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Abstract: Semiconductor devices are widely used as radiation detectors in a large variety of fields such as
nuclear physics, elementary particle physics, optical, x-ray astronomy, medicine, material testing and so on. As
the detector working mode 1s dependent not only on the adopted material and the chosen architecture, but also
on the detection method, the paper reviews the various radiation types, the principles of physics in detection,

the semiconductor detector operational characteristics and the semiconductor device structures.
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INTRODUCTION

The success of semiconductor materials as radiation
detectors depends on to several characteristic properties
that are not available with other detector types. The
combination of extremely precise position measurement
with high readout speed, the direct availability of signals
mn electronic form, the simultaneous precise measurement
of energy and position and the possibility of integrating
detector and readout electronics on a common substrate
are some of the obtamable benefits.

In particular, silicon (S1) or germamum (Ge) materials
lead to excellent energy resolution but Si is characterized
by low stopping power for high energy photons while the
small band-gap of Ge makes 1t able to operate only at
cryogenic temperature. Compound semiconductors such
as GaAs, CdTe, CdZnTe and Hgl, have been studied with
the aim of realizing high efficiency detectors (Bertuccio,
2005; Rizzi et al., 2005, 2006a; Rizzi and Castagnolo, 2003).
For a specific application, the selection of the most
suitable material among semiconductors depends on the
energy range of interest.

Devices realized adopting semiconductor materials
exhibit crystal flaws which can be caused by dangling
bonds at interfaces or by the presence of impurities in
the substrate. The presence of these defect centres, or
traps, in semiconductor substrates may significantly
mfluence the device electrical characteristics. Trap
centres, whose associated energy lies in the forbidden
gap, exchange charges with semiconductor conduction
and wvalence bands through the emission and
recombination of electrons. Therefore, trap centres
change the space charge density in the semiconductor
bulk and consequently, they both influence the
recombimation statistics and induce distortions m the

electric field distribution. Moreover, these defects reduce
the detector collection efficiency and the energy
resolution (Dubari et af., 2002, Cola et al., 1996, 1997,
Beaumeont et al., 1992; Rizzi et al., 2003, 2004, 2006b).

Therefore, in designing radiation detectors, close
attention should be paid to semiconductor growth, device
structure and technology processes.

As, both detectors and detection methods are
currently field of developments and investigations, this
review study considers, also, the physics principles of
radiation interaction with matter as a general knowledge
background needed to understand how radiation can be
detected. Therefore, the second section is dealing with
radiation matter interaction taking into account both
directly and mdirectly ionizing beams.

For the detector performance evaluation, some
characteristic parameters are introduced. TIn fact,
energy resolution, detection efficiency and dead time are
some of the detector properties presented in the third
seclion.

A particular attention has given to the discussion of
semiconductor detectors. In fact, the last three sections
are dedicated to review both the effects of radiation
interaction m semiconductor materials, the detector
working basic principles and the main features of
semiconductor detectors. Moreover, the construction
methods and the operating characteristics of the most
popular semiconductor detectors are briefly described,
too.

RADIATION-MATTER INTERACTION
Radiation detector operating mode strongly depends

on the mechanisms in which the radiation interacts with
the material composing the device.
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When a radiation beam penetrates the matter, it may
be absorbed or scattered or it may pass straight through,
without any mteraction. The processes of absorption and
scattering can be described m terms of interactions
between particles; in fact particles of the radiation flux
strike particles in the material and are either stopped or
scattered. The mteraction results m full or partial transfer
of incident radiation energy to electrons or nuclei of
constituent atoms, or to charged particle products of
nuclear reactions.

Radiations can be classified in directly and indirectly
ionizing beam. Charged particles (such as fast electrons
and heavy charged particles) and uncharged radiations
(such as neutrons, X-ray and y-ray) are examples of the
first and the second group, respectively (Jevremovic,
2008).

Charged particle interactions
Heavy charged particles: Heavy charged particles mteract
with matter primarily through anelastic collisions due to
Coulomb forces between their positive charge and the
negative charge of orbital electrons belonging to the
absorber atoms. The interaction beam energy transferred
to the absorbing medium may be sufficient either for
raising electron to a higher energetic level (excitation
phenomenon) or for removing completely electrons from
the atom which they belong to (ionization phenomenon).

Because of the maximum energy that can be
transferred from a charged particle to an electron in a
single collision 1s a small fraction of the total incident
beam energy, many interactions occur during the
travelling of radiation through the matter. Ejected
electrons during their motion can produce other 1on pairs
or secondary electrons. As a consequence of mteractions,
the charged particle velocity decreases until the particle
is stopped.

The amount of energy which is lost by the beam
mside the material 13 measured by the linear stopping
power parameter (3) defined as:

5. & (H
ax

where, dE represents the differential energy loss for the
particle under consideration within the material and dx 1s
the differential path length.

The term-dE/dx along a particle track 1s also ndicated
as the specific energy loss or the rate of energy loss.

This parameter has been demonstrated to increase as
both the number of charge particles increases and high
density materials are adopted (Knoll, 2010).
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Fig. 1: The bragg curve along an alpha ray track

Fig. 2: Fast electron path along absorbing material

The plot of the specific energy loss along the
charged particle track is known as the Bragg curve
(Fig. 1). As it is shown, there is a pronounced peak in the
curve plot immediately before the particles come to rest.
A peak occurs because the interaction cross section
increases as the charged particle energy decreases

(Takubek et al., 2008).

Fast electron interactions: Fast electrons move inside the
absorbing material with a tortuous path and because of
their mass is equal to that of orbital electrons, a large
amount of energy can be lost in a single interaction
(Fig. 2).

Moreover, for this type of particles, energy may be
lost by radioactive processes as well as by coulomb
interactions. For beta particles having typical energy of
about a few MeVs, radioactive losses are small in
comparison with ionization and excitation losses if the
absorber material has a small atomic number value.

Due to the electron track deflections, backscattering
phenomenon may take place. For this reason, electrons
entering the detector surface can re-emerge from the same
surface and consequently they do not deposit all their
energy inside the material. Therefore, backscattered
electrons have a great influence on the detector designed
to evaluate the energy of interacting electrons
(Hoheisel et al., 2003).

Uncharged radiations
Gamma an X-ray interaction: Unlike charged particles,
uncharged radiations do not steadily lose energy as they
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Fig. 3: The photoelectric effect of an incident photon

penetrate matter. Instead, they can travel some distance
before interacting with an atom.

Different situations may occur when a photon
interacts with materials. In fact, it might be absorbed and
consequently, 1t disappears or it might be scattered,
changing its direction of travel, with or without loss of
energy.

Many mechanisms can take place when v and X-rays
hit matter; for example Thomson and Rayleigh scattering
are two processes by which photons interact with matter
without appreciable transfer of energy. But the most
umportant interaction mechanisms are the photo electric
effect, the compton scattering and the production of pairs
which are characterized by photon energy deposition in
matter.

In the photoelectric effect, the interacting photon 1s
completely absorbed by the atom and an energetic
photoelectron is ejected by the same atom from one of its
bound shell (Fig. 3). The photoelectron appears with the
following energy E.;

Ee=hv-E, (2)

where, E, is the photoelectron energy in its original shell
(the binding energy) and hv the ray energy.

As consequence of the emission, an ionized atom
with a vacancy is created, too. This vacancy 1s filled by a
free electron of the absorber medium or by an electron
belonging to other shells of the same atom. Therefore,
K-ray photons or Auger electrons are generated.

The photoelectric effect 15 the predominant
interaction mechanism both for y and X-ray of low energy
and for material of high atomic number (7). In fact the
photoelectric absorption probability 1s proportional to Z°
with n varying between 4 and 5.

When, the compton scattering process takes place,
the incident beam interacts with a material electron
(indicated as recoil electron) transferring to it some of its
energy and it 1s deflected of an angle 0 with respect to its
original direction (Fig. 4). The scattered radiation
wavelength (A7) is linked both to the wavelength incident
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Fig. 4: Compton scattering of an incident photon

beam (A) and to the deflected angle according to the
following expression:

Ah=A'- A=A, (1-cos6) 3)

where, AA is the wavelength Compton shift and 4, 1s the
Compton wavelength of the electron.
It is evident that AL grows as the scattering angle
increases and it reaches the maximum value for 6 = .
The energy transferred from the incident beam to the
electron can varies from zero to a large fraction of the
incident ray energy, according to the following relation:

. hv
= [1+ A1 - cos6)] @

with A = hv/mc’ representing the reduced energy of the
incoming photon and mc’® the rest mass energy of the
electron.

When, the ray energy exceeds twice the electron rest
mass energy (i.e., 2 mc’=1.02 MeV), the phenomenon of
electron and positron pair production is possible in the
field of an atomic nucleus. It can also oceur in the field of
an atomic electron but with a lower probability, being
necessary a ray energy quadruple of the electron rest
mass energy (this process is named triplet production as
the presence of recoil atomic electron over electron-
positron pair).

The photon energy (hv) is completely absorbed and
is converted into 2 mc® plus the kinetic energy of the
electron and the positron. The inverse process occurs
when an electron and a positron anmhilate and they
produce photons.

The effect of the previous three mechanisms in
relation with material atomic number and incident ray
energy is reported in Fig. 5. It is evident that the Compton
effect dominates at medium A and low Z-values. At high
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Fig. 5. The effect of the three major radiation matter
mteraction phenomena in function of Z and hv
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A and high 7, the pair production mechanism is the
relevant process of photon mteraction i matter. At low Z
and low A, the photoelectric process becomes the
dominant process of photon interaction.

Each of X or y-ray interaction processes previously
described, can be characterized by a probability of
occurrence per unit path length in the absorber. The sum
of these probabilities represents the probability per unit
path length that the ray photon is removed from the beam.
This probability, denoted by i and having dimension of an
mverse length, 1s called the linear attenuation coefficient
(or macroscopic cross section). The coefficient p depends
on both the photon energy and the material which is
traversed; 1t 1s expressed as follows:

n=1to+K (3)

where, T, 0 and ¥ are the probability of photoelectric,
Compton and pair interaction occurrence, respectively.

Therefore, a collimated X or y-ray of initial intensity
I,, after traversing a material with thickness x will have a
residual intensity of unaffected primary photons I
(photons that do not interact) equal to:

I=Le™* (6)

The quantity ', indicated with A, is the mean free
path (or mean path length) that represents the average
distance traveled by the ray inside the absorber before an
mteraction takes place.

As the coefficient p is dependent on the material
density, convenient figure is
(named mass attenuation coefficient) which i1s defined as
w'p with p denoting the medum density (Yaffe and
Rowlands, 1997).

a 1more introduced

Neutron interaction: Like photons, neutrons are

uncharged particles and therefore do not interact with
matter by means of coulomb force. They can travel

appreciable distances inside matter without interacting
but when they interact it is with a nucleus of the
absorbing material.

