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Abstract

An overview of the ingredients and layout of the most commonly used Si-detectors is given. Their performance is
illustrated by the results of some selected experiments. The challenges in the harsh radiation environment of the LHC,
and changes in signal collection after heavy irradiation are reviewed.
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1. Introduction

Semiconductor detectors, and in particular
silicon detectors, play an increasingly important
role in particle detectors. Heavy particles contain-
ing ¢- or b-quarks have lifetimes which allow them
to be recognised topologically even in high multi-
plicity environments. Silicon detectors provide the
necessary spatial precision to separate secondary
vertices, from heavy particle decays, from their
background. In Section 2, an overview will be
given of the various detector techniques employed
so far in existing and past experiments.

Previous detectors did not have to deal with very
hostile radiation environments, which are now
expected at the new high luminosity colliders. The
consequences for the operation of these detectors
will be discussed in Section 3, based on the
measurements on irradiated diodes and strip
detectors. The same radiation environment could
lead to very different choices of detector type,
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depending on the need for very good precision on
the one hand, or large area coverage on the other.
The charge collection efficiency of irradiated
diodes and segmented detectors will be discussed
in Section 4.

2. Basic ingredients and examples

Fig. 1 shows the basic principles of the detector.
A traversing minimum ionising particle (MIP)
liberates on average 90 electron-hole pairs
per um, hence for a 300 um thick detector this
allows a reasonable signal-to-noise measure-
ment of the induced signal for a radiation
length of only 0.32%. To achieve good spatial
precision, strips are usually implanted at a pitch
which matches the diffusion width of the charge
carriers. The diffusion width is proportional to
y/mobility /drift time and for w =300 um is
typically 10 um. This convoluted with the angular
spread of the tracks leads to a typical strip pitch of
25 um. To reduce the number of -electronic
channels frequently only every second channel is
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Fig. 1. Cartoon of the basic operation of an n-bulk Si-detector
of thickness w. Shown are p*™ implants insulated from the AC-
coupled Al electrodes, which are connected to charge sensitive
amplifiers.

coupled to an amplifier, since the so-called floating
strips have the largest capacitance to their
neighbouring strips in the system, hence allowing
an accurate position determination of the centre of
the gravity of the cluster. For applications that do
not require the ultimate precision, pitches of
200 um and larger with a varying number of
floating strips in between have been made.
Usually, the detectors come with a strip length of
a few centimetres up to 10 cm. Pixel detectors, with
typical pixel sizes of 50 x 300 um? up to 1 x
1 mm?, are technologically the same as strip
detectors in most aspects. Pixel detectors are
usually used in environments with a high demand
on pattern recognition or large track densities.
Usually, the strips are p* implants to provide
the p™n-junction in the n-bulk, which are AC-
coupled to integrated Al-strips with SiO,, some-
times in combination with Si3Ny, as an isolation
layer. On the ohmic side n™ is implanted to
provide the ohmic contact to bias the detector. The
nt side can also be segmented, usually with
orthogonal strips; however, free electrons accu-
mulate at the ohmic side near the Si—SiO, surface
which causes an ohmic short between the n™ strips.
Several solutions are used to interrupt this electron
accumulation layer. Fig. 2 shows a method which
uses extended AC-coupling electrodes, put at a
negative potential relative to the n* strips. Fig. 3
shows the so-called p-stop design, in which a high-
dose p-implant is made surrounding the n*-strips
to interrupt the electron accumulation layer.
Originally, only one p-grid was implanted, while
an individual p-atoll per n*-strip was found to
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Fig. 2. Extended AC-coupling electrodes at a negative potential
compared to the n* implants interrupt the electron accumula-
tion layer at the Si-SiO; surface.
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Fig. 3. Schematic of a p-stop grid to achieve an ohmic
separation of the n* implants.

improve the noise performance of the detectors.
Also, combinations of p-stop and field plate
separation have been produced to reduce the
high-field regions after irradiation at the ohmic
side of the detector [l1]. Another technique
neutralises the electrons at the interface by a
medium dose p-implant over the whole surface of
the detector, which has the added advantage of a
lower field near the surface after irradiation.

The detectors are biased by connecting all strips
to a common bias line with a high resistance.
Polysilicon resistors are being used, but note that
for applications with potentially large currents, i.e.
after irradiation, the bias voltage will drop with
increased current. However, too small a resistance
will increase the noise since this is proportional to
\/T/ Ryias, Wwhere 1 is the peaking time of the front-
end amplifier. Low DC resistance combined with
high dynamic resistance is obtained with punch-
through and Field OXide FET biasing, but it has
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been shown to be vulnerable to radiation. An
alternative to polysilicon is implanted resistors,
which simplify the processing [2].

For double-sided detectors with orthogonal
strips it is usually required to route the signals
out of the fiducial volume of the detector, this can
be achieved by adding an extra metal layer,
insulated from the Al-electrodes by a few pm
thick poly-imide or SiO; layer. Fig.4 shows a
photograph of the corner of the ohmic side of a
double-sided detector, which uses polysilicon bias
resistors, a p-stop grid, and a double metal layer to
route the signals to the amplifiers.

Fig. 5 shows the basic layout of the DELPHI Si-
Tracker at LEP [3], which contained practically all
of the techniques discussed above. The detector
covers polar angles down to 10° using a combina-
tion of three barrel layers equipped with both
single and double sided strip detectors, and end-
caps equipped with a combination of 200 pm
readout pitch strip detectors and 330 x 330 pum?
pixels. A total number of 175,000 electronic
channels were used to read out the strips, 1.2 x
10° pixels were installed for enabling pattern
recognition in the limited available space. The
total sensitive detector surface was about 1.8 m?.

poly-silicon resistor

p-stop

routing strip via strip-routing

Fig. 4. Photograph of a corner of the ohmic side of a
Hamamatsu detector used by DELPHI. A p-stop grid is used
to separate the n™ implants, which are biased via polysilicon
resistors. The signal is routed to the short edge of the detector
with a double metal layer connected to the AC-coupled readout
electrodes with vias.

The SLD vertex detector used Charge Coupled
Devices (CCD) to reconstruct the Z° decay
products [4]. The principle of CCD [5] is to
capture charge generated in a 20 um thick deple-
tion layer in a potential well just below the surface.
By creating a grid of p*-stops and polysilicon
gates a three-dimensional device is created. By
applying the appropriate sequence of voltages to
the gates, the charge can be moved from well to
well, till it ends up at the edge of the detector,
where it is read out with an amplifier. The small
charge, from the thin depletion layer, requires the
detectors to be run cool (200 K) to reduce the
noise from thermally generated electrons. To clock
all charges to an amplifier takes a good fraction of
a millisecond, during which time the detector
remains sensitive. The SVX3 of SLD contained
307 x 10% ‘cubes’ of 20 x 20 x 20 um?®, using 96
CCD of 80 x 16 mm?.

SLD and DELPHI detectors chose very differ-
ent implementations, driven by the environment at
their respective accelerators. A comparison of their
performance is given in Table 1. At the SLC the
radius of the vacuum chamber was more than a
factor two smaller compared to LEP. Despite this
advantage the VXD2 had a similar performance
for the multiple scattering term, which was the
result of having had to rearrange the detectors at
the last moment around a larger beam-pipe than
for which the VXD2 had been designed. The
asymptotic term is almost three times better than
the DELPHI Si-Tracker; but, the physics perfor-
mance is dominated by the multiple scattering
term, as is demonstrated in Fig. 6, which shows the
b-jet tagging efