a lot
of useful information. A particle will not be evident until it either interacts with the detector in a
measurable fashion, or decays into detectable particles.

Figure 1.5: Interaction of various particles with the different components of a detector
(http://atlas.ch/etours_exper/etours_exper07.html).

Charged particles, such as electrons (e-), positrons (e+), protons (p) and charged mesons (pions ±) are
detected both in the tracking chamber and the electromagnetic calorimeter, protons and pions also in
the hadron calorimeter. Neutral particles, such as neutrons (n) and photons, are not detectable in the
tracking chamber; they are only evident when they interact with the detector. Photons are detected by
the electromagnetic calorimeter, while neutrons are evidenced by the energy they deposit in the hadron
calorimeter. If a particle is only detected in the electromagnetic calorimeter, then it is fairly certainly a
photon. Muons and neutrinos are often the only particles capable of escaping the calorimeter. Muons
can hardly be stopped, but they leave a track and can be identified. Muon chambers are located outside
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the calorimeter, and only muons can emerge and leave a track there. Neutrinos are not shown in Figure
1.5 because they rarely interact with matter, and can only be detected by missing matter and energy.

Silicon detectors are the major type of particle detectors in inner tracks of high-energy physics
experiments. The objective of these semiconductor detectors is to make the particle track visible for
other detector components. Silicon detectors can be used either in the pixel or the strip tracker. The
sensors closest to the collision point are the pixel trackers. These devices consist of thin layers of
silicon subdivided into tiny rectangular regions, pixels. Each time a charged particle traverses such a
layer, a signal is produced that identifies which pixel has been traversed, and thereby gives a precise
measure of the particle position. Indeed, this position is precise enough to determine whether the
particle originated at the proton-proton collision point, or a few millimeters from it as a decay product
of another particle. To provide additional position measurements somewhat further from the collision
point, in the silicon strip tracker, layers of silicon subdivided into narrow strips are used to provide
accurate information of the particle position. When a charged particle passes through the strip detector,
signals identify which strip has been traversed. These strips provide precise 3-dimensional position
measurement of particle trajectories. Strip detectors are used because the pixel detectors are too
expensive for larger areas.

1.2 CERN RD50 collaboration

The CERN Research & Development RD50 collaboration “Development of Radiation Hard
Semiconductor Devices for Very High Luminosity Colliders” has started in 2002 an R&D program for
the development of detector technologies that will fulfill the requirements of the future high-energy
physics colliders such as the possible upgrade of the LHC at CERN towards the Super-LHC. CERN
RD50 collaboration offers an excellent forum to work with international partners. It consists of 51
institutes and 262 scientists (June 2007). Its objective is to support the activity in basic silicon research
and to develop feasible detector solutions for the future high-energy physics experiments, where the
irradiation field will be an order of magnitude higher than in the actual experiments. RD50 is a
relatively large consortium, and therefore, it is organizationally divided into six research lines; the
participating institutes concentrate on the research topics that best correspond to their expertise.

The main research objective of the RD50 collaboration is to develop radiation hard semiconductor
detectors that can operate beyond the limits of present devices (R&D Prop. 2002). These devices
should withstand fast hadron fluences as expected for example for a luminosity upgrade of the LHC.
For the Super-LHC experiments, the luminosity is upgraded to 1035 cm-2s-1 and the innermost tracking
detectors have to face fluencies above 1016 cm-2 of fast hadrons after five years operation
accumulating an integrated luminosity of 2500 fb-1 (Fretwurst 2005). This is a ten times higher
radiation level than expected for the tracking detectors of the LHC experiments. Under these
conditions, detector performance may be limited by a large number of defects introduced into the
device.

A luminosity upgrade is intended to improve the accuracy of the Standard Model and the new
parameters, which are predicted to be discovered at the initial phase of the LHC experiments. Super-
LHC experiment is predicted to run in 2017. Comparing the LHC environment to the assumed Super-
LHC conditions, the intensity of the spectra increases one order of magnitude corresponding to the
order of magnitude increase of luminosity. The beam energy is increased with a factor of two, and the
average energy of the spectra is shifted to higher energy with 50 MeV (RD50 2004).

The presently available silicon detector technology cannot match the extreme requirements with
respect to the necessary radiation tolerance. Several different research fields are under development
and investigation to overcome problems of detectors caused by a super harsh radiation environment.
Semiconductor sensors can be further developed for this purpose either by developing a more
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radiation-tolerant detector material such as high-resistivity Czochralski (Cz) silicon both n- and p-type
(material engineering) or investigating new device concepts such as 3D and edgeless detectors (device
engineering). These advancements among others can set scene for radiation-tolerant cost-effective
devices. Developing the suitable device for detecting the particles requires very cost-effective
technologies and the optimum material, device structure and operational conditions for detectors.

At the fluencies up to 1015 cm-2 (outer layers of a Super-LHC detector),  the change of the depletion
voltage and the large area to be covered by the detectors are the major problems. At the fluencies of
1016 cm-2 (the innermost layer of a Super-LHC detector), the active thickness of any silicon material is
significantly reduced because of trapping.

Table 1.1: Detector requirements for regions close to the beam in Super-LHC (Li 2007).

Region (cm) 25-50 15-25 7-15

Radiation level (neq / cm2) 1014 - 1015 ~1015 ~1016

Occupancy requirement 80 µm × 2 – 3 cm 50 µm × 400 µm 50 µm × 300 µm

Detector type Strip Pixel Pixel

Radiation hardness requirement Strip Pixel 3D pixel or replacing
every 2 years

Overall detector type Strip Pixel 3D pixel or replacing
every 2 years

Table 1.1 lists the requirements for silicon detectors to be used in various regions is Super-LHC at or
near room temperature. Due to the combined requirement of occupancy and radiation hardness, the
only options for the most inner region (7–15 cm) seem to be the 3D pixel detectors or replacing the
detectors every two years. For the outer regions, however, more detector choices can be made.
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Chapter 2

Radiation silicon detector properties

In silicon detectors, the basic structure to make a particle track visible is based on a pn diode junction
working under reverse bias. Next, the basic operation of the radiation silicon detector is described.

2.1 PN junction

In order to explain the operation of a pn diode junction, one may first imagine the opposite sides of the
junction originally isolated (Fig. 2.1a). Then, these extrinsic semiconductors of an opposite doping
type are brought together and a pn junction is formed. Actually, a single crystal of the semiconductor
is doped with acceptors on one side and with donors on the other side. The structure is originally
electrically neutral, that is, the number of holes is the same as the number of acceptor ions, and the
number of free electrons is the same as the number of donor ions. Once the regions are brought into
contact, the electrons originating from the donor atoms will diffuse into the p region and the holes
from the acceptor atoms into the n region. An electron and a hole that meet at the junction will
recombine, and thus they both will disappear. This will lead the acceptors and the donors in the
neighborhood  of  the  junction  to  lose  their  mobile  electrons  and  holes.  Since  this  region  is  depleted
from mobile charges, it is called the depletion region (Fig. 2.1b).

a) b)

Figure 2.1: Schematic representation of a pn junction in thermal equilibrium a) with its parts separated and b) with its
parts brought together. The negative acceptor ions are indicated by minus signs and the positive donor ions by plus signs.
The free electrons are indicated by small filled circles and the holes by small unfilled circles. Fermi level EF in the p-type
region is shifted towards the valence band EV and in the n-type region towards the conduction band EC. When the regions
are brought into contact, diffusion of electrons and holes results a static negative and positive electric charge in the p and n
regions respectively. The conduction band energy and the valence band energy are continuous, and in thermal equilibrium
the Fermi level is the same throughout the whole pn junction.
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Considering this kind of an abrupt junction in thermal equilibrium conditions, where there is no
applied voltage or current flow, a charge distribution is formed over the depletion region because of
the uncovered fixed donor and acceptor ions. The depletion region is hence also called the space
charge  region.  The  thickness  of  the  depletion  region  depends  on  the  doping  of  the  two sides  of  the
junction. If both sides are heavily doped, then only a very thin depletion region needs to be uncovered
to produce the necessary charges. If both sides are lightly doped, a significant depletion region needs
to be uncovered to support the built-in potential. If one side of the junction is more lightly doped that
the other one, the depletion region will extend further into the lightly doped side.