The secondary radiations resulting from neutron
interaction are almost always heavy charged particles.
They may be produced either as result of nuclear
reactions or they may be the nuclei of the absorbing
material which have increased their energy as result of
neutron collisions. In fact, a neutron can collide with an
atomic nucleus, which can scatter it elastically or
inelastically. The scattering type 1s elastic when the
energy lost by the neutron 1s equal to the kinetic energy
of the recoil nucleus (i.e., the total kinetic energy is
conserved) while it is inelastic when the nucleus absorbs
some energy and remains in an excited state.

The neutron can also be captured, or absorbed, by a
nucleus, leading to a reaction, such as (n, p), (n, 2n),
(n, ), or (n, ).

The probability of different neutron mteraction
oceurrence depends on neutron energy.

RADIATION DETECTOR PROPERTIES

In a wide category of detectors, when a particle or a
radiation quantum interacts with material according to one
of the previous discussed mechanisms, the net result is
the appearance of an amount of electric charge mnside the
detector active volume. Applying an electrical field within
the detector, a flow of charges is originated. The time
required for the charge collection is related to the
particular detector, m fact it depends on the charge carrier
mobility and on the average distance that must be
travelled before arrival at the collecting electrodes.
Therefore, the response of a detector to a smgle particle
or to an interacting quantum of radiation is a current that
flows for a time equal to the charge collection time.
Obviously, the time integral over the current duration is
the charge generated during the interaction process.

In this analysis a low interaction rate 1s considered,
so that each individual interaction gives rise to a current
that is distinguishable from the others. In real situation,
current flows in the detector from more than one
interaction at a given time.

Detector working modes: Three different detector
working modes can be considered: pulse mode, current
mode and mean square voltage mode.

If the response time of the measuring device
connected across the detector output terminals is long
compared with the average time spacing between current
pulses, then a current is recorded that 15 given by the
mean rate of charge formation averaged over many
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individual radiation quanta. This mode of operation is
called current mode. The average current represents the
product of the average event rate and the charge created
per event. However, different currents will result from
radiations that have equal interaction rates but deposit a
different average energy per interaction.

In mixed radiation environments, when the charge
amount produced by various radiation types 1s different,
detectors operating in mean square voltage mode are
useful. In such devices, the mean square of the time
variance of the detector current is recorded which 1s
proportional to the event rate and the square of the
charge produced in each event.

In the pulse mode operation, each quantum of
radiation that mteracts with the detector has to be
measured. The output of such type of detector 15 a
sequence of individual signal pulses, each representing
the result of a single quantum of radiation within the
detector. The rate at which such pulses occur, give a
measure of the radiation mteractions mside the detector
while the amplitude of each pulse is related to the amount
of charge generated during each interaction.

Pulse mode operation 1s the most common choice for
different radiation detector applications; i fact it presents
several advantages (for instance a higher sensitivity) in
comparison with the other two working modes.

Pulse height spectra and energy resolution: In the pulse
mode detector, the amplitude of the various pulses is
different because of differences in radiation energy or
fluctuations mn detector response to a monoenergetic
radiation. The pulse amplitude distribution gives
information about the incident radiation. In Fig. 6 an
example of the differential pulse height distribution 1s
indicated: the value of dN/dH is plotted vs. the pulse
amplitude where dN 15 the differential number of pulses
with an amplitude within the differential increment dH.
The number of pulses having an amplitude between H, e
H, 18 obtained adopting the following expression:

J-Hb dN Q)
H, dl

In many applications, the radiation detector task is
the energy distribution measure of the incident radiation.
The capability of detectors to distinguish between two
particles or photons with different but close energies is
indicated as the energy resolution and denoted with R.

A large amount of fluctuations in the number of
produced charges 1s recorded even if radiation beams with
equal energy are adopted. There 13 a high number of
potential sources of fluctuations n the response of a

212

Fig. 6: Differential pulse height distribution plot
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Fig. 7. Parameter identification for the energy resolution
definmtion

detector that result in imperfect energy resolution. They
can be produced by dnft of the detector operating
characteristics, sources of the
instrumentation system and statistical noise derived from
the fact that the charge generated within the detector by
a radiation quantum 18 not a continuous variable but

random  noise

represents a discrete number of charge carriers.

The energy resolution is defined as the Full Width at
Half Maximum (FWHM) divided by the location of the
peak centroid Hy, having indicated with FWHM the width
of the distribution at a level that is half the maximum
ordinate of the peak (Fig. 7). It 1s evident that the smaller
the value of R, the better the detector will able to
distinguish between radiations having energies lie near
each other. Assuming that the formation of each charge
carrier is a poisson process, it was demonstrated that for
detector having a linear response, R results (Knoll, 2010):

R:% (8)

where, N 1s the average number of generated charge
carriers.

3145



J. Applied Sci., 10 (23): 3141-3135, 2010

For some type of detectors, experimental results show
that the obtained R-values are lower than the values
predicted by Eq. 8. This difference mdicates that the
processes which give rise to the generation of charge
carriers are not independent and therefore the total charge
produced cannot described by a simple poisson process.
A corrective parameter, called the Fano factor and
mndicated with F, 1s mtroduced to quantify the difference
of the observed values from the number of charge carriers
obtained considering a pure Poisson statistic (Fano,
1947). Introducing the Fano factor, expression Eq. 8

becomes:
Rzmﬁ ©)
N

Detection efficiency: Charged radiation interacts with
detector producing ionization or excitation of material
nuclei as it enters in the active volume. Therefore, after a
typical particle 1s travelled a small fraction of its range, a
lot of pairs is created to ensure the presence of a signal
pulse large enough to be detected In this situation no
charged particles reaching the detector active volume are
lost. The detector has a 100% detection efficiency.

