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Chapter 1

Introduction and Motivation

1.1 Motivation

In the last decades, several high energy discovery machines have been devel-
oped. The two biggest were LEP (CERN, Geneva) [1] and Tevatron (Fermilab,
Chicago) [2]. Both machines were circular colliders, colliding electrons and
positrons or proton and antiprotons respectively, and were able to discover
new particles already predicted by the standard model, such as the W and Z
bosons in LEP or the top quark in Tevatron.

The Large Hadron Collider (LHC) [3] has been successfully operating since
end 2010 at the European Laboratory for particle physics (CERN), in Geneva.
LHC is a circular collider of protons or lead ions. This machine accelerates
bunches of hadrons or ions until they reach speeds close to the light speed,
and makes them collide in four different points along their trajectory. On all
those points there is an experiment: ALICE studies ion collisions [4], trying
to understand the first instants of the Universe, LHCb [5] studies b-particle
physics and tries to understand the matter- antimatter asymmetry and finally,
CMS [6] and ATLAS [7], have been built as general purpose experiments. CMS
and and ATLAS collaborations announced the discovery of a new Higgs boson
like particle on 4" of July, 2012. This discovery has been confirmed with the
later data collected until the 2013 technical stop of the LHC.

In Figure a schematic of the CMS experiment is shown and several par-

ticle tracks are visible. Collider experiments are huge and have a cylindrical
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symmetry around the beam axis with a layers structure. From the outermost
to the innermost layer, the most external layer is a muon spectrometer, then
hadronic and electromagnetic calorimeters and finally the innermost subde-
tector is the tracker, which is composed by several layers of silicon detectors.
Radiation interaction with the different detector layers allows to identify the
particles. For example, while a muon interacts with all the experiment detec-
tor layers, a photon interacts only with the electromagnetic calorimeter and a

hadronic particle will end its trajectory at the hadronic calorimeter.

DI II 1
m
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Electron

Charged Hadren (e.g. Pion)

— = — - Neutral Hadron (e.g. Neutron)
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Hadron
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ren return yoke interspersed
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through CM5

Figure 1.1: Schematic of the CMS experiment. From left to right: Silicon tracker,
electromagnetic and hadron calorimeters, the superconducting solenoid and the muon
chambers are the different sub-detectors that form it. Different particle tracks are also
vistible.

In this thesis the technologies under study belong to the silicon tracker. A
silicon tracker can be divided in two sub-detectors: vertex and tracker. The
vertex detector is made of pixel detectors and is formed by the innermost
layers of the silicon tracker (in the case of CMS the three innermost layers),
it has the highest granularity and its main objective is to be able to resolve
secondary interaction vertices. The tracker detector is made by microstrip
detectors, the granularity is lower but still high enough to reconstruct tracks
with a resolution below tens of micrometers.

Semiconductor silicon sensors are being used in high energy physics exper-
iments for the last thirty years [§] becoming a standard technology in tracking
detectors. In these experiments several characteristics are required. A high

granularity is necessary to reach low occupancy and a good resolution on the
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position measurement. Simultaneously the material has to be reduced as much
as possible to reduce multiple scattering. In terms of sensor performance a
small amount of energy must produce a signal big enough to be detected and
the used technology must be radiation resistant. These characteristics must
be balanced against material and processing technology cost, which are also
important properties when large surfaces have to be covered with sensors (a
full description of silicon sensors working principles and performance is given
in chapter 2).

However, the requirements for future collider detectors are more demand-
ing than in present experiments depending on the accelerator nature. New
accelerators point either to higher luminosities, as is the case of a High Lumi-
nosity Large Hadron Collider (HL-LHC) [9] where sensors will endure higher
radiation doses or to higher precision machines as in the case of future linear
colliders, like the International Linear Collider (ILC), where while the radia-
tion fluences are not expected to be as large as in the HL-LHC scenarios, the
granularity has to increase considerably and the material budget has to be
reduced down to very low values to improve the measurement’s accuracy.

The HL-LHC has as main objective to increase the LHC luminosity from
1034 em 257! to 5x10%cm 257!, therefore the fluences of particles hitting the
detectors will rise significantly, especially in the innermost layers of the de-
tector, increasing occupancies and radiation damage in silicon sensors. The
collaboration RD50 [10] studies the performance of different silicon substrates
and technologies after irradiation.

The International Linear Collider [11] will collide electrons and their anti-
particles, positrons, at nearly the speed of light. Surrounding the collision
point will be an experiment (ILD or SiD) [12]. The beams collide 14,000 times
every second at high energies (500 GeV - 1 TeV). Each collision will produce a
bunch of particles that allow to make high accuracy measurements in particle
properties and also discover new physics beyond the standard model. The
tracker detectors at ILC will require mainly to decrease as much as possible
the material budget keeping high detector granularity. Therefore it requires
as light materials as possible, affecting mainly to the cooling system. Another
important technological challenge is the pulsed powering for decreasing the

energy dissipation while working in the standby mode, but implies new studies
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in the detector and electronic technologies.

The structure of this thesis is as follow: in this chapter, the state of the
art in silicon sensors used in collider’s trackers is reviewed, the recently de-
veloped technologies as well as future trends; the purpose of this chapter is
the contextualization of this work inside the particle physics (also called High
Energy Physics, HEP) field as well as its industrial applications in other areas;
in chapter 2, a view of a silicon sensor from the solid state physics point of
view is given, as well as a brief description of the signal processing; a detailed
description of the laboratory setups and techniques is given in chapter 3; in
chapter 4 results from the qualification of new 2D position-sensitive microstrip
detectors are presented and in chapter 5, results of the characterization of 3D
double-sided pixel detectors are shown.

This thesis focuses on the qualification of two different new silicon devices

as proposals for future tracking systems:

e Microstrip sensors with resistive electrodes instead of the standard
metallic electrodes [13]. This allows the implementation of the resistive
charge division method to determine the particle impact point along the
strip while the perpendicular coordinate is extracted using the capacitive
charge sharing between strip as usual for microstrips detectors. These
kind of technology could be appropriate for a future linear collider or in
experiments where the material budget is crucial. In this work, proof
of concept as well as performance of prototypes of 2D position sensitive

strip detectors and a detailed noise study is presented in chapter 4.

e Pixel sensors with an array of vertical electrodes, also called 3D-pixel
sensors. This kind of technology shows higher radiation resistance, and
is suitable to work in experiments that will be exposed to high particle
fluences, like HL-LHC. These sensors present also some other technical
advantages described in chapter 5. A full characterization of these de-
vices was done, starting from a full electrical characterization to know
their functionality and electrical parameters and studying the perfor-
mance of theses sensors under their exposure to a radioactive source
and in a test beam before and after irradiation. These measurements

show what is the depletion voltage and signal in the device after irra-
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diation. Comparing them against the unirradiated samples responses,
the radiation damage in terms of sensor efficiency and performance can
be evaluated. A complete irradiation campaign was done, irradiating

0'%n,,/cm? which is similar to the

several samples up to fluences of 1x1
expected value in HL-LHC in the closest layers to the collision point.
The irradiations were done in a TRIGA reactor in Ljubljana [14] and in
a proton cyclotron in Karlsruhe [15] using the full energy spectrum of

reactor neutrons and 23 MeV protons respectively.

1.2 Semiconductor detectors

Silicon sensors are used in tracker systems for collider experiments; they give
information about the charged particle’s trajectory. To know what are the
hit positions in the sensors, sensors are classified according to their diode
segmentation pattern as pixel sensors if they are divided in an matrix of diodes
(pixel cells with a size ~ 100 pm x 100 pm), and as microstrips sensors when
the sensor is segmented in thin parallel microstrips having a width of tens of
microns and a length of several centimeters. In Figure the two different
detector segmentations are shown. In this example the segmentation is done
in the pn-junction side, but it can be also done in the ohmic contact. Every
channels in a strip detector can be readout from a side while in a pixel detector
the readout electronic has to be one-to-one and needs to be placed on top of
the sensor.

In collider tracker detectors, the ideal detector will have as much granu-
larity as possible in a good balance with the material budget. Pixels offer a
good granularity, but need one to one read-out, making the interconnection
process and data handling more difficult, adding material in the sensitive area
(read-out chip and bumps) and increasing the cost of the technology. These
needs make pixel technologies not feasible to cover large areas. Usually pixel
detectors are in the innermost layers close to the interaction point to resolve
secondary vertices and microstrip detectors are in the outer layers of the silicon
tracker.

The tracker resolution has a very important role in the final track re-

construction and therefore in the identification of the involved particles and
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Read-out electronic ‘
|

N type bulk

Figure 1.2: Basic structure of p-on-n type sensors. Left: microstrip sensor. Right:
Pizel sensor.

physics. Talking about semiconductor detectors, three different elements have
to be distinguished: sensor, readout electronics and their interconnection.

Detectors are classified depending on how these three structures are inte-
grated in a full device as: hybrids, monolithic or 3D-integration detectors.

The coupling in segmented silicon sensors is relevant . Each strip or
pixel of a silicon sensor must be connected to its own readout channel. This can
be done in two different ways. One way is a direct connection from the strip
or pixel to the amplifier input (DC coupling). This implies that the amplifier
must sink a fraction of the detector leakage current that corresponds to the
strip or pixel. This contribution is usually small on pixels because of their
limited size, but can be much higher than the signal current in strip detectors,
especially in irradiated ones. The leakage current depends on the applied bias
voltage and the radiation damage, it is difficult to build an amplifier which can
handle such a wide range of input currents. The solution is to bypass the DC
leakage current over a resistor and pick up only the AC part over a capacitor
(AC coupling). Obviously, this is the preferred technique for present silicon
detectors.

In silicon strip detectors, resistors and coupling capacitors are usually in-
tegrated into the sensor. The bias resistor is commonly implemented as a

polysilicon structure, which is less vulnerable to radiation damage. The ca-
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Figure 1.3: DC coupling (a) and AC coupling (b) in silicon detectors. Both cases
implement the backplane bias voltage filtered by an RC network. Source: [16].

HY

pacitor is built by a metal layer over silicon oxide on top of the strip implant.
The bias voltage, which is applied to the backplane, is usually decoupled with
an RC filter. In Figure a schema of both couplings is shown.

After this introduction, a brief review on the silicon sensor technology is
given next. The sources for this section are mainly three different review jobs
( [8, 117], |18]). Any other reference will be detailed in the text.

1.2.1 Hybrid detectors

In a hybrid detector, readout electronic and sensor are developed separately
and require an interconnection process to build the final detector. A hybrid
detector can be AD or DC coupled as it was explained above.

Among hybrid detectors we can distinguish between microstrip and pixel

sensors depending on the diode segmentation.

e Microstrip detectors.
In a microstrip detector every strip can be readout through an ASIC
usually located at one end of the strips, therefore the interconnection
process used to connect sensor and readout chip is the ultrasonic wire
bonding that is a low-cost standard technique used in the semiconductor
industry. The resolution on the position along the transverse coordinate
to the strip is determined, in the case of binary readout, by the distance

between strips or pitch (p) with an accuracy of o0 = p/v/12.
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As an example of microstrip detector in tracker colliders, the strips sensor
used in the CMS tracker are 10 cm x 10 cm single-sided, AC-coupled
silicon strip sensors with polysilicon bias resistors and a single guard ring
structure. It is manufactured in a standard p-on-n planar technology
process on medium to high resistivity silicon. The strip pitch varies
from the inner to the outer layers keeping constant the strip width to
pitch ratio at 0.25. The pitch is tuned in order to match the electronic
modularity of 128 read-out channels, which are the read-out channels in
the APV25 read-out chip at CMS strip tracker detector [19]. A complete
description of the design and qualification of current and future CMS

microstrips sensors is included in reference |20].

The most common strip detectors nowadays have a pitch of 80 pm which
give them a geometrical resolution o ~ 20pum. This resolution on the
position measurement can be improved by interpolation thanks to the
charge sharing between several strips. Neighbors can also have analog
signal due to diffusion, capacitive coupling (inter-strip), Lorentz angle or
inclined tracks. Thanks to these effects, that imply to have signal also in
neighbor strips, the position determination becomes more precise using

the cluster-finding algorithms [21].

Microstrip sensors technology evolution have two main trends: one is in
the sensor layout, by decreasing the pitch between strips in the device or
by adding intermediate strips to favor the charge sharing between strips.
The other one is based on the fact that sensor and read-out chip pitches
don’t fit each other and a so-called pitch adapter is need. There are also

researching lines on the pitch adapter integration on the sensors.

— Layout trends.
Some experiments use the so-called Double Sided double Strip de-
tectors. Those detectors segment also the backside of the sensor in
the perpendicular direction to the opposite part. In this way, in a
single sensor, a two-dimensional position measurement is achieved.
The limitation in these detectors is the fact that they have some
fake events at high occupancy. One proposed partial solution is to

have the strip from different sizes rotated by a small angle between
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each other instead of a perpendicular one ( “small-angle stereo”
technique). In such a way, the appearance of ghost hits is quite
suppressed, but with a deterioration of the second coordinate reso-

lution.

There are also several studies on the insertion of an intermediate
strip (not readout) in between two strips that are readout. This
allows to produced an extra capacitive charge division. In this case
the used algorithm is called n-algorithm [22]. Conclusions from
the BELLE II collaboration [23], show that the most convenient
configuration, for their application, is a microstrip sensor with 50
um pitch, a single intermediate strip and a strip width of 12.5-17.5
um. This is the one that offers a better performance in terms of
signal to noise ratio (S/N) and resolution (5pum).

Other studies [24], in this case in the CMS collaboration, are de-
veloping a full characterization campaign (HPK-campaign), testing
different structure geometries. A new structure was included to
study sensor performance depending on strip geometries, it is called
Multi-Geometry Silicon Strip Detector (MSSD), manufactured by
Hamamatsu [25]. A MSSD consists on different strip geometries
in a single detector with different pitch, strip-width to pitch ratio
(w/p) and insulation material between the n-electrodes (p-stop or
p-spray). Up to now they confirmed that sensors with n-electrodes
performance is better after irradiation than those with p-electrodes,
that p-spray insulation performs well after irradiation and there are
still not relevant conclusions in terms of geometry parameters.

A novel technology in strip sensors is the so-called FOSTER -
FOurfold segmented STrip sensors with Edge Read-out. This new
sensor layout is also included in the CMS-tracker HPK-campaign
[26,27]. The fourfold strip segmentation gives the sensor a higher
granularity, the strips are read-out at the edges. The sensor is di-
vided in two identical halves with a bias line and routing lines are
carried out to read-out the full sensor (See Figure . Up to now
the qualification measurements show that there is capacitive cou-

pling between the routing lines and the implants and deeper studies
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are ongoing.
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Figure 1.4: Structure of FOSTER sensor. Source: .

Another novelty in strip sensors is the two dimensional position-
sensitive strip detector . These detectors have a resistive elec-
trode instead of the usual metal one. In this way, capacitive charge
sharing between strips gives the position in the transverse direction
to the strips and the resistive charge sharing along the electrode
gives the coordinate along the strip, this technique is known as
charge division. Chapter 4 of this thesis is dedicated to this sensor
and its performance, including results after its characterization us-
ing two different sensor layouts, one that includes a metal routing

for the readout and one that does not include it.

Routing trends

As has been explained before, the sensor and read-out chip pitches
usually don’t fit each other and a pitch adapter is necessary as inter-
face between them. Those pieces have to be placed between sensor
and chip and they need some space. Novel studies are integrating
pitch adapters in the sensor itself . Two kinds of these sensors
can be distinguished.

There are sensors with a single metal layer, where there is not metal
overlap (see Figure. The area of the sensor at the pitch adapter
has no metal layer on top of the strip implants.

There are also designs with two metal layers, the total of the strips

are covered with the metal, allowing the signal transfer through it.
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In this case, the pitch adapter metal structure overlaps with strip

metal vias.

Figure 1.5: Layout of an integrated pitch adapter in the sensor itself. It has a single
metal layer (blue indicates metal vias and red indicate implants). Source: @

Results so far show that sensors with a single metal layer perform
as expected. The S/N when the particle’s hits are outside of the
pitch adapter area is equal to the S/N obtained in a standard strip
detector, and the S/N over the pitch adapter area decreases as a
function of the length of the metal line missing over the implant.
This is a consequence of the high resistivity of the implant that
causes a signal attenuation along the way where the signal is not

transmitted through a metal via.

e Pixel detectors.

A pixel sensor is a matrix of silicon diodes where every cell (matrix ele-
ment) is read-out by an Application-Specific Integrated Circuit (ASIC)
cell that includes amplification, discrimination and read-out. This re-
quires a one-to-one connection for reading out. All these readout cells
are implemented in an ASIC chip. The high segmentation of a pixel
sensor makes necessary a large number of channels to read-out. In Fig-
ure [[.6] a schematic of a hybrid pixel detector is shown, and requires
of a non standard interconnection process. Nowadays, the used process
is the so-called bump bonding technique, but new techniques known as
Solid Liquid Inter-Diffusion (SLID) are under study.

11
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Electronic readout chip

Sensor layout,
implant segmentation

sensor

Figure 1.6: Schematic of a hybrid pizel sensor. The sensor and readout chip are
connected by bumps.
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— Interconnection Techniques.

The Bump Bonding technique is based on an electrochemical pro-
cess. This complex mechanism can be summarized in three main
steps: first is the underbump metalization where a layer of a metal
mixture is deposited on top of the metal contact for each unit-cell
or pixel. Second is the “reflow” that occurs when this metal mix-
ture is heated until it melts and by surface tension transforms into
a metal ball. The third step consist on the flip-chip and reflow;
the connection between sensor and the Read-Out Chip (ROC) is
made and a “second reflow” is needed to stabilize the connection.
This second reflow facilitates the self-alignment between sensor and

ROC thanks to the surface tension during the melting process.

Some of the disadvantages of this technique are its complexity and
that the wafers have to be pre-processed, the underbump metal-
ization has to be done over complete wafers, where the size of the
bumps and pitch between connections are, nowadays, limited to 20
and 50-100 um, respectively due to technical restrictions. However,
this kind of connections have shown to be solid and give a very high
yield per sensor (99.9% of working connections). A more detailed

schema of bump-bonding technique is shown in Figure [I.7, where
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the particular case of the technique used in the CMS pixel detector
is shown. The main metal used in the bumps is indium. A com-
plete description of this process is in reference and in chapter
5, where a detailed description of this technique applied to 3D pixel

sensors is included.
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Figure 1.7: Diagram of bump-bonding technique. From (a)-(g) is the underbump
metalization in case of the sensor and from (i) to (n) in case of the ASIC chip (all
these steps are made on wafer). Step (h) is the first “reflow” after dicing. Steps (o)
and (p) are the flip-chip process and the final step (q) is the second and final “reflow”
after which the contact is finally stable and robust. Source: [@/

The wire bonding interconnection process is also used in pixel sen-
sors, but can only be used in those pixels with a projected read-out,

read by rows or strips.

The SLID interconnection technique is under study in the frame-

work of the ATLAS pixel upgrade as an alternative to the bump

13
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bonding technique [30]. This technology can be summarized in dif-
ferent steps, the main of them are represented on Figure the
last metal layer on the wafers is done by a BCB (Benzocyclobuten)
coating that offers a higher planarization and isolation; chip and
sensor need a 100 nm thin TiW diffusion barrier, the process con-
tinues with the electroplating of a 5 um Cu layer in sensor and chip,
and only in one side an extra Sn 3 pum thick layer is applied on top
of the Cu layer. The connection is formed when both devices are
aligned and heated up to 240-320 °C. At that temperature, the tin
melts and diffuses into the copper to form a CusgSn alloy.

ROC
| |
I I [ ] I
| I I I
Sensor
Cooper and tin
deposition

ROC

|
i

I I
Sensor

Pick and Place

“m m .

Sensor

Diffusion and soldering at 240 - 320 °C

Figure 1.8: Schematic of the SLID process. Different metal layers to build the final
connection alloy are distinguishable.

Some advantages of this process are that the connection size can

be reduced to 10 um, the pitch reachable between connections is

14
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smaller (20 um) and less process steps are needed, which can reduce

the production cost.

e R & D trends in hybrid detectors

Silicon sensors, used in a hybrid pixel detector, can be classified in terms
of silicon materials (depending on the silicon’s ingot growth process), in
terms of doping type (p or n bulks) or in terms of the diode junction
layout (as a function of their internal geometry: planar or 3D structure).
In this section, the differences and our current knowledge of how these
different implementations influence the sensor’s radiation hardness are

briefly reviewed.

Silicon growth techniques. There are several growth techniques to
produce the monocrystalline silicon needed for detectors manufacturing.

The most frequently used are Float Zone, Czochralski and Epitaxial.

— Float Zone process (FZ). It is the most commonly used in silicon

detectors. This kind of silicon production has a high crystalline pu-
rity and high resistivity. This process was invented by Theuerer
in 1962 [31] and starts with a highly polycrystalline bar and a
monocrystalline seed in an Argon atmosphere where oxygen can
be added making the silicon more radiation hard. Seed and bar are
in contact and using a radio-frequency (RF) field as heating to melt
the ingot, the bar will take the crystal’s seed orientation. With this
technique is easier to have more homogeneous p-type silicon than

n-type.

— Czochralski process (Cz). It can be divided into standard Cz (SCz),
magnetic field applied Cz (MCz) and continuous Cz (CCz). The

MCz is nowadays the standard Cz technology because it achieves

higher homogeneity. The process, from a general view, consists
of melting high purity silicon in a quartz container able to rotate
around a central axis (in this step dopant can be added to reach
the desired intrinsic resistivity). Then a monocrystalline silicon
seed is introduced in the “bath” and slowly extracted of the bath.
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The material in contact with the seed will cool down acquiring
the crystal seed orientation. An external magnetic field is applied
during the process to control density and temperature allowing to
obtain higher uniformity in the ingot. Silicon wafers developed
using the Czochralski method [32] show a better thermal stress
resistance, are faster and cheaper to produce and have high oxygen

concentration.

— Epitaxial process (Epi) [33]. This method is based on chemical va-

por deposition, which requires a support wafer acting as an ohmic
contact. Silicon with the required dopants is evaporated in a vac-
uum chamber, depositing on the support wafer and acquiring its
crystal orientation. Simultaneously, oxygen is diffused into the new
layers keeping the higher concentration closer to the supporting
wafer. This process allows to develop substrates with very thin

active areas and high oxygen concentration.

Sensor doping. Doping silicon ingots, the bulk resistivity and carri-
ers concentration is tuned. They can be n or p doped. The difference
between p-type or n-type silicon bulks is in the dopants nature, having
more acceptors or donors, respectively. Dopants typically used in n™
contacts are phosphorus ions while boron is used to create p* contacts
both added by implantation. After the dopants implantation an anneal-
ing time is required to anneal the radiation damage and to activate the

dopants.

In silicon detectors bulk and electrodes are doped. We refer either to the
doping type in the bulk or in the read-out electrode implants or both.
The doping type becomes more important after irradiation because the
radiation damage affects differently depending on the bulk doping type.
While a n-type bulk will suffer type inversion, the p-type will become
more p-type with increasing radiation exposure. These radiation effects

will be described in more detail in the next chapter.

Another technological aspect to take into account is the type of carriers

collected. In the literature it is found quite frequently “n-in-p” or “n-
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in-n” detectors; the first index (n or p) indicates the read-out electrode
type and the second one the bulk type. In those examples both collect
electrons, because both have n-type electrodes. However, the first one
has p-type bulk while the second one has a n-type bulk. When n-type
electrodes are used, it has to be taken into account that the field oxide
is always positively charged and attracts electrons. A conductive layer
that can connect the n-electrodes is formed, making the segmentation
useless. This electron accumulation layer has to be interrupted. There
are two common technologies used to avoid this effect, the so-called p-
spray and p-stop. The p-spray technology consists of an unstructured
p-implantation between n-implants and the p-stop which consists of the

implantation of p-type barriers surrounding the n-electrodes.

Recent studies compare silicon growth processes and sensor types in a
combined way. The main conclusions on the detector performance are
that the more recommended options in standard planar technology are;
readout on n-type electrodes in FZ processed wafers [34] and readout on

p-type electrodes in MCz processed wafers [35].

The detectors in FZ processed wafers with n-type electrodes are already
considered as a strong recommendation technology from RD50, but the
MCz compensation is still under study and becoming a promising tech-
nology, because this kind of wafers are easier and cheaper to produce
than FZ. Two graphs are included to illustrate these conclusions. Fig-
ure shows that the sensors with n-type read-out electrodes perform
better after irradiation than those with p-type read-out electrodes. The
MCz (p-in-n) detectors compensation effect is shown in Figure Af-
ter a mixed irradiation, damage caused by 24 GeV protons or 300 MeV
pions is compensated with damage caused by neutrons in terms of oper-
ation voltages requiring lower values than expected. In terms of charge

collection the benefits are not so clear at the moment.

Diode junction layout. In terms of the junction geometry we distin-
guish between planar and 3D technologies. The active area is created

between the opposite electrodes. In planar technologies electrodes are

17
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Figure 1.9: Collected charge for proton (26MeV) irradiated samples biased at 900V.
The highest collected charge is given by the detectors that include n-type electrodes.
Source: [34)].
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Figure 1.10: Full depletion voltage as a function of exposure fluence. p-in-n MCz
detectors show a radiation damage compensation between damages caused by charged
and neutral hadrons. Source: [35].
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placed in the top and the bottom of the sensor coinciding with the sen-

sor bulk thickness. In a 3D sensor, electrodes are columns through the

silicon bulk being closer to each other. The voltage needed to fully

deplete a sensor is inversely proportional to the square of the distance
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between electrodes. Therefore a 3D sensor can be fully depleted with
lower voltages than in planar sensors. This is also an advantage in ir-
radiated sensors because charge carries have to move shorter distances
to be collected in the electrodes in a 3D sensor. Therefore carriers have
lower probability to get trapped in a radiation induced defect. This
makes them more radiation resistant. A detailed technology description
and characterization results in irradiated 3D pixel sensors is included in
chapter 5 of this thesis.