2.2 Thermal equilibrium

The electrically unneutralized ions in the neighborhood of the junction result in a space charge density
ρ (Fig. 2.2a). The charge density is expressed by acceptor and donor concentrations. In thermal
equilibrium, the total negative charge per unit area in the p-side must be equal to the total positive
charge per unit area in the n-side

nDpA xNxN = (2.1)

where NA and ND are the acceptor and donor impurity densities and xp and xn are the depletion region
length on the p-side and n-side of the junction.

Because the n-side of the depletion region is positive and the p-side negative, there is an electric field
across the depletion region (Fig. 2.2b). The electric field E is determined by the charge distribution
through Poisson’s equation

0
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− (2.2)

where V is the potential, E is the electric field, x is  the x-direction, ρ is the charge density, Si is the
dielectric constant of silicon (11.7) and 0 is the permittivity of vacuum (8.85*10-14 F/cm).

Because of the electric field, a potential difference or a voltage is developed across the depletion
region without any external voltage connected to the structure (Fig. 2.2c). This voltage across the
depletion region is known as the built-in potential Vbi. It can be calculated from
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
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bi n

NN
q

kTV (2.3)

where NA and ND are the acceptor and donor impurity densities, ni the intrinsic carrier density (for
silicon ni = 1.45*1010 cm-3 at 300 K), k is the Boltzmann constant (1.38*10-23 J/K), T is  the
temperature (together, kT is the thermal energy [eV]) and q is the charge (1.60*10-19 C).
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Figure 2.2: Abrubt pn junction in thermal equilibrium. a) Space-charge distribution. b) Electric field distribution.
c) Potential variation (Sze 1981, Sinkkonen 1996).

The length in the x-direction of the depletion region can be calculated using Poisson’s equation
together with the value of the built-in potential. The built-in potential makes the pn junction reverse
biased,  which  means  that  the  depletion  region  exists.  The  total  depletion  region  width  is  calculated
from
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and the depletion region widths on the p- and n-sides are calculated from the total depletion region
width
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2.3 Full depletion

The proper operation of silicon detectors is strongly limited by the requirement for the detectors to be
fully depleted. The full depletion of the detector is necessary for a maximum detector signal and
detector resolution. Only that part of the detector is active, which is fully depleted. In particle detector
applications, an external reverse bias is added to this built-in potential causing the depletion region to
become longer. Now, the total depletion region width is

( )VV
NN
NN

q
x bi

DA

DASi
d −







 +
= 02 εε (2.7)

where V is the external voltage applied. Equation 2.7 is for a two-sided abrupt junction; for a one-
sided abrupt junction, the equation reduces to

( )VV
qN

x bi
B

Si
d −= 02 εε (2.8)

where NB = ND or NA depending on whether NA >> ND or vice versa.

It is easier to achieve full depletion for the non-irradiated detectors processed on high-resistivity
silicon than it is for irradiated detectors. This is because the full depletion bias voltage changes with
the irradiation fluence due to a change in the effective doping concentration Neff. For a planar detector,
the depletion voltage Vfd needed to fully deplete the detector varies with the doping concentration and
the substrate thickness by (Sze 1981)

bi
Si

eff
fd V

qdN
V −=

0

2

2 εε
. (2.9)

The built-in voltage Vbi is often neglected since in most cases the depletion voltage is more than one
order of magnitude higher. In Equation 2.9, d is the diode thickness.

For example, a diode made of the n-type material (ND =  1013 cm-3), which has the p-contact on the
upper surface of the detector, is fully depleted by applying a high enough negative potential to the p-
contact (Fig. 2.3). The n-type back contact is connected to the ground (0 V potential).
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Figure 2.3: Spreading of the depletion region due to an external reverse bias. In the first quarter, the -1 V is applied; next,
-5 V, -10 V and finally -25 V are applied. The last quarter shows that the structure is basically fully depleted. The electron
concentration is presented in logarithm scale in legends. The source code of this simulation run is found in Appendix A.6.

In the simulations, the depleted area in the n-type bulk can be seen from the electron concentration,
and in the p-type bulk from the hole concentration. The original doping concentration (1013 cm-3) is
indicated in Figure 2.3 with yellow color. The electron concentration values under the original
concentration value are depleted (blue). The calculated full depletion voltage from Equation 2.9 for
these impurities and for a 50 µm distance was -19 V. The simulated value (Fig. 2.3, the last quarter) is
-25 V.

2.4 Effective doping concentration Neff

As shown above in Equation 2.9, the depletion voltage is proportional to the absolute value of the
effective doping concentration Neff. An increase in the doping concentration leads to higher negative
voltage values needed to deplete the valid distance. Because the reach of the full depletion is very
crucial parameter in radiation detector applications, to ensure that the whole volume of the detector is
active, the silicon is originally lightly doped (high resistivity). The detector material should have a
high resistivity to facilitate the depletion of a deep volume with a reasonable voltage, and also because
a shallow pn junction then has a higher breakdown voltage.

However, the irradiation causes an increase in the effective doping concentration. The change in the
effective doping concentration is caused by the defects generated by radiation in the substrate. The
depletion voltage as a function of absorbed fluence of silicon detectors is shown in Fig. 2.4.
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Figure 2.4: Change in the depletion voltage with respect to the absolute effective doping concentration measured right
after the irradiation (Wunstorf 1992).

Type inversion. The effective doping concentration Neff undergoes further changes at the end of the
irradiation, because the defects in the bulk can also migrate and combine among themselves. The
effect of negative fraction of Neff that increases with the fluence is related to two factors: the first
mechanism is the shallow donor removal and the second is the increase in deep acceptor generation
(Eremin 2002a). The first period, which the devices experience and where Neff is reduced, is called
annealing. For the starting n-type material at lower fluences, the Neff is reduced by a donor removal.
Also acceptor-like states are generated leading finally to the inversion of the sign of the space charge
from  positive  to  negative.  This  leads  to  the  inversion  of  the  type  of  the  material.  In  irradiation,  by
increasing the particle fluence, the initially positive substrate doping concentration decreases up to the
type inversion of the semiconductor bulk and becomes negative. The negative Neff means that the
high-resistivity n-type bulk material inverts to p-type. For standard planar detectors with p-type
electrodes on the n-type substrate, after high irradiation, the region with a high electric field moves
towards the backplane of the detector, to the ohmic n+ contact, and the device, which was originally p+

-n -n+ will  turn  to  a  p+ -p -n+ structure.  After  the  type  inversion,  a  further  increase  of Neff is called
reverse annealing, and it can cause a very high bias needed to fully deplete highly irradiated silicon
detectors.

Publication III shows the capacitance-voltage (CV) and the scanning electron microscope
measurement (SEM) results of proton-irradiated n-type FZ silicon detectors. Both measurement setups
are presented in Appendix B. The n-bulk detector samples were irradiated with 10 MeV protons in the
Accelerator Laboratory at the University of Jyväskylä. After the irradiations, the full depletion
voltages Vfd and the effective doping concentrations Neff were resolved by CV measurements at 10
kHz in parallel mode. The results are presented in Figure 2.5.
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Figure 2.5: Evolution of Neff in FZ-Si pad detectors irradiated with 10 MeV protons (Leinonen 2005a). Depletion voltage
values have been normalized to 300 µm bulk thickness.

In Figure 2.5 we can see that increasing the amount of radiation fluence leads to the decreasing Neff
values towards the kink of the solid curve. It is assumed that at the kink the n-type bulk is fully
compensated, and after the deep acceptor generation turns the bulk into p-type.

Double-peak electric field distribution. Defects generated by radiation in the substrate cause the
variation of Neff, which leads to two effects in silicon detectors: an increase in the full depletion
voltage Vfd and the space charge sign inversion (SCSI). Due to the space charge sign inversion, heavily
irradiated detectors stay on both sides sensitive to the short-range particles causing a double-peak (DP)
effect in the electric field distribution (Eremin 2002b), which is also called a double-junction effect.

In the study in Publication III, three different n-type detectors were selected for further investigation
of  electric  field  distribution;  one  with  no  irradiation,  the  second  one  with  a  radiation  fluence  of
2.53×1013 p/cm2 and the third one with a radiation fluence of 1.50×1014 p/cm2. The latter two samples
correspond to 1 MeV equivalent neutron fluence of 1.09×1014 and 6.45×1014 cm-2. These samples
were  cut  and  the  cross-sections  of  the  detectors  were  investigated  with  a  SEM  to  study  the  electric
field distribution inside the detector from the front surface to the back.

In the first detector, which has not been irradiated, it is expected to find a normal pn junction near the
front surface and then near the p+ pad of the detector. Figure 2.6 shows the SEM measurement results
of the non-irradiated detector sample. The electric field distribution is shown along the detector
thickness. The peak in the electric field and the place of the junction is found near the front surface of
the detector as expected with all eight bias voltage values.
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Figure 2.6: Electric field in the non-irradiated sample (Leinonen 2005a).

The second detector with intermediate fluence has the Neff value close to the kink in Figure 2.5. With
low bias voltages under 60 V, the electric field distribution behaves similarly as in the non-irradiated
sample in Figure 2.6, whereas with higher bias voltages, another peak can be seen in the electric field
distribution close to the backside of the detector in Figure 2.7. This indicates a pn junction at this
depth.

Figure 2.7: Electric field in the detector sample irradiated with 1 MeV neutron equivalent fluence of 1.09E14 cm-2

(Leinonen 2005a).

The third detector with the highest fluence is supposed to have its pn junction near the n-type backside
of the detector because the fluence is clearly above the kink of the solid curve in Figure 2.5. The n-
type bulk is expected to be inverted to p-type, and the pn junction is expected to reside near the
backside of the detector. Figure 2.8 shows that the largest electric field appears near the backside at a
distance of 15–20 µm from the back surface indicating that the pn junction has moved to the backside
of the detector, and the bulk has reversed its type from n to p.
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Figure 2.8: Electric field in the detector sample irradiated with 1 MeV neutron equivalent fluence of 6.45E14 cm-2

(Leinonen 2005a).

However, there is a smaller peak of the electric field near the front surface in Figure 2.8. The field
curves indicate that the bulk is not yet fully depleted at the highest measurement voltage 100 V and
therefore there is also a pn junction near the front surface.

2.5 Radiation

The fluence dependence of the effective doping concentration assuming an absence of acceptor
removal and donor creation is expressed as

( ) φφ φ beNN c
Deff −= −

0, (2.10)

where ND,0 is the donor concentration before irradiation, c the  donor  removal  coefficient  and b the
acceptor introduction rate.

The irradiation-induced change in the effective doping concentration Neff can be divided into three
components, namely NA, NC and NY (Moll 1999). NA is a short-term annealing component, whereas NC
does not depend on annealing and is therefore called the stable damage part, which consists of an
incomplete donor removal; finally, NY is the reverse annealing component, as its behavior is opposite
to the beneficial annealing.

After irradiation, for type-inverted detectors, the depletion voltage decreases (beneficial annealing),
while for not-type-inverted detectors, the depletion voltage increases. In both cases, the Neff is
increasing, because for type-inverted detectors, Neff is negative and becoming less negative, while for
not-type-inverted detectors, Neff is positive and becoming more positive. Usually, this behavior is
attributed to the annealing of acceptors (Moll 1999). Because only the longest decay time constant is
relevant to the operation of silicon detectors in high-energy physics experiments, the fluence
dependence of NA can be represented by

eqaA gN φ= . (2.11)

The average introduction rate ga is given by ga = (1.81 ± 0.14) × 10-2 cm-1 (Moll 1999). The
introduction rate for different types of silicon materials has been defined by measurements in Li
(2004). There introduction rate for Czochralski and Float Zone silicon in neutron radiation is defined
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as 0.017 and 0.022, respectively. Also for proton radiation, the introduction rate for Czochralski
silicon is defined as 0.0045. This relation between the fluence and Neff is used in the simulations
presented later in this study. The value 0.02 for introduction rate has been used.

With radiation detectors, it is the radiation itself that is desired to be detected; its drawback is however
that it may also cause damage to the detectors. Electrically active defects are responsible for changes
in the main macroscopic properties of the particle detector.

The radiation-induced damage can be classified in two categories of bulk and surface defects. The
most fundamental type of bulk radiation damage is a defect, produced by the displacement of an atom
of the semiconductor material from its normal lattice. Defects are formed in the silicon lattice owing to
the radiation damage, and several macroscopic effects occur including increase in the leakage current
and the depletion voltage. The defects affect the detector properties such as carrier densities, mobility,
generation lifetime, recombination lifetime and trapping probability. All defects will decrease the
mobility. The generation and recombination lifetime will most strongly be reduced by the defects with
energy  levels  close  to  the  band  gap  center.  For  trapping,  the  capture  and  delayed  release  of  charge
carriers by the defects with medium-depth energy levels are dominant (Lutz 1999).

The radiation-generated defect complexes have complicated electrical properties: they act both as
recombination-generation centers and as trapping centers, and they can also change the charge density
in the space-charge region. The defect as a recombination-generation center is able to capture and emit
electrons and holes, which leads to an increase in the reverse-bias current. In trapping centers,
electrons and holes are captured and re-emitted with some time delay. This may lead to the reduction
of the signal. When defects change the charge density, the increased bias voltage is needed to make
the detector fully sensitive (fully depleted).

The vacancy left behind, together with the original atom at an interstitial position, constitutes a
trapping site for normal charge carriers. The traps, which can be deep impurities, can capture a hole or
an electron and keep it immobilized for a relatively long period of time. Two dominant trapping
centers are the vacancy-oxygen (VO) and di-vacancy (V2) defects (Da Via 2003a). Although the
trapping center ultimately may release the carrier back to the band from which it came, the time delay
is often sufficiently long to prevent that carrier from contributing to the measured pulse. After an
irradiation up to 1016 cm-2 fast hadrons, the trapping drastically reduces the effective drift length of
charge carriers and, therefore, the produced signal does no longer depend linearly on the detector
thickness or the electrode distance.

The radiation effects in silicon detectors are: first, the change in the effective doping concentration of
the space charge region (Neff) alters the operating voltage needed for full depletion; second, the
fluence-proportional increase in the leakage current is caused by the creation of
generation/recombination centers, and third, the deterioration of charge collection efficiency is due to
the charge carrier trapping and incomplete depletion leading to a reduction of the effective drift length
for both electrons and holes. These effects also influence the electronic noise (signal-to-noise ratio
S/N), they increase the power dissipation and deteriorate the spatial resolution (R&D Prop. 2002). As
a conclusion, the main effects of radiation damage on macroscopic silicon sensor properties are
(Wunstorf 1997):

1. An increase in the leakage current Ileak; can be reduced by cooling.
2. An increase in the effective doping concentration Neff in depleted silicon; may lead to the type-

inversion.
3. An increase in Neff increases the bias voltage needed to achieve a given active thickness.
4. A decrease in the charge drift lifetime τ, which reduces the charge collection efficiency (CCE)

from the depleted region.
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3.7 Comparison of n- and p-type 3D detectors

Comparing various 3D detector structures, simulation results show that the dual-column detectors are
at best in the radiation-hard environments, but single-column detectors are easier to process. The
electric field profile (active area of the detector) is the best in the dual-column detectors including the
standard 3D detector. The single-column detectors suffer from the non-uniform electric field, although
in BNL single-column 3D detectors, some high field can be developed along the junction column. The
n-type 3D detectors are not very suitable for high-energy physics experiments because of the large
low-field area and the type inversion of the detector type. The advantages and disadvantages are
summarized in Table 3.2.

Table 3.2: Summarizing comparison of the properties of different 3D detector structures.

Structure E-field profile Rad-hard Mechanical
integrity

Processing Accessibility Sensitivity under
the column

P-TYPE
Std 3D (UH) Good Super Good with

supporting wafer
Difficult, wafer
bonding needed

One-side Some reported
(Da Via 2006)

BNL dual-C Good Super Good True one-sided One-side Some

CNM dual-C Good Super Good Double-sided Two-side Some

BNL
single-C

Low field on the
back side

Good Good True one-sided One-side Some

Trento single-C Low field on the
front and center

Good Good One-sided (backside
uniform ion implant
and metallization)

Two-side Some

N-TYPE
Semi 3D Low field on the

front
Suffers from

SCSI
Good One-sided Two-side Some

Also the 3D simulations of weighting field profiles for different p-type 3D detector structures verify
that the high-weighting field has been found to exist in more that half of the volume in the detector
unit cells, which should be a significant advantage for 3D detectors.

3.8 Active edge of the detector

In general, planar silicon detectors have a wide insensitive border region around the sensitive area.
This insensitive area is occupied by a sequence of guard rings, which control the potential distribution
between the sensitive area of the detectors and the die cut to minimize the electric field and the surface
leakage current (Fig. 3.28). The need for this area can be avoided if the detector is designed to be
edgeless or a trench around the detector bulk is made into an active-edge electrode. In this way, the
electric field can extend to within a few microns of the physical edge of the detector when a bias
voltage is applied.
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Figure 3.28: Schematic cross-section view of a standard detector edge showing some reasons for an insensitive region
there: a) space is needed for guard rings, b) the saw-cut edges are conducting, and c) chips or small cracks must remain
clear of d) the bulge of the electric field in the depleted region (Kenney 1999).

Edgeless position sensitive detectors are of interest in imaging applications using non-penetrating
radiation  such  as  soft  X-rays  or  vacuum  ultraviolet,  and  in  applications  where  the  sensor  must  be
positioned  as  close  as  possible  to  a  beam or  to  a  wall.  In  the  first  case,  the  edge  sensitivity  permits
contiguous imaging with overlapped sensors, while in the latter category, particles can be tracked very
close to a high-intensity beam (Perea Solano 2006).

Minimizing the dead space is an additional advantage as it enhances the efficiency of a detector
(Ranjan 2004). The guard ring technique has evolved to minimize the dead space at the edge of
detectors. Also the guard ring structure is used to improve the breakdown performance of silicon
detectors. Detectors collect charge from the depletion region. It is therefore important to minimize the
dead space, from where it is not possible to collect charge. Usually, depletion is formed vertically
from anode to cathode, but Publication IV describes  a  proposed  new  p+/n/n+ pad detector structure
with  n+ guard ring placed at the edge of the detector (Fig. 3.29), where the depletion region also
extends sideways. This phenomenon is due to the cathode and the guard ring being of the same doping
type. The remaining dead space is only directly under the guard ring.

Figure 3.29: Schematic cross-section view of a detector edge with n+ guard ring placed at the edge of the detector
(Publication IV).

The same processing procedure performed to fabricate the electrodes in standard 3D detectors can be
used to create a trench all around the detector bulk, making it into an active-edge electrode (Kenney
2001). Figure 3.30 shows a sketch of a 3D detector, where the p+ and  n+ electrodes are processed
inside the silicon bulk. The edge is a trench electrode making the active volume sensitive to a few µm
from the physical edge when a bias voltage is applied.
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Figure 3.30: Schematic cross-section view of a full 3D-active edge.

Kenney (2006) gives the basic architecture of active-edge planar radiation sensors. Planar/3D-active
edge devices have planar microstrips and a three-dimensional edge (Fig. 3.31). The diode junction can
be formed either at the edges and bottom or at the top-side electrodes by interchanging n and p. When
the diode junction appears at the top-side electrodes, a drawback of the planar/3D design is that the
bottom  edge  corner  is  very  difficult  to  fully  deplete  with  similarly  low  bias  voltages.  Also  the
disadvantages compared with pure 3D devices are the loss of speed and radiation tolerance.

Figure 3.31: Schematic cross-section view of a planar/3D detector edge.

Other methods to reduce the dead edge volume of planar detectors are a cut-through edge operated at
cryogenic temperature and a current terminating structure. The latter case is investigated by the
TOTEM experiment group, motivated mainly by the need for the measurement of very forward elastic
scattering at the CERN LHC near room temperature and preferring production based on the standard
planar fabrication technology. These kinds of edgeless detectors are explained in more detail in
Ruggiero (2005), Noschis (2006) and Pellegrini (2006).
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Chapter 4

Discussion

The interest in the 3D silicon detectors is continuously growing because of their many advantages as
compared to conventional planar detectors: the devices can be fully depleted at low bias voltages, the
speed of the charge collection is high, and the collection distances are about one order of magnitude
less  than  those  of  planar  technology strip  and  pixel  detectors  with  electrodes  limited  to  the  detector
surface. Also the 3D detectors exhibit high radiation tolerance, and hence the ability of the silicon
detectors to operate after irradiation is increased. The properties of 3D and planar detectors are
compared in Table 4.1.

Table 4.1: 3D versus planar detector design parameters for a 300 µm thick silicon substrate. The depletion voltage quoted
is for a detector prior to irradiation (Da Via 2003b).

Parameter 3D Planar
Depletion voltage < 10 V 70 V
Collection length ~ 50 µm 300 µm

Charge collection time 1-2 ns 10-20 ns
Edge sensitivity < 10 µm ~ 300 µm

To achieve some of the prime goals of high-energy physics experiments – for example the discovery
and  possible  study  of  Higgs  particles  –  the  silicon  detectors  have  to  operate  in  an  extreme  harsh
radiation environment. To achieve the properties of silicon detectors needed for such applications, the
radiation degradation has to be minimized. This is done by device and defect engineering. Defect
analysis and 3D detectors are the hottest topics in the future in the area of detecting particles in high-
energy physics experiments.

In this study, the radiation detectors have been researched. The effect of radiation to the detectors has
been characterized by simulations. The simulations on the radiation damage are done by varying the
effective carrier concentration Neff. This simulation method gives an insight into the device behavior
after radiation damage. It is clear that radiation will cause irreversible damage in the detector bulk
material. The radiation-induced changes in the macroscopic silicon detector properties such as leakage
current, depletion voltage and charge collection efficiency are caused by radiation-induced electrically
active microscopic defects. The challenge of simulating the radiation damage is the generation of
electrically active defects and the donor removal within the device simulator.

Highly energetic ionizing particles, while crossing the detector, interact with the silicon layer resulting
in  the  generation  of  electron-hole  pairs  along  their  path.  Electron-hole  pairs  can  be  collected  at  the
electrodes of an inversely biased junctions, but if the energy of the highly energetic ionizing particles
is high enough, a lattice atom can be displaced from its original position and two defects are generated
in the silicon lattice (Passeri 2001, Petasecca 2005a), namely an interstitial atom and a vacancy. Most
of the generated interstitials and vacancies quickly recombine because of their very high mobility, but
a significant proportion of them can interact with impurities to produce electrically active defects,
whose energy is located within the forbidden band. These defects behave as recombination-generation
centers in the band gap and act as traps for carriers (Petasecca 2005a, Petasecca 2005b).

It has been shown elsewhere (Passeri 2001, Petasecca 2005a, Petasecca 2005b, Petasecca 2006) that
the radiation damage effects can be described with a three-level radiation damage model (known as
the Perugia trap model) to be used in simulations. The model is based on the progressive introduction
of radiation-induced defects. Two main defects in the silicon bulk are related to the divacancy and to
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the carbon-oxygen complex. The presence of these defects causes the radiation-induced changes in the
electrical properties of the detector. For n-type silicon, the three-level model is defined with two
acceptor levels located at Ec -0.42 eV (V2) and Ec -0.55 eV (V2O), and a donor level located at Ev +0.36
eV (CiOi) (Ahmed 2001, Petasecca 2005b). In proportion, the three-level model for p-type silicon has
a divacancy defect level located at Ec -0.42 eV (V2), a tri-vacancy complex defect (Ahmed 2001)
located at Ec -0.46 eV (V3) and a donor defect CiOi complex located at Ev +0.36 eV (Petasecca 2006).

There is only incomplete knowledge on the defect properties, and therefore, it is very difficult to
determine the concentrations of impurities. The damage modeling in Silvaco simulation program also
require information about activation energies, the cross sections for majority and minority carriers and
the trap concentrations of main defects. All this information is difficult to find for the specific defect
level.  Moreover,  it  has  been  shown that  trapping  times  of  the  Perugia  model  do  not  match  with  the
experimental trapping times (Pennicard 2007).

In Silvaco, the command trap activates bulk traps at discrete energy levels within the bandgap of the
semiconductor and sets their parameter values. For example, the three-level radiation damage model
can be defined in the Silvaco program as follows:

#.... Three-level damage model for p-type
trap acceptor e.level=0.42 sigp=2e-6 sign=5.4e-9 density=7.5e11 degen=1
trap acceptor e.level=0.46 sigp=7e-15 sign=3.2e-12 density=5e11 degen=1
trap donor e.level=0.36 sigp=1.2e-10 sign=5.1e-23 density=1e12 degen=1

The type of the trap level is defined as acceptor or donor. E.level sets the energy of the discrete trap
level. For acceptors, it is relative to the conduction band edge. For donors, it depends on the valence
band edge. Sigp and sign specifies the capture cross section of the trap for holes and for electrons. The
average capture time increases exponentially with depth and is inversely proportional to the capture
cross-section (Lutz 2001). Instead of capture cross-sections, the electron and hole lifetimes can be
specified. Density sets  the  maximum  density  of  states  of  the  trap  level  and degen specifies the
degeneracy factor of the trap level used to calculate the density (ATLAS 2007).

Some values for the capture cross-section of the trap for holes and for electrons and also for the
density of traps are reported in the literature (Hallen 1996, Bleichner 1996). The problem is that all the
necessary information is not very well known for specific traps, and more information is needed to
complete radiation-induced defect simulations with the Silvaco program.

Also it has been reported that the concept of double-peak electric field distribution in irradiated Si
detectors can be expressed with a trap model (Verbitskaya 2007). The model of this DP electric field
profile E(x) distribution is based on trapping of equilibrium carriers to the midgap energy levels of
radiation-induced defects that leads to a non-uniform distribution of space charge concentration with
positively and negatively charged regions adjacent to the p+ and n+ contacts, respectively. The model
takes into account the trapping of free carriers from the bulk generation current to the midgap energy
levels of radiation-induced defects: a deep donor (DD) and a deep acceptor (DA) with the activation
energies of Ev + 0.48 eV and Ec - 0.52 eV, respectively. From this point of view, when the traps are
known better, the simulation of the double-peak electric field profile distribution is possible in the
future.

The signal formation in 3D detectors is very important research field for understanding the properties
of 3D detectors in terms of speed and charge collection efficiency. One way to study the signal is the
calculation of electric and weighting fields as shown earlier. The second method is to simulate a
certain amount of charge injected along a straight line or locally in the detector and analyze the time
domain response. This kind of simulation can be done in Silvaco with single-event upset command. It
enables to specify the radial, length, and time dependence of the generated charge along tracks. There
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can  be  a  single  particle  strike  or  multiple  strikes.  Figure  4.1  shows  the  first  result  of  the  transient
simulations of the BNL dual-column detector. The charge collection was studied by introducing a
minimum ionizing particle (MIP) that penetrates through the whole detector in the middle of the
structure with the bias of 50 V. The voltage has been chosen to be higher than full depletion voltage,
because it increases the electric field and thereby speeds up the charge collection. About 24 000
electron-hole pairs is created uniformly along the path in the silicon.

Figure 4.1: Charge collection time dependence of the BNL dual-column detector at 50 V bias and the charge traveling
through the whole detector in the middle of the structure.

Figure 4.1 shows the dual-column 3D detector current response pulse from the center of the simulation
cell shown in Figure 3.12. It can be seen that there is a delay, when a current pulse is returning back to
the zero level causing a pulse tail. This is caused by the uniform surface charge at the silicon/oxide
interface. The surface recombination causes some of the charge carriers to recombine, and thus,
diffusion is caused toward the oxide, and the charge collection time increases. More research is needed
to study the charge collection properties of 3D detectors in the future.
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Chapter 5

Conclusions

In this study, the various radiation detector structures were simulated and characterized to find an
applicable silicon detector, which can operate in extremely harsh radiation environments such as in the
experiments of the future Super-LHC. In the nearest region of the beam in Super-LHC, 3D-detectors
are almost the only detector choice because of their radiation hardness. The full depletion voltage and
the electric field distribution of 3D detectors were under investigation in this study. As expected, the
full depletion voltage is lower in 3D detectors than in common planar detectors, because the charge
collection distance is notably shorter, consisting only of the distance between the columnar electrodes.
The drawback in 3D detectors is the non-uniform electric field, which reduces the sensitivity volume
of the detector. That is why electric field distributions in various detector structures were studied. The
optimization of the electric field distribution can ensure fast and efficient detector operation.
Therefore, the knowledge of the electric field distribution is important for the prediction of detector
operation in harsh radiation environments.

The key contributions of this study include the following:

• This study shows that the main reasons why 3D Si detector is one of the detector options for
SLHC are: 1) far smaller full depletion bias voltage, because the needed depletion volume is
between the columns, which can be made in the order of <70 µm, and is independent of the
detector thickness; 2) this way the drift distance is also notably reduced, which results in a fast
signal, and substantially improved radiation hardness in terms of CCE if the column spacing is
made in the same order of magnitude of that of the trapping distance dtr. At SLHC fluence, dtr
can be in the order of 10’s of µm.

• The study of the electric field distribution in n-type 3D detectors with partial-penetrating
electrodes. Both the simulation results and the SEM measurement results show that the charge-
collecting field (electric field) is formed only below the electrode pillars. With the high bias
voltage, the electric field is mainly formed between the end of the pillars and the backside. The
front  side  of  the  detector  suffers  from  the  low  electric  field,  and  consequently,  the  charge
collection efficiency is reduced.

• The simulation study of the electric field distribution in p-type 3D detectors with single-type of
the columns. The electric field distribution in the studied single-column p-type 3D detector
structure shows to have many advantages compared with other types of single-column 3D
detectors: 1) the high electric field shows to be on the sensing electrode side; and 2) some high
electric field can be developed along the junction column as the bias voltage increases.
However, the single-column detectors suffer from a more complicated, non-uniform electric
field profile than dual-column detectors as shown in the simulation results. Single-column p-
type 3D detectors are more radiation hard than the planar detectors because of their lower
depletion voltages.

• The simulation study of the electric field distribution in p-type 3D detectors with dual-type of
the columns. The electric field profile in a dual-column 3D Si detector is more uniform than
that in the single-type column 3D Si detector: the non-uniformity is minimal along the detector
thickness. The field profiles for all types of the studied dual-column 3D detectors are similar
with just some minor differences on the front and back surfaces. The dual-column detectors are
the best in radiation hardness because of their low depletion voltages and short drift distances.

• The simulations show that the volume under the columns where it is supposed to constitute the
dead space (about 10%) can be depleted at high biases with a modest electric field, leading to
the possibility of recovering some sensitivity from this region. This region can also provide
some sensitivity to particle tracks directly through the columns.
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• Dual-column p-type substrate 3D detectors were simulated with a variety of fluences to study
the effect of the irradiation on the detector performance. The simulated full depletion voltage
Vfd for a dual-column 3D detector shows to be about 1.4 time higher than that of for the
calculated full depletion voltage of a 2D pad detector with a thickness d, which is the same as
the column spacing Lp in the 3D detector. Simulations also show that in order to fully deplete a
dual-column 3D detector at 1×1016 neq/cm2 with a reasonable bias (  200 V), the column
spacing Lp should be reduced to 30 µm.

Suggestions for future work. The study shows that in the future, defects and charge collection in the
detectors studied here should be taken under further investigation as suggested in Discussion. More
information is needed about the charge trapping: what are the effective traps and their parameters in
the radiated silicon detector? Ab initio calculations can provide reliable estimates for the defect
electrical levels, together with information about the defect concentrations and the migration energies.
These data can then be used as input for the Silvaco program, thereby connecting the nanoscale with
device-scale engineering.

Electrically active defects are responsible for the changes in the operation of the particle detectors.
This causes the degradation of the overall charge collection efficiency. The deterioration of CCE
caused by the trapping of charge carriers will be the most severe obstacle for the use of silicon
detectors in the future very high-luminosity colliders with extremely harsh radiation environments.
The main effect of the radiation damage on the macroscopic silicon detector properties is the decrease
in the charge drift lifetime, which reduces the CCE from the depleted region. In addition to the
trapping of free carriers causing the reduction in the CCE amplitude, the detector has to be fully
depleted for achieving the maximal signal amplitude. Also, the high concentration of the radiation-
induced deep traps leads to the electric field distortion, where there is the double-peak electric field
distribution. The CCE depends on both the charge trapping and the electric field, and it is the most
crucial parameter in the radiation detector research. It can be studied with the following methods listed
in Table 5.1, which also shows the quantities that can be defined.

Table 5.1: Characterization methods and the desired quantities to be studied. In this study, the TCAD simulation tool was
used to analyze the full depletion voltage Vfd and the electric field distribution E(x). In the future research including TCAD
simulations, the charge trapping and the charge collection efficiency CCE should be investigated further.

Measurement setup E(x) τtrap Vfd CCE
CV x

TCT x x x
SEM x
CCE x x

TCAD simulation x x x x

Charge collection can be simulated introducing a certain amount of charge traveling through the
detector. The first results were presented in Figure 4.1; however, it is necessary to study the charge
collection in various detector structures further. Also for future studies and simulations, the integration
of the electric field and the weighting field is highly important; one can calculate the actual induced
current in 3D Si detectors under various radiation fluences, and then analyze the CCE of the detector.
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Appendix A

Silvaco TCAD software

Silvaco TCAD software allows the creation, fabrication and simulation of semiconductor devices and
their electrical performances. In this study Silvaco TCAD was run under the Linux environment, yet it
also can be run under Windows. The software is divided into several different programs, which all
have a purpose of their own in the whole simulation chain (Fig. A.1). DeckBuild is the program,
which runs the files under the simulation. With the ATHENA program, the semiconductor
manufacturing process can be simulated and the semiconductor device can be created. The
semiconductor device can also be described by the DevEdit/DevEdit3D program, but mostly it is used
to  edit  the  mesh  or  grid  of  the  device  to  optimize  it  for  the  simulation  run  and  the  most  interesting
points of the device. With DevEdit3D, the three-dimensional structures can be created. ATLAS is the
device simulation program, which is needed in every case for simulation of the electrical
characteristics of the semiconductor devices. Also this program can be used to describe semiconductor
devices by inserting the doping profiles. Finally, after the simulation run, the TonyPlot or TonyPlot3D
is used to visualize the semiconductor device and its electrical characteristics.

Figure A.1: Programs and information flow in Silvaco TCAD (ATLAS 2007). DevEdit, DeckBuild and TonyPlot form a
Silvaco Virtual Wafer Fab (VWF) environment. ATHENA and ATLAS are the process and device simulation softwares.
The input files of ATLAS are the command file from DeckBuild, which performs the simulation run and the structure file
from either DevEdit or ATHENA or from both. In this file, the studied device structure is defined.

A.1 DeckBuild

DeckBuild  is  the  surface  between  different  simulation  programs.  In  DeckBuild,  the  code  for
simulation is run; there it is possible to move freely from one simulation program to other, for
example from ATHENA to DevEdit and finally to ATLAS. It provides an interactive run-time
environment. DeckBuild can be used to create or edit input decks, or just load the ready input deck for
the simulation run. Instead of using DeckBuild, the input code can be built in any text editor program
and saved as an input file type. After that, these files can be loaded in DeckBuild and run.
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Figure A.2: DeckBuild base window.

The DeckBuild base window consists of two subwindows; an upper one for building, editing and
showing the input decks and a lower one for running the simulation (Fig. A.2). This window shows
the simulation steps and possible error messages. ATHENA is the default simulation program, when
starting DeckBuild.

A.2 ATHENA

ATHENA is a simulator that provides general capabilities for numerical, physically based, two-
dimensional simulation of semiconductor processing. Physically based process simulators predict the
structures that result from specified process sequences. This is done by solving systems of equations
that describe the physics and chemistry of semiconductor processes. A detailed analysis of various
aspects of process simulation can be found in Plummer (2000).

An ATHENA simulation program has a modular architecture and several different tools. The
ATHENA tool performs structure initialization and manipulation and also provides basic deposition
and etch facilities. The SSUPREM4 tool is used in the design, analysis, and optimization of silicon
semiconductor structures. It simulates silicon processing steps such as ion implantation, diffusion and
oxidation. The simulation is done by first defining the problem. In ATHENA, the problem is specified
by defining the initial geometry of the structure and the sequence of process steps (e.g. oxidation,
implantation, etching, diffusion) that are to be simulated. The example of an ATHENA simulation is
given in Appendix A.6.

ATHENA predicts the physical structures that result from processing. These physical structures are
used as input by ATLAS, which then predicts the electrical characteristics associated with specified
bias conditions. Using ATHENA and ATLAS makes it possible to determine the impact of process
parameters on device characteristics.

A.3 ATLAS

ATLAS is a physically based two- and three-dimensional device simulator, which predicts the
electrical characteristics that are associated with specified physical structures and bias conditions. This
is achieved by approximating the operation of a device onto a two- or three-dimensional grid,
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consisting of a number of grid points called nodes. By applying a set of differential equations, derived
from Maxwell’s laws, onto this grid the transport of carriers through a structure can be simulated. The
electrical performance of a device can be modeled in DC, AC or transient modes of operation.

In ATLAS, the problem to be simulated is specified by defining the physical structure, the physical
models  and  the  bias  conditions  for  which  electrical  characteristics  are  to  be  simulated.  The  order  in
which statements occur in an ATLAS input file is important. There are five groups of statements
(Table A.1) that must occur in correct order. The order of statements within the mesh definition,
structural definition, and solution groups is also of importance. Otherwise, it may cause incorrect
operation or termination of the program. For further information of statements, the reader is referred to
ATLAS 2007 manual. The example of an ATLAS simulation code is given in Appendix A.6.

Table A.1: The Atlas commands.
Group Statements
Structure specification mesh

region
electrode
doping

Material models specification material
interface
model
contact

Numerical method selection method
Solution specification log

solve
save
load

Result analysis extract
tonyplot

S-PISCES is a two-dimensional device modeling program that simulates the electrical characteristics
of silicon-based semiconductor devices. It calculates the internal distributions of physical parameters
and predicts the electrical behavior of devices under either steady-state, transient, or small signal AC
conditions. This is performed by solving Poisson’s equation and the electron and hole carrier
continuity equations in two dimensions. S-PISCES solves basic semiconductor equations on non-
uniform triangular grids. Doping profiles and the structure of the device may be obtained from
analytical functions, experimentally measured data, or from process modeling programs SSUPREM4
and ATHENA. DEVICE3D provides the semiconductor device in three-dimensional mode. It uses the
same analog as the S-PISCES in the two-dimensional simulations.

A.4 DevEdit

DevEdit is a device structure editor (Fig. A.3). It can be used to generate a new mesh on an existing
structure or to create or modify a device. These devices can then be used by Silvaco 2-D and 3-D
simulators. DevEdit can perform the following operations: definition of a device for subsequent device
simulations, and remeshing a device structure between or during a process and device test simulations,
when the process simulator does not create a good grid for the device simulator or when the mesh is
no longer adequate for the next simulation step.
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Figure A.3: DevEdit base window.

Defining the mesh is very critical in Silvaco simulations. First, the number of nodes in two-
dimensional simulations is limited to 20 000, which is not much considering wide and high-radiation
detector structure simulations. Because quite high voltages are applied in these applications, placing
the nodes to the right places is also very important. Otherwise, the convergence problem during
simulation run is reported and simulation is not finished correctly.

A.5 TonyPlot

TonyPlot is a graphical post processing tool for use with all Silvaco simulators, and it is an integral
part of the Virtual Wafer Fab. Similarly, TonyPlot3D is a three-dimensional graphics viewer, capable
of displaying data generated from the 3D process and device simulators (Fig. A.4).

Figure A.4: Tonyplot3D window.

A.6 SIMULATION SOURCE CODE

Next, an example of simulation source code is given. The simple diode structure is simulated to show
the operation of pn junction under the reverse bias. First, ATHENA is started for the process
simulation. All command lines in the program start with #.
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# Process simulation - ATHENA
# file: /u/home/tanjap/Simulation/pn_junction.in

go athena

The x- and y-dimensions of the structure are given with the space of grid.

#
# Mesh definition
#
line x loc=0.0 spac=5
line x loc=5.0 spac=3
line x loc=10.0 spac=1
line x loc=15.0 spac=2
line x loc=35.0 spac=1
line x loc=40.0 spac=3
line x loc=45.0 spac=5
line x loc=50.0 spac=5
#
line y loc=0.0 spac=0.5
line y loc=1.0 spac=1
line y loc=3.0 spac=1
line y loc=5.0 spac=2
line y loc=10.0 spac=3
line y loc=20.0 spac=5
line y loc=30.0 spac=5
line y loc=40.0 spac=5
line y loc=50.0 spac=5

The doping of silicon is given.

#
# Initial silicon structure
#
# n (1E13 cm-3)
init silicon c.phosphorus=1e13 orientation=111

The first processing step is to deposit oxide and aluminum on top of the structure and then etch them
for the p-type pad implantation.

# ================== Oxide Cut for Boron implant ==============
# ==================            (p+)  ==============
# ================== Implantation Mask for Boron ==============
#
deposit oxide thick=0.50 divisions=10
#
etch oxide start x=10 y=-0.5
etch cont x=10 y=0
etch cont x=40 y=0
etch done x=40 y=-0.5

deposit alumin thick=1.0 divisions=10

etch alumin start x=10 y=-1.5
etch cont x=10 y=0
etch cont x=40 y=0
etch done x=40 y=-1.5

Processing of the p-type pad is carried out by implanting boron. Then contacts are made by depositing
aluminum both on the front side and backside.

# ================== Implantation ==============================
# ====== implanting p+ with energy 25keV and dose 1e15cm-2 =====

#
implant boron dose=1e15 energy=25 pearson tilt=7 rotation=0 crystal
#

# Etch aluminum (implantation mask)
etch aluminum all
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# ================== Aluminum Contact =========================
# ==================     Front side    =========================
#
deposit alumin thick=1.0 divisions=25

etch alumin start x=0 y=-2
etch cont x=0 y=-0
etch cont x=10 y=-0
etch done x=10 y=-2

etch alumin start x=40 y=-2
etch cont x=40 y=-0
etch cont x=50 y=-0
etch done x=50 y=-2

# ================== Aluminum Contact =========================
# ==================      Backside  ============================
#
struct flip.y

deposit aluminum thick=0.30

struct flip.y
# ==============================================================

Electrodes are named and the structure created is saved for device simulation.

# Name and the place of the electrode
electrode name=anode x=25 y=-0.1
electrode name=cathode x=25 y=50.1

# Saving the created structure
struct outfile=/u/home/tanjap/Simulation/pn_junction.str

# Plotting the structure
tonyplot

The device simulation starts by using ATLAS. First, necessary parameters are given and simulation
models and methods are defined.

# Device simulation - ATLAS

go atlas

# Load mesh file created during process simulation
mesh inf=/u/home/tanjap/Simulation/pn_junction.str

# Adding work function to the electrodes
#
# SiO2 - Si surface charge
interface qf=4e11

# Simulation models
models bipolar numcarr=2
impact selb

# Simulation methods
method newton trap itlimit=20 maxtraps=10

Solving the device with a variety of bias voltages starts.

# Solving the initial solution
solve init

# Saving the voltages and currents
log outf=pn_junction.log

# Defining output type
output e.field
output flowlines
#
################################
#### Bias voltages applied #####
# anode = -0.5V…-30V  (1) electrode #
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################################
#
solve  vstep=-0.1 nsteps=5 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-0.5V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-0.5V).std master
solve  vstep=-.1 nsteps=5 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-1.0V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-1.0V).std master
solve  vstep=-.1 nsteps=5 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-1.5V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-1.5V).std master
solve  vstep=-.1 nsteps=5 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-2.0V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-2.0V).std master
solve  vstep=-.1 nsteps=30 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-5.0V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-5.0V).std master
solve  vstep=-.1 nsteps=50 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-10.0V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-10.0V).std master
solve  vstep=-.1 nsteps=100 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-20.0V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-20.0V).std master
solve  vstep=-.1 nsteps=50 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-25.0V).std master

load inf=/u/home/tanjap/Simulation/pn_junction-p(-25.0V).std master
solve  vstep=-.1 nsteps=50 elec=1
save outf=/u/home/tanjap/Simulation/pn_junction-p(-30.0V).std master

Finally, the simulation results are plotted. The results of this simulation run are presented in Figure 2.3
in Chapter 2. After the plotting, simulation stops.

tonyplot
tonyplot pn_junction.log -set diode.set
quit
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Appendix B

Measurement setups

B.1 CV/IV measurement setup

Capacitance-voltage (CV) measurements yield the depletion voltage and the effective doping
concentration. Also, the semiconductor behavior studied by the CV measurements will give
information of the behavior of the resistivity, that is, the required depletion voltage as a function of the
radiation dose.  LUT has measuring equipment for CV measurements, and measurements can be made
to  high  voltages  (up  to  1100  V).  The  characterization  of  the  detectors  is  performed  with  the  CV
measurement equipment consisting of a probe station, semiconductor parameter analyzer, LCR meter
and separate voltage sources (Fig. B.1).

Figure B.1: CV measurement station. On the left, there is the probe station; in the middle, the HP 4155A semiconductor
parameter analyzer, and on the right, the HP 4284A LCR meter and the Keithley 2410 voltage sources.

For measuring the capacitance of the detector as a function of voltage, an HP 4284A LCR meter is
applied. The voltage range of the LCR meter is 40 volts at maximum. Should a higher voltage be
needed, a separate voltage source has to be used. The Keithley 2410 voltage sources can produce high
voltages up to 1100 volts. Measuring the current of the detector as a function of voltage, an HP 4155A
semiconductor parameter analyzer can be used up to 100 volts. The Keithley 2410 voltage source also
includes a current meter, and thus, when higher voltages are required, the current measurements can
also be made with the Keithley 2410.
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The voltage source and the LCR meter are connected to the probe station and the probe needles by a
self-made electronic circuit (Fig. B.2). This electronic circuit is used to isolate the LCR meter from the
high voltage by a transformer.
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Figure B.2: a) Circuit diagram of the connector between voltage sources, the LCR meter and the probe needles and b) the
photo. With this electronic circuit, both IV and CV curves can be measured simultaneously. Keithley no. 1 is used as a
voltage source, Keithley no. 2 measures the current and the LCR meter measures the capacitance.
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B.2 SEM measurement setup

The type inversion and the douple-junction effect have been investigated with several indirect
methods: capacitance-voltage (CV) measurements, transient current technique (TCT), optical beam
induced current (OBIC), and by measuring the surface potential with a mechanical probe from a
cleaved sample (Leinonen 2006). The CV measurements reveal the full depletion voltage, where the
effective doping concentration can be calculated. The TCT method is based on the electric field
transformation caused by trapping of laser injected carriers. The TCT gives information about the
position of the electric field maximum inside the detector through observing the shape and the delay of
a current pulse after generating carriers near one surface of the detector with a short laser pulse
(Eremin 1994, Eremin 1996). The OBIC technique induces the creation of electron-hole pairs in the
sample through the laser signal injection.

Similarly as CV or TCT methods, the above are macroscopic and secondary by nature. The voltage-
contrast effect in the scanning electron microscope (SEM) provides a more direct way to measure the
desired quantities, that is, the potential distribution and electric field inside the detector structure. This
is done by cleaving the detector; now, the examined surface is the cross-section of detector. This way,
the potential distribution and the electric field can be measured more directly from the inside of the
detector sample. The SEM method provides an accurate microscopic means of imaging and measuring
the desired quantities more directly from the sample as a function of position. A drawback is that the
device must be split before examination.

The SEM method is based on the voltage-contrast phenomenon. The contrast is converted
mathematically to voltage.  The simple mathematical equations used in the conversion are explained in
detail in Leinonen (2005b). With this SEM measurement method, after splitting the detector, the
potential distribution and the electric fields can be imaged and measured straight from the sample.
These kinds of measurements are the benefit of the SEM. A drawback of this method is that with this
measurement setup the voltage contrast starts to saturate at relatively small voltages. With this method,
it is therefore impossible to characterize heavily irradiated detectors under full depletion conditions.
With 40-60 V bias, however, a clear, non-saturated voltage-contrast can be seen. This is sufficient to
see from which side of the detector the electric field starts to extend (Tuovinen 2006).

The SEM, JEOL JSM-25S III scanning electron microscope was used in this research. This SEM setup
is shown in Fig. B.3. A detector is placed in the vacuum chamber of the SEM. The bias voltage is fed
over the detector from the Agilent semiconductor parameter analyzer 4155C.
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a)

b)

Figure B.3: a) Principal construction of the SEM measurement setup (Leinonen 2005b) and b) the physical layout.
1: Scanning electron microscope. 2: Vacuum chamber. 3: Agilent semiconductor parameter analyzer 4155C. 4: PC used for
reading signals from SEM.

One source measure unit (SMU) is constituted by VSMU and its associated voltage and current meters
in the semiconductor parameter analyzer. The bias voltage from the analyzer is connected through the
sample holder, placed inside the vacuum chamber, to the detector (Fig. B.4).



75

Figure B.4: Sampler holder inside the vacuum chamber.

In the vacuum chamber, a 5 keV electron beam is scanned over the examined surface of the biased
detector at a speed of 2-5 µm/s (Leinonen 2005b). The primary 5 keV electron beam generates
secondary electrons at most a few nanometers below the examined surface. These electrons are pulled
to a secondary electron detector (SEI=Secondary Electron Image), placed on the inside wall of the
vacuum chamber, by a positive voltage VSEI around this detector. The value of VSEI is fixed to 10 kV in
this microscope. The secondary electron detector works as a scintillator. It absorbs the electrons,
which the primary beam has generated to the examined surface. These secondary electrons form the
signal.  The  energy  of  secondary  electrons  is  small,  less  than  50  eV,  and  thus  even  a  small  positive
voltage on the sample can decrease the number of electrons arriving to the secondary electron detector
and thereby cause a phenomenon called voltage-contrast (Leinonen 2005b). Then in the setup, the
secondary electron signal is amplified and converted from analog to digital mode. This signal plus the
horizontal  and  vertical  timing  signals  of  the  SEM  are  read  to  a  PC.  The  PC  is  used  to  display  the
images and waveforms, and to calculate potential distributions and electric fields.
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