On the contrary, uncharged radiations can travel
some distance before interacting with a material atom;
therefore detector have, generally, an efficiency value less
than 100%.

In order to relate the number of counted pulses to the
number of hitting photons, the absolute (e,.) and the
mtrinsic (g,,) efficiency are evaluated with the followimng
eXpression:

S MNumber of pulses recorded (10)
** 7 Number of quanta generated by source
- Number of pulses recorded (11)

~ Number of quanta hitting the detector

The intrinsic efficiency, which is the most used
parameter, depends on the detector material, the radiation
energy, the detector thickness in the direction of incident
radiation. Moreover, a slight dependence on the distance
between the source and the absorber material is observed
as the average path length of the ray inside the detector
changes somewhat with this spacing.

Dead time: The dead time is the time during which a
detector is not able to detect a next coming particle, in fact
two events must have a mimimum amount of separation in
time in order to be recorded as two different pulses. This
minimum recording time can be determined by physical

e
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D""“L g |

live ! ! ! 1 —/r Nonparalyzable

Fig. 8 Fundamental assumptions of the two different
models for detector dead time behaviour

processes mn the detector or by associated electronics. For
example, when a radicactive sample 13 counted, the
possibility can arise that two interactions in the detector
will occur too close together in time to be registered as
separate events.

Two different models have been proposed to
approximate the dead time behaviour of counting systems:
paralyzable and nonparaly zable response.

A paralyzable detector is unable to provide a second
response until a certain dead time T has passed without
another event occurring. Another event during T causes
the insensitive period to be restarted.

A nonparalyzable detector, on the other hand, simply
1gnores other events if they occur during T.

Differences in the two models are illustrated in Fig. 8.
The central line represents six events as they occur along
the horizontal time axis, and the other two axes show the
responses of the two types of detectors. Of the six events
in this example, the paralyzable counter registers three and
the nonparalyzable, four.

Denoting with 1, and r, the true interaction rate and
the recorded count rate respectively, the fraction of time
that the nonparalizable detector is dead is r, 1. Therefore,
the fraction of time that it 1s sensitive 1s 1-r, T, which 1s
also the fraction of the number of true events that can be
recorded as it is expressed in the following formula:

Loy ;7 {nonparalizable model) (12)
L

In the paralyzable case, dead periods are not always
of fixed length. The average number of events that takes
place ina time t 1s rt. If an event occurs at time t = 0, then
the probability that no events occur m time t immediately
following that event is given by the Poisson term, with P,
expressed as:

B = (13)
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Fig. 9. Plot of the observed rate vs. the true rate for
nonparalyzable and paralyzable models

Therefore, given an event at time t = 0, the probability
that the next event will occur between t and t + dt is:

P(tydt =rie” =" dt (14

The probability that a time interval larger than T will
elapse 1s:

et = ¢ (15)

- —3

The observed count rate r, is:
r,=re* (paralyzable model) (16)

For low event rates or short dead time (1,7 <1), the two
models lead the same results:

(nonparalizable model) (17)

(paralyzable model) (18)

Plotting r, vs. 1, it 18 evident that for nonparalyzable
model r, cannet exceed t', which is an asymptotic value,
while for paralyzable model 1, reaches a maximum value
equal to et”' (Fig. 9). Increasing the event rate, the
measured count rate with a paralyzable system will
decrease beyond this maximum and will approach zero,
because of the decreasing opportunity to recover
between events. With a paralyzable system, there are
generally two possible event rates that correspond to a
given count rate.

SEMICONDUCTOR DETECTORS

Radiation detection system is composed of a
detector, signal processor electronics and data output

display device such as counter or multichannel analyzer.
Detector physical properties and characteristics control
detection system features.

Radiation detectors and detection systems can be
classified differently according to the particular parameter
talken into account. In fact, they can distinguish into.

»  Gas, iquid and solid if the detector physical form 1s
considered

¢ Current (ions) and light if the nature of the detector
output signal 1s observed

+ Counting, pulse height spectrometry, dosimetry,
imaging and timing if their function is pointed out

Tt is very clear that there are many varieties of
detection systems.

Devices employing semiconductors as detection
medium have become very diffused in many radiation
detection applications. The information carriers are
electronvhole paws which are generated along the path
taken by the charged particle through the detector. The
large number of generated carriers for a given incident
radiation beam, produces detectors with good energy
resolution. Moreover, other features can be obtained
adopting semiconductor as absorber material such as
compact sizes and relatively fast timing characteristics.

Semiconductor properties: The periodic structure of the
particular crystalline material establishes allowed energy
bands for electrons which are present inside the material.
The lower band, indicated with valence band, is
composed of electrons which are bounded to lattice sites
inside the crystal while the upper band, denoted with
conduction band, is characterized by the presence of free
electrons which contribute to the material conductivity.
These two bands are separated by a band of forbidden
states named bandgap. The bandgap dimension defines
the classification of material as conducter, semiconductor
or insulator.

In absence of thermal excitation, semiconductor
exhibits a valence band fill of electrons while a conduction
band totally empty. If an energy exceeding the bangap
energy is imparted to an electron located in the valence
band, thus electron can be transferred to the conduction
band and a vacancy (called hole) is created inside the
valence band. The average displacement of a movable
charge carrier due to random motion 1s zero but owing to
the application of an electrical field, both the electron
within the conduction band than the hole inside the
valence band (which represents a positive charge) can
move contributing to the material conductivity. Because
of electrons is drawn in a direction opposite to the electric
field, holes move m the same direction as the electric field
with the following net drift velocity:

3147



J. Applied Sci., 10 (23): 3141-3135, 2010

Conduction
electron

Fig. 10: Bond representation for (a) n type and (b) p type semiconductor

v,=uE (19
vy =H,E (20)

where, v, and v, represent the drift velocity of electrons
and holes, respectively, p, and p, the semiconductor
electron and hole mobility, E the electrical field magnitude

Relations Eq. 19 and 20 are valid for electrical field
magnitudes small enough so to produce carrier velocity
change which 1s small in comparison with the thermal
velocity. Alternatively, if the field is high enough, such
that electron and hole energies become appreciably larger
than the thermal energies, strong deviations from linearity
are observed and drift velocities become mdependent of
the electric field, reaching a saturation value.

An other way to obtain free electrons 1s the alteration
of semiconductor lattice structure adding a small amount
of other elements with a different atomic structure (called
umpurities). This procedure, which can be performed either
during crystal growth or later in selected crystal regions,
is called doping. In this way, the electrical properties of
pure semiconductor materials can be modified and
controlled.

When, impurity elements, also called dopants, are
added to semiconductor material, impurity atoms take the
place of semiconductor atoms in the lattice structure.
When impurity atoms have one more valence electron
than the semiconductor atom, this extra electron carmot
form an electron pair bond because no adjacent valence
electron 15 available and it requires only slight excitation
to break away. Consequently, the presence of such excess
electrons increases the semiconductor conductivity. The
resulting material is called n-type because the excess free
electrons have a negative charge and the unpurities of this
type are referred to as donor atoms. In this case, electrons
are called majority carriers and holes minority carriers.

A different effect is produced when impurity atoms
having one less valence electron than the semiconductor

atom 1s substituted in the lattice structure. Although all
the valence electrons of the impurity atoms form electron
pair bonds with electrons of neighbouring semiconductor
atoms, one of the bonds in the lattice structure cannot be
completed because the mpurity atom lacks the final
valence electron. As a result, a vacancy (hole) exists in
the lattice and an electron from an adjacent electron pair
bond may absorb enough energy to break its bond and to
fill the hole. As in the case of excess electrons, the
presence of holes encourages the flow of electrons in the
semiconductor material with a consequently increasing of
the material conductivity. Semiconductor of this type
having an excess of holes 1s called p-type material and the
adopted impurities are indicated as acceptor atoms
(Fig. 10) (Millman and Grabel, 1988).

Radiation interaction in semiconductor: Radiation
interaction with semiconductor materials produces the
creation of electron-hole pairs that can be detected as
electric signal. As it 13 shown in the previous sections,
when the mcident ray 1s composed of charged particles,
ionization may occur along the path of flight by many
collisions with the electrons. In presence of uncharged
radiations, such as X-ray, photons have first to undergo
an interaction with either a target electron (according to
photoelectric  or compton effect) or with the
semiconductor nucleus.

The average energy converted into electron/hole pair
creation, called ionization energy and indicated with €, is
specific of the particular absorbing material. Moreover, it
15 weakly depended on the type and energy of the
incident radiation except for low energies which are
comparable with the semiconductor band gap. This
characteristic allows interpretation of the number of
electron/hole pairs produced in terms of the radiation
incident energy, provided the particle is fully stopped
inside the detector active volume. The e-value for silicon
and germanium 1s about 3eV, lower than the typical value
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Insulator
Fig. 11: Example of a p-n junction diode

of gas detector; consequently, for an absorbed energy E,
an increased number of charge carriers is produced in Si
or Ge detectors. The mean number of generated pairs N 1s
obtained with the following expression:

N= (21)

o |

The fluctvation in the number of carriers generated
can be evaluated introducing the Fano factor F:

Variance in pair number = FN (22)

After the electron/hole generation inside the
semiconductor, the created charges will tend to migrate
either spontaneously or for an electrical field application.
Their motion will go on until they are collected at the
electrodes or they recombine because of the presence of
impurities or structural imperfections of the detector
material. Recombination produces an incomplete charge
collecion. In particular, 1mpurities mside the
semiconductor act as traps because they introduce
additional energy levels mside the forbidden gap
(deep impurities). These levels could capture electrons or
holes and they release them after a time period.
Obviously, if the trapping time is long, the captured
carriers cammot contribute to the measured pulse.

Some other deep impurities can act as recombination
centres. These impurities are able to capture all the type
of carriers. In fact, they could capture first an electron
from the conduction band and then a hole coming from
the valence band with the result of carrier annihilation.

Also structural defects within the crystal structure of
the semiconductor can lead to trapping phenomenon and
charge carrier loss (Ponpon, 2005).

Semiconductor  junction: The usefulness of
semiconductors as electronic circuit elements and for

= Electron
«Hole
@Donor
@Acceptor

Non depleted

H——

Conductor

radiation measurements stems from the special properties
obtained when n and p type semiconductors are brought
mnto good thermodynamic contact creating a diode
junction. Tn practice, such a junction is built by diffusing
acceptor impurities into a n type silicon crystal or by
diffusing donor atoms into a p type silicon crystal. An
example of p-n junction detector is shown in Fig. 11. It
consists of a highly doped shallow p* region on a very
lowly doped n-substrate, the back portion of a lghly
doped n" layer. The n *layer provides a good ohmic
contact from the alummiuvm to the substrate and
simultanecusly it allows operation of the device in
overdepleted mode.

A charge depleted region occurs at the interface of
the n and p type regions. This depleted region 1s created
as the result of both electron diffusion from n type
material into p type and hole diffusion from p type to n
type material. Therefore, diffusion is responsible for the
existence of a space charge region composed of two
zones: a first zone made of filled electron acceptor sites
not compensated by holes and a second zone made of
positively charged empty donor sites not compensated by
electrons.

The space charge creates an electrical field that
reduces the tendency for further diffusion. At equilibrium
the field is adequate to prevent additional net diffusion
across the junction and a steady state charge distribution
is therefore established.

Therefore, the depletion region acts like a high
resistivity parallel plate 1omzation chamber, making it
feasible to use diode junction for radiation detection. Due
to the electric field presence, electron‘hole pairs produced
within the depleted region migrate out and their motion
gives rise to an electrical signal. For this reason, the
depletion region represents the sensitive volume of the
semiconductor detector.

Unbiased p-n junction can act like a detector but only
with very poor performance because both the depletion

3149



J. Applied Sci., 10 (23): 3141-3135, 2010

region thickness is small, the junction capacitance is high
and the electric field strength across the junction 1s low
and not enough to collect the mduced charge carriers
that, consequently, could be lost due to trappmg and
recombination.

The performance of the p-n junction as a practically
used radiation detector i1s improved by applymng an
external voltage that leads the junction to be reversed
biased. As the applied voltage raises, both the width of
the depletion region (i.e., the sensitive volume) increases,
the junction capacitance decreases and the detection
performance improves (Millman and Grabel, 1988).

Semiconductor detectors can operate with a reverse
bias voltage that can produce either a space charge region
contained within the mterior volume of the wafer (partially
depleted detector) or a space charge region that extends
through the full wafer thickness (fully depleted detector).

However, the applied voltage should be kept below
the breakdown voltage of the detector so to avoid a
catastrophic deterioration of detector properties.

Charge transport in semiconductor junctions: The
motion of charge carriers generated by an 1onizing particle
in a semiconductor detector produces a signal with a
shape which is determined by the detector charge
transport properties. Diode charge transport properties
depend on Millman and Grabel (1988):

¢ The dopant effective concentration (N,g), which
defines the mternal electric field and thus, the
depletion voltage value

¢ The electron (u,) and hole (p ) mobilities, which
influence the time needed to collect the charges

¢+  The charge trapping lifetime for hole and electron
(T Tio). Which affect the charge collection efficiency

First, let us assume a simplified model where the
electron and hole mobilities are constant with the electric
field.

Ramo's theorem relates the displacement (Ax) of a
charge carrier q generated by the passage of an incoming
particle m the detector to the charge (AQ) collected on the
electrodes:

AQ= q% (23)

with w denoting the electrode distance.
The induced current 1s:

iy-dQ_ad_q (24)
ix) dt wodt Wv(t)

}‘mln X
r
Back h Front
(0]
n+ n i .e p+
0 X, w

Fig. 12: Motion of an electron/hole pair generated inside
the active volume of a p-n junction for the electric
field application

Therefore, the mduced currents due to electrons
(1,(x)) and holes (1,(x)) 1s, respectively:

iL(x)= %ueE(x) (25)

i, () = %upE(x) (26)

where, E(x) is the electric field inside the detector depleted
reglomn.

Considering an electronhole pair generated at
X = X, inside the detector depleted zone and supposing
that the applied electric field drifts electrons toward
the electrode at x = w while holes in the opposite
direction toward the electrode at x = 0 (Fig. 12). It is easy
to demonstrate that with the previous assumptions,
the total collected charge Q,, 13 (Leroy and Rancoita,
2009):

Q..=Q.+Q, (27)
where, Q, e Q, represent the total electron and hole

collected charge, respectively. Their values can be
evaluated with the following expressions:

Q= Jew-x,) (28)
w
Qp :gxU (29)
w

A more accurate analysis 1s obtamned considering the
mobility parameters dependent on both the electric field
and the temperature and taking mnto account the
generation/recombination phenomena, too. In this
situation the Poisson equation and the continwty
equations for electrons and holes have to be solved
(Leroy et al., 1999):
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Where:
G = The electron/hole generation rate
R,y = The electron (hole) recombination rate

Tuiy — Lhe electron (hole) trapping lifetime

Tan = Lhe electron (hole) detrapping lifetime

n, (p,) = The trapped electron (hole) density

J. {J,) = The electron (hele) current density

Ugps = The shockley read hall generation-recombination
term

SEMICONDUCTOR DETECTOR OPERATIONAL
CHARACTERISTICS

Effect of bias voltage on detector performance: Tn order to
produce an electric field large enough to aclhieve a charge
carrier efficient collection, a reverse bias voltage of
hundreds or thousands of wvolts has to be applied
between the semiconductor detector electrodes. In fact, if
low bias voltage 1s imposed, the pulse height deriving
from radiations that are fully stopped within the depletion
region rises with the applied voltage. This variation 1s due
to an incomplete carrier charge collection as consequence
of trapping/recombination mechanisms along the incident
particle track. The fraction escaping collection, decreases
as the electric field is increased.

When a reverse voltage is applied to a junction
detector, a current of the order of a fraction of
microampere or nancampere 1s usually observed
(depending on the particular semiconductor material
adopted) even 1n absence of 1omizing radiation. The origin
of thus leakage current are related both to the bulk volume
and surface of the detector.

Sources of the bulk leakage current are both the
minority carriers, that are conducted across the junction
because of the reverse voltage applied, and the thermal
generation of electron‘hole pairs within the depletion
region. The first contribute 18 generally small while the
second depends on the operation temperature. For
example, silicon and gallium arsemde detectors have a
sufficient low thermally generated leakage current to allow
their use at room temperature while germanium devices
must operate at reduced temperature as consequence of
the lower energy gap.

Surface leakage cwrrent takes place at the junction
edges where voltage gradients are present. It depends on
various factors such as humidity and detector surface
contamination.

Random fluctuations that occur in leakage current
could tend to obscure the small signal current that flows
following an ionizing event and could represent a noise
source i many situations. Methods for leakage current
reduction, such as guard-rings, have to be taken into
account in semiconductor detector design phase.

Pulse rise time: Semiconductor detector timing properties
can be evaluated taking into account the output signal
rise time. It is composed of the charge transit time and the
plasma time contributes.

The charge transit time is related to the motion of
electron/hole pairs created by a radiation beam hitting the
detector depletion region. Therefore, it depends on the
electric field intensity and the spatial charge zone width.
In fully depleted detectors, the semiconductor physical
thickness fixes the depletion width and consequently, the
electric field growth reduces the rise time. In partially
depleted detectors, the spatial charge region increases
with increasing the applied voltage and therefore the
effect of a high voltage bias is to increase both the electric
field and the distance over which charge pairs must be
collected.

The relation of the charge transit time on the applied
bias voltage 1s enough complicated even if it can be
simplified if suitable assumptions are made (Ahmed, 2007).

When, the incident radiation 1s composed of heavy
charged particles, the plasma time component is
observed. In fact, in this situation the electron/hole pair
density along the track of the hitting particles is sufficient
high to form a plasma (like charge cloud) that shields the
interior from the electric field influence. Only the charge
carriers at the outer edge of the cloud migrate because
they are under the influence of the electric field. The
outer regions are gradually eroded away till the inner
charges are subjected to the applied electric field and
they dnift. Therefore, the plasma time can be defined as
the time required for the charge cloud to disperse to the
point where normal charge collection proceeds
(Dearnaley, 1966).

Dead layer and channelling: When semiconductor
detectors are irradiated with weakly penetrating particles,
such as heavy charged particles, an ligh amount of
energy can be lost before the ray reaches the detector
active volume. The thickness of this dead layer is,
generally, a function of the applied voltage.

When the hitting ray is perpendicular to the detector
surface (1.e., the incidence angle 1s zero), the energy loss
1n the dead layer 1s:
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AE(O):%d (31)

where, d is the dead layer thickness.
The energy loss for a generic B incidence angle is:

AR = 2B (32)

cosp

Moreover, m crystalline materials the energy loss rate
of charged particles depends on their path orentation; in
fact particles travelling parallel to detector erystal planes
are characterized by an energy loss rate lower that that
of particles directed in arbitrary directions. These
particles (sometimes called charmelled particles) penetrate
significantly farther through the crystal.

Radiation damage: The radiation process produces inside
the detector some damages whose nature depends on the
particular particle hitting the semiconductor material. The
radiation induced damages can be classified in two
categories: bulk and surface type.

The 1mpmging radiation can iteract with
semiconductor material nuclei producing an irreversible
damage. In this situation, a bulk damage is produced
(called Fremkel defect) because a material atom 1is
displaced from its normal lattice site. The generated
vacancy and the original atom, now at an interstitial
position, act as:

*  Recombmation/generation centres because they are
able both to capture and to emit electrons and holes.
This alternate emission of electrons and holes inside
the detector depleted region increases the leakage
current

¢ Trapping centres because electrons and holes are
captured and re-emitted. The trapped signal charge
could be released too late producing an incomplete
charge collection at the detector electrodes

Moreover, they could change the charge density in
the depleted zone and consequently, an increased bias
voltage 1s required to make the detector fully sensitive

Therefore, when enough of these defects are
generated, carrier lifetime and charge collection efficiency
are reduced while detector energy resolution is degraded
because of fluctuations in the charge lost amount.

After the end of the irradiation process, it is possible
to notice that the produced damage to the detector
reduces with time. This effect 13 called annealing. The rate
of damage decrease i3 strongly dependent on the
temperature at which the detector is kept during the
waiting period. True annealing, in which the crystal

becomes perfect again, does exist but in many cases
defects may just be transformed into other more stable
defect types with changed properties.

Surface damages involve charge build up either at
interface or in overlaying electrically insulating layers
(i.e., a thermal oxide on silicon) and can cause heavy
surface inversion or accumulation. In fact, energy
absorbed by electronic iomzation in insulating layers
liberates charge carriers which diffuse or drift to other
locations where they are trapped, leading to wmntended
concentrations of charge and as a consequence, parasitic
fields.

Therefore, oxide damage is caused by 1omzing
irradiation such as photons, x-rays and charged particles,
while semiconductor bulle damage, requiring damage of
the crystal structure, is generated by massive particles
such as neutrons and protons (Janesick et al, 1989;
Kim et al., 1995; Lutz, 2007).

SEMICONDUCTORDETECTOR CLASSIFICATION

Existing semiconductor detectors differ from one
another because of the adopted material or the method by
which the material is treated.

In the following sections, construction methods and
operating  characteristics of the popular
semiconductor  detectors  are  briefly  described
(Tsoulfanidis, 1995; Akimov, 2007).

most

Surface barrier detectors: A p-n junction is created on a
n type semiconductor by evaporation of a thin gold layer
which acts as an acceptor and simultaneous serves as an
electrode. Best results are obtained if the evaporation
phase is carried out under conditions that produce
surface oxidation. In fact, as a result of surface oxidization,
surface energy states are produced that induce a hole
high density so to form a p type layer on the surface.
Moreover, the oxidation layer reduces the surface leakage
current improving the detector performance.

Hence, the front electrode operates as a rectifying
contact, while the back electrode serves only as an ohmic
contact.

Diffused and implanted junction detectors: A
homogeneous crystal of p-type material 13 the basic
material for this detector types.

One surface of the wafer 15 doped by diffusing n type
impurities at high temperature (typically phosphorus) so
to create a thin n type semiconductor layer. Therefore, a
p-n junction is formed which has a depleted zone
extended primarily into the semiconductor p type zone as
the n type surface layer is heavily doped compared with
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the p type crystal. For the reasons previously described,
much of the surface layer is outside the depletion region
and it represents a dead layer. In some applications, the
dead layer presence 1s a disadvantage as an amount of
particle energy is lost before the detector active zone is
reached.

An alternative method to introduce doping impurities
at semiconductor surface 1s the 1on implantation method
which makes the concentration profile of the added
impurity controllable by changing the incident ion energy.
To reduce the radiation damage caused by the mcident
lons, a subsequent annealing step is necessary which 1s
characterized by a process temperature lower than the one
which is needed for the diffusion of dopants to form a
diffused junction. For this reason, a reduced defect
number 18 produced and consequently, a lower leakage
current is expected in comparison with diffused barriers.

Lithium drifted junction detectors: Using conventional
Junction techniques it 1 not possible obtaiming very wide
depletion layers. To provide detectors of greater sensitive
volume, a process has been devised which creates a
region of compensated or intrinsic semiconductor in
which donor and acceptor concentration are balanced.
These detectors are called lithium drifted silicon detector
or lithium drifted germanium detector and designed as
Si(L1) or Ge(L1).

During the fabrication process, lithium 1s diffused
through one surface of a p type crystal where it acts as a
donor impurity. The resulting p-n junction is reverse
biased while the crystal temperature is mcreased to
enhance the mobility of lithium donors. Lithium donors
are slowly drawn by the electric field into the p type
sermiconducter where their concentration will increase and
approach that of the original acceptor impurities. Thus, a
region is created that looks like an intrinsic semiconductor
(Bertolini and Coche, 1968, Pell, 1960, Gibbons and
Tredale, 1967, Lauber, 1969).

Once the drifting process 1s completed, the detector
has the configuration mdicated in Fig. 13.

The process of compensating impurities by drifting
lithium into a semiconductor, has been developed to
produce either silicon and germanium devices.

More recently, detectors having wide active volume
are possible adopting the high purity germanium
configuration (HPGe) and consequently, Ge(Li) is no
longer popular. However the technique remains important
1n silicon.

Compound  semiconductor  detectors:  Besides
semiconductors composed of a single chemical element
(such as Si and Ge), various semiconductors exist in

n' layer Lithium-drifted P-type
I intrinsic region region
To positive /
bias voltage Metallic
Load contact
resistance or thin
p' layer
Signal o—] L

Fig. 13: Lithium drifted junction detector configuration

Elemental IVB Ge, Si, C
Group
Binary IV-IV SiGe, SiC
Binary * -V InP, GaAs, GaN
el Bir{ﬁﬂy —0— 11-V1 HgTe, CdSe, ZnS
i V—\T]\'II 2] Ternary HgCdTe, AlGaAs

516(7]18]9(10
13[14]15[16]17|18
28|29(30|31{32(33[34|35|36
46(47148[49]50(51]52| 53|54
78(79180[81)82|83)84|85|86

Querternary — InGaAsP, InGaAlP

Fig. 14: Compound semiconductor list

which atoms of a different element are able to substitute
a particular material without altering its crystal structure.
A list of this materials, called compound semiconductors,
is shown in Fig. 14 where, the main group and their
composing elements are indicated.

In particular, compound semiconductors have many
advantages arising from wide range of stopping powers
to band gaps available. Mixing and matching available
band gaps and stopping powers appropriately, different
radiation detectors for specific applications can be
realized. For example, an energy gap closed to 1.5eV,
minimizes leakage current at room temperature and
provides an adequate electron-hole pairs per absorbed
photon. Moreover, the choice of materials with very high
stopping powers makes the realization of thin detectors
possible with resulting benefits in radiation tolerance and
leakage currents. Unlike, materials characterized by very
small stopping powers mcrease the detector scattering
efficiency, which 1s a basic requirement for polarimetry
measurements. A suitable choice of semiconductors
having appropriate band gap and stopping power values,
allows the fabrication of detectors with a very wide
dynamic range.

However, compound semiconductors have some
limitations such as poor mobility or reduced carrier lifetime
of one or both charge carriers. Therefore, the mobility-
lifetime product, which represents a classical detector
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figure of merit, is for these materials lower than the
corresponding value of the elemental semiconductors.
The reason can be attribute to trapping centers caused by
umpurities, lack of stoichiometry, plastic deformations due
to mechanical damage during fabrication processes.

CONCLUSIONS

In this study the principles of radiation matter
interaction are reviewed. Both directly and indirectly
lonmzng beams are taken into account and their effects on
the Iut materials are analyzed. In particular, radiation
interaction in semiconductors is studied and the
behaviour of the classical p-n junction as detector is
highlighted.

Moreover, a classification of the existing
semiconductor detectors is indicated in function of the
adopted material and the method by which the material is
treated.

For the detector performance evaluation both some
characteristic parameters and different operating modes
are presented.
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