Thinned detectors. Another important requirement in tracker de-
tectors is the material budget. This is a crucial point in every collider
experiment, but particularly in linear colliders, which are high accuracy
machines. To achieve the best measurements resolution it is essential to
minimize the material in the experiment, minimizing multiple scattering.
From the point of view of silicon sensors, the way to reduce the material
is reducing the sensor thickness, but that implies a signal reduction as
well. The semiconductor detectors community is working on looking for
the compromise between thickness and signal in silicon sensors. This
balance becomes even more important after irradiation, when the signal

decreases considerably.

Summarizing this section, we can classify the sensors following these three
terms; silicon growth techniques, sensor doping and diode junction layout.
Nowadays, the most frequently used sensors in tracker detectors are planar
devices, float zone p-on-n. Recent studies point to float zone n-on-p in planar
detectors and 3D technologies for very radiation hostile scenarios. In addition
3D sensors need lower operation voltages than planar sensors. 3D pixel sensors
became a present technology when they were included in the new layer of the
pixel detector for ATLAS experiment, the Insertable B-Layer (IBL) [36].

In case of MCz silicon sensors, this technology is still under study, they
show signs of radiation damage compensation and are cheaper than silicon
grown in other techniques. There are also ongoing studies on irradiated

thinned silicon sensors, but still require extremely low operation temperatures
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after high fluences of irradiation as described on reference [37].

1.2.2 Monolithic detectors

In a Monolithic detector, part of the readout electronic is integrated in the

sensor. These detectors are based on CMOS (Complementary Metal-Oxide-

Semiconductor) technologies. Three main research lines can be distinguished:
DEPFET, CPS (or MAPS) and SOI detectors are remarkable and described

below.

20

e DEPFET. DEPleted Field Effect Transistor.

DEPFET structures were proposed in 1987 by Kemmer and Lutz [38]
and incorporate a MOSFET (Metal Oxide Semiconductor Field Effect
Transistor) onto a fully depleted sensor substrate. They combine ra-
diation detection and amplification in each pixel, resulting in a very
low noise and high spatial resolution device. In Figure the working
principle is shown. The inner MOSFET is used to amplify electronic sig-
nals. Thanks to these first amplification, a thinner depleted bulk can be
enough to obtain a proper signal amplitude. One of the most important
parameters in a DEPFET sensor is the intrinsic amplification or g4, this
parameter is defined as the ratio between the change in the transistor

current Alp and the charge collected in the internal gate Agq,.

Nowadays, DEPFET pixels are included in BELLE II pixel layers. In
the complete qualification of DEPFET pixels made by the BELLE II
collaboration [39], they obtained as working parameters a gain of g, ~
400 pA/e~, considering that 6000 electron-hole pairs are produced in a
75 pum silicon layer when a Minimum Ionizing Particle (MIP) traverses
the sensor. The detector is operated in a gated mode continuously ac-
cumulating at the inner gate those electrons ionized by the traversing
charged particle. Electrons are drained after the transistor read out. In
the current design the active sensor area consumes only 0.5 W per half
ladder making the low power consumption of DEPFET sensors another
of their advantages.

In terms of performance as a detector, a hit detection efficiency of 99.5%,

an intrinsic resolution of 12 um and a signal to noise ratio between 20
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and 40 for MIPs (Minimum Ionizing Particle) depending on the pixel
cell design was measured in test beam. Tests of radiation hardness have
been also performed and DEPFET sensors show a good behavior after
the particle fluences that are expected during ten years of detector life
(1.2x 10'3 ney/cm?). The expected dose per year is 1.85 MRad/yr. Fi-
nally the read-out time of a frame, in the case of BELLE II, takes 20
us which is also an important parameter.The BELLE II pixel detector
including DEPFET sensors is expected to be taking data in 2015.
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Figure 1.11: Transverse section of a DEPFET pizel sensor and field distribution.
Source: [40].

CPS. CMOS Pixel Sensor.
CMOS pixel monolithic technologies integrate the sensor and read-out
electronics into a single device. In the case of DEPFET, the integration
includes only a first amplification stage into the sensor cell; in the case
of CPS (also called MAPS), a complex CMOS circuit integrating analog
and digital processing is implemented together with the sensor. A com-
plete review work on this kind of technology can be found in [41] while
a brief summary is here included. Figure shows the structure of
a CPS. A p-epitaxial layer acts as sensitive volume while charge is col-
lected by diffusion in the standard N-well (n-implants). As advantages,

this technology allows to decrease the pixel size (10 x 10 um?) reaching
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very good resolution, the circuit is powered only during the read-out and
the epitaxial layer used to generate the signal can be < 20um, decreas-
ing power consumption and material in the final detector. The main
disadvantage of CPSs is that while the NMOS transistors can be in the
active area, PMOS transistors need to be isolated by n-wells that can be
parasitic anodes. Therefore, this limits the complexity of the integrated
circuit. Other disadvantages in CPS is the low signal amplitude and
radiation resistance as well as their long read out. They are used mainly
in lepton or ion colliders, as is the case of STAR experiment .

Figure 1.12: Structure of a CMOS Pizel Sensor, CPS. Source: .

e SOI. Silicon On Insulator.

As in DEPFET and CPSs technologies, in SOI technologies the goal is
to fabricate the sensor and its read-out electronic in the same wafer [44].
This particular process consists of connecting the CMOS wafer (read-
out circuit) to a sensor wafer. The CMOS electronic is processed after
the connection in a sensor wafer, which can be thinned down to tens of
microns, depending on the application. Between both wafers there is an
oxide layer (Buried OXide, BOX). The read-out CMOS circuit can be
made of both, NMOS or PMOS transistors, which present an advantage
versus the CPSs sensors. In Figure a device section is shown. This
sensors are fully depleted devices and one of the disadvantages of them

is the interference between the electronic circuits and the high electric
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field applied to the sensor. This problem is nowadays under study look-
ing for some technique to insulate the circuits from the sensor wafer.
Another disadvantage, and this is in common with CPSs, is that CMOS
technology is limited in terms of device sizes up to a few centimeters.

Their radiation resistance has also to be measured.
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Figure 1.13: Structure of a SOI sensor. Source: [44)].

1.2.3 High Voltage CMOS. HV-CMOS

Particle pixel detectors in standard high-voltage CMOS technology are a new
detector family that allows implementation of low-cost radiation-tolerant de-
tectors with good time resolution [45]. This technology allow to implement
CMOS in pixel electronics, they are fast and radiation tolerant, HV-CMOS
sensors have a good signal to noise ratio, use a standard technology in the
industry that makes them accessible in the market. Figure shows a HV
CMOS sensor, we can see how the CMOS circuitry is placed inside the HV
deep n-well. The inserted electronic includes the charge amplifier, shaper,
comparator, DAC and RAM. They show a very high resolution (~ 4pm) and

good performance up to fluence of 1 - 1015neq Jem?

. The main disadvantage
of this technology is the large crosstalk caused by active CMOS logic gates or
comparators. One of the possibilities to avoid it is using the 3D integration

technique described bellow.

23



Chapter 1. Introduction

Pixel i Pinzl i+1

HV deep n-well

14 um i@ 100V (1080 &)
Depleted ]
]

P-substrate Mot depleted

Figure 1.14: Structure of a HV-CMOS sensor (source: ) The CMOS electronics
is placed inside the deep n-well acting also as electrode.

1.2.4 3D-Integration detectors

The so-called 8D-Integration detectors is a new detector developing technique
[46]. This technique consists of the direct connection of very thin silicon layers.
It uses Inter-Chip Vias (ICV), which are vias through the silicon layers making
vertical connections. This new technique would allow to stack up even more
than two layers, giving the possibility of including sensor, analog read-out and
digital control layers separating every technology in a way that they don’t
interfere with each other. A schema of a sensor including this technology is
shown in Figure [I.15] where the three different layers are visible. There are
several problems that don’t allow this technology to be feasible at the moment,
which are mainly technological. Manufacturers prefer to process complete
wafers, but for R&D purposes this is not always possible. Some other issues
are the interconnection capacitance, which is typically much higher than the
pixel cell capacitance. This has relevance in its contribution to the noise. The
interconnection material (high Z metals) is also important, specially in terms

of radiation length.

This technology is still a non-standard technology and will require deeper

studies in order to make it reliable in terms of cost and production yield.
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Figure 1.15: Structure of a sensor in 3D integration technology (source: 1@)

1.3 Microtrip and pixel sensors beyond tracking and

vertexing

e Strips technologies beyond tracking applications

Microstrip sensors can be applied in different areas and with different
purposes. As explained before they play an important role in collider’s
trackers, but other strip detector applications are in beam monitoring

or as alignment detectors.

In beam monitoring, the most promising new application is in hadron-
therapy. In this kind of cancer treatment, the particle beam must be
monitored in real time without being degraded . Silicon strip de-
tectors in beam monitoring requires as thin as possible detector, good
collection efficiency, radiation resistance and, in order to maintain the
beam profile, the pitch and strip width have to be as big and small as

possible, respectively.

In alignment systems, strip sensors are used as position reference. An
example of this application can be found in the CMS experiment tracker
alignment system, where a network of strip sensors and a laser beam
are used to know what are the real positions of the different detector
parts . The main requirement for alignment microstrip sensors is

the transparency because a single laser beam has to go through sev-
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eral sensors. Actual alignment strip sensors in the CMS experiment are
thin-film amorphous silicon strip sensors that provide up to 90% trans-
mittance for red laser light combined with minimum beam distortion
and a typical position resolution of 1 wm over a sensitive area of several
square centimeters [49]. New studies on silicon transparent sensors have
been developed [50], in this case on monocrystalline instead of amor-
phous silicon, and it has been shown that the sensor transmittance can

be improved tunning the passivation layer thicknesses.

Pixel technologies beyond vertexing applications

All the technologies that have been described are applicable to different
HEP experiments and also to other applications like electron microscopy
or imaging at Free Electron Laser experiments (XFEL or SWISSFEL).
In such experiments radiation conditions are not compatible with usual
imaging devices, CCDs (Charge Couple Device), which are also slower
in response. However, we dedicate here some paragraphs to other kinds
of silicon detector technologies that are used in different applications,

like image or radiation detectors.

The most common application, outside of the HEP field for pixel tech-
nologies, is on digital image sensors. Two different technologies are
dominant: CCD (Charge Couple Device) and CMOS (Complementary
Metal-Oxide Semiconductor) [51]. CCDs are an array of photo-detectors
(a layer of epitaxial silicon) and a shift register, analog components that
need more complicated electronic circuits than CMOS sensors. CMOS
sensors implement the amplifier and the analog to digital converter, they
are faster in response, can be smaller in size and have lower power con-
sumption than CCD. CMOS are the standard technology nowadays in
this field.

There are other pixel applications still in radiation detection but outside
of collider tracker applications. We talk about photodetection. These
detection techniques detect scintillating or Cherenkov light and an in-
teracting medium is required. When a particle traverses a scintillating
medium, it excites the medium atoms that afterwards decay to their sta-

ble status emitting scintillating light. One example of these applications
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is in the electromagnetic calorimeter of CMS [52], which use as scintil-
lator material lead tungstate crystals. The scintillating light emitted is
detected using either Avalanche Photo-Diodes (APDs) in the barrel or
Vacuum Photo-Triodes (VPTs) in the end caps.

In the case of a particle moving at velocities higher than light speed in
a medium, Cherenkov light is emitted, and a photodetector in needed
to detect it. The most popular example of a Cherenkov experiment is
the Super-Kamiokande experiment in Japan working on neutrino detec-
tion [53]. The target or interacting medium is water, where particles
move at higher velocities than light speed in that medium, and the light
detection is taking place using large area PhotoMultiplier Tubes (PMT).
In photodetection, the technology is evolving to the so-called Silicon Pho-
toMultiplier (SiPM). A brief description of the main characteristics of
these other silicon detectors (APDs and SiPM) and their main applica-

tions is given.

— APD. Avalanche PhotoDiode
Avalanche photodiodes are very similar to p-on-n diodes but includ-
ing a multiplication effect when they are operated at high voltages
(400 - 2000 V, depending on the device) [54]. In Figure a
schema of an APD is shown. The APD has an extra multiplica-
tion layer adjacent to the depletion area. This multiplication layer
has a very localized and high electric field in the junction. This
high electric field causes that electrons drifted into it produce an
avalanche or multiplication effect in the collected charge. APDs are
sensitive to very low signals and unlike PMT (standard photode-

tectors), APDs can perform properly in magnetic fields.

— SiPM. Silicon PhotoMultiplier
A silicon photomultiplier is a matrix of APDs operating in a geiger
mode, that can have sizes between (20-100 pm) each cell. Due to
their high gain (10°), quantum efficiency (QE ~ 20%), compact-
ness, magnetic field resistance and granularity. They are becoming

a promising technology in photodetection, particularly, for medical
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Figure 1.16: Structure of an APD sensor, sourced from .

applications . For example, in Positron-Electron Tomography
(PET), they detect photons coming out from the electron-positron
annihilation. In order to have as much information as possible for
the tumor diagnostic, light detection in medical application requires
as good energy, spatial and time resolution as possible, and with
SiPM instead of the standard APD (used nowadays) the position
resolution can be improved, their intrinsic gain is higher and are
faster in reading out. In this application, their compactness and

low sensitivity to magnetic field are clear advantages too.

1.4 Summary of trends on semiconductor detectors

In general, for silicon sensors the major effort on research and development
is in the material election either for the electrodes or for the bulk. The bulk
material is important because n or p-type bulks behaves differently after radi-
ation. Relative to the electrodes material, depending on the electrodes doping
(resistivity), one can reach a balance between signal attenuation and noise, to
increase the granularity and improve the measurement resolution.

In particular for microstrip sensors, a research line is pointing to different
layout distributions and sizes of the strips, including or not pitch adapters.
However, there are other novel efforts on more specific applications, like in

hadron therapy, beam monitoring or alignment sensors. In beam applications,
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1.4. Summary of trends on semiconductor detectors

the main objective is to reduce to the minimum the sensor disturbance in the
beam, while in alignment systems the purpose is to improve the optical prop-
erties in order to develop more transparent devices in a specific wavelength.

In case of hybrid pixel sensors, the effort is on thinned sensors or 3D tech-
nologies that are more radiation resistant and need lower operation voltages.
The hybrid pixel sensors are used in vertexing detectors at LHC experiments.
But there is a strong working line which is pointing to the total or partial
integration of the electronics into the sensor itself (monolithic, HV-CMOS or
3D- integration).

Some of these technologies are already properly tested and already in use;
DEPFETSs are implemented in the BELLE II vertex detector and CPSs are
used in ALICE or STAR experiments. More recent studies are ongoing on
SOI, 3D integration techniques and HV-CMOS, all of them aim at reducing
the material budget by implementing part of the electronic circuits in the
device. These technologies allow to fully deplete the sensor. In case of the
HV-CMOS, they are manufactured with standard electronic technology which
low the cost and can be thinned easily. In case of CPS, they can include PMOS
transistors but isolating them using n-wells that can act as parasitic anodes
degrading the final signal in the real anodes, the sensitive layer is not depleted
and the signal collection is by carriers diffusion. In case of SOI, a full CMOS
circuitry can be implemented and the sensitive area is fully depleted, however
the electric field affects to the electronic part requiring a stronger isolation.
Some of the insulation problems that CPS, SOI or HV-CMOS present could
be solved using 3D integration, but this technique is still young and in a R&D
phase.

In table a summary is presented for the different technologies in terms
of; resolution, radiation fluence (tested), status of the technology, read-out
speed and fully depleted volume. The numbers or estimations in there pre-
sented are illustrative. In every sensors, either strip or pixel sensors, the
resolution and readout speed are not depending only in the sensor layout it-
self but in the readout chip as well. From ID = 1 to 7 correspond to hybrid
sensors, for them, the strip or pixel pitch is limited by the interconnection
techniques (wire or bump bonding). And in case of those sensors still under

R & D, studies are still undergoing to test their feasibility.
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D Technology Resolution® Radiation hardness status readout speed | fully depleted | Reference
1 Planar strips p-on-n pitch/y/12 1+ 10", fem? LHC outer trackers ~ S yes 56 |
2 Planar strips n-on-p pitch/y/12 1 105, /em? R & D (HL-LHC) ~ S yes 57|
3 Resistive strips pitch/v/12 — R & D (ILC) ~ s ves | [13(59[60] |
8~ 2355 B8

4 | Thin strip detectors up to 75 um | pitch/y/12 2 10%n,, fem? R & D (HL-LHC) ~ S yes 110

5 Planar pixels n-on-n size/v/12 1 105, /cm? LHC inner trackers ~ S yes 61 |
6 Planar pixels n-on-p size/y/12 1 10", fom? R & D (HL-LHC) ~ s yes 62 |
7 3D pixels size /12 2 10%n,,em? | ATLAS IBL and HL-LHC | ~ s yes 36 |
8 Thin pixel sensors size/v/12 2 10%n,, fem? R & D (HL-LHC) ~ S yes 37 |
9 DEPFET size/y/12 12 10%n, em? BELLE II ~ s yes B ]
10 CPS size/ 1/12 1+ 108, /em? R & D (STAR) ~ liS 10 63 |
11 SOI size/ /12 1 10%p/em? R&D ~ s yes 64 |
12 HV-CMOS size/ /12 1 105, /cm? R&D ~ IS 10 65 |

Table 1.1: State of the art table, see text for details.
Devices 9,10,11 and 12 belong to CMOS technology and they can have smaller pizel sizes (between 14 and 40 wm).
* One-pixel clusters, normal incidence.
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Chapter 2

Physics of silicon detectors

There are two different perspectives to study a silicon detector, micro and
macroscopic. To understand properly the macroscopic behavior it is necessary
to understand first what is happening in the microscopic scale. Microscopi-
cally, a silicon sensor is studied in solid state physics as any semiconductor
material. Macroscopically, the sensor is considered as a diode from which a
signal is obtained and interpreted as the sensor response to an ionizing par-
ticle or radiation that goes through it. In this chapter both perspectives are
reviewed in order to set the basis for the complete understanding of this docu-
ment, as well as the basics of the signal processing. Finally a specific section on
radiation damage in silicon and its consequences on the detector performance

are included .

The information, except specific references, that has been used to write
this chapter has been extracted from several well known textbooks on silicon
devices. These books are: H. Spieler [66], G.F. Knoll [67] and G. Lutz [6§].
To complete the section on radiation damage, additional references apart from
those already cited have been used. These are three different thesis: Michael
Moll [69], Gregor Kramberger [70] and Nicola Pacifico [71]. These works study
in detail the radiation damage in silicon detectors in the highly hostile collider

experiment environments.
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Chapter 2. Silicon detectors

2.1 Semiconductor detectors. Silicon

To understand what is a semiconductor, it is necessary to know that the
energy levels allowed for the electrons in a crystalline material are structured
in bands and defined by the periodic lattice of the material. The energy of
any of the electrons has to be confined to one of these energy bands and
they are separated by gaps or ranges of forbidden energies. There are two
distinguished bands wvalence band and conduction band. The valence band
is the energy band corresponding to electrons bounded to specific nucleus of
the lattice’s atoms and to the conduction band belong the free electrons that
are able to migrate through the crystal. Electrons in the conduction band
contribute to the electrical conductivity of the material.

Valence and conductivity bands are next each other but separated by a
band gap. The size of the band gap determines if the material is an insu-
lator, semiconductor or conductor. The main difference between conductors,
semiconductors and insulators is the energy gap between the valence and con-
duction bands, being £, = 0 eV in conductors (valence and conduction band
overlap), £, = 1 eV in semiconductors and E, > 5 eV in insulators.

In a thermal equilibrium situation, electrons fully fill the valence band and
the conduction band is empty. In this equilibrium, both semiconductor and
insulator will not show any electrical conductivity. When the electrons have
enough energy to pass the gap and reach the conduction band, they become
free to move in the crystal leaving a vacancy in the valence band called hole.

Crystalline silicon is a semiconductor, and in the next sections a deeper
description of its behavior as a detector is given as well as an explanation of

how silicon can become a radiation detector.

2.1.1 Doping

The crystalline silicon used in detectors is a semiconductor that has almost no
impurities in the material therefore it has only the few electrons, generated
by thermal excitation, in the conduction band (holes in the valence band) and
it is not conductive. In silicon detectors the purity is altered intentionally
in order to manipulate the silicon electric properties. This process, that can

be done during the silicon growth or later in selected areas in the crystal, is
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2.1. Semiconductor detectors. Silicon

called doping. We talk either about n-type or p-type silicon when an excess of
electrons in the conduction band is added to the crystal silicon or when the
added excess is of holes into the valence band, respectively. The dopants can
be classified as donors or acceptors, if they include free electrons or holes in
the lattice that contributes to the material conductivity. The elements that
are used as dopants are from groups V or III (typically Phosphorus or Boron),
because they have five or three electrons in their outer shell, while silicon has
four electrons. In this way, the number of majority carriers increases (electrons
in n-type and holes in p-type silicon) and the amount of minority carriers
decreases, causing a displacement of the Fermi level towards the conduction
band (n-type) or to the valence band (p-type), see equations The density
of carriers -n or p- depends on the intrinsic density -n;- (undoped silicon), and
on the deviation of the Fermi level - Ep- from its value in the undoped silicon
E;.

n= nie% p= nie% (2.1)
In thermal equilibrium, semiconductors are electrically neutral bodies. Mov-
able carriers are electrons in the conduction band and holes in the valence
band. They can move either by diffusion (inhomogeneous distribution of car-
riers) or by drift (applying an external voltage).

By diffusion, the carriers flux (®,) is due to the gradient of the carrier

density as:

¢, =-D,Vn ®,=-D,Vp (2.2)

The diffusion factor D is related to the mobility factor p by the Einstein

relation following:

kT
D=—pu (2.3)

q
Free electrons and holes can be generated in silicon by three different pro-
cesses. These processes move electrons from the valence to the conduction

band generating electron-hole pairs in the sensor’s bulk, namely:

e Thermal generation. The thermal pairs generation is unavoidable, and
it occurs when the energy gap between valence and conduction bands is
small enough compared with the thermal voltage at room temperature
M =0.0259 V.
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Chapter 2. Silicon detectors

e Electromagnetic Radiation. In this case a photon is absorbed and its
energy is transfered to a valence band electron, promoting it into the

conduction band leaving a hole in the valence band.

e Charged particles. This is the case of interest for tracking and vertexing
applications. Charged particles lose part of their energy traversing a
material due mostly to interactions with material electrons. The loss
of energy by length unit can be quantified by using the Bethe-Bloch
Formula. This formula has been developed first by Bohr (classical) and
later improved by Bethe - 1930, Bloch - 1933 and Landau - 1944 taking
into account the quantum corrections, and is shown in Equation |2.4
Energy loss per unit length depends on the material (Z, A and p are
atomic number, atomic weight and density of the medium), the particle
nature and energy (z is the charge, § and  are related to the velocity of
the particle), the effective ionization potential I , the maximum energy
transfer in a single collision Wi, and correction factors 6 and C. In a
semiconductor sample with a finite thickness, the average energy lost by

a charged particle can be calculated from the Bethe-Bloch formula by

integration.
@ — constant Zﬁumw) _ 252 S Qg] (2 4)
e P 52 72 7 :

2.1.2 PN-Junction

A pn-junction (also called rectifying junction) is formed when p-type and n-
type silicon are connected (see Figure . Both silicon types are considered
separately, with a homogeneous distribution of carriers (in a thermal equilib-
rium). When they are in contact, the gradient of electron and hole densities
causes a diffusion of the carriers along the junction, recombining themselves
until the charge difference between both material creates an electric field strong
enough to block the diffusion. This electric field is created because now part of
the p-type silicon has a net negative charge and the opposite occurs to the n-
type silicon, forming the so-called p-n junction in which a space charge (SCR)
or depletion area is created. In this area, the carriers concentration is much

smaller (~ 100 carriers/cm?) than in p or n-type silicon (10'° carriers/cm?).
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Figure 2.1: The p-n junction description: initial state, p-n junction, dopant concen-
tration, charge density (N and Np are numbers of acceptors and donors respectively.
X, and X,, are the depleted area limits in p and n-type silicon respectively), electric
field and potential along the union (source: [70].)

If the concentration of donors and acceptors are similar in p and n areas, the

depleted region extends equal distances into both sides of the union.

When the junction is created and in static equilibrium. We can apply the

Poisson equation in order to determine the electrical properties in the junction:

_sz _ pe()
dl’2 N €5:€0

(2.5)

The charge density, assuming sharp transitions between SCR and bulk, is
given by:
eoNp ifX,>x>0
pelar) = Lo (26)
eoN 4 it X, <z<0
Resulting in the electric field and potential shown in Figure [2.1] The

potential difference over the depleted area without an external bias is called
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the built-in potential V;; and is given by:

€o 2 2
; = NpX; + NaX 2.
Vi 2651'60( DXy, + INa p) ( 7)
Applying electrical neutrality:
NaX, = NpX, (2.8)

The effective carrier density Ny = Np — Ny is used as variable and the

depleted region is written as follows:

2esico0 Vi

W =
eo  |Neyyl

(2.9)

Typically the value for Vj; is between 0.5 and 1 Volt and the depletion
region in an unbiased junction will be around few tens of micrometers. In a
real HEP detector, one of the sides in the junction is much more doped than
the other. In this case, the depletion region length is much larger in the lower
doped side, the highly doped region length becomes negligible (according with
equation and we can consider that the depletion region is W = X, +X,, =~
Xpn-

2.1.3 Principle of operation

When an ionizing particle traverses the depleted region it creates electron-hole
(e-h) pairs, which are separated by the electric field, collected and readout.
Increasing the depleted area, the number of created e-h pairs and therefore
the collected charge increases accordingly. To increase the depleted area, an
external voltage Vj;,s with the same built-in polarity is applied. Typically
Viias >> Vi, therefore Vigrai = Viias + Vi = Vhias- Including the external
voltage in equation the depletion region is now proportional to the square

root of the external voltage as follows:

2€g;€0

W (Viias) = m

%ias (210)

The total voltage necessary to fully deplete a detector is called the full
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2.1. Semiconductor detectors. Silicon

depletion voltage (Vpp). In this thesis D is defined as the distance between
the detector electrodes with different doping type (also named as pn-junction

and ohmic contact); in planar sensors Vpp is given by:

eoNe sy D?

2€5i€0

Vip = (x D?) (2.11)

The full depletion voltage therefore depends linearly on the effective car-
riers density and quadratically on the distance between electrodes.

A depleted region between electrodes can be considered as a capacitor,
where electrodes act as anode and cathode and the depleted region as dielec-
tric. A capacitance per unit area is associated to the depleted region and is
given by equation [2.12

M. :
C _ eesi ) GEOZSTW if Vojas < VD (2.12)

A w =it if Viias = VD

Because of practical reasons, the most used magnitude is %, SO we can

establish a proportionality relation with Vrp as follows:

1 VE)ias if %ias < VFD
D if Viias = VrD

Following this relation, the full depletion voltage can be measured in the
laboratory, measuring the capacitance evolution as a function of the applied
voltage. Measuring %, a linear behavior is observed initially proportional to
Viias that will reach a saturation o constant value proportional to the square
of the distance between electrodes. The procedure to experimentally obtain

Vrp is explained in detail in chapter 3.

2.1.4 Basic structures

The simplest detector is a diode, and it requires a pn-junction and an ohmic
contact. The junction is necessary to create a depleted region and the ohmic
contact is necessary to apply properly the bias voltage, otherwise a Schottky

contact will be created. In Figure 2.2] an example of a p-in-n diode structure
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Figure 2.2: Structure of a diode p-on-n type. The pn-junction is on the top while
the ohmic junction is at the bottom of the device.

is shown (the sign + indicates highly doped silicon). In this case, the p-n
junction is on the top of the device, and the ohmic one is at the bottom.
They are also called rectifying and non-rectifying junction respectively. When
an ionizing particle traverse the device (depleted or active region), pairs of
electrons-holes are created. The amount of them is directly proportional to the
deposited energy on the crystal following the Bethe-Bloch formula (equation
2.4). According to reference [72] the Most Probable Value (MPV) on average
for a charge distribution in silicon is 76 electrons per micrometer and the mean
value is 108 e~ /um. In a 300 pm thick sensor the expected values are 22800
e~ and 32400 e, respectively. The free charge carriers drift in the device due
to the field created by the bias voltage applied until they are collected in the
respective electrodes. In Figure we can exchange p+ and n+ type. Then,
to keep the junction in the top of the device, we have to exchange the bulk to
a p-type bulk, having instead of a p-in-n a n-in-p device. This nomenclature
indicates "readout electrode-in-bulk type”. Sometimes in the literature we can
also find, n-in-n devices. In this case, the readout electronic collects electrons
(through the n-type readout electrode) in a sensor with a n-type bulk, the
junction in this device is at the bottom, and the signal is readout at the ohmic

contact.
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Read-out electronic ‘
|
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Figure 2.3: Structure of p-on-n type segmented detectors. Left: microstrip detector,
the diode structure is segmented in strips of tens of microns width. Right: Pizel
detector, the diode is segmented in squares of hundred microns side approrimately.

Having as primary structure the diode and considering the possibility of
segmentation of the p+ collection electrode, a higher position sensitivity can
be reached. There are two main segmentation patterns in use nowadays, into
strips or into squares. A schema of both structures is shown in Figure [2.3
and as it has been explained in the previous chapter, both have different
applications depending on their performance and specific characteristics. The
size of the strips and pixels are now reaching widths below 20 um for strips
and 100 wm for pixels. They act as small diodes either with a strip form in
microstrip detectors or with a square or rectangular form in the case of pixel

detectors.

2.1.5 3D detectors

Two different types of technologies can be distinguished; the more standard
one is the so-called planar technology that uses simpler fabrication techniques
and the distance between electrodes is determined by the device thickness.
Combination of planar and Micro Electric Mechanical Systems (MEMS) tech-
nology allows to manufacture vertical electrodes. These characterize the so-
called 3D-technology fabrication techniques where electrodes are columns in-

side the bulk and they can be closer to each other. This new structure was
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Figure 2.4: Basic structure of p-on-n type sensor. Left: Planar technology. Right:
3D technology.
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proposed by S. Parker in 1997 .

A 3D detector has exactly the same working principle as planar detectors,
but instead of a single pn-junction and ohmic junction, there are several of
them, with a dielectric or depleted region in between. The structure diagrams
are shown in Figure where you can see these differences.

In 3D technologies, thanks to the fact that electrodes are closer to each
other, the necessary voltage to fully deplete the device is smaller. However, to
calculate Vrp the planar equation (equation is not longer applicable in
this kind of structure. A better approximation is the coaxial formula already
proposed with this objective in . Applying the equation the depletion
voltage depends on the distance D (now ~ 80 —90um), and on r which is the
column radius (~ 10um).

For a standard planar sensor with a thickness of about ~ 300um, the
typical Vgp is about 100 V, becoming Vrp about 10 V in a 3D sensor with the
same thickness and N.¢r. This aspect becomes crucial in irradiated samples
where the voltage needed to deplete the device increases considerably as will

be shown later in this chapter.

N, D
Vip = Tef (D2 [ln(r —0.5)

2€p€5;

+ 0.57«2) (2.14)
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As it has been mentioned, differences between planar and 3D technologies
are in the junction layout of the detector. The 3D sensors can therefore be
segmented in the same way as planar sensors. In 3D-pixel detectors, we will
read out n or p-columns and in 3D-strip detectors, all the aligned columns (n
or p-type ) are shorted together forming strips.

In this thesis, a full chapter is dedicated to 3D pixel detectors including
a detailed description of the technology and showing characterization results

and performance before and after irradiation.

2.2 Signal formation

Silicon detectors act as ionization chambers. When a particle crosses the de-
pleted volume, it deposits energy that produces electron-hole pairs, negative
and positive charge carriers. Helped by an electric field created with an exter-
nal bias voltage, carriers move and induce a current (charge change) on the

electrodes.

2.2.1 Ramo’s Theorem

To understand the signal formation in semiconductors we have to look back
into Ramo’s Theorem already formulated in 1939 [75]. The theorem is sum-
marized in equation [2.15] where ¢ is the induced current in a given electrode
due to a single electron’s motion, r(¢) is its instantaneous position at time ¢, e
is the charge of the electron, v is the instantaneous velocity and the weighting

field F,, is the electric field component in the v-direction.

This E,, is the electric field that would exist at the electron position when
the electron is removed and the electrode is set to 1V potential and all other

conductors are grounded.
i(r(t)) = Ew(r(t) - e v(t) (2.15)

In a silicon detector, carriers are holes and electrons, therefore equation [2.15

can be applied also to holes. The differences are in the charge sign and in the
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velocity, because the mobility of the carrier depends on its nature:
Ve,h = He,h * E (2.16)

Electrons and holes have different mobilities (approximately e = 3-pp). A
higher mobility can be an advantage in irradiated samples, one of the reasons
why trends in silicon detectors are pointing to collect electrons instead of holes.

When a particle or ionizing radiation crosses the depleted volume of the
detector, electron-holes pairs are created in a number proportional to the
particle energy deposition in the detector. The carriers drift in the device
thanks to the bias voltage and induce a current (following equation into
the electrodes. The signal generation ends when the charge is collected.

The collection time depends on the carrier velocity which is proportional
to the mobility and the electric field. In the same conditions collection times
are related as t.; ~ 3 -t... The collection time can be reduced increasing
the bias voltage, but it is limited by the “breakdown” voltage that occurs
when electrons acquire enough energy to form secondary pairs resulting in an
avalanche behavior. Another way to reduce the collection time is reducing
the electrode distance, something which is naturally reached by design in 3D
technologies keeping the same detector volume. In planar technologies, to
reduce electrodes distance implies a detector volume reduction.

Once the detector technology and geometry are fixed, the signal will de-
pend on the ionizing radiation or particle nature. In case of photons, it will
depend on their energy, that has to be higher than the bandgap in silicon (1.12
eV) to generate an electron-hole pair for single photon absorption processes.
In case of a charged particle, the deposited energy follows the Bethe-Bloch
formula 2.4

2.2.2 Signal processing

Concerning the signal processing, when ionizing radiation or particle traverse
the detector it deposits energy creating electron-hole pairs that move to the
electrodes. The resulting electrical signal is integrated in a charge-sensitive
preamplifier, shaped and digitized for storage and analysis. These are the
basic stages in a detector (see Figure .
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Figure 2.5: Block diagram of the different detector stages before the signal processing:
sensor, preamplifier, shaper and digitizer.

Integrating the generated current by the carriers movement, the signal
charge is obtained and it is proportional to the particle energy. The signal
charge is ~ 4-10715C in a typical high-energy tracking detector and needs to
be amplified. Amplifying the signal, the noise is amplified as well. Therefore
the electronic components have to be designed carefully, as we will see later.

The output of the sensor is time dependent. A shaper applies filters that
benefit the signal, attenuating the noise. The pulse shape is affected also by
this filter increasing the pulse duration and reducing the bandwidth. If pulses
become too long in time and if several pulses at a high rate are given, the
pile-up of successive pulses is possible.

A more detailed description of the signal processing components is shown
in Figure The preamplifier receives the current from the detector i(¢) and
it gives as output a voltage Vs = g—; (step function output) with a decay time
7t = RyCy. The shaper has two different parts (in its simplest configuration,
a CR-RC circuit), a high-pass filter or differentiator that limits the pulse
width adding a decay time 74 and a low-pass filter or integrator (with a time
constant 7;), that increases the rise time and limits the bandwidth to form
the final pulse shape. The high frequency bound sets the rise time, while the
low frequency determines the pulse duration. Usually a compromise between

reducing noise (smaller bandwidth) and speed (shaping time) is required to
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Figure 2.6: FElectronic components in the preamplifier and shaper.

optimize the detector performance.
The output signal after the shaper is affected by all the electronics com-

ponents (see equation [2.17))

_ Q'L Td *t/‘l‘d 7t/T¢
Voutr = Qr - e e /T (2.17)

If 7y = 7, = 7, the following equation will be a good approximation:

_ @Ee—t/’r

‘/out(t) — Cf -

(2.18)

The output pulse will have its maximum at the peaking time ¢, = 7.

2.2.3 Noise contributions

Electric signal processing aims to suppress the electronic noise while preserving
the signal. To evaluate the noise, its origin has to be identified and understood.
In this section general contributions are studied, however in a practical case,
a specific study has to be performed taking into account every component in
the read out chain as well as the particular sensor characteristics.

In detectors where the position information becomes crucial, the position
resolution is determined by the signal-to-noise ratio and decreasing the noise

is a critical point to improve the detector resolution.
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Considering Ramo’s Theorem, a current flowing or induced signal in the
simplest configuration (planar diode) is i = “5* where n is the number of car-
riers, e the electric charge, v the carrier velocity and d the distance between
electrodes. The fluctuation of this current gives two noise contributions (see
equation , from the number of carriers and from their velocity fluctua-

tions.

d d

In systems whit a detector response depending on the frequency (f), the

(di)® = (—(dv))* + (— (dn))” (2.19)

noise spectral distribution is needed and it is described as a power density
dP,/df. To understand its influence in the electronic, the noise spectral dis-
tribution is written in terms of current and voltage spectral distributions,
in = % and e, = Czj—f” respectively. Integrating the noise power over the
interest frequency range, the total noise is obtained ((di,)? = i2 - (df)?).

Noises are interpreted as the manifestation of microscopic random pro-
cesses. Electronic noises can be classified in terms of their sources and three
of them are always present in electronic components: thermal, low-frequency
and shot noise.

Thermal noise.
This noise is due to thermal fluctuations of the carriers, that changes the
carriers velocity randomly. It is associated to resistors and even without any
applied voltage a noise can be measured between the two terminals. It has
a constant contribution to the noise spectral density (white noise). Applying
thermodynamic laws the current spectral density of this noise is given by
equation [2.20] where k is the Boltzmann constant, T the absolute temperature

and R the resistance of the component.

2= (2.20)

Low-frequency noise.
This type of noise is present in most of the electronic components and has a
dependence inversely proportional to the frequency (see equation . It has
a relevant roll in transistors and is caused by crystal defects that trap carriers.

Carriers are trapped and then released with a time constant 7 which gives to
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this phenomenon a frequency dependence as follows.

i o0 = (2.21)

Shot noise.
Shot noise is a consequence of the carriers charge discreteness and it gen-
erates time dependent fluctuations in the current. This noise is present in
thermo-ionic or semiconductor diodes but it is not in ohmic conductors where
I = V/R, this is because any fluctuation in electron density relative to the
stationary positive vacancy will set up an electric field that will easily balance

the fluctuation.

The spectral density of the current fluctuations is given by equation [2.22

where I is the average current and e the electric charge.

i2 = 2el (2.22)

Any noise before the amplifying chain (preamplifier and shaper) will be
amplified with the signal. Therefore, every noise sourced after this chain can
be neglected, because it is much smaller than the amplified noises. Noise
comes mostly from the sensor leakage current ([jeqk), resistors (bias Ry and
those resistors in series to the preamplifier input Rs) and the input transistor
of the preamplifier. In general, the sensor leakage current will contribute with
shot noise, resistors with thermal noise and the input transistor contributes
with two components, one due to the current (I,) and one due to the frequency

response of the amplifier (A(f)), shot and low-frequency noise respectively.

The magnitude of the charge @), which injected in the detector volume
would produce the same signal as the one read without a particle traversing the
sensor is called Equivalent Noise Charge (ENC). The total noise of a detector
system measured as ENC at the input of the amplifier is given by equation
[2:23] adding noises due to the leakage current ENC;, parallel resistors as
thermal noise ENCYyy,, resistors in series in the circuit ENCg and the noise

due to the preamplifier frequency response ENC)py,.

ENC}, = ENC? + ENC}, + ENC% + ENC2, (2.23)
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2.2. Signal formation

Looking at the ECN dependencies in equation we see a relevant roll
of the total capacitance C' at the input of the preamplifier. This capacitance
is mostly the detector capacitance. On the other hand, the ENC depends
on the signal peaking time 7 as well, but in such a way that a compromise
between different noise sources must be made. A high peaking time increases
the leakage current contribution to the noise but decreases the one due to
serial resistors. The optimal peaking time will be the one that equalizes both
terms. Regarding the detector and its characteristics, one should reduce their
leakage current, the series resistance and the total capacitance and increase

the bias resistor resistance.

T .
ENC2  ligpa 7 ;  ENC3 77
2R b (2.24)
ENC}ox — ;  ENC2 < A(f)-C?
T

The detector capacitance is inversely proportional to the distance between
electrodes. In a planar diode, it is determined by the sensor thickness, but in
segmented detectors the total capacitance is higher because the dominant ca-
pacitance is the interstrip or interpixel capacitance for strip or pixel detectors
because usually the pitch is smaller then the sensor thickness. In the case of
the 3D sensors, the interstrip capacitance and the inter-electrodes capacitance
are in the same order.

In order to keep an acceptable S/N ratio, these inter-capacitances have
to be as low as possible, therefore sensors can not have very small pitches
between electrodes. On the other hand the spatial resolution in a segmented

sensor depends also on the pitch as 0 = - (in binary approximation). In

V12
silicon position-sensitive detectors a balance between S/N ratio and resolution

has to be achieved, finding the optimal distance between electrodes or pitch.

2.2.4 Ballistic deficit

It has been shown in the previous section that the peaking time influences
the noise significantly. Theoretically, the output from the front-end should
be sampled at the maximum amplitude or peak. In Figure [2.5| we saw that

the preamplifier transforms the detector answer into a step function (rise time
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zero), and then the shaper changes its rising and decay time depending on the
time constant of the internal CR-RC circuit. The phase between the sampling
clock (read out chip) and the bunch crossing clock (particle hit on the detector)
depends on different parameters, such as the distance to the collision point
(in a collider, time of flight) and also on the shape of the induced current.
This induced current shape changes with the applied voltage, hit position
on the detector and the spatial resolution. To sample the pulse in the correct
Tpeak, €ach event should be sampled independently. In practice most beneficial
sampling time is chosen for each detector maximizing the Charge Collection
Efficiency (CCE). This sampling time 74 is not equal to the real peaking time
Tp-

In case of the induced current extending over the time (pulse rise time
comparable with the real peaking time), the fact of having a sampling time
smaller than 7, and the corresponding loss of the measured charge is known as
ballistic deficit. As a consequence of the ballistic deficit, the collected charge
decreases and the peaking time shifts to higher values for current pulses of
longer duration.

In standard detectors, the time constant of their electronic circuit is under
control and should be well known. In this thesis, a work with strip sensors with
resistive electrodes is included, where the influence of the electrode resistance
has to be considered, affecting the signal amplitude (attenuation) and pulse

rise time (increment). These effects will be studied in detail in Chapter 4.

2.3 Radiation damage in Silicon

In this thesis, the characterization of 3D pixel sensors for the CMS upgrade
is presented in Chapter 5. Pixel detectors are usually placed in the innermost
layer of a HEP detector in colliders. In the case of CMS, the innermost layer
will support a radiation dose is about 1 - 1016n€q /em?. In this section, an
overview of the radiation damage in silicon and its effects is given, as well as a
description of the detector performance and characteristics after irradiation.
The purity of the silicon wafer and its processing determine the concentra-
tion and nature of crystalline defects in the resulting sensor bulk. Crystalline

defects introduce new energy levels within the silicon energy band structure.
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2.3. Radiation damage in Silicon

When a defect is localized in a forbidden band gap, the electrical character-
istics of the bulk change. A defect can act as a dopant when it is very close
to one of the bands or as an electron-hole generation center when it is very
deep in the bandgap. In both cases, it will increase the leakage current of the
Sensor.

A Frenkel Pair is formed in case of an inelastic collision between a highly
energetic particle and one of the lattice atoms. The atom can be displaced
to a non periodical position in the lattice. This defect is called interstitial
defect while the empty space is called vacancy. The first collision between the
radiation and an atom takes the name of Primary Knock on Atom (PKA).
The minimum necessary energy to form a Frenkel Pair (or PKA) in silicon is
25 keV. If the atom itself absorbs enough energy, it can release energy while
moving in the bulk, by ionization and by nuclear collisions generating more
displacement damage and creating clusters of defects.

Frenkel Pairs have a high mobility at room temperature. When the density
of pairs is high, they can interact with each other forming defect complexes,
constituting impurities in silicon (wanted or accidental impurities). These im-
purities have different charge states that contribute to the bulk characteristics.

A model developed within the ROSE collaboration [76] quantifies the
radiation-induced damage in silicon sensors. The model is called Non Ionizing
Energy Loss (NIEL) model. The NIEL model allows to predict the change in

some macroscopic silicon characteristics due to the radiation damage.

2.3.1 The NIEL hypothesis

The NIEL hypothesis assumes that the bulk radiation damage produced by
ionizing radiation is proportional to the Non-ionizing Energy lost by the par-
ticle through the sensor.

The radiation effects on silicon will depend on the particle nature. While
neutral hadrons will interact only by inelastic collisions with the lattice atoms,
slow charged hadrons will lose a part of their energy by ionization but will not
have enough energy to create large clusters and finally, fast charged hadrons
will lose energy by ionization and will have enough energy to create PKA with

enough energy to create large clusters in silicon. A detailed description of the
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Figure 2.7: Simulation of defects formation in silicon by different particles. Left: 10
MeV protons. Center: 24 GeV protons. Right: 1 MeV neutrons. Sourced from [77].

processes and simulation results (see Figure are shown in detail in [77].
The NIEL hypothesis considers all the cross sections of all the possible
non-ionizing interactions o, (F) for each particle v with an energy E. Each
collision of energy E, producing a recoil on the atom with an energy Er will
occur with a probability f,(F, Er). The probability for this atom to produce
more dislocated atoms can be weighted by the Lindhard partition function

(P(ER)). The so called Dislocation damage cross section (D) is:

ER,maa
DuE) = Ve [ 1B Er) PR R (2.25)

By convention, the displacement damage is rescaled to a reference value.
This reference value is the one produced by a monoenergetic beam of 1 MeV

neutrons, producing a proportionality constant  called hardness factor:

J Du(E)¢y(E)dE
D(E, =1MeV) - [ ¢,(E)dE

Ry =

(2.26)

In equation ¢u(F) is the fluence of particles of type v with an energy
E measured in particles/cm?. This fluence can be rescaled to the fluence of 1

MeV neutrons ¢., producing the same damage:

Qbeq =Ry ¢1/(E) (2.27)

The NIEL model has some limitations. It is a good approximation and
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2.3. Radiation damage in Silicon

predictive in the case of primary damage, but it does not model the defects
movement in the bulk and cluster formation. The process of traveling and
combination of the defects takes the name of defect annealing. The defect
annealing can be classified into two different processes, Complex formation
and dissociation. Once the defects have been created, they move to a different
site in the lattice, typically by thermal excitation. If the defect ends up in
a place where there is another defect, depending on the energy they could
combine forming a defect complex, a process known as complex formation.
When one of the defects in a complex escapes and moves in the lattice, it is

refereed to a dissociation process.

2.3.2 Impact on the detector

This section describes the radiation damage effects on detector performance.

These effects can be classified as follows:

e Leakage Current.
Defects that end up in the middle of the bandgap are able to generate
electron-hole pairs and recombination by means of thermal excitation.
Free electron-hole pairs can also be created in the depleted area, con-
tributing to the inverse current. This effect is already important after
very low irradiation fluences. As shown in equation the leakage cur-
rent increment after irradiation is directly proportional to the radiation

fluence ¢ and the applied biasing voltage Vy;qs-

AIleak(¢) =« ¢ * Vbias (228)

The proportionality constant « is named damage constant and depends
on temperature and annealing processes, having a different parametriza-
tion depending on the annealing time. The detailed parametrization can
be found in M. Moll’s thesis [69].

e Depletion Voltage.
As seen before, Viq o< |[Ness|. Some of the defects induced by radiation
act as shallow donors or acceptors. These defects cause levels to shift

close to the bands, and become easily fully ionized at room temperature.
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Figure 2.8: N.;¢ and Viq variation with irradiation fluence for a standard Float
Zone p-on-n sensor. Sourced from [79].
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Even deeper defects can also contribute to the change in N.f; when a
external voltage is applied. A well known effect in irradiated silicon
sensors is called donor and acceptor removal 78], whereby dopants are
moved from their position and inactivated. When the sensor is biased,
deep defects will be activated close to the two implants, determining the
formation of two separate junctions. The p-like defects will be activated
close to the n* region and viceversa. This double-junction effect is al-
ways present in irradiated silicon detectors reaching a type inversion in
Float Zone n-bulk sensors, see Figure [2.8f The predominant junction
is determined by the relative concentration of defects and their activa-
tion energies. The depletion process in irradiated sensors involves the

creation of two different space charge regions.

Figure[2.8shows the type inversion in a FZ sensor. When applied voltage
(Ugep in figure) reaches zero, the number of acceptor and donor like
defects is balanced. After this point, acceptor-like defects predominate

leading to a complete type inversion, moving from a n-type to a p-type
bulk.

The variation in the effective carriers density N.yr has contributions
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from the short term or beneficial annealing, long term or reverse an-
nealing and stable damage. Every contribution is proportional to the
fluence and to the defect introduction rate. In annealing contributions,
the most important one is the reverse annealing, which is strongly de-
pendent on temperature. In the detector operation, temperature should
be below 0°C in order to minimize annealing and changes in Vpp. The
Stable damage N¢ is a contribution independent from annealing time

and temperature.

Trapping.

Trapping is an unavoidable phenomenon in silicon sensors and it is
caused by crystalline defects that introduce energy levels in the bulk
with a high capture cross section. When those levels are far from the
two bands, the re-emission time will be of the order of milliseconds. From
the point of view of the sensor performance, the charge collection will be
reduced because part of the charge can be trapped and re-emitted very

late to be collected in the proper time. This trapped charge will be lost.

After irradiation, in addition to those trapping centers present in the
original lattice, new ones from radiation induced defects are added. This
is a bigger contribution to the trapping centers density. Due to the
amount of trapping centers in the bulk after irradiation, the lifetime of
the carriers is considerably reduced, reaching values < 2 ns for samples
irradiated up to 1-10'°n.,/em?. This new lifetime is of the same order
of magnitude than the drift time of the carriers in the sensor. As a

consequence, the signal will be degraded considerably.

A parametrization of trapping was proposed in [80], where it is shown
that the inverse of the lifetime is proportional to the NIEL-related bulk

damage and fluence:

11
—=— 49K (2.29)

Ti
The parameter 7; is the intrinsic lifetime of carriers (~ ms and negligi-
ble), and K is a constant that depends on the carrier nature (electron or
hole) and particle nature (neutral or charge hadrons), but it is indepen-

dent of the silicon type (n or p) and the trapping constant [81].
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e Avalanche charge multiplication.

The avalanche charge multiplication is an effect recently studied in highly
irradiated silicon sensors [82,183]. The collected charge is higher than
that expected for the sensor thicknesses and irradiation doses, with some
of the devices showing even higher charge collection than unirradiated
devices. This effect is still under study, but a probable reason is the fact
that the high value of N,y causes a very high electric field in a small
region. This effect could compensate for the charge lost in n-in-p sensors,
but up to now, this effect is observed at very high voltages. R&D efforts
are focusing in field engineering to decrease the need voltage to reach
this effect.

Surface damage.

Surface damage is unavoidable and it occurs when defects are intro-
duced in the passivation SiOs layers of the detector. The damage is
mostly caused by ionization of the oxide. When this happens, electrons
escape the oxide while positive ions stay on the layer creating a positive
space charge in it. To compensate for this, free electrons from the bulk
accumulate next to the passivation layer creating a new negative space
charge that results in a conductive layer between segmented electrodes
(strips or pixel). Another consequence of this is the generation of a high
local electric field, causing breakdown and avalanche effects.

There are two popular techniques used to avoid this effect. One is the
so-called p-stop and consists of the use of a p-type silicon “barrier”
surrounding the electrodes. Another one is the p-spray technique, that
consist of adding a p-type layer between sensor bulk and passivation

layers.



Chapter 3
Laboratory Techniques

In this chapter, the different characterization techniques and experimental
arrangements used in this work are described. Results of these studies are

presented in chapters 4 and 5.

The characterization techniques were:

e Electrical characterization. The objective is to determine the electrical
properties of the sensor either in the bulk or in the different device struc-
tures. These measurements are necessary to know the sensor electrical

properties before connecting it to the readout electronics.

e Laser characterization. This technique was used in two-dimensional
position-sensitive strip detectors. The laser beam is used as a signal
inductor in the sensor. These measurements were done at the Instituto
de Fisica de Cantabria (IFCA) semiconductor characterization labora-
tory [84].

e Radioactive source. To characterize detectors response to ionizing radi-

ation a 29Sr radioactive source was used.

e Test beam. In a test beam, the measurements of the 3D pixel sensors

efficiency before and after irradiation were performed.
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3.1 Electrical Characterization

The electrical characterization is part of the quality control of silicon sensors
and consists of different electrical tests to verify that the design electrical
parameters are achieved in the final sensor production; in addition the sensor
full depletion voltage is determined.

Some of these parameters are not easily measurable in the sensor, either
because the test itself is destructive or because it is impossible to measure the
parameter directly. Therefore a set of dedicated test structures is required to
measure them. In practice, every sensor wafer includes several electrical test
structures designed with the sole purpose of measuring those specific param-
eters. The main references used to write this section are taken from the T.
Bergauer Diploma Thesis [85] and the A. Furgeri Thesis [86], where the differ-
ent test structures and the measurement procedures are described in detail.

The results of this characterization are implemented in the detector simu-

lation in order to make it more similar to the real devices.

3.1.1 Description and objectives

Two important electrical characteristics to measure in a sensor are the leak-
age current and capacitance dependence with the bias voltage, the IV and CV
characteristic curves, respectively. The functionality of the device is evaluated
with the IV-curve and the depletion voltage is extracted from the CV-curve.
The bias resistance is also an important parameter to measure in strip detec-
tors because as was shown in section it has a significant contribution to
the sensor’s noise. Measurements of strip and interstrip capacitances and re-
sistances are also necessary, because they play an important role in the signal
to noise ratio as well as in the final sensor position resolution.

Figure [3.1] shows the internal and surface structures that compose one of
the CMS tracker’s strip detectors [86]. This example is used in this section
to illustrate the measurement procedures. The sensors used in this work were
electrically characterized in the IMB-CNM laboratories [87] using a Cascade
Microtech probe station [88],two Keithley 2410 Source/Meters [89] and an
Agilent 4284A LCR Meter [90]. In case of capacitance measurements a de-

coupling box was required in order to decouple the AC signal used to measure
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Figure 3.1: Details of a microstrip detector where the different structures that com-
pose it are visible. Source: .

capacitances and the DC signal from the high voltage applied to bias the sen-
sor. All measurements were done at 20 °C and keeping the relative humidity
below the 20 %.

Details of an AC-coupled strip detector front side are shown in Figure [3.2]
where part of the AC pads and DC pads connected by the bias resistor to the
bias ring are visible. The DC leakage current goes through the biasing circuit
while the signal is collected through the AC-pad (see section .

e Leakage current dependence with bias voltage. IV curve.
Measurements of the IV curve in sensors give an idea of how good is the
silicon bulk purity, because I . increases proportionally to the amount
of defects, either introduced by irradiation or in the manufacturing pro-

Cess.

To measure this curve, a voltage ramp is done recording the current for
every voltage value. A sensor (n-in-p/p-in-n) is biased using two probes
at the same voltage (positive or ground/negative or ground) connected
to the bias and the guard ring and applying the opposite voltage (ground
or negative/ground or positive) to the chuck. The chuck is connected

to the sensor backplane and a “capacitor” between anode and cathode
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Bias resistors

— AC pads

Figure 3.2: Picture of one area of a 2D positional sensitive microstrip sensor. AC
and DC Pads are distinguishable, as well as bias resistors, bias ring and guard ring.

(ohmic or pn-junction) is created keeping the right polarity to have a
reverse polarization applied on the device. The polarity of the applied
voltage will depend on the diode structure (see section. In a p-in-n
device the backplane will be biased to a higher voltage than the rings and
the opposite in an n-in-p device. In our measurements with microstrip
sensors (p-in-n), the backplane voltage is set to ground and a negative
voltage is applied through the probes. With pixel devices (n-in-p), the
backplane was grounded and a positive voltage was applied to the front

side.

The IV curve is measured in the sensor and also in the dedicated struc-
tures, standard diodes (details in section|2.1.4)). These diodes are usually
situated in different places on the wafer in order to identify possible wafer

inhomogeneities.

The breakdown voltage (Vpq) is the voltage after which carriers acquire
enough energy to form secondary electron-hole pairs producing an avalanche
behavior in the diode structure and it can also be measured using this

curve.

Typically, the standard requirements in a 300 um thick sensor are to
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Figure 3.3: Measurement of the current dependence with the reverse bias voltage in
two 1 cm? diodes (IV curve). In diode A the breakdown voltage is over 1000 V while
in diode B, the breakdown voltage is lower than 300 V.

keep Ijear < 0.1 pA/cm? at the operating voltage Vop and to have as
high V44 as possible to avoid the undesired avalanche effects during its
operation. Two IV curves measured in 300 um thick diodes are shown
in Figure In one diode, the breakdown voltage is not visible while
in the other is lower than 300 V.

e Capacitance dependence with bias voltage. CV curve.
As was shown in chapter 2, the capacitance measurement is the stan-
dard method to determine the full depletion voltage (Vrp), see equation
This magnitude is measured in sensors and diodes. From Vgp we
can derive the dielectric resistivity of a sensor of thickness d using the

following equation:

d2
= 3.1
P 2ep€sipe VED (3-1)
And the carrier concentration from:
2e0€sipte VED
N=—""—"-—= 3.2
~d (3.2)

In capacitance measurements, the frequency of the sensing sinusoidal sig-
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nal (from the LCR Meter) is a parameter that becomes more relevant in
irradiated devices, where the CV-curve depends on the frequency of that
signal. This is due to the dependence of the effective doping density N,y
with irradiation (see Figure in previous chapter). This phenomenon
that occurs when a signal is injected in a device with defects is called the
small signal trapping effect |91]. When capacitance measurement results
are presented, the frequency at which the measurements have been made

should always be specified for later comparisons.

To measure this curve, the sensor is biased using the same schema than
for IV-curves, but in this measurement the sensor is biased and simulta-
neously a sinusoidal signal is injected through the probe to measure the
phase. Therefore the decoupling box used to isolate high voltage and
LCR signal is mandatory. The voltage ramp is done in steps of 5 V, and

the measured capacitance is recorded for every voltage.

One peculiarity of this measurement is that in order to get the sen-
sor capacitance value, one must measure the capacitance of the circuit
excluding the sensor, to subtract it. To do this we set all the needed
cabling, but sensors and probes disconnected from each other and we

take a measurement, known as measurement “n open circuit”.

Once the capacitance dependence versus the bias voltage is measured,
the magnitude 1/C? versus the applied voltage is plotted (see section
and following equation the full depletion voltage (Vpp) is
estimated. The procedure to obtain the Vrp is fitting a line separately
to both behaviors. In Figure [3.4] an example of this measurement is
shown. The intersection of both lines is consider the Vrp. In practice,
the operation voltage V), is taken always at least 50% higher than the
intersection between both lines to ensure that the device is operating
fully depleted.

Coupling Capacitance

The coupling capacitance refers to that capacitance between strip im-
plant and the AC pads, and it requires a specific test structure, called
TS-CAP and shown in Figure [3.5] The specific test structure consists
of 26 strips (only implant) connected directly to the bias ring without
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Figure 3.4: Measurement of the 1/C? dependence with the bias voltage. In this case,
the Vpp is around 7 V and the operating voltage will be higher than 10 V.

a polysilicon resistor. Each strip can be read out by its AC pad that is
placed on one end of the strips. The dielectric structure is the same as
that of the sensor itself. Measuring a CV-curve we measure the capaci-
tance between pad and the bias ring directly connected to the implants,
therefore the dielectric thickness between them. This dielectric is formed
by the same passivation layers material, usually SiOy and Si3 /N4 and this
measurement allows to know if there are pin-holes or shorts between im-

plant and aluminum contacts producing undesired signal leaks.

In DC coupled devices this measurement and test structure don’t exist
(see section [1.2]), because they don’t have this dielectric structure.

The CMS specifications of the coupling capacitance are 1.2 pF-cm ~!-
um~! per implanted strip width.

e Flatband Voltage
Another common test structure is a Metal-Ozide-semiconductor (MOS)
structure. The MOS structure contains the same SiOs layer than the
thick interstrip layer and is the one used to measure the flatband voltage

Vi and the oxide capacitance of the SiOj in between strips.

Keeping the gate to ground and applying a voltage to the backplane (see
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Figure 3.5: TSCAP structure layout. 26 strips connected directly to the bias ring
without a polysilicon resistor and with an AC pad in every strip to read them out.

Figure 3.6, there are three possibilities:

— Accumulation (Vyge > Vpp): Accumulation of free electrons
under the gate. The only measured capacitance is the oxide capac-

1tance.

— Depletion (Vyqe < Vpp): Increasing the voltage, the semiconduc-
tor region under the gate depletes of free electrons. The capacitance
decreases until there are no more free charges in the bulk. In the
ideal case it happens when V¢, = 0. The Vy, measurement allows
to know the trapped positive charges in the oxide: the farther Vi,

is from zero, the more trapped charges there are in the oxide layer.

— Inversion (Vyqe << Vjp): holes accumulate under the gate.

Measuring a CV-curve, therefore the oxide capacitance, we are able to
assess the dioxide thickness using again equations and The
flatband voltage measures the trapped positive charges in the oxide.
The flatband voltage corresponds to the voltage that, when applied to

the gate electrode, yields a flat energy band in the semiconductor.
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Figure 3.6: CV curve for a MOS structure, where the empirical calculation of Coy
and Vyy, are illustrated.

The measurement of the flatband voltage is a measurement of the quality

of the oxide layer between the silicon bulk and the read-out metal.

e Interstrip Capacitance

A high interstrip capacitance Cin: increases the noise, decreasing the
signal to noise ratio and the final detector resolution. This measurement
is made in another test structure called CAP-TS-AC (see Figure[3.7) and
requires of several probes to connect all the needed pads properly. It is
measured biasing the structure to the operation voltage V,, using the
backplane and the bias ring (1 probe), the sinusoidal signal is into the
AC pad of the central strip, keeping the nearest two neighbors grounded
through their respective AC pads (3 probes).

The test structure includes two sets of three strips surrounding the tested
ones shorted and grounded. In this measurement the guard ring was not
biased because of the limited number of probes -4 probes- in the probe

station.

The desired value for C;,; is as small as possible, and in practice a

desirable value is in the rage between 0.5-1.5 pF /cm. This measurement
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Figure 3.7: Zoom of one extreme of the CAP-TS-AC structure layout, where there
are three central strips to perform the measurement and two sets of three strips shorted
and grounded. The CV curve measurements are done through the pads. It includes
two different geometries of strips.

requires a sinusoidal signal with a frequency of 1 MHz.

e Interstrip Resistance
The interstrip resistance R, is measured in a test structure called CAP-
TS-DC, which is very similar to CAP-TS-AC but without polysilicon
(bias) resistors (see Figure . The strips are isolated from the bias
ring and the p™ implant is directly connected to the metal via. As for
the Cj,; measurement, the R;,; is measured between one strip and its

neighbors which are grounded.

To measure resistance, an IV-curve is measured and its slope is fitted by
a line following Ohm’s law. The central strip is set to a potential and the
neighbors to ground, performing a voltage ramp we get the resistance
value from the fitted slope. The device is also biased to deplete the area
closer to the implants and reproduce the real operational conditions.
R, should be higher than 1 G2 to ensure a good performance of the

Sensor.

e Resistances: Bias, implant and metal
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Figure 3.8: Zoom of one extreme of the CAP-TS-DC structure layout, where there
are three central strips to perform the measurement and two sets of three strips shorted
and grounded. The IV curve measurements are done through the pads. It includes
two different geometries of strips.

In a strip sensor there are several resistive materials to characterize.
These structures are bias, implant and metal resistances. There is a
dedicated structure for this purpose, called sheet, which includes the
three structures with one pad each to measure IV curves and determine
the resistance values. There are different lengths and widths to compare
results (see Figure . In the case of 2D position-sensitive strip detec-
tors, instead of metal, a polysilicon strip is used as electrode. Some extra
resistance measurements have been done in these detectors to know the

real resistance of the electrode.

The electrical characterization is the first step after a sensor production.
The described procedure is the one used for strip detectors. Pixel detectors,
which are quite simpler structures, are characterized measuring IV and CV

curves in diodes and sensors.
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Figure 3.9: Zoom of one extreme of a sheet structure. Different materials and
geometries are distinguishable, except for the three polysilicon resistors (bias resistors),
which have the same geometry.

3.2 Laser characterization

We used an infrared laser beam to characterize the sensor response. This laser
wavelength was chosen because it traverses the full sensor thickness, therefore
it is the most similar case to a real Minimum lonizing Particle (MIP) going
through the complete sensor thickness. In addition, using a laser beam the
input signal in the sensor is well known thanks to a photodiode that it measures
the signal intensity. Actually, a laser beam is used to have a high signal in the
detector (output) that can facilitate specific studies. Another advantage of
measuring with a laser is that we don’t need to wait to accumulate statistics
as is the case with MIPs.

To characterize the charge division produced along a resistive electrode
made of polysilicon in microstrip sensors this technique was used. The labo-
ratory test-stand allows to scan the detector surface with very high accuracy
and it was placed at a clean room (class 5.5 according to the ISO 14644) in

the IFCA facilities ensuring stable temperature and humidity conditions.
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3.2.1 Setup description

Figure [3.10 shows a photo of the setup. This setup allows to move the laser
along the sensor surface and in the direction perpendicular to that plane. It
has a three axes stage with displacement accuracy better than 10 um (3 Adept
Python Linear Modules, L18 - L12 - LO08).

The laser is a QPHOTONICS [92] pulsed distributed-feedback diode oper-
ated in a constant optical power mode and thermally controlled by a Standford
Laser Controller [93]. The laser output is send into a monomode optical fiber
and using an inline fiber optic splitter from Schéfter + Kirchhoff [94], the laser
beam is divided in two beams going through two different fiber outputs. One
of the fiber outputs goes to a reference photodiode (2 GHz bandwidth) and
is monitored in a digital scope allowing the study of the laser stability and
to know the beam conditions for each measurement. The other fiber output
is carried until it illuminates the sensor after passing through a collimator
and a microfocusing optical head [94]. The laser wavelength is centered at
1080 nm, the laser rise time measured in the scope coming from the reference

photodiode is 2ns, and the beam profile has a Gaussian shape with 0 =5 pum.

3.2.2 Test-stand optimization

Working with laser beams requires some considerations. The main ones are
to focus properly the laser beam in the sensor surface and to align properly

every device with respect to each other. The procedure was as follows:

e Mechanical alignment of the setup. As is visible in Figure [3.10] every
component was set on an optical table, in such a way that every element
is easily fixed and aligned. IN addition, the setup is protected from any

external vibration.

e Focusing the beam spot. A focused beam spot has the peculiarity that,
outside of the focus point, the beam grows quickly (see Figure .
To focus the beam on the sensor’s surface we bias the sensor and aim
the beam at the center of a metal pad. A laser of A =1060 nm cannot
penetrate the pad, and a signal is read only if the beam area exceed
that of the pad. The sensor is readout by the ALIBAVA system [95] and
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Laser: optic fiber
and focus

Data
Flat cable

Figure 3.10: Photography of the laser test-stand at IFCA laboratory. The optic fiber
carrying the laser beam, stage and sensor board are visible.

68

we can see the sensor response to the laser hit on the online monitor.
We move the laser perpendicularly to the sensor (Z-axis of the stage)
until we lose the signal. At this point the beam area is inside the pad’s
area. Moving in the sensor plane (XY- axis of the stage) we can find
the pad limits and calculate its center. Once the beam is centered in
the metal pad, the laser focus is moved up and down looking for the

position between the two where we start seeing a signal (Positions 1 and

4 in 3.11).

Beam alignment in XY-plane. The pad center marks the edge of the
metal strip. The stage is moved following the strip direction and with
the help of the monitored signal, we look for the pad at the opposite
extreme of the strip. Once we consider that we are aligned, we check
the alignment moving the beam to the strip center (using only the 3-axis
stage coordinates) and from there to the neighbors by pitch units. If we
are not able to move strip to strip just moving the laser by changing

the stage coordinates all previous steps are repeated until we reach the
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Figure 3.11: Laser beam focusing strategy. Focusing the beam spot looking for the
points where we start seeing a signal (positions 1 and 4) we assess the middle point
to determine the focus position. Between positions 2 and 8 there is no signal because
the pad area is bigger than the beam section on it.

proper alignment.

e Laser power. To optimize the laser power, we tuned the laser drivers

and we used inside inline optical fiber attenuators [94].

Once the test-stand is properly optimized and fixed, several scans over

different strip detector surfaces are carried out.

3.3 Characterization with a radio-active source

The signal-to-noise ratio is measured using a radioactive source. A commonly

used radioactive source is ?°Sr for several reasons explained below.

Strontium-90 as Source of ionizing radiation. Strontium-90 decays to
Yttrium-90 which S-decays to Zirconium-90, which is stable. The end point
energy (which is equal to the energy difference between the initial and final
states in 3-decays) of 9°Sr is 0.546 MeV and for °Y it is 2.28 MeV. Strontium
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can be considered a pure electron emitter. In Figure the energy spectrum
for the Yttrium beta decay is shown.

The response of a silicon detector to a °Sr is considered similar to the
response to a Minimum Ionizing Particle (MIP). A MIP is a charged particle
which loses the minimum energy by ionization in a medium. This situation
occurs when the kinetic energy of a particle is at least twice its rest mass.
For example, electrons (or protons) can be considered as minimum ionizing

particles when their kinetic energy is greater than 1 MeV (or 2 GeV) [96].
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Figure 3.12: Beta decay energy spectrum for Yttrium-90. Source [97].

The absorption of the beta electron is described by the Bethe-Bloch pro-
cess. Figure [3.13] shows the graph of electron absorption in silicon. Electrons
pass through the silicon sensor depositing some energy according to the Bethe-
Bloch expression and penetrate in a scintillator placed behind the detector.
The only electrons that will trigger the photomultiplier (PMT), are those that
traverse the detector and deposit enough energy in the scintillator to exceed
the PMT threshold.

The charge collection efficiency of a detector can be measured by means of
a P9Sr radioactive source. This measurement is performed at different voltages
to estimate the full depletion voltage measuring the charge collection efficiency.

Two different setups for a characterization with a radioactive source were
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used depending on the tested sensor:
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Figure 3.13: Bethe-Bloch graph for beta electron absorption in silicon. Source [9§].

e One setup was used to characterize the signal to noise ratio of the 2D-
position sensitive strips detectors at IFCA. The setup is the same as the
one used in the laser characterization (Figure but instead of having
the laser head attached to the 3-axis stage, it was a mechanical support
holding the °Sr radioactive source. A scintillator with a photomulti-
plier under the sensor board was used as trigger. These measurements
were made at room temperature, given the fact that the sensors were

unirradiated.

o A different setup was used to characterize pixel sensors. This character-
ization was developed at the Laboratory for Particle Physic in the Paul
Sherrer Institut, PSI |99]. The test setup consists of a %°.Sr radioactive
source with an activity of 3.7 MBq on top of a PCB board carrying the
device under test (see Figure [3.14)). For triggering, a plastic scintillator
readout with a photomultiplier is used. All the components are inside

a thermally isolated and light-tight box filled with nitrogen gas. The
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Figure 3.14: PCB sensor board with a 3D pizel sensor set on top of it. A cover is
glued surrounding the sensor and as support for the 9°Sr source.

Cold & black box ina N, atmosphere

W o Cooling
Water tubes
Peltier )
units -
Humidity and temperature
PMT Sensors

Figure 3.15: Test-stand for a radio-active source characterization at PSI laboratory.

calibration temperature and humidity are measured by two sensors in
contact with the detector PCB board (PT-100 [100] and HTH-4000 [101]).
Figure shows the experimental arrangement.

The procedure followed to measure irradiated 3D-pixel detectors was first
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to set the detector in the box and wait until temperature and humidity
were the desired and constant, typically at ~ —15°C and keeping the
humidity always below 20%. Once these conditions are reached and the
system is stabilized we started the readout chip calibration an the data

taking process.

3.4 Test Beam Characterization

For 3D pixel detectors a characterization in a particle beam was done. In a
test beam, detectors under more realistic operation conditions can be tested.
This characterization was done at the DESY test beam facilities [102] and
with the support of the CMS DESY Group [103].

3.4.1 DESY Facilities

In the DESY test beam facilities, the measurements were done at line 21
with a beam of positrons of momentum ~ 6 GeV. For an optimal test beam
characterization several factors have to be considered: telescope, device under

test (DUT), beam conditions, timing and alignment.

e The telescope belongs to a series of telescopes developed within the Ad-
vanced European Infrastructures for Detectors at Accelerators collabora-
tion (AIDA) |104]. Tt is the DATURA telescope and it is a Mimosa-based
Pixel Telescope (see Figure [105]. It is composed of 6 planes of
MIMOSA26 sensors |106], it has precise and flexible mechanics and cen-
tral DAQ components (Trigger Logic Unit, TLU [107]). The telescope
position resolution can reach 4.2 um in the best beam and telescope

conditions (energy, scattering and distance between planes).

The TLU produces triggers after receiving the coincidence signals coming
from four different finger scintillators readout by photomultipliers. Two
of them are crossed in front and the other two at the back of the telescope
with respect to the beam incidence. The overlap area between the four

scintillators is ~ 1 em?.

In terms of operation of the telescope, the MIMOSA26 readout is con-

tinuous, free of dead time and needs an integration time per frame of
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74

Figure 3.16: AIDA telescope at the DESY line 21. Sourced from .

~ 115 ps. The telescope is mounted on a movable support (x-y stage
with step motors, remotely controlled). A NIM trigger logic is inside the
interlock beam area, and mirrored in the control hut. The telescope uses
a CAEN power supply and a HP trigger delay and level adapter
(NIM to TTL) [109] in the control hut facilitate the handling of the test

stand.

DESYII beam and timing

DESYTI is the electron/positron synchrotron that provided the particle
beam. It has a 80 ms cycle (12.5 Hz) and bunches are separated by
0.977 pus (1.024 MHz). The device under test (DUT) readout electronics
includes a FPGA that provides a time stamp for each event by counting
40 MHz clock cycles. Time between bunches takes 39.067 DUT clocks.

There are two problems from the point of view of synchronization be-
tween the test beam setup and the beam itself. One is the fact that the
FPGA clock is not synchronized to DESYII and the other one is that the
phase of the beam with respect to the clock is not fixed. These reasons
make necessary a delay unit to take data synchronously (“on time”).
This data taking delay has to be adjusted between runs to sample the
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signal at the optimal moment.

Another point to take into account is that the MIMOSA chips suffer
from pile-up as a consequence of their long readout time (~ 115us). The
solution for this requires the use of a second pixel sensor as timing refer-
ence situated behind the telescope and scintillator planes. This reference
sensor has the same timing as the DUT. If a trigger has associated a hit
in every plane of the telescope, DUT and reference sensor, this pile-up

effect is suppressed.

Device under test

The device under test is a 3D-pixel sensor situated in the middle of the
telescope letting three MIMOSA layers in front and three behind it. The
setup includes a support to fix the sensor board and the test board (see
Figure with an isolation cold box surrounding the sensor. This cold
box includes a tube and two Peltier units. A refrigerant liquid coming
out from a chiller is circulated through the tube and the Peltiers are
biased until we read the desired temperature in a Pt-100 placed close
to the sensor board. The minimum temperature reached at the beam
line test stand was ~ —15°C. This temperature is very similar to the

reachable temperature in a real experiment.

Reference pixel sensor

As already explained, a reference pixel detector is needed to avoid those
events with telescope pile up. In our measurements the reference device
was a standard planar sensor with a digital read out chip. This sensor

is commonly used as reference by the DESY CMS pixel group.

Alignment

Once the DUT is properly aligned mechanically, the following steps are
to align the setup with the particle beam. First, looking for the maximal
trigger rate coming out from the scintillator photomultipliers and second
processing the DUT data online and checking if the beam profile is visible
in the pixel hit map (see an example in Figure . Once all these
quick tests have a satisfactory result, a full preliminary analysis including

reference sensor, telescope and a standard DUT is developed. To align
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Figure 3.17: Photography of a sensor board plug into the test board. A plastic cover
over the sensor to protect it is also visible.

the full setup, it is necessary to use a standard sensor as DUT. We
consider standard an unirradiated and planar pixel sensor previously

tested in the laboratory.

e Data taking
When the setup is aligned, the data taking process starts taking into
account that the delay between beam and setup has to be re-adjusted

between runs.

3.5 Irradiation Facilities

In this work, results on the characterization of irradiated 3D-pixel sensors are
included. For this purpose an irradiation campaign was developed irradiat-
ing diodes, strips and pixel sensors all of them manufactured with the 3D-
technology. In this work only results concerning pixel detectors are included.
The irradiation campaign consisted of several particle fluences of neutral and
charged hadrons (neutrons and protons).

As discussed previously, 3D-technology becomes promising in experiments
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Figure 3.18: Beam profile visible on an unirradiated 3D-pizel detector during a test
beam at DESY facilities.

where the expected radiation fluences are very high.

e Neutron irradiation facility
The neutron irradiation facility used is the Reactor Center at Jozef Ste-
fan Institute [110]. It is a TRIGA Mark II research reactor. Depending
on the reactor power, the particle flux (neutrons) varies between 2-10°n

em™2 57! and 2-10"n cm™2 s7! with a continuous energy spectrum.

e Proton irradiation facility
The proton irradiation facility used is the cyclotron in Karlsruhe Insti-
tute of Technology, KIT . The machine accelerates H~. The two
electrons are stripped at a foil and half a meter from the exit window a
thermally and electrically insulated box is placed, which holds the sam-
ples. The proton energy is ~ 23 MeV at the samples position. The
beam spot has a diameter of a few millimeters and the samples have
to be scanned. Therefore the box is mounted on a controlled XY-stage.
One of the advantages of these installations is that samples are kept cold
within a Ny atmosphere (~ —30°C) during the irradiation process. This

is specially important for annealing studies. In neutron irradiation fa-
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cilities, typically reactors, the temperature during irradiation is not well

known.
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Novel 2D position sensitive

microstrip sensors

Semiconductor sensors are often used as two dimensional position sensitive
detectors. Some examples are the double-sided microstrip detectors or the
pixel detectors. Double-sided microstrip detectors collect electrons and holes,
resulting in different pulse shapes that complicate the signal readouts [66],
while pixel detectors require a complex readout system with a large number of
electronic channels to have both coordinates with enough spatial resolution.

In this chapter a new sensor in presented. It is a semiconductor microstrip
detector designed in such a way that it is sensitive to the two coordinates of
the ionizing event position in the sensor.

A standard microstrip sensor is only sensitive to one coordinate, which
is given by the position of the impact in the direction perpendicular to the
strips. Due to capacitive charge sharing [112], a hit induces a signal in different
strips. The position of the hit is determined by the charge weighted center of
gravity of these strips. The digital resolution in the position measurement (o)
is given in terms of the pitch (p) or distance between strips as o = p/v/12. A
description of standard strip detector performance was given in Chapter 2.

The new sensors introduced here replace the metallic electrodes with re-
sistive electrodes (see Figure . Polycrystalline silicon is used as resistive
material, and the hit position along the strip length is determined from the

signal attenuation along the resistive electrode strip.

79



Chapter 4. Novel 2D position sensitive microstrip sensor
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Figure 4.1: Basic structure of a standard strip detector p-on-n type.

Two different sensor designs have been manufactured at Instituto de Micro-
electrénica de Barcelona - Centro Nacional de Microelectrénica (IMB-CNM)
. This chapter presents the sensors description and the electrical charac-
terization results. Once the devices are electrically characterized, a dedicated
study on the charge division along the electrode was done using a near infrared
laser.

Every new device requires a specific noise study, specially when it includes
new resistive components that can affect the signal to noise ratio. The signal
to noise ratio is studied with a ?°Sr radioactive source.

Finally, some alternative configurations using the same resistive charge
division concept are presented. At the end of the chapter, a summary of the

results, as well as some guidelines to continue this work are provided.

4.1 Resistive charge division in microstrip detectors

4.1.1 Resistive charge division

The resistive charge division method has been frequently used in gaseous de-
tectors with resistive anodes [58}[113-115] and studied for silicon pad detec-
tors [116], but until now it was not implemented in silicon strip detectors.
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The basic characteristics of the charge division concept for resistive electrodes
was first formulated by Radeka [58] who concludes that the position resolu-
tion is determined only by the electrode capacitance and not by the electrode
resistance, assuming a readout electronics with the optimal shaping time.
Recently, the use of the charge-division method in very long microstrip
sensors -several tens of centimeters- has been proposed as a possible tracking
technology for the ILC [11]. Along this application line, the behavior of a
detector equivalent RC network implemented on a PC board [117] was used
for the benchmarking of a SPICE electronic circuit emulation [118]. The
PC board was stuffed with discrete components with electrical specifications
matching the main electrical parameters of such long microstrip detectors.
The simulation, supported by the RC network measurements, confirmed the

overall validity of the Radeka formulation on resistive charge-division.

4.1.2 Description of the prototypes

Several wafers were processed at IMB-CNM. Each wafer includes four differ-
ent microstrip sensors, one of which is a strip sensor with resistive electrodes
(2D position-sensitive sensor) and different test structures to characterize elec-
trically the production (see Figure . Two different 2D position-sensitive
sensor prototypes were produced with different electrode resistivities in order
to study their possible influence in the sensor performance. Each sensor has
384 p™T strips (20um wide and 2 ¢cm long) with a pitch of 80 wm on a 285 um
thick n-type substrate.

The new microstrip sensor has the same structure of a standard sensor
with the same geometry but with resistive instead of metallic (Aluminum)
electrodes which are readout from the two electrode ends (instead of just one
end as in the case of standard microstrip sensors).

In Figure [4.3| a schematic sensor top view and lateral cross section along
one strip are shown. The resistive electrodes that collect the signal are repre-
sented in yellow and are made of a thin layer of highly doped polycrystalline
silicon, and in blue are represented the readout contacts and the bias ring,
both made of Aluminum. In Figure , the decoupling structure (silicon

dioxide layer in grey) between the resistive electrode and the detector diode
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Figure 4.2: Picture of one produced wafer. The 2D position-sensitive strip detector
is on the left-bottom corner of the wafer.

junction (p-implant in pink, n-bulk in white) is shown. The ohmic contact is
shown in green at the backplane of the sensor.

The field of application of this device expands beyond tracking for the nu-
clear or particle physics, reaching other areas as laser based position sensitive

devices, heavy ion physics, beam monitoring in medical applications, etc.

4.1.3 Effect of the resistive electrodes on the detector response

In a conventional microstrip detector the metallic contacts of the strips ex-
tend over most of the length of the implants and each strip is connected to
a single read-out channel. When an ionizing particle crosses the detector,
the propagation of the induced signal along the coupling electrode does not
suffer a significant attenuation, i.e., the signal amplitude does not depend on
the particle hit point along the electrode direction in a sensible way. When
using a resistive electrode instead of a metal, the signal undergoes a signif-
icant attenuation during its propagation along the electrode direction. The
longer the propagation length is, the larger the signal attenuation becomes.
By comparing the recorded signal amplitude at both ends of the coupling elec-

trode one can derive the particle hit point along the electrode direction. In
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Figure 4.3: Nowvel 2D position-sensitive microstrip sensor. (a) Schematic top view of
the novel detector and (b) lateral cross section (not to scale). In blue are represented
metallic contacts and in yellow are the resistive electrodes visible in both pictures (see
detailed description in text).

this way a conventional manufactured microstrip sensor can provide the two-
dimensional coordinates of the particle hit point; the transversal coordinate
derived thanks to the usual electrode segmentation and the longitudinal co-
ordinate determined by comparing the signal amplitude at both ends of the
electrode.

The resistive electrode behaves as a diffusive RC line, in which a current
pulse undergoes not only an amplitude attenuation but also an increase of its
rise time the further it travels. Using a readout electronics characterized by
a short rising time compared to the RC constant of the line translates into a
non constant signal ballistic deficit. Increasing the electrode resistance also
increases the readout serial noise contribution. Both the ballistic deficit and
the serial noise can be reduced increasing the shaper peaking time; however,
a longer peaking time increases the parallel readout noise contribution. In
reference , Radeka derived the optimal peaking time for a resistive charge
division configuration, under the assumption of high electrode resistance com-

pared to the amplifiers impedance and long amplifier peaking time compared
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to input signal rise times. He concluded that the position resolution achieved
with the resistive charge division method should be independent of the elec-
trode resistance, depending only on detector capacitance and signal amplitude.

Under these assumptions, we expect a linear dependence between the longi-
tudinal coordinate of the particle position and the fractional signal amplitude
read from one side of the strip. Following Figure [4.3] notation with A; and As
the amplitudes of S7 and Sy respectively and L is the strip length, the ana-

lytical expression to determine the coordinate along the strip (y-coordinate)
is given by equation

As

S e
Y Al + Ay

(4.1)

4.2 Electrical characterization

The first step after a sensor production is the electrical characterization to
know the real parameter values and specifications. To know how is the diode
structure, IV and CV curves are measured.

In Figure the IV curves are shown in (a). The breakdown voltage is
above 300 V for the sensor with less resistive electrodes and above 350 V in
case of the sensor with more resistive electrodes. In (b) the 1/C? versus voltage
curve shows that the Vpp ~ 20V. In our measurements, an operating voltage
of 50 V was used to bias the detector ensuring a maximal depleted volume.

It should be emphasized that the IV-curves give information about the
bulk purity and the difference observed in breakdown voltage is not related
to the electrodes resistance but to the silicon wafer quality. This is shown in
Figure 4.5 where IV curves corresponding to two diodes from different wafers
are shown. The current is higher in the wafer that includes the sensors with
lower resistance in the electrodes causing a faster sensor breakdown.

Unlike for sensors, no breakdown is observed in diodes. This is because
the diode’s volume is smaller and because a sensor has a segmented structure
that increases the number of field lines in smaller areas (strips), facilitating
the multiplication effect which causes the breakdown.

Some other parameters have been obtained from the electrical character-

ization. They are summarized for each sensor in Table All values agree
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4.2. Electrical characterization
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Figure 4.4: 2D-position sensitive sensor graphs showing the diode structure perfor-
mance in the two devices under study. In (a) IV-curves are shown, while (b) shows
the 1/C? ws V curve to estimate the full depletion voltage.
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Figure 4.5: IV curves for diodes in the same wafer and closest to the sensors under
study.

wrll with the designed parameters.
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Reitectrode VFD(V) Vbd(v) Rbias (MQ) Rint Cint (pF/Cm) Cac (pF/Cm)
2.8 Q/pm 20 ~ 300 4 >G 0.46 189
12.2 Q/um 20 ~ 400 2.41 >G 0.46 189

Table 4.1: Microstrip detector parameters. Electrode resistance (Reiectrode), full
depletion voltage (Vrp), breakdown voltage (Vigq), bias resistor (Rpias), interstrip
resistance (Rint), capacitance (Cint) and coupling capacitance (Cac ).

4.3 Laser Characterization

4.3.1 Readout electronics

For our study, no dedicated analog signal processing electronics was built and
therefore the front-end filtering of the signal was non-optimal; no effort was
made to optimize the shaper peaking time accordingly with the detector time
characteristic, i.e., the time characteristic of the RC propagation line equiv-
alent to the detector strip. We used the Alibava daq [95] system developed
within the framework of the CERN RD50 collaboration. The analog front-end
of the ALIBAVA system is based on the Beetle readout chip [119] used for the
microstrip sensor readout of the silicon tracking subsystem of the LHCb ex-
periment at LHC; consequently, the analog front-end shaper peaking time of
the Alivaba system is set around 25 ns. Figure shows a photo of one of
the detectors mounted on the Alibava daughter board.

4.3.2 Model and simulation of the detector

A SPICE model of the detector and the readout electronics have been de-
veloped to study the possible effect of the non-optimal shaping time on the
linearity of the position dependence ons ignal amplitude (equation . A sim-
ulated current pulse was injected at different points along the strip length and
its response was studied. The model was built starting from reference [120]
using standard components from the AnalogLib library of Virtuoso Spectre by
Cadence [121]. Five consecutive strips have been modeled composed from 80
different unit cells, each one corresponds to a section of 250 wm of the strip
length. The unit cell is formed by different capacitances and resistors that
represent the main electrical characteristics of the device. Ry, and Cgyp de-

scribe the substrate, R;,: and C;,¢ the interstrip parameters, C ¢ the coupling
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Figure 4.6: Photo of one of the detectors mounted on the Alibava daughter board,
the two Beetle chips are indicated with white circles. Each one reads out the same
128 consecutive strips providing double-sided readout.

capacitance and finally, the implant and electrode resistances are represented
by Rimp and R, respectively.

Figure [4.7] shows the schema of a unit cell. Five different strips can be
distinguished. The values of the circuital elements have been determined from
the ones measured during the electrical characterization of the detectors over
full depletion (Viies = 50 V) and of the test structures to reproduce as close
as possible the sensor behavior.

The model of the readout electronics connected to the ends of each strip
emulates a generic charge sensitive preamplifier followed by a CR-RC filter
whose peaking time matches the Beetle chip peaking time (~ 25 ns). A schema
of the readout chain is shown in Figure Once the sensor and the readout
chain are modeled, the input signal has to be modeled as well.

In Figure[4.9] the shape of the simulated input signal along the strip length
is shown. It has a rise time of 2 ns (similar to the laser pulse rise time) and a
total integrated charge of 4 fC.

In the simulation, the signal was injected in different nodes along the im-
plant line (see Figure on the central strip in 2 mm steps. The signal that

arrives into the preamplifier entrance was recorded for every injection point

87



Chapter 4. Novel 2D position sensitive microstrip sensor

Figure 4.7: Schematic of one of the 80 cells used to model the detector. One cell
represents 250 um of all the five strips together. Al the components representation is
clarified in the text.

Figure 4.8: Schematic of the modeled front-end. The parameter values were chosen
in order to have a T, ~ 25 ns.

and for both prototypes. Results are presented in Figure 4.10

The linear dependence of the position along the strip on the fractional
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Figure 4.9: Simulated signal input.
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Figure 4.10: Attenuation of the signal read at the entrance of the preamplifier.
Results are shown for different positions of the pulse generator along the strip for
R/l =2.80/um (a) and R/l =12.2Q/um (b).

signal amplitude is clearly seen in figure According to equation
with A; and As the amplitudes read at the first and the last cells of the
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Figure 4.11: (a) Simulated fractional position against the actual one (given by the
micrometric stage) for both values of electrode resistivity. Values are compared with
the linear prediction (green line). (b) The residuals plot shows how as higher electrode
resistivity more separation from the linear behavior in the sensor response is obtained.

strip respectively, the derived fractional position (ﬁ) versus the injection
fractional position (%) is shown in Figure (a). The data related to the
more resistive prototype reveal a clear separation (lager residuals spread in
Figure from the ideal values due to the ballistic deficit which increases
with the distance covered by the signal from the point of generation.

It is worth to note also that in the case of the low resistivity prototype,
even for the more attenuated pulse, the rise time is around 10 ns, nearly 40%
of the beetle peaking time, and therefore the effect of the ballistic deficit in
this sensor is highly suppressed.

4.3.3 Laser Measurements

The laser measurements consisted of a longitudinal scan along a polysilicon
electrode for each sensor. The polycrystalline silicon that forms the electrodes
is transparent to the infrared light, so that allows to test the signal division
in the strip.

The analysis of the recorded data was done by modifications of the source

90



4.3. Laser Characterization

3000 Amplltude Al XZ/ ndf 7.194/5
Constant 3032+ 31.9
Mean 57.18£0.03

2500 Sigma 2.60.0

Number of events

]
=1
E=3
S

|J\J\‘\I\I‘l\l\ll\l\l\l\\‘\\

1500

1000

500

TTTT

70 75 80
Signal (ADC)

Y
o
B
(3]
(3]
o
£21)
(3]
D
o
D
o

Figure 4.12: An example of the Gaussian distribution of the sensor signal measured
at each point. A point is for a position and a sampling time.

code supplied by the Alibava system, which is based in ROOT [122].

The Alibava DAQ system does not allow to record the whole shape of
the analog signal. On the other hand it allows to reconstruct it thanks to
a particular feature that permits to chage the value of the dealy between
the trigger time (synchronous with the laser pulse) and the acquisition time
(specifying the instant at which the shaper output is sampled) [123]. Setting
different delays in steps of 5 ns from 0 to 130 ns the pulse shape can be
reconstructed. We recorded 20000 events for each time delay and found the
amplitude of their distributions by fitting a Gaussian function to the peak
region. In Figure [4.12| one example of one measurement is shown; for every
beam position, 26 measurements of 20000 events were taken, one for each
sampling time.

The reconstruction of the pulse shape for every scan position is shown in
Figure In this case we show only results for S1, for S2 the behavior is the
same but opposite (signal is growing in amplitude and decreasing in rise-time).

To show clearer the effect of the electrode resistivity on the pulse peak-
ing time, Figure shows the peaking time increment as a function of hit
position along the strip. In case of the less resistive electrode the increment

is about 10 ns, while in the prototype with higher resistivity electrodes the
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Figure 4.13: Reconstructed pulse shapes -normalized to the mazimum- along the
strip length where the signal attenuation is clearly visible as well as the increasing
peaking time. (a) Prototype with R/l= 2.8 Q/um and (b) Prototype with R/l = 12.2
Q/um.

increment is about of 15 ns. This is expected from the fact that the larger the
attenuation, the larger the rise time and ballistic deficit.

In order to reproduce the results obtained from the simulation, the am-
plitudes of the reconstructed pulses (see Figure have been accurately
extrapolated by fitting a Gaussian function to the peak region. Mean and
sigma values have been used for the calculation of the fractional position de-
fined by equation

Figure shows, for both sensors, the measured fractional position of the
laser spot against the position given by the displacement of the micrometric
stage. The comparison with the ideal linear behavior given by equation
is shown as well as the comparison with the simulation. We observe the
degradation of the linearity of the detector response due to the systematic
error introduced by the non-constant ballistic deficit: the higher the electrode
resistivity, the larger discrepancy between data and expected values. At this
stage, before any noise considerations (it has been considerably averaged out

in experimental analysis), the simulation and the experimental data show a
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Figure 4.14: Peaking time displacement with position. (a) Prototype with R/l= 2.8
Q/um and (b) Prototype with R/l = 12.2 Q/um.
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Figure 4.15: Fxperimental results compared with the simulation and the linear case
(green line) for both prototypes: (a) R/l= 2.8 Q/um and (b) R/l = 12.2 Q/um.

similar systematic behavior.

To show the non-constant ballistic deficit effect more clearly, in Figure [£.16]
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Figure 4.16: Residuals obtained from (a) simulated and (b) experimental results for
both prototypes.

the residuals obtained from the experimental and simulated measurements are
shown. The sensor with more resistive electrodes show a behavior similar to
the one obtained from the simulation, but for the sensor with less resistive
electrodes, the residuals differ more from the simulation for larger values of
fractional position. This is due to an experimental error that generated a
slight progressive misalignment between the stage scanning direction and the
electrode.

Simulation and experimental results are in very good agreement showing
a similar systematic behavior, confirming that the electrical simulation of the
devices is able to reproduce properly the systematic errors due to a non-
optimal shaping time. This tools allow to change the electrode resistivity in

the simulation in order to optimize the sensor performance.

4.4 Noise sources and its contribution to the posi-

tion resolution

In this section a summary of the different noise contributions is given.

In these prototypes, each microstrip is readout at both ends independently
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by a different Beetle chip. Asin a standard silicon sensor, each readout channel
has a charge sensitive amplifier followed by a shaping stage. The value of the
noise for the prototypes under study depends both on the sensor itself and on

the signal processing electronics. The most important noise sources are:

o Amplifier noise o, from the input transistor of the amplifier. This noise
varies with the amplifier’s input transistor. The most relevant point for
this discussion is the fact that this error is uncorrelated between the two

ends of the sensor’s strips because each end has its own amplifier.

e Thermal noise or from the resistive electrode. This noise is originated
by current thermal fluctuations in the electrode, and is expected to be

anti-correlated between the two ends of the sensor.

e Shot noise produced by the statistical fluctuation of the sensor’s leakage
current. Due to the external origin of this noise contribution -in the
silicon bulk- the noise must be fully correlated between the two ends of

the sensor.

Another noise source are the laser intensity fluctuations o7 among the
20000 pulses recorded at each given scanning position when carrying out the
laser-based characterization of the sensor prototypes. This noise is not an
intrinsic noise to the detector but is also evaluated in this section given the
fact that is has an effect on the fractional position resolution. Its contribution

is fully correlated at the strips ends.

4.4.1 Position error estimation

The correlations between the noise contributions affect the position uncer-
tainty, and in this section, this effect is studied in detail.
Given the following definition of position, where A; and A are the signal
amplitudes at the two ends of the strips:
A

xr = mL (4.2)

by error propagation, the following expression for the position uncertainty

oy is derived, where its explicit dependence with position x, noise amplitude
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and correlation are shown:

1
02 = m[(L —x)%0%y — 22(L — 2)poa1oas + 2207 (4.3)
Using equation we can investigate the effect of three different correla-

tion scenarios:
e Fully anti-correlated (p = —1), caused by the thermal noise contribution.

e Fully correlated (p = +1), for the laser intensity fluctuations and shot

noise.

e Uncorrelated (p = 0), due to the amplifier noise.

Thermal noise. For this type of noise due to the electrode resistivity, the
noise inputs at each end of the electrode have the same magnitude but opposite

sign, that is:

AA; = —-AAy; oa1=0a2=04; p=—1 (4.4)

Therefore according to equation [4.3|the thermal noise effect on the position
resolution o, is independent of the position and it is fixed by the signal to noise

ratio as it is given by the following expression:

2 2
L#o%

Therm\2 __
(@ )= (A1 + Ag)?

x

M[(L —2)oa+aoal? =

(4.5)
Amplifier noise. As has been said before this noise is associated to the in-
put transistor of the amplifier, therefore it is uncorrelated and not necessarily
of equal magnitude although one should expect that when using similar elec-
tronics at both ends the amplifier noises are similar. Under this assumption

the position resolution parameters are:

oa1~042; p=0 (4.6)
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Plugging this into equation [4.3] one obtains:

m 1
(Uf P)? = m[@ —2)%0%, + 3320’311]7 (4.7)

a contribution to the position resolution that depends quadratically on the
distance. If we assume that 041 >~ 049 = 04 we obtain a symmetric quadratic

dependence:

L2 2 2
(™ = a2

Thus the position error induced by the amplifier noise is a square root of
two larger at the ends of the strip than at the center of the strip. Amplifier
noise depends on the impinging point: the farther the signal to the amplifier,

the higher the noise contribution.

Intensity fluctuation of laser pulses. This contribution is fully corre-

lated, it comes from an external source and its noise parameters are given by

equation [L.IT}

ohiser = BAL ; oh3r = BA2; p=1 (4.9)

where 3 is a positive constant which characterizes the laser stability. Ap-
plying these parameters to equation equation is obtained, where it is
shown that the laser intensity fluctuation does not have any contribution to

the position measurement uncertainty:

2
(O_éaser)2 — (141?_142)2[(_[/ — $)A2 — $A1]2 = B2[(L — «T)ﬂf — SU(L — 13)]2 =0
(4.10)

Shot noise. The statistical fluctuations of the leakage current is the cause
of this noise contribution. As in the case of the laser, this noise has to be
fully correlated if we assume that both ends are sensitive to the same increase

or decrease of the leakage current. Under this assumption we consider the
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following resolution parameters:

%:1;/}:1 (4.11)
O A2

Applying these parameters to equation we obtain:

Sh
(o512 =

1 o2
— —  _[(L—2)oas —xoa1]? = —AL (L —22)% (4.12
g #ow —zonl? = T (L 20)? (412)

Thus, as in the case of the amplifier noise, the shot noise introduces a
quadratic dependence with the position, in this particular case being zero at

the center of the electrode and maximal at the edges.

4.4.2 Measured noise in prototypes

In this section, only results for the prototype with higher resistivity are pre-
sented. In this prototype characterization no alignment problems were de-
tected along the longitudinal laser scan.

Taking into account the previous study, the following contributions are

expected:
e Amplifier and shot noise contributions have a quadratic dependence.
e Thermal noise contributes with a constant value.

Measuring the noise directly in the detector without a laser beam hitting
on it, the pedestal distribution was extracted. In Figure distributions for
both strip readouts are shown. The noise, defined as the width of the pedestal,
have values of 1.83 and 1.8 ADC counts for A; and Ay readout channels for
the same strip. In Figure the correlation plot between A; and Ay noise
is shown. The value of the correlation factor (p) is 0.03, which means that
the uncorrelated noise contribution (from the amplifier) dominates in the total
noise value.

To evaluate the noise contribution with laser presence and its dependence
with the hit position, the width of the distribution of the signals along the
longitudinal scan are studied, and results are shown in Figure The

further the laser spot is moved from the A; readout end, the further the noise
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Figure 4.17: Raw distributions of pedestals for A1 and As.

is reduced. The laser contribution to the noise decreases linearly as 7 increases,
until the other noise components -amplifier, shot and thermal- start becoming
relevant and the noise value saturates to the minimal value that was obtained
from the pedestal distribution ~ 1.8 ADCs. Therefore, the mean values for
the spatial resolution obtained with a laser beam is around 1.1 % of the total
strip length (1.2 % in case of the low resistivity electrodes detector).

The study of the correlations shows that the dominant noise source is the
amplifier noise. This explains the similarity between spatial resolutions for the
two prototypes (with a factor 4 difference between electrodes resistivity, but
with the same capacitive components). To improve the spatial resolution, one
must decrease the input capacitance into the amplifier (or reduce the amplifier
noise). The main capacitance component in the amplifier input is the interstrip
capacitance, which depends on strip-width/pitch ratio. If those parameters are
changed, it must be done taking into account its effects on the full depletion
voltage and on the spatial resolution in the transverse coordinate.

Another important parameter is the shaper time constant that is propor-
tional to the detector time constant and hence to the rise time of the pulse
that travels along the electrode. Therefore, the shaper time must also be taken

into account in order to avoid the ballistic deficit.
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From the point of view of the detector performance, the best results will
be achievable choosing the electrode resistance in such a way that the detector
time constant is kept small and making the the total capacitance of the detec-
tor as small as possible, while keeping the other characteristics of the device

unchanged as much as possible.

Correlation Factor. Laser OFF \

L L L L | L L L ‘ L L L L | L L L L ‘
1% 5 0 5 10
A1 (ADC)

Figure 4.18: Raw pedestal data for both signals A1 and As. Correlation parameter
p=0.03.

The change in the relative contribution of each of the noise components
is shown in the dependence of the correlation coefficient with the laser scan
position. Figure [4.20[ shows how the correlated noise contribution increases in

the strip center (laser fluctuations and shot noise).

Estimation of the measured position error The position measurement

error was estimated in two different ways:

e In a direct way. Considering the width of the distribution of the variable
x/L (defined as in equation measured from the 20000 laser pulses

at every scan position as the position error.

e In an indirect way. Using equation propagating the uncertainty on
the measurement of the signal amplitudes and including the measured

correlation factor for each scanning point.
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Figure 4.20: Correlation coefficients p at the different scan points.

Results obtained in both ways are presented in Figure As expected,
a minimum of the error around the center of the electrode is observed while
the maximal error is given for those measurements near the strip ends. As a
consistency test, the error estimated using both methods have almost identical

values.
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Figure 4.21: Fractional position measurement error at each scanning point.

4.5 Signal to noise evaluation

To evaluate the signal to noise ratio (S/N) in 2D position-sensitive sensors,
they have been tested under a ?“Sr radioactive source. In Figure the
obtained signal to noise ratio distribution for the prototype that has lower
electrode resistivity is shown. We can see that the most provable value for the
Landau function fit is around 12, which is quite smaller than the expected in
standard sensors (~ 20). This is due mainly to the ballistic deficit; amplitude
attenuation and increasing of the rise time along its way to the readout pad,
both effects cause that the sampling time does not match with the pulse peak-
ing time. In terms of the detector design, to decrease the noise as much as
possible, the interstrip capacitance has to be reduced while keeping a proper

sensor performance.

4.6 Prototypes with integrated signal routing lines

In the framework of the International Linear Collider Experiments, the Silicon
Detector experiment (SiD) design implements long ladders of strip detectors
[124]. Silicon microstrip sensors are connected end-to-end ending up into a

very long microstrip sensor. In this detector structure becomes very difficult
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Figure 4.22: Signal to noise distribution in a 2D position-sensitive sensor.

Vep(V)

Vya(V) Rint | Cint (pF/cm) | Cac (pF/cm) | Re (€2/um)

40 > 400 >GQ 0.6 173 20

Table 4.2: Measured electrical parameters of the detector prototype.

to get two dimensions coordinates information. A possible solution is using
resistive electrodes and reading out the signal at both strip ends.

A prototype with integrated signal routing lines was designed and fabri-
cated. In this way, the signals from both strip ends are readout in the same
sensor end allowing clustering algorithms in the readout chip. The sensor con-
sists of 34 p* strips (20 um wide and 1.4 cm long) with a pitch of 160 pm on
a 285 um thick n-type substrate. The electrode’s resistance in this prototype
is of R/1= 20 Q/pm (another sensor was manufactured with the same layout
but with a strip width of 40 wm. This sensor did not work after the detector
module manufacturing). A metallic via (Aluminum) is used to drive the signal
from one end of the strip to the opposite end of the detector (see Figure ;
therefore, all the contact pads are in the same area of the detector allowing
both ends to be readout by one single ASIC.

The sensor was also electrically characterized and the main parameters are
listed in table [4.21

The prototype was benchmarked against an electrical simulation (see sec-
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Figure 4.23: Left: Schematic top view of the new prototype. Black colors reefer to
aluminum structures and striped areas are the resistive electrodes on the strips. The
strip implant pitch is 160 wm while the readout pitch is 80 um due to the Aluminum
vias. Right: Two detailed photographs of the two ends of one strip.

Cint (fF) CAC’ (PF) Csub (fF) Rsup (GQ) Rimp (Q) Rint (GQ) Re (Q)

24 3.43 16.6 20000 800 15 2500

Table 4.3: List of values used in the simulation of the sensor’s equivalent circuit.

tion of the equivalent circuit using as input the parameters obtained
after the electrical characterization. The values shown in table are given
by cell (2.5 mm length and in case of strip parameters considering 20 pm
wide).

The aluminum routing lines were not included in the simulation. One
would expect that the possible disagreement between the measurements and
the simulation may be originated by the effect of the routing lines.

The experimental procedure followed with this new sensor was the same
described in section [4.3.3] scanning longitudinally the strip with the laser spot
in 2mm steps, reconstructing the pulse shape at the output of the front-end
electronics for each position and calculating the fractional position given by

the signal amplitudes. Figure [£:24] shows a photo of the Alibava daughter
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Figure 4.24: Alibava Daughter board reading two prototypes including the Aluminum
routing, each one connected to a single Beetle readout chip. Two pitch adapters and
Beetle readout chips are visible.

board with two of these prototypes, each one connected to a single readout
chip.

Figure (a) shows the schematic of the measurement in a point (close
to the middle) and (b) the obtained results. When we impact in the middle of
the central strip we should not have signal in S2;, but we can see clearly that
we have an induced signal on it. We can ensure that it is not a direct signal,
because in that case, a similar signal would be readout in S1j,.

In Figure the measured fractional position is shown together with
the simulated results. The ballistic effect is again present (deviation from the
linearity), but also a clear discrepancy between experimental and simulated
behaviors. Looking at Figure and considering that the scan starts in the
Slc end of the strip, the discrepancy between experimental and simulated
results can be explained by an excess in S2¢ due to the induced signal in the
metal guide and caused by a parasitic capacitance between the metal guide
and the strip. This effect is more relevant for impacts close to the S1¢ readout,
where S2¢ is expected to be small.

Looking at these results, a good isolation between the strips and metal
routing becomes crucial in order to improve the position resolution and to

facilitate the signal understanding.
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Figure 4.25: Schematic of the measurement and results. (a) shows a three-strip
layout and the signal labels, the laser impact is illustrated close to the middle of the
strip in light blue. (b) shows the signal shapes where the induced charge in S2j, is
clearly visible (blue).

4.7 Study of parasitic couplings

In order to understand and to avoid the parasitic couplings measured in the
previously described prototype, a deeper study will be done in new sensors with
dedicated layouts. The main objective of this study is to allow the readout of
a two dimensional position-sensitive sensor from the same sensor side avoiding
the induced signal that can complicate the signal analysis.

New sensors have been fabricated at CNM-IMB, each one including six
small 2D position-sensitive sensors. They have an area of 25 x 8 mm? (4
devices) and 25 x 6 mm (2 devices), have 34 and 20 strips respectively, with a
160 wm pitch and a length of 2.2 mm. The resistivity of the electrode is given
by R/l = 2 Q/um, that is slightly less resistivity than previous prototypes.

New prototypes main characteristics:

e P-stop. These sensors are n-on-p instead of p-on-n. They require an
extra isolation of the n-type electrodes that has been done using the

“at all” p-stop technique. This technique consists of the use of a p-type
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Figure 4.26: Measured fractional position compared with the simulated one. Ay and
As are the amplitudes of S1 and Ss respectively. The induced signal on the metal
guides contributes to signal S2 generating a shift of the experimental measurement
with respect to the simulation.

silicon “barrier” surrounding the electrodes.

e Aluminum grid. An aluminum grid for grounding is included (or not)
in the design to facilitate the insulation between electrodes and routing
lines. Two devices per wafer have a half of the sensor with the grid and
the other half without it.

With these new designs, a detailed characterization with the main objective
of the study of the parasitic coupling capacitances will be done shortly. In
Figure pictures of some of the new designs are included.

4.8 Summary

In this chapter, a 2D position-sensitive semiconductor detector has been pre-
sented. Its working principle is based on the resistive charge division method
and several prototypes have been fabricated using standard AC coupled tech-
nology.

The implementation of resistive electrodes allows to extract information

on the longitudinal coordinate of an ionizing event.
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2um

(a) (b)
Figure 4.27: Pictures of some details of the new designs. (a) In this sample, the
p-stop is visible together with the routing line. (b) The same device than in (a) but
with an Aluminum grid.

The performance of two different prototypes with strip lengths of 20 mm,
width of 20 um and different linear resistances of the electrodes: R/1 = 2.8
Q/pum and R/l = 12.2 Q/pm were studied. The electrical simulations of the
detector and front-end electronics are able to reproduce experimental results
in reconstructing the fractional position of the signal generation point. This
validates the simulation as an adequate tool for future sensor designs.

The sensor performance characterization was done scanning the strip sur-
face with a near infra-red laser. Results show that the position resolution
along the longitudinal coordinate for a signal of about 6 MIPs is 225 um and
232 um for the low and high resistive electrode sensors, respectively. With the
comparison between experimental and simulated measurements, we studied
in detail the signal propagation effects which are signal attenuation and the
peaking time increases. Both effects cause a systematic non constant ballis-
tic deficit when a non optimized front-end electronics is used to read out the
signal.

In terms of signal to noise ratio (SNR), the obtained value is about 10,
which is a lower value when compared with typical standard sensor values (~

20). To improve this SNR several actions can be taken, the electronic circuitry
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can be optimized to the proper sampling time, the noise can be reduced de-
creasing the input capacitance to the amplifier and the signal attenuation can
be decreased by tuning the electrode resistance.

The possibility of reading out the detector from only one side was also
studied integrating an Aluminum routing line to drive the signal. That pro-
totype showed the importance of having a good insulation between implants
with respect to the metal routing to reduce parasitic capacitances and signal
leaks.

These detectors have been tested with a pion beam (120 GeV) at the CERN
SPS beamline H6. The analysis of the test beam data is ongoing in order to
make specific studies of their performance as tracker detectors.

In order to optimize the future prototype fabrication several factors have

to be taken into account:

e The detector spatial resolution depends on the signal to noise ratio.
Tunning the electronic parameters, the SNR will be optimized when the

shaper time and detector time constants are proportional.

e Concerning the detector design, several aspects need to be considered.
The interstrip capacitance dominates the input capacitance to the pream-
plifier. The signal attenuation can be tuned by modifying the electrode
resistance. Every design change must be done carefully to avoid resolu-

tion detriment.

These parameters can be easily tuned thanks to the simulation tool al-
ready developed. Typically the electronic parameters are given by the readout
electronics. They can be fixed in the simulation and working on the sensor
parameters the final design can be optimized until the desired behavior is

reached.

109






Chapter 5

Characterization of 3D pixel
detectors for the CMS vertex
detector upgrade

In this chapter, the study of 3D pixel detectors for the phase II CMS vertex
upgrade is presented. A brief introduction and description of the sensors is
given, followed by the electrical characterization results. The used readout
electronic is the same as the one presently used by the CMS pixel detectors
and is described in detail in this chapter, as well as the interconnection process
used to couple it to sensor. Once the sensor and read out chip (ROC) are
connected, the performance of the detector can be characterized. In this study,
both a radioactive source and a particle beam were used. Finally, the results

are discussed and some guidelines to continue this work are given.

5.1 Introduction

In this introduction a brief description of the current CMS vertex detector and

the new detector requirements for its phase II upgrade are given.

111



Chapter 5. 3D pixel detectors

5.1.1 The CMS vertex detector

The description of the Run I CMS vertex detector was obtained from [125].

The reader is invited to consult this reference for a more detailed information.

The CMS experiment at the LHC has hybrid silicon pixel detectors forming
the vertex detector. This detector is an essential component for reconstructing
interaction vertices and heavy quark decays in an environment characterized
by very intense irradiation field which translate in very high detector occu-
pancy. The detector consists of three barrel layers and two disks at each end
of the barrel. The innermost barrel layer is placed 4.3 cm from the beam pipe,
second and third layers at 7.2 and 11 cm, respectively. Each layer is composed
of modular detector units. Every module is made of segmented silicon sensors

with readout chips connected by the bump bonding technique.

Silicon sensors are of type n-on-n processed on a diffusion oxygenated float
zone wafer with a thickness of 285 um; the pixel size is of 100 x 150 pm?.
They include a bias grid and a pixel isolation by p-spray technique. The choice
of the sensors was based on previous works [126-131].

The sensor substrate is highly resistive n-type silicon and the frontside of
the sensor is n-doped while the backside is p-doped (see Figure . The
pn and ohmic junctions are placed in the backside and frontside, respectively.
To suppress the electron accumulation layer on the front side of the sensor
(n-on-n), the p-spray technology is used.

The characterization tests showed that sensors have a high enough sig-
nal charge (~ 14000e~) at ~ 600 V after high hadron fluences (~ 1 x
10'° ney/em?). These studies also show that collecting electrons, that have
higher mobility, facilitate the charge sharing, therefore the Lorentz angles are
larger than for holes collection reaching the required spatial resolution.

In Figure [5.2| a photo of four pixel cells is shown. The sensor surface
structure is visible, including a bias structure and p-spray. Every pixel has a
bias dot that consists of a circular n-implant isolated from the pixel implant
by a small gap. They are connected through an Aluminum line and routed
forming a bias grid that provides a bias connection to all pixel cells. This
structure facilitates the electrical characterization of the sensor, the sensor

can be biased by punch-through and IV curves are measured before the sensor
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Metal contact

Figure 5.1: n-on-n pizel sensor structure. The ohmic junction is segmented,
grounded and readout while the junction is at the bottom of the device.

Bias dot

Figure 5.2: Photo of four pizel cells from the CMS barrel vertex detector .

flip-chip.
To guarantee the homogeneity of material properties, all wafers for the
production of barrel sensors come from the same silicon ingot. And to improve

the post radiation behavior the wafers undergo an oxygen diffusion process
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as recommended by the ROSE collaboration [76], resulting in the so-called
DOFZ-material.

5.1.2 The vertex Phase II upgrade

The High Luminosity Large Hadron Collider (HL-LHC) is a possible upgrade
of the current accelerator (LHC) for which, the luminosity will increase con-
siderably reaching a total integrated luminosity of 3000 fb~! at the end of the
running period and the instantaneous luminosity will be of 5x103*cm=2-s71.
In this high luminosity scenario, the hadron fluences at the innermost layers
of the CMS vertex detector are expected to reach values up to 2 x 10%6 n,,
/em?. Under these hostile conditions, silicon-based vertex detectors will suffer
severely from radiation damage, displaying: increase of the leakage current,
change in effective doping concentration of the bulk and reduction of charge
collection efficiency (see chapter 2).

By reducing the charge carriers collection distance, the probability for
getting trapped in one of the radiation-induced defects decreases, as well as
the voltage needed to fully deplete the device. In current planar technologies
the collection distance is given by the sensor thickness, the drawback of thinner
sensors is that the collected charge is reduced as well.

To improve the charge collection efficiency (CCE), one alternative tech-
nology are the so-called 3D sensors. These sensors have cylindrical vertical
electrodes that penetrate into the detector bulk [73]. Electrons and holes,
moving parallel to the sensor surface, are then collected at opposite biased
cylindrical electrodes. Minimum drift time and depletion voltage are deter-
mined by the electrode spacing. Depending on the electrodes pitch the charge
carriers generated by ionizing radiation can be collected within a time smaller
than the trapping time of the radiation-induced defects |132].

Studies comparing standard microstrip detectors fabricated in p-type ma-
terial and 3D strips detectors made in the same type of silicon material [57]
have shown the advantage of 3D detectors for fluences up to 2-10%n.,/cm?. In
this chapter the results of the characterization of 3D double-sided and double-
type pixel detectors before and after irradiation up to 5 - 1015neq/cm2 are

presented.
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Figure 5.3: Photo of one of the produced wafers. The multi-chip module is marked
in white, in red are the twenty single chips and in yellow the strips detectors. The
pad detectors are marked with the letter D.

5.2 Description of the devices

The studied sensors were manufactured at the Centro Nacional de Micro-
electrénica de Barcelona (IMB-CNM). Out of the six wafers of the production
batch, five were 285 pum thick and one 230 pum thick. In addition, the n-on-p
3D pixel devices in one of the thick wafers were manufactured with a polysil-
icon resistance grid to compare the electric characterization of the devices
biased either through the resistors grid (resistor biasing) or the guard ring
(punch-through biasing).

In the wafer layout (see Figure several devices were included: one 3D
multi-chip module, with a matrix of 8 x2 single sensors; twenty 3D single chip
sensors, with different geometries; eight 3D strip detectors; and twelve 3D pad
detectors. The multi-chip module has the same layout as the current CMS
planar pixel module.

A basic pixel cell in n-on-p technology (Figure consists of one n-type
vertical electrode with a diameter of 10 um, surrounded by a p-stop insulation
ring of internal and external diameters 10 and 15 pm respectively. On the
backside, 10 um diameter p-type 3D electrodes, creating the ohmic contacts,
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Figure 5.4: Left: Photo of a sensor pizel cells where the metal pad on top of the n-
column, polysilicon resistor routing, passivation opening a and metal line are visible.
The ohmic columns (p+ doped) are on the backside and they are not visible from the
front side. Right: SEM picture of one pixel cell, where the Indium ball on top of the
metal pad is shown. The n-doped column with the p-stop surrounding is also visible.

are arranged surrounding the n+ electrode. The pixel layout matches the
PSI46 chip layout [133], which is the readout ASIC technology chip used in
the current CMS vertex detector.

A picture of the pixel cell including the polysilicon resistor routing and
a scanning electron microscope picture after the bump reflow process for one
pixel cell without polysilicon grid are shown in Fig[5.4l The shiny circle on
the metal pad is the passivation opening for the bump metalization.

This particular set of wafers includes two different ohmic column patterns.
We refer to them as dense and sparse patterns. To clarify the difference
between the two different pixel cells, Figure [5.5] shows a sketch of the pixel
cells. The pixel unit cell in the dense pattern has two extra p-columns (ohmic
columns). In this work, the performance differences between the two different
sensor patterns are studied in terms of the detector efficiency. Two different
guard ring configurations (one ring or two) are implemented.

The fabrication technique used is the proposed double-sided double type
3D detectors and is shown in Figs. and Sensors are fabricated in

a double-type configuration, with columns of one doping type etched from the
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Figure 5.5: Diagrams of the two different p-column patterns. Sparse (a) and dense
(b). Every column has 10 um diameter.

front side of the device, and the other type etched from the back side. Neither

set of columns passes through the full thickness of the silicon substrate.

Figure [5.8] shows a schematic of the main fabrication process steps of
double-sided 3D silicon detectors. Sensors have been fabricated in < 100 >
p-type silicon from Topsil manufacturer and have a resistivity in the range
10 - 30 k€ - cm. The double sided structure is similar to a conventional 3D
detector [135], but requires a simpler fabrication process because the diffi-
culty of doping the two different kinds of holes on the same side is avoided.
The photolithographic steps needed to define the electrode contacts are only
necessary on the top surface. The ohmic columns on the bottom surface do
not require any patterning since all the p-columns are shorted together. This
allows to apply the high voltage bias to the back surface of the detector by
simple wire bonding, avoiding complicated rerouting for read out electronics.
Every p-columns are shorted at the bottom, therefore is not necessary to bias
them through the top side of the sensor. Figure shows a cross section of the
cylindrical electrodes, some structures created during the fabrication process

are visible (p-stop, boron diffusion and polysilicon layers).
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Figure 5.6: Schematic of a 8D double sided detector. The n-doped columns (green)
go into the bulk from the top side while the p-columns (red) go from the bottom. In
blue we can see the polysilicon used to ensure a homogeneous dopant diffusion.
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Figure 5.7: Microscope pictures of 3D pixel sensors. Left: n-column in p-type silicon
bulk, the p-stop implantation and polysilicon layer for diffusion are visible. Right: p-
columns (ohmic junction) where the Boron diffusion and the two polysilicon layers
separated by an oxide barrier can be appreciated.

5.3 Electrical characterization

Sensors from six wafers have been electrically characterized (methods were
described in chapter 3). Sensor nomenclature, quantity and descriptions are
listed in table B.11

Exhaustive measurements of IV curves have been carried out in all pixel

devices for each wafer. The results show an homogeneous behavior for all
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I

p-type Silicon
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Figure 5.8: Schematic of the fabrication process of double-sided 3D silicon detectors.
The first step is the p-stop implantation, then the polysilicon deposition plus the Boron
diffusion create the ohmic contacts and an oxide barrier is grown. The same process
is followed to create the junction columns but diffusing Phosphorus instead of Boron.
The last step is to metalize and passivate both sensor sides.

devices in the same wafer. Leakage current values are below 100 nA in four

wafers (67% of sensors), while two wafers show higher current values reaching
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Device name Qty Description

MC 1 Multi-chip module (8x2 detectors) with sparse
columns pattern and 1 guard ring

SC 11 5 Single chip detector with sparse columns pattern
and 1 guard ring

SC 12 5 Single chip detector with sparse columns pattern
and 2 guard rings

SC 22 5 Single chip detector with dense columns pattern
and 2 guard rings

SC 21 5 Single chip detector with dense columns pattern
and 1 guard ring

3D strip 8 Strip detector

3D pads 12 Pad detector

Table 5.1: Name, quantity and description of the devices included in each wafer.

in the worst cases more than 100 pA. Fig. shows an example of IV curves

for four single-chip and one multi-chip sensor on wafer 6. Letter B indicates

the sensor position in the wafer (wafer center in this case). Differences between

devices in the same wafer are below 100 nA and as expected the multi-chip

(sixteen single-chips) has higher leakage current.
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Figure 5.9: Current voltage characteristics of the sensors in one wafer (wafer 6)
285 wm thick, 4 single chips and 1 multi-chip (8x2).
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One of the aims of the electrical characterization was to assess the ad-
vantages and drawbacks of integrating a polysilicon resistor grid in the pixel
sensor design. This resistive biasing grid allows the full depletion of the sen-
sor without the need of bonding it to the read-out ASIC. This enables easier
electrical testing and qualification of the sensor before it is bonded, one of the
most expensive and time consuming part of the fabrication of a pixel module.
We have measured the current-voltage (IV) characteristic with two different
biasing configurations: through the bias ring and by means of the guard ring
(punch-through biasing). The results are presented in Fig. for one sensor.
No relevant differences are found, biasing the sensor through the polysilicon
resistor grid or by punch-through. Another important result shown in this
figure is that no breakdown is observed below 200 V, which guarantees full

depletion after high irradiation fluences.
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Figure 5.10: Current voltage characteristics of one sensor. The continuous line
shows the measurement biasing through the polysilicon grid. The dashed line shows
the measurement biasing by punch-through.

The capacitance-voltage (CV) characteristic was determined using an LCR
meter and an auxiliary circuit for decoupling the high voltage bias and the
input signal to the LCR meter. The frequency of the AC signal to measure
the CV curves was fixed at 10 kHz and the amplitude at 100 mV. From these
curves, the value of the full depletion voltage (V¢4) of the 3D pad sensors was
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Figure 5.11: 1/C? woltage characteristics of 3D pad detectors from every wafer.
Wafer 11 (W11) is 230 um thick while the others are 285um thick. Viq=1.5 V in
pads and Vig= 9 V in sensors.

extracted by the standard algorithm of finding the intersection point between
the two straight lines fitting the ramp-up and plateau sections of the 1/C?
curve which is shown in Fig. [5.11} The depletion voltage extracted from
the 3D pad detectors has been used to analytically determine the depletion
voltage of the single-chip and multi-chip sensors using the expression for a
true coaxial electrode given by Equation [74,/136], where r; and ro are
the electrode column outer radius and the distance between p+ and n+ doped
columns, respectively. N is the impurity density in the bulk, q is the electronic
charge, and € is the dielectric constant of silicon. Using these parameters and
the measured 3D pad depletion voltage as inputs, the assessed full depletion
voltage for the pixel detectors is 9 V. A working voltage of 20V has been
chosen to ensure that the sensor is fully depleted.
rg 1, 9

Nq
Vfd = % T%LTLE — 5 (TQ — Tl) (51)

The sensors’ leakage current stability has also been studied. To make this

measurement, sensors have been biased at 30 V for one hour recording the
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Figure 5.12: Stability measurement for two sensors. Single chip sensor (a) and
multi-chip module (b). A multi-chip module is formed by 16 single chips, therefore
the current value for a multi-chip module is about twenty times higher.

leakage current. Figure shows the leakage current for a single chip and a
multi-chip module during an hour. The difference in the current values is due

to the sensor size, a multi-chip module is formed by sixteen single chips.

5.4 Readout Chip. PSI46

The readout chip used to test the 3D-pixel samples was the current CMS pixel
readout chip. In this section a brief summary extracted from the references
[133,|137H141] is given with the purpose of setting the basis for the complete
understanding of the detector performance. The CMS pixel chip was developed
in the radiation hard DMILL technology [142] and is organized in 26 double
columns (52 columns) and 80 rows (see Figure [5.13). The chip integrates 1.3
million transistors in an area of 7.9 x 9.8 mm. Three different blocks can be
distinguished in Figure the interface area including DACs and supply
pads, the double column periphery which controls readout (data buffer) and
trigger validation within double columns (time stamp buffer) and the Pixel
Unit Cell (PUC) array (4160 PUCs in one single chip).

Figure shows a schematic of a PUC. Two parts are well distinguished:
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Figure 5.13: PSI46 readout chip for the CMS pizel detector. Source: . A
readout token looks for a column with a hit and reads it out through a column token.

on the top is represented the analog part and on the bottom the digital part
of the circuitry. The sensor signal goes through the bump into a preamplifier
and a shaper (the same circuit is used when a calibration signal is sent).
A programmable current source at the input compensates for the detector
leakage current. The zero suppression is done by a comparator that also sets
a global threshold for all units. To compensate for possible local transistor
mismatches, each pixel includes a 4 bit DAC to trim the threshold. Once the
signal is over the threshold it is stored in a sample/hold circuit. Every double-
column output are connected to a hard-wired OR column which notifies the
column periphery of any hit in the double-column. The periphery synchronize
the arrival of hits by the present bunch crossing counter (stored in a time-
stamp buffer). The hit pattern for this bunch-crossing is frozen and the data
transfer to the data buffer starts (column drain) by a fast column token. The
hits pixel is inactive until the information is transfered while pixels without
hit are skipped by the column token.

The signal is then sent to the periphery together with the row address.
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Finally, the readout token passes on, taking the pixel address and the signal.
The time needed to scan a column depends on the number of hits in the same
double column (t < 50ns + (50ns x number of hits). The signal is sampled
after a fixed time delay controlled globally in each ROC. The peaking time
depends on the pulse height and varies from pixel to pixel, the relative error
due to a non-perfect sampling time has been measured in [138] and is bellow

2.5 % and 1% in low and high signals, respectively.
leakage current reamy shaper
il P’ o —1 ——p—P—P—

I
]
1
i
i
i
i
1
1
I h—]
sample/hold :
comparator !
* v+
hit 1
|
i
i
i
1
]

top

metal global threshold
4bit DAC 7
|_|_| L
calibrate l—f e
z £ i
2 E | |
H H n Column token & \
z = readout control |
" E 1
H 1
H latch !
H 1
& . Tt T2 (T3 |T4 [[M 0 i
g | | 0 !
£ mrr 2 s
& mask bit H 2
E ] = E
-------------------------------------------------------------------- (B . | % |3
g g )2 L
E 213 |
E EEN N B

Figure 5.14: Schematic of a pizel unit cell [138].

The transfer of hit information from the pixels to the storage buffers is
controlled by the column periphery. When a hit associated to a time stamp is
given, periphery associates any later hit with another bunch crossing. It can
be one active column drain and up to two pending allowed. Any other hits
outside of these are lost.

The PSI46 readout chip has an analog readout scheme running at 40 MHz.
The pixel address is coded into six voltage discrete levels and readout in five
clock cycles: two for the column ID, three for the row ID and and extra clock
cycle is need to readout the analog pulse height. In Figure the analog

readout sequence is shown. The first three values (first three clock cycles)
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compose the chip header and are the ultra black (large negative signal), black
(zero signal) and last DAC value. Then five signals codify the unit cell address,
and finally the analog pulse height followed by a black level that is a chip trailer

member.
analog pulse
chip header pixel address height
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Figure 5.15: Readout sequence of a PS1/6 ROC .

A requirement for the right performance of a ROC is that the voltage levels
used to codify the pixel address are well distinguished between themselves. In
Figure the result obtained during a data taking run for a ROC in the
laboratory is shown. The measured distribution of the address levels for a
ROC has to be clearly separated to allow an easy reconstruction of the pixel
address.

There are several test that are performed to evaluate the ROC function-
ality. The test procedure are described in detail in reference . We will
show later in section the results obtained in the ROC qualification when
the 3D pixel sensors were connected to the ROC.

5.5 Interconnection process

The interconnection process between sensor and read out chip, consisting of

bump bonding and flip-chip, was done at the Paul Sherrer Institute (PSI)
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Figure 5.16: Histogram of the sampled address levels of a ROC during a data taking
at the PSI laboratory in arbitrary units.

bonding laboratory. The procedure is described in [29] and consists of an
Indium bump bond process developed at PSI as part of the R&D for the CMS-
pixel detector. Figure in section [I.2.1] shows a scheme of the process. The
first step is the under bump metalization (UBM) and consists on the deposition
of three metal layers on top of the sensor. Through a wet lift-off process, the
metalization remains only on top of the passivation opening in the metal pad.
Then the Indium is evaporated and deposited on top of the metalization.
Following again a wet lift-off process it ends up in an octagonal metallic wafer
on top of every bump pad. All the previously described processes are done in
each wafer. After that, sensors are diced.

To form the Indium (contact) balls, devices are heated until the Indium
is molten and, by surface tension, spherical balls are created. This process
is the so-called reflow. Figure shows two scanning electron microscope
pictures of the Indium wafer and Indium ball in 3D pixel sensors. Some of
the different structures in the implant columns are visible in both pictures
(column perforation, implant, p-stop and metalization).

The readout chip also needs an Indium layer to facilitate the adhesion
between sensor and ROC. Once the sensors have the contact balls, the chip

has to be set on top of it correctly aligned. This process is the flip-chip.
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Figure 5.17: Scanning electron microscope pictures of indium bumps (a) before and
after (b) reflow in 3D pixel sensors. The bumps pitch is of 100 um and the reflowed
bumps diameter is of 20 um.

This is done by a PSI home-made automatic bump-bonding machine. This
machine features a moving table, a pick and place tool, a probe card and a
microscope. The microscope is used to set the reference coordinates to the
machine. It uses reference alignment marks from the sensor and a pattern
recognition algorithm. The pick and place tool takes a ROC, also properly
aligned following the same strategy as for the sensor, tests it in a probe card
and pushes it on top of the sensor with a force of 30 N and holds it for a
minute. If a chip does not pass the electrical test, it is refused and a new one
is taken. After the correct placement of the chip and sensor a second reflow is
needed to obtain a stable mechanical connection. This second reflow corrects
possible small misalignments thanks to the surface tension forces.

After the second reflow process in 3D pixels, some inhomogeneities were
observed. In Figure a), a sensor area after the first reflow is shown. We
can see that some of the Indium balls are not spherical shaped, but they have
a “banana shape” produced by Indium adhesion to the sensor surface inho-
mogeneities. Figure [5.18|b) shows another micro-photograph with the state
of the Indium balls after the ROC chip is flip-chiped on top of the sensor and

removed. The chip pad marks on the contact balls are visible, showing that
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the contact was correctly made. Therefore we concluded that these inhomo-

geneities in the bumps should not affect the sensor-ROC connection.

o * %
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(a)

Figure 5.18: Scanning electron microscopic pictures of indium bumps. (a) A image
before the flip chip showing that some residual Indium joined to the columns creating
“banana shapes” instead of spheres. (b) Sensor after flip chip, after the ROC was hold
against the sensor and removed in order to see the chip pad marks in the indium balls.
They are visible in every bump indicating that chip and sensor contacted properly.

5.5.1 Bump bonding test in 3D pixel sensors

The bump bonding test showed some peculiarities of 3D pixel sensors that are
explained in detail in this section.

The Bump bonding test. The method used is called the modified external
calibration. In the ROC a possibility to send a calibrate signal through the
sensor is implemented (see reference and Figure . In principle, this
functionality allows the identification of missing bumps by measuring pixel
thresholds. Two different measurements are done with the same calibration

signal:

e Closing the switch2, the calibration signal reach a pad on the ROC
surface. The signal induces a charge in the sensor that when the bump

is connected will reach the front end. If the bump is bad connected or
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Figure 5.19: Schematic of the relevant components for the bump bonding test.

missing, the signal will reach the front end by traversing again the air

gap (Vcal procedure).

e Keeping both switches open, the signal could reach the pre-amplifier by

crosstalk (parasitic capacitance or xtalk procedure).

A threshold measurement is done by both procedures. When there is a bad
bump contact, both threshold will be very similar, while when the bump is
connected, both threshold values will be different at least by five DAC units.
This procedure was validated after testing detectors where some bumps were
removed on purpose. In this section, we see a good agreement between the
bump bonding test results and the hit occupancy maps obtained in 3D samples
with a radioactive source.

Typically, in planar sensors bump bonding was always successful (99 %
bump yield). However, in 3D sensors we had lower bump yields. In Figure
5.20| (a) and (b) we show the result after the bump bonding test . When the
difference between the threshold using Vcal and xtalk procedure is zero, the
bump is missing. Another test (see[5.20](c) and (d)) shows the sensor response
to a radioactive source, particularly the hit occupancy map, that in spite of
the need of a different setup is a result that confirms the bump bonding test

result.
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In addition to the missing bumps, we can see a “columns pattern” in the
bump-bonding test results that it doesn’t affect the signal itself, where the
pattern is not visible (Figures[5.20| (c) and (d) ). This pattern could be due to
the observed ”banana shape” after the first reflow during the interconnection
process. These "bananas” appeared with a similar pattern. In Figure (c)
there are some areas with more hits (red area in the middle of the sensor and
two more to the right). Those areas correspond to holes on the PCB between
the sensor and the photomultiplier that provides the triggers.

After these results, we realized that the internal stress in the sensors caused
a strong sensor bowing during the second reflow, breaking the connection
between sensor and ROC. By mistake, in this particular sensor production the
passivation layers, which were usually deposited in both sides of the wafers,
were deposited only in one of the sensor sides, increasing considerably the
stress suffered by the sensors.

To partially solve this problem, a weight was placed on top of the sensor -
ROC “sandwich” during the second reflow. With this rudimentary method, we
managed to have better hit maps. Figure[5.21]shows the hit map of two sensors
where this technique was applied. We can see how the bump bonding map
improved comparing against results shown in Figure In Figure the
PCB holes are not visible because the data were taken with a random trigger
instead of with the photomultiplier triggers. In this way, we can observe the

full sensor area not being limited by the scintillator size.

5.6 ROC calibration

Every ROC needs to be configured individually to cope with ASIC manufactur-
ing non-uniformity. This section will summarize the configuration procedure
fully detailed in [137,/139,/143|,144]. The behavior variation between pixels in
a ROC is relatively small, the found values for one pixel cell are, usually, valid
also for all other pixels in the same ROC. Every ROC has 26 DAC parameters
programmable for the ASIC configuration. The parameters that need to be
adjusted are those relative to the current consumption of the chip, calibration

signal’s amplitude and sampling point and the comparator threshold. The

131



Chapter 5. 3D pixel detectors

vcals_xtalk_C0 veals_xtalk €0
= = Entries 4160
80 DL mpmemem e e | Meanx 274
FHI Meany  47.3
70 = RMS x 14.06
- RMS y
60 LA
50ES = = | = =
wg 5100 T
WE-_ - © - 1 H
g ] =
W= = o = ] - _H hay |
10 gt s g
= L] - ol e S
0 | o e el - TS e
0 10 20 30 40
(a)
Number of Hit in Pixel

80 g

veals_xtalk_C0

veals_xtalk_C0
Entries 4160

80 Meanx 1843
Meany 3719
70 RMS x. 1228
RMSy 1747
6 - .
50 - -10
40 = =" - !.20
30 -
- -30
-—
20 -
-40
10
-50
) R L | |
0 10 20 30 40 50

Number of Hit in Pixel Eofc'upa"?fnigzz
niries
80 Meanx  20.85
£ Meany 32230
70 RMSx  £.089
r RMSy 1231
e - -1-0ZZnt 600
50'15-"':{' A; 500
40[I= I.J- - _:
pl ELHHL] 400
L O - | I 1l=
3N L] M
M H 200
FE =" g = sl
W g Il_!l!: 100
R R TR R BT
) 20 50 0

(d)

Figure 5.20: Bump-bonding test result for two different sensors: 11B (a) 22B (b).
And the hit occupancy map under a %°Sr radioactive source for sensor 11B (c) and
22B (d). We can see a lot of missing bumps in both tests.

PSl46expert software include specific test to adjust them and the most impor-

tant are in this text reviewed while the information needed to run this software
can be found in the CERN twiki [145]. The test procedure is as follows:

e Analog and digital currents need to be set to values about 24 mA, which

is the current consumption needed to operate properly the analog and
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Figure 5.21: Hit occupancy maps for two different sensors after a second reflow
performed placing a weight on top of the sensor-readout chip sandwich: 11A (a) 224
(b). Random trigger is used.

digital parts of the ASIC. To reach those values, the analog and digital
voltages have to be adjusted to provide the right power.

Tornado plot, the tornado plot is an efficiency plot. The parameters
values used in this test was determined by experimental studies from
reference [144]. A calibration signal amplitude of 200 (DAC units) is
injected and readout 5 times for every threshold (Vthrc) and delay re-
spect to the trigger (CalDel) values. In Figure a tornado plot for
one pixel cell of one unirradiated chip already connected to a 3D pixel
sensor is shown. The red area shows which are the values for Vthrc
and CalDel that have an efficiency of the 100 %. The chosen working
values should be as far as possible of the inefficient area and they cor-
respond to the area within the white circle. This area corresponds to
a Vthre ~ Vithryin + 50DACs and to the middle value for CalDel for
this Vthre.

Pixel maps, once the threshold and delay values are set, the next step is
the pixel map test. It consists on sending a calibrate signal to each pixel
unit cell and check that the registered output signal is the expected. In
this test the defective pixel cells are identified. In Figure [5.23] the result
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Figure 5.22: Tornado plot for a pizel unit ROC. The red area shows the values of the
DACSs parameters, CalDel and Vithre, where the ROC achieve its maximum efficiency.

of this test is shown, in this case ten defective pixel cells were identified.
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Figure 5.23: Pizel map for a ROC. The red area shows the working pizel cell units.
This particular ROC has 10 defective units.

e Address level test. The objective of this test is to verify that all the
address levels are well distinguishable for all pixels. In Figure [5.16] an
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example of the result of this test was shown, where the different levels

are well defined.

e Trimming and threshold. There are little differences on the threshold
settings between pixel cells. To reach the homogeneity on the sensor
response, every pixel cell output is tested using the same signal amplitude
(calibration signal pulse hight). The threshold value in a ROC is unified
by means of four trim bits and the trimming test. The four trim bits
allow sixteen trim states per pixel unit. The size of the correction is set

by the trim voltage.

Once the trim voltage and the calibration signal are fixed, the algorithm
finds the trim bits configuration for every pixel when they start respond-
ing for the calibration signal. The calibration signal distributions for a
ROC before and after trimming to a threshold value of 45 DACs units
are shown in Figure After trimming the homogeneity in the sensor

response increased by a factor of three.
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Figure 5.24: Vecal distribution for a ROC: (a) before and (b) after trimming to a
Veal value of 45.

e Pulse Height Calibration. This test is required to determine response lin-

earity, the gain and pedestals for each pixel. Both are needed to convert
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the collected charge (in ADC counts) to electrons. There are two dif-
ferent steps, first conversion of ADC counts into Vcal units (calibration

signal amplitude), and second, conversion from Vcal to electrons:

— From ADC counts to Vcal units. This calibration is done via soft-
ware, it is one of the included tests and is performed injecting var-
ious amplitudes of the calibration signal (Vcal) and measuring the
resulting signal (ADC). The slope of that relation gives the gain
and the offset is the pedestal.

— From Vcal to electrons. This calibration is done using an X-ray
source. The primary source is Americium -241 and the secondary
are: Mo, Ag and Ba, that produce 4844, 6139 and 8906 ¢~ in 285 um
thick silicon , measuring the sensor response to their signals in Vcal
units, representing them versus electrons and fitting their response
to a line. The results show that on average: 1 Vcal corresponds to
66 e~ and there is an offset of -420 e~. Therefore trimming to a
threshold of 45 in Vcal units corresponds to a threshold of 2550 e.

5.6.1 ROC qualification in irradiated samples

Unlike for strip sensors, in the case of pixel sensors the detector irradiation
takes place after the interconnection. Therefore, sensor and ROC are irra-
diated together. ASIC chip components are damaged by radiation and the
ROC performance after high particle fluences is degraded. Finding the new
DAC parameters becomes non-trivial. It cannot be automatized easily and
normally human intervention is needed.

The way to proceed is the same as described before, but irradiated chips
need an extra effort to find the working parameters. There is not a standard
procedure. Some of the DACs that might need to be changed for irradiated
chips are those related to the processing and readout speed. Preamplifier and
shaper need to be as fast as possible and the voltage for the digital part Vy,
needs to be higher.

Highly irradiated chips (3.5 x 10 n.,/cm?) responds very slowly to the
pixel programming. The pixel maps show a ”stripy” behavior. There is a tuned

firmware for irradiated chips that delays the calibration signal to emulate the
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actual situation.

5.7 Radioactive Source Characterization

Once the readout chip is successfully configured a first assessment of the de-
tector assembly is carry out using a ?9Sr source. The setup was described in
section and illustrated in Figure In this section, the characteriza-
tion results from the radioactive source test are shown both for unirradiated
and irradiated samples. The main parameter extracted from this test is the

dependence of the charge collection efficiency versus radiation.

e Unirradiated samples.
In Figure the charge distribution for two 3D pixel sensors is shown,
sensors are biased to 20 V. The charge distribution for different cluster
sizes are displayed in different colors. Considering that the sensors thick-
ness is 285 + 15 um, the expected Most Provably Value (MPV) in the
collected charge distribution is of 21660 + 1140 e~. The sensors tested
have acceptable MPVs within the expected uncertainties. In terms of
charge collection we expected to collect more charge in the sensor with
a dense pattern because the field is higher, however the observed differ-
ences are compatible with the differences between ROC performances,

which is estimated to be at least around 15 %.

Measurements made over twelve sensors confirm that all of them perform
as expected for a 285 um thickness. These results were obtained applying
a bias voltage of 20 V.

e Irradiated samples up to 10'° neq/cm2.

Five irradiated sensors were studied: four pixel sensors irradiated up to
a fluence of 1-10'%n.,/cm?, two of them with protons and the other
two with neutrons and one device irradiated with protons up to 5 -
10%°n,,/cm?. We did not manage to configure any PSI46 ROC irra-
diated to the fluence of 1-10'n.,/cm?. Note that these chips were not
developed to endure a fluence of 1-10%n,,/cm? which is much higher
than the fluences at LHC.
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Figure 5.25: Cluster charge distribution for the two 3D pixel sensors patterns: (a)
sparse and (b) dense. Sensors are biased at 20 V. The different distributions corre-
spond to one (red), two (green), three (blue) hit clusters and the total distribution of
clusters (black line). The fit of the peak of the total charge distribution to a landau
function shows MPVs of: 329.5 and 305.7 Vcal units, that correspond to 21327 and
19756 electrons respectively.

Figure shows the most probable value of the collected charge of the
5 devices versus the bias voltage. The behavior for irradiated detectors
uptol- 1015neq /cm? is very similar for different devices and independent
of the radiation type. Compared to the MPV of unirradiated devices (see
Figure the signal is reduced by 30% and V4 increases to around
120 V. The device irradiated to a fluence of 5-10'°n.,/cm? shows a signal

reduction of 55% with respect to the unirradiated samples.

To estimate the full depletion voltage in an irradiated 3D sensor we
define an effective relative efficiency E, as the ratio between the number
of events with reconstructed clusters and the number of events that
produce a trigger in the photomultiplier, therefore those events that

start the readout chain.

5= Number of events with reconstructed clusters
r =

5.2
Number of triggered events (5:2)

We then define the depletion voltage as the voltage for which E, reaches
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Figure 5.27: Normalized relative Efficiency, E, against bias voltage, showing a Vyq
=120V for fluences 0f1~1015neq/cm2 and Viq =180V for fluences 0f5-1()15neq/cm2.

a plateau. For each device, the absolute value of E,. depends on the bump
yield and the relative position between the radioactive source and trigger-
ing scintillator; therefore, to compare the different devices, we normalize

each E, curve to its maximum, as shown in Figure According to
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the definition, the depletion voltage is reached at about 100-120 Volts

for those samples irradiated to a fluence of 1-10'n,,/cm?.

For the sample irradiated to 5 - 1015neq /cm?, the depletion voltage is
not well defined. As seen in Figure [5.26] the collected charge most
probable value is almost flat for any voltage, slightly increasing at 180
V, which could indicate avalanche effects. In Figure[5.27] the E, gradient
versus the biasing voltage for this sample decreases with the increasing
bias voltage. Therefore, we consider the samples irradiated up to 5 -

1015neq /cm? maximally depleted at a bias voltage of about 180 Volts.

5.8 Test Beam characterization

The tests shown in the previous section quantify the radiation hardness of
the 3D pixel sensors in terms of depletion voltage and collected charge. In
a test beam equipped with a particle’s beam tracking system the resolution
and efficiency of the Device Under Test (DUT) can be assessed. The test
beam setup was described in detail in section [3.4] This section presents the
results of these measurements. Sparse and dense pattern detectors have been
characterized before and after a neutron irradiation fluence of 1 - 10%n,/cm?.

All the results presented here were taken with a particle beam normal to
the detector plane. However, in a real experiment perpendicular tracks will
be avoided either by bending the particle’s trajectories using an external mag-
netic field or by tilting the sensor planes. Therefore this work shows results
for the worst possible orientation for a 3D pixel detector. With this orienta-
tion a particle could traverse the sensor through an electrode column. This
orientation was chosen in order to study the worst case scenario concerning
the detector efficiency.

Detector performance was studied with a MIP’s beam in terms of the
charge collection. Including tracking information, the charge collection uni-
formity, the impact point spatial resolution and charge sharing between pixel
cells can be studied as well as the sensor efficiency.

Figure [5.28 shows a schematic of the test beam setup. The chosen tracks
for the efficiency analysis are those that meet the following criteria: they must

have at least one cluster on each of the first three downstream telescope’s
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Figure 5.28: Schematic of the DESY test beam setup. The beam is coming from
the right in the schema. The first three layers ( with respect to the beam direction)
form the so-called triplet, then the DUT is placed before the last three telescope layers
(driplet), and at the end is placed the reference sensor for timing. Deviation from a
stright line due to multiple scattering is greatly exaggerated for illustration purposes.

detector layers (triplet) as well as in the last three downstream layers (driplet)
and one cluster in the reference sensor. With this set of conditions, we ensure
tracks. In addition, another geometrical restriction is imposed: once the triplet
and driplet tracks are traced, they are extrapolated to the DUT plane. The
distance D1 between intersections of tracks with the DUT plane shouldn’t be
bigger than 500 um, ensuring relatively straight tracks.

The reference sensor and the device under test have the same clock, that is
not the same for the telescope and the beam. The telescope integration time
is 115 us, and pile-ups were observed depending on the beam conditions. To
suppress the telescope pile-ups, the pixel sensor used as timing reference allows
the synchronization between the three devices (telescope, DUT and reference
plane). In this way only events properly synchronized are taken for the DUT

efficiency analysis.

5.8.1 Unirradiated sensors

In this section the results obtained for unirradiated detectors are presented
along with a comparative study between sparse and dense ohmic column pat-

terns.
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e Charge distribution

Figure shows the charge distributions obtained for sensors with
both ohmic column patterns. The different values of the Most Probable
Value (MPV) cannot be associated to the different patterns because
the calibration uncertainties between Read Out Chips (ROC) can reach
15% [146).
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Figure 5.29: C(luster charge distribution for the two unirradiated 3D pizel sensor
patterns measured in a DESY test beam: (a) sparse and (b) dense. Sensors are biased
to a voltage of 20 V. The fit of the peak of the total charge distribution to a landau
function shows MPVs of: 23640 and 21240 electrons respectively.
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e Pixel’s charge collection uniformity

With respect to the pixel’s charge collection uniformity in the detector,
the mean value of the cluster’s charge collected for every cluster center
of gravity coordinates in every group of four pixel cells in a sensor were
averaged in order to increase the statistics in this study. Those noisy
and bad bump-bonded units were not considered. Results are shown in
Figure The charge drop, in normal track incidence, in areas near
by the electrode columns is about 13 and 14 % for sparse and dense

patterns, respectively.
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Figure 5.30: Charge collection uniformity for the two unirradiated 3D pizel sensors
patterns measured in a test beam at DESY: (a) sparse and (b) dense. Sensors are
biased to a woltage of 20 V. The charge losses in columns are appreciable in both
histograms.

e Charge sharing
Studies of the charge sharing between pixel cells have been done plotting
the cluster size for every cluster center of gravity coordinates. Figure
[5.31] shows the charge sharing plots obtained by averaging the cluster
size for every four pixel cells group in one sensor. The charge sharing, as
expected, appears in pixel borders, increasing in the pixel corners where

four pixels converge.

¢ Resolution

The sensor resolution is defined as the difference between the cluster co-
ordinates calculated with the telescope tracks extrapolated on the DUT
plane and the coordinates directly measured with the collected data in
the DUT. DUT data are limited in resolution by the pixels pitch and the
expected resolution values for a binary readout (without charge sharing)
is given by

o =p/V12 (5.3)

However, the obtained results improve the prediction and are shown in
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Figure 5.31: Charge sharing map for the two unirradiated 3D pixel sensor patterns
measured in a DESY test beam: (a) sparse and (b) dense. Sensors are biased to a
voltage of 20 V. The charge sharing takes place at the pixel cell borders.

144

Figure [5.32| where the values are the average resolutions along the two
detector coordinates. Following equation and taking into account
that the X and Y pitches are 150 and 100 pm, the expected resolution
are 43.3 and 28.9 um respectively. We improve slightly the expected
values of about 26 um and 37 pwm respectively, probably due to the
analog readout and the charge sharing between pixel cells. The charge
sharing allows to estimate the center of gravity of the cluster with higher
accuracy than with a binary readout. In Figure [5.32] we can also see
some sensor areas that have worse resolution, due to some missing bumps
in the sensor, that were not masked in this plot, where the full sensor is

considered.

Efficiency Studies

The efficiency maps for both sensors are shown in Figure [5.33] To es-
timate the efficiency we calculate the ratio between the DUT hits with
track and the total number of tracks that fulfill the previous require-

ments. We can see that while the ohmic columns are clearly visible in

250
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Figure 5.32: Measured resolution for the two unirradiated 3D pizel sensors patterns:
In the X coordinate (a) sparse and (b) dense. In the Y coordinate (c) sparse and (d)
dense. Sensors are biased to a voltage of 20 V. The resolution improves with respect
to the binary prediction, where charge sharing isn’t considered (see text).

both maps, the pn-junction columns are not visible.

This result was

expected because the electric field is higher at the pn-junction.

A novel result obtained with this study is that the efficiency map is

more homogeneous for the sensor with a p-column dense pattern than

for the sensor that has the sparse pattern. This shows that the sensor
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Figure 5.33: Efficiency map for the two unirradiated 3D pizel sensors patterns
measured in a test beamn at DESY: (a) sparse and (b) dense. Sensors are biased to
a voltage of 20 V. The sensor including a dense pattern in ohmic columns shows a
more homogeneous behavior.

efficiency can be improved by homogenizing the electric field, adding

ohmic columns.

Measurements show a lower drop in efficiency in case of the dense pattern
than in the sparse pattern. This result is shown in Figure where the
detector efficiency is plotted. Every entry of the histogram corresponds
to the efficiency average value. Looking at these histograms we can see
the different efficiencies in the total area and in the area surrounding
the ohmic columns. The efficiency drops from a mean of 99 % to 94 %
in the sparse pattern detector, while in case of the detector with dense

patterns, the drop is only of 1%.

In both cases, these efficiency drop can be compensated if the incidence
of the particle is not perpendicular with respect to the sensor’s plane.
They are fully avoidable by tilting the sensor or bending the particle

trajectory using a magnetic field.
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Figure 5.34: Measured efficiency distributions for the two unirradiated 3D pixel
sensor patterns: Efficiency in the total area (a) sparse and (b) dense. Efficiency in
the ohmic column areas (c¢) sparse and (d) dense.The drop in efficiency in the ohmic

columns is higher in the sensor with sparse pattern.

5.8.2 Irradiated sensors

The test stand for irradiated samples was the same as described before but

with and a No atmosphere. The same measurements were performed but at

temperature of about -15°C and with a constant nitrogen (N3) flow in order

to ensure a relative humidity below 20 % during the test.
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The cooling system was integrated by a chiller and two peltier units. With
the chiller, a closed water circuit refrigerated the setup. The water was kept a
few degrees above zero, to avoid condensation in tubes reaching the electronics.
With this test stand in the beam area the lowest reachable temperature on
the sensors was approximately -15 °C.

It is important to keep in mind that the readout chip was irradiated along
with the sensor. Therefore, sensor and chip were damaged by radiation. While
the radiation damage caused in a sensor is being studied in detail since decades
(recent works are [104/69,70.79]), the readout chip damage is not well under-
stood yet.

Two different sensors irradiated with neutrons up to a fluence of 1 - 1019
ne,/cm? were tested. Each one has a different ohmic column pattern. These
measurements were done at two different bias voltages.

According to the radioactive source characterization from section the

irradiated sensors up to 1 - 10'° Neg /cm? deplete at 120 V.

e Collected charge
In Figure the charge distributions for both sensor patterns under
different bias voltages (120 and 140 V) are shown. We can see how
the charge distribution shape changes with voltage, more evident in the
case of the dense pattern sensor. For a better understanding of this
we have to keep in mind how is the depleted volume growing with the
applied voltage. Figure [5.36| show the difference between having a not
fully depleted planar and a 3D device. For the same tracks family, in
a planar device the charge will maintain a landau distribution because
the depleted region is the same for every track but it will be “shifted” to
lower values. However, in a 3D sensor there are many tracks with very
different charge values (t1 and t3) and even some of them are fully lost
(t2) while traversing only undepleted volume. The main consequences of
this are, the change on the charge distribution with the applied voltage

and the efficiency loss in undepleted volume.

The charge distribution shape can be due in part to the fact that sensors
are not fully depleted and in part to the readout chip calibration after

irradiation, which is not fully understood. However, their shape change
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Figure 5.35: Measured charge distribution for the two irradiated 3D pizel sensor
patterns: Charge spectrum at 120 V (a) sparse and (b) dense. Charge spectrum at
140 V (c) sparse and (d) dense.

with voltage can be attributed exclusively to the missing depleted vol-

ume.

e Efficiency maps
Efficiency maps are shown in Figure[5.37] We can conclude that the low

efficiency stripe between pn-junction columns is not fully depleted even
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Figure 5.36: Schematic of the depletion area in not fully depleted planar (left) and
3D devices (right). The same family of tracks is passing through both devices. While
in a planar device, the charge distribution will keep the landau distribution but sifted
to lower charge, in 3D sensors will suffer efficiency drops (t2) and many tracks with
lower energies (t1 and t3).

at 140 V in both cases. Unfortunately, we don’t have data for higher
voltages and the data runs applying a bias voltage of 140 V have less
entries than those with 120 V.

If we consider only the depleted area the mean value for the efficiency
operating at 140 V and with normal incidence are 0.929 and 0.922 for

sensors with dense and sparse pattern, respectively.

e Charge distribution uniformity
According to the results obtained and considering that the sensors were
not fully depleted, the charge distribution uniformity plot, where the
mean value in the cluster charge is represented, show how the electric
field is growing in the sensor, starting in the pn column and growing

circularly around it (see Figure |5.38)).

In terms of charge sharing and resolution, there are not remarkable dif-
ferences between unirradiated and irradiated samples. Relative to the charge
distribution, in case of irradiated detectors, we have two aspects to consider,

that sensors were not fully depleted and that the pulse calibration in the read-
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Figure 5.37: Measured detection efficiency for the two irradiated 3D pizel sensors
patterns: Efficiency maps @ 120 V (a) sparse and (b) dense. Efficiency maps @ 140
V (c) sparse and (d) dense. The low efficiency stripe are due to the partial depletion
of the sensors.

out chip is not fully understood. However, these results allow to map the

electric field in a 3D sensor after irradiation.
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Figure 5.38: Charge distribution uniformity for the two 3D pizel sensors patterns
(irradiated up to 1 - 10" neq/cm?) measured in a test beam at DESY: (a) sparse and
(b) dense. Sensors are biased to a voltage of 140 V.

5.9 Summary of the results and next steps

In this chapter, the results obtained from the characterization of 3D double-
sided sensors have been presented. This section summarizes the most relevant

results and describes some ongoing and future work.

e Electrical characterization.
The homogeneity in the electrical response for manufactured sensors was
very high. The required voltage to fully deplete an unirradiated sensor
is 20 V. Finally, after the biasing studies we do not observe significant

differences between biasing by punch-through and directly cell by cell.

¢ Radioactive source characterization.
With the radioactive source we were able to measure the charge collection
efficiency for either unirradiated or irradiated samples up to a fluence
of 5 - 10'° n.,/cm?. For this high fluence, the read out chip is highly
dependent on temperature and its calibration becomes more difficult.
This is the reason why we only tested one sample irradiated up to this

dose.
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5.9. Summary of the results and next steps

We measured the collected charge and the newly defined relative effi-
ciency. From those measurements we extracted the operation voltage

values (V) for the different samples.

— Unirradiated samples = V,, = 20 V.
— Irradiated samples up to 1 -10'° n.,/em? = V,, = 120 V.

— Trradiated samples up to 5 -10 ng,/em? = V,, = 180 V.
These results were published in [147].

Beam characterization.
In this characterization we operated the detectors at the operating volt-

ages obtained from the radioactive source characterization measurements.

As a novel result, the unirradiated detectors show that in terms of sen-
sor efficiency, adding columns doesn’t imply an efficiency loss. Moreover,
the electric field is more homogeneous in the bulk with shorter distances
between ohmic columns and junction columns. In terms of charge col-
lection we did not observe a clear performance difference between both

patterns.

The irradiated detector results show that the depleted or active area in
the sensors was not maximal. We need to go to higher voltage values
to operate these sensors. The reason why we did not observe that in
the radioactive source characterization is because in the test beam we
really had normal tracks to the sensor surface, however in the radioactive
source characterization (with an YSr source), we have also oblique tracks
that can hide this effect.

Next steps. A still ongoing work is the data analysis on irradiated devices,

that has to be improved in order to try to correct (offline) some of the radiation

damages suffered by the read out chip.

A new sensor production is being planned, taking into account the results

here presented in this dissertation:

e Including an extra passivation layer to avoid stress issues during sensor

handling and especially during bump bonding and reflow.
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e Trying a different bump bonding technique to avoid Indium adhesions
into the column holes that can generate differences in the connection

conductivity.

e The necessity of having a read out chip able to work after the irradia-
tion dose expected at HL-LHC is essential to characterize the 3D sensor

performance.

e Making a correct estimation of depletion voltage for irradiated samples.

For example by means of the Transient Current Technique (TCT).
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Conclusions

The research reported here assessed the performance of two kinds of novel
sensors for their application in tracker detectors for future collider experi-
ments. For the first time, the charge division concept has been implemented
on microstrip silicon sensors; concerning the 3D pixel sensors, a new layout of
electrode columns and a sensor biasing structure were assessed.

On one hand a novel device has been characterized, which is a two di-
mensional position sensitive microstrip sensor. This sensor is based on the
resistive charge division principle. In standard microstrip sensors, the elec-
trodes are made of Aluminum, while in this concept the electrode material is
highly doped polycrystalline silicon. The strips are readout from both elec-
trode ends simultaneously. In this way, the transversal coordinate is given by
the capacitive charge sharing between strips and the longitudinal coordinate
from the resistive charge division in an electrode. The longer the distance the
signal travels along the strip, the more attenuated is the amplitude readout.
Therefore, one can compare the signal amplitudes at both electrode ends and
determine the particle impact point. Recently, the use of the charge-division
method in very long microstrip sensors -several tens of centimeters- has been
proposed as a possible tracking technology for the ILC experiments [11].

The other kind of studied sensors are pixel sensors. These sensors 3D
double-sided double-type sensors. The 3D sensors have cylindrical vertical
electrodes that penetrate into the detector bulk [73]. Electrons and holes,

moving parallel to the sensor surface, are then collected at the respective
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electrodes. Carrier drift time and device depletion voltage are determined by
the electrode spacing. Depending on the electrode’s pitch the charge carriers
generated by ionizing radiation can be collected within a time smaller than the
trapping time of the radiation-induced defects [132]. This makes them more
radiation resistant than planar sensors and one of the technology candidates to
replace the current vertex detector sensors in the HL-LHC [9] scenario where
the particle fluence will increase considerably.

Both technologies were characterized electrically. The two-dimensional
position-sensitive microstrip sensors were mainly characterized with a laser
allowing to study in detail both, resistive charge division and noise. In case
of 3D pixel sensors, the main characterizations were done with a radioactive
source and a particle beam either in irradiated or unirradiated samples to

study the sensor radiation resistance.

e The performance of two different two-dimensional position-sensitive mi-
crostrip sensor prototypes with different resistances of the electrodes (R/1
= 2.8 Q/pum and R/l = 12.2 Q/um) was studied (results are published
in |13]). Results show that accordantly with the simulation the posi-
tion resolution along the longitudinal coordinate for a signal of about 6
MIPs is 225 pm and 232 pum for the low and high resistive electrode sen-
sors, respectively, confirming the non dependence of the resolution with
the resistance. The electrical simulations of the detector and front-end
electronics are able to reproduce experimental results in reconstructing
the fractional position of the signal generation point. This validates the
simulation as an adequate tool for future sensor designs. Comparing
experimental and simulated measurements, we studied the signal prop-
agation effects: signal attenuation and broadening of the signal. Both
effects cause a systematic non constant ballistic deficit when a non op-
timized front-end electronics is used to readout the signal. With the
radioactive characterization using a ?°Sr source, we measured a signal to

noise ratio (SNR) of about 12 for the sensor with low resistive electrodes.

The possibility of reading out the detector from only one side of it was
also studied integrating an Aluminum routing line to drive the signal

(published in [59]). This prototype showed the importance of having a
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good insulation between implants with respect to the metal routing to

reduce parasitic capacitances inducing signal cross-talk.

In order to optimize the future prototype performance several factors

have to be taken into account:

— The detector spatial resolution depends on the signal to noise ratio.
The optimal shaping time to maximize the SNR comes from a trade-
off between the opposite requirements of the serial and parallel

resistance noise terms.

— The electrode resistance should be as small as possible; minimizing
the signal attenuation while still resolving the amplitude differences
at the end of the strip electrode. A detailed position resolution

study was developed in reference [60].
The above aspects can be optimized using the developed simulation.

The performance of double-sided 3D pixel sensors before and after irradi-
ation was studied. Results obtained from the electrical characterization
show a high homogeneity and a full depletion voltage about 10 V. After a
biasing study, we did not observe significant differences between biasing
by punch-through and directly cell by cell through a polysilicon resistor
grid.

Measuring the sensor response to a radioactive source we obtained the
charge collection efficiency for both unirradiated and irradiated samples
up to a fluence of 5 - 10'® n.,/cm?. We measured the collected charge
and the relative efficiency under a low humidity (HR < 20%)atmosphere
and temperature (- 20 °C) extracting the appropriated operation voltages
(Vop) to collect the total charge. The collected signal is reduced with flu-
ence. For samples irradiated up to 1 -10'° Neg/ cm? the signal reduction
was about 30 % and for irradiated samples up to 5 -10'® n.,/cm? the
reduction is about 60%. In the characterization at the DESY test beam
facilities, we operated the detectors at the operating voltages obtained
from the radioactive source characterization and we studied the sensor
efficiencies. As a novel result, the unirradiated detectors show that in

terms of sensor efficiency, adding columns does not imply an efficiency
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loss and in terms of charge collection we do not observe a clear difference
between the Landau distributions. In case of irradiated detectors, the
reduction on the collected charge with fluence is the same than the ob-
tained with radioactive source characterization. The irradiated samples
were not operated at the right voltage and depleted area was not maxi-
mized. We need to go to higher voltage values to operate these sensors.
The test beam data analysis on irradiated devices has to be improved
and completed in order to try to correct (offline) some of the radiation
damages suffered by the read out chip. A new sensor production is being

planned, taking into account the results presented here.



Resumen

1 Motivacion e Introduccion

El Gran Colisionador Hadrénico o LHC (por sus siglas en inglés) [3] estd
operando satisfactoriamente desde finales del ano 2010 en el Laboratorio Eu-
ropeo de Fisica de Particulas (CERN). El LHC es un colisionador circular de
particulas que acelera protones o iones de plomo hasta que alcanzan veloci-
dades cercanas a la velocidad de la luz y luego las hace colisionar en diferentes
lugares a lo largo del acelerador. En cada uno de esos puntos de colision
hay un experimento, ALICE, LHCb,CMS y ATLAS. ALICE estudia las coli-
siones de iones y su cometido es reproducir los primeros instantes del universo.
LHCDb [5] estudia la fisica de las particulas que estdn formadas por un quark b
(beauty) con el propésito de entender por qué el universo muestra predileccién
por la materia frente a la antimateria. Finalmente hay dos experimentos de
propésito general, CMS [6] y ATLAS [7]. CMS y ATLAS anunciaron el 4 de
Julio de 2012 el descubrimiento de una nueva particula, el bosén de Higgs.
Los experimentos que se necesitan para la medida de propiedades y el
descubrimiento de particulas son de grandes dimensiones y suelen tener una
estructura de capas también llamada “de cebolla”. Un ejemplo de ello es el
experimento CMS, la Figura muestra una seccién transversal del mismo
y las trazas que las particulas dejan a su paso por los distintos detectores
segin su naturaleza. En la capa maés interna, como se muestra en la figura,
se encuentra el detector de trazas compuesto de varias capas de detectores de
silicio. En la zona intermedia, se encuentran los calorimetros electromagnético

y hadroénico y en la capa mas externa se encuentran las cdmaras de muones.

La interaccion de las particulas con los diferentes detectores permite cono-
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cer su identidad y su energia. Un muon, por ejemplo, interactia con el detector
de trazas y las cAmaras de muones fundamentalmente mientras que un fotén lo
harda s6lamente con el calorimetro electromagnético. En el caso de particulas
cargadas ademas debido al campo magnético de cuatro Teslas generado medi-
ante un solenoide, su trayectoria se curvara y lo hara en mayor medida cuanto
menor sea su momento (energia).

En esta tesis se estudian nuevas tecnologias que tienen cabida en futuros
detectores de trazas de silicio. Los detectores de trazas estan compuestos por
varias capas de sensores de silicio. Las capas més internas estan compuestas
por detectores de pixeles, que tienen una alta granularidad para poder resolver
vértices secundarios. Las capas més externas estan formadas por detectores
de microtiras, donde la granularidad es menor, pero suficiente para reconstruir
trazas con una resolucién por debajo de diez micras.

Los detectores de silicio semiconductores se usan en fisica de altas energias
desde hace treinta anos [§] y se han convertido en una tecnologia estdndar
en detectores de trazas. Las caracteristicas que tiene que tener un detector
para formar parte de un detector de trazas son: alta granularidad para tener
la mejor resolucién en la medida de la posicion, que el sensor sea sensible a
una pequena cantidad de energia y que sea resistente a radiacion. Al mismo
tiempo, el experimento requiere que la cantidad de material sea la menor
posible para disminuir, en la medida de lo posible, el scattering miltiple de
particulas. En detectores de silicio, se dan estas condiciones y ademds, al ser
un material muy usado en otras aplicaciones (como las telecomunicaciones)
es més accesible tanto tecnolégica como econdémicamente que otros materiales
semiconductores como por ejemplo, el diamante.

Sin embargo, las caracteristicas que tienen que cumplir los detectores de
silicio para operar en futuros conlisionadores son mas exigentes y dependen
del tipo de colisionador. Los futuros colisionadores tendran luminosidades més
altas, aumentando el flujo de particulas en los detectores como es el caso del
Gran Colisionador de Hadrones de Alta Lunminosidad (HL-LHC) [9]. O bien
seran aceleradores lineales lepténicos, cuya principal caracteristica es que son
capaces de hacer medidas de propiedades de particulas con una gran resolucion.
Este es el caso del Colisionador Lineal Internacional (ILC) [11].

En los detectores de silicio, aumentar la resolucién se traduce en desarrollar
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nuevos detectores mas resistentes a radiacion para lidiar con altas luminosi-
dades en el HL-LHC, o en el caso del ILC hay que desarrollar detectores de
mayor granularidad disminuyendo al maximo el material necesario, evitando
el scattering y aumentando la resoluciéon en la medida.

Como referencias para el estudio detallado de la fisica de detectores semi-
conductores son senialables los libros: H. Spieler [66], G.F. Knoll [67] y G.
Lutz [68]. En cuanto al desarrollo de nuevos detectores en fisica de altas en-
ergias, los siguientes articulos (8], [17], [18] resumen el estado de la tecnologia
en detectores de silicio. Mientras que como bibliografia especifica en resisten-
cia a radicién en detectores de silicio tres tesis son una referencia: Michael
Moll [69], Gregor Kramberger [70] and Nicola Pacifico |71].

En el capitulo 1 de esta tesis se incluye un resumen del estado actual de la
tecnologia en detectores de silicio y en el capitulo 2 un estudio detallado de la
fisica de detectores semiconductores y de el deterioro que produce en ellos la
radiacion. Estos dos capitulos sirven para establecer tanto el contexto de este

trabajo como las bases para su completo entendimiento.

2 Descripcion de dispositivos

Los detectores de silicio son diodos estandar que se usan en fisica de altas
energias como fotodetectores o como detectores de trazas. Como detectores
de trazas, nos proporcionan informacién sobre la posicién de la particula en el
plano del detector cuando ésta pasa por él. Para conseguir la mayor resolucién
en la medida los detectores estan segmentados, bien en microtiras o en pixeles
(ver Figura[2.3). La anchura de las tiras en un detector de microtiras suele ser
menor de cien micras y los detectores de pixeles objeto de estudio en esta tesis
son rectangulares y tienen un tamano de 100 pm x 150 um. La segmentacién
del sensor puede ser en la parte de la unién pn, tal y como se ve en la figura
o también en la parte de la unién éhmica dependiendo de la aplicacién.

Las diferentes formas de leer ambos dispositivos son también visibles en la
Figura los sensores de microtiras son leidos desde un lateral del mismo,
mientras que un sensor de pixeles necesita una lectura “uno-a-uno”, es decir el
chip de lectura tiene que estar conectado celda a celda con cada pixel del sensor

amodo “sandwich”, haciendo necesarias técnicas especificas para interconectar
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el sensor con el chip de lectura. La técnica mas usada es conocida como
“bump-bonding” [29]. En esta tesis se presentan los resultados obtenidos en
la cualificacién de dos nuevos sensores para su implementacion en detectores

de trazas de futuros colisionadores.

2.1 Detectores de microtiras sensible en dos coordenadas

Este detector consiste en un nuevo sensor de microtiras que incluye electrodos
resistivos en lugar de los metalicos permitiendo obtener informacién de dos
coordenadas de la posicién en un dnico sensor (ver Figura . Por un lado,
obtenemos la posicién en la coordenada transversal a las tiras gracias a la
divisién de carga entre las mismas. Por otro lado, dado que el electrodo es
resistivo v que es leido por sus dos extremos, comparando la amplitud de
las senales podemos determinar la posiciéon en la coordenada paralela a las
microtiras.

Estos detectores tienen aplicaciones en diferentes campos, ademads de en
fisica de particulas, se usan en el monitorizado de haces, ya sean de laser o
de particulas para alineamiento o terapias hadronicas. En esta tesis se han
caracterizado detectores con diferente resistividad en los electrodos y también
prototipos que incluyen un routing de metal para poder leer todos los canales

del detector desde un mismo lado del sensor.

2.2 Detectores de pixeles con tecnologia 3D

Estos sensores estan formados por pixeles, donde en lugar de contar con elec-
trodos en la parte superior e inferior del sensor (como ocurre con tecnologia
planar), cuentan con electrodos verticales. A este tipo de tecnologia también
se le da el nombre de tecnologia 3D y ha demostrado ser més resistente a
radiacion y necesitar voltajes de operacién mas pequenos que la tecnologia
estdndar o planar. En la Figura 2.4 podemos ver las diferencias estructurales
entre un sensor fabricado en tecnologia planar y tecnologia 3D. En un sensor
3D los electrodos atraviesan todo o parte del espesor del sensor, reduciendo asi
la distancia entre ellos mientras que en el caso de un sensor planar la distancia
entre electrodos coincide con el espesor del sensor.

En esta tesis, se han caracterizado pixeles 3D con dos diferentes dis-
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tribuciones de columnas éhmicas (tipo p) tanto irradiados como sin irradiar.
Ademads, una de las obleas de sensores fabricadas incluye una red de polar-
izacién que permite polarizar celda a celda en lugar de inicamente por difusién

a través del anillo de polarizacion.

3 Técnicas de Laboratorio

Para conocer el funcionamiento y caracteristicas de estos sensores como de-

tectores de particulas usamos diferentes técnicas:

e Caracterizacién eléctrica. Este tipo de caracterizacion es la que se lleva
a cabo inmediatamente después de una produccién de sensores. Consiste
en comprobar que los parametros eléctricos diseniados prevalecen en el

producto final. Las medidas més caracteristicas son:

— La medida de la corriente de vaciado del sensor a lo largo de una
rampa de voltaje o curva IV. Con ésta medida podemos saber el

grado de pureza del silicio y cudl es el voltaje de ruptura del sensor.

— La medida de la capacidad del sensor en una rampa de voltaje o
curva CV. Esta medida nos permite medir el voltaje que es necesario
aplicar para vaciar el sensor de portadores de carga libres o para

crear la mayor drea activa posible (en el caso de sensores irradiados).

— Resistencias y capacidades de los diferentes componentes del sen-
sor. Midiendo estos parametros, podemos caracterizar los diferentes
acoplos que hay entre los mismos que pueden provocar pérdidas de

carga o senal.

e Caracterizacién con laser. Usando este método, se realizan barridos con
el haz laser en la superficie del sensor de microtiras. De esta manera
pudimos demostrar el principio de operacién del sensor, la divisién de
carga resistiva. Con esta técnica también somos capaces de hacer una
primera estimacion de la resolucién del sensor en la medida de la posicién

a lo largo del electrodo resistivo.

e Caracterizaciéon con fuente radioactiva. Midiendo la respuesta de los
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sensores con una fuente radioactiva °Sr medimos la razén sefial-ruido y

la eficiencia del sensor en la coleccién de carga.

e Caracterizacién con un haz de particulas. En un test beam en DESY [102]

(Hamburgo) y con la ayuda de un telescopio [105] pudimos estudiar la

efficiencia de deteccion y resolucién de los detectores de pixeles 3D.

En el caso de los sensores de microtiras, los detectores ademés han sido

simulados usando SPICE [118] implementando en la simulacién los resultados

obtenidos en la calibracién eléctrica.

4 Resultados

Los resultados obtenidos para cada uno de estos tipos de detectores se resumen

en esta seccion.

4.1

Detectores de microtiras sensible en dos coordenadas

En el caso de los detectores de microtiras con electrodos resistivos los resulta-

dos mas destacados son:
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e La resolucion en la medida de la posicién en la coordenada longitudinal

al electrodo es del orden de 225 y 232 um para las dos resistividades
estudiadas de R/l = 2.8 Q/um y R/l = 12.2 Q/um, respectivamente.

Tanto la simulacién del detector, como las medidas experimentales mues-
tran los efectos de la resistividad del electrodo en la propagacién de la
senal, esos efectos son: atenuacion de la amplitud de senal y retardo del
tiempo de pico (o peaking time). Estos resultados indican la necesidad de
optimizar la electrénica de lectura para colectar la senal correctamente
y evitar el deficit balistico [58].

En cuanto a la razon senial—ruido, ésta es del orden de 13, que es menor
que la que se obtiene con sensores de microtiras con electrodos metalicos.
Esta razén podra ser aumentanda usando lo aprendido con los resultados
obtenidos con estas caracterizaciones, disminuyendo la resistividad de
los electrodos, disminuyendo el ruido y optimizando la electrénica de

lectura.



4. Resultados

e En lo que tiene que ver con el prototipo que incluye un “routing” metélico,
hemos encontrado acoplamientos capacitivos que han de ser evitados en

futuros disenos.

e Un estudio detallado del ruido en sensores de microtiras resistivas fue

también llevado a cabo .

e La simulacion de los sensores reproduce los resultados experimentales
y es una herramienta muy util para el diseio de nuevos sensores que

incluyan electrodos resitivos.

El trabajo realizado con sensores de microtiras resistivas dio lugar a varias
publicaciones donde hay una descripcion mds detallada, tanto de los disposi-

tivos caracterizados como de los resultados obtenidos [15,59,/60)].

4.2 Detectores de pixeles con tecnologia 3D

En el caso de los detectores de pixeles en tecnologia 3D los resultados més

destacados son:

e No hay diferencias significativas en las medidas eléctricas entre polarizar

sensores usando el anillo de polarizacién o celda a celda.

e De las medidas de eficiencia de colecciéon de carga con una fuente ra-
dioactiva se obtuvieron los voltaje de polarizacién, que son:
— Sensores sin irradiar = V,, = 20 V.
— Sensores irradiados a 1 -10'% ng,/em? = V,, = 120 V.
— Sensores irradiados a 5 -101° neq/cm2 = V, =180 V.

e En las medidas de eficiencia de los sensores en un haz de particulas con

incidencia normal, se encontrd que:

— En sensores no irradiados. Aumentando el numero de columnas
Ohmicas la respuesta del sensor es mas homogénea y no disminuye

la eficiencia.
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— En sensores irradiados. No se consiguié vaciarlos totalmente operandolos
a los voltajes obtenidos como resultado de la caracterizacién con
fuente radioactiva. La razén de este resultado es que midiendo con
una fuente radioactiva consideramos también trazas con inciden-
cia oblicua que en cierto modo pueden “esconder” las areas mas

ineficientes del sensor.

El trabajo realizado con sensores de pizeles 3D fue publicado en [147).

5 Conclusiones

Resumiendo, con el trabajo presentado en esta tesis por primera vez se ha
implementado el concepto de divisién de carga en sensores de silicio; en cuanto
a los sensores 3D, hemos estudiado un nuevo esquema de electrodos y su efecto
en el comportamiento del sesor y se ha implementado una red resistiva para

hacer estudios de polarizacion. Resultados de este trabajo a destacar son:

e El desarrollo de una herramienta de simulacién para el diseno de nuevos
detectores de microtiras resistivas que reproduce los resultados experi-

mentales.

e La completa caracterizacién de la respuesta de sensores con electrodos
resistivos usando un haz laser y fuente radioactiva, siendo capaces de
medir la resolucion del detector a lo largo del electrodo. Esta resolucién

es del orden 10% de la longitud del mismo.

e No hemos medido diferencias sustanciales entre la medida de corriente
de vaciado usando el método de “punch-trough” o la red resistiva (celda

a celda).

e Se ha caracterizado y medido sistematicamente la eficiencia de coleccion
de pixeles 3D irradiados y sin irradiar en laboratorio, haciendo uso de
una fuente radioactiva, y con un haz de positrones en DESY. Hemos sido
capaces de evaluar cuantitativamente la pérdida de sefial en los sensores

por efecto del deterioro que los mismos sufren tras la irradiacién.
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5. Conclusiones

e No hemos apreciado un deterioro en eficiencia del sensor cuando se
anaden electrodos en sensores 3D, sino que observamos una mayor ho-

mogeneidad.

e Las resultados obtenidos ayudaran y seran tenidos en cuenta para la

optimizaciéon de nuevos disenos de sensores.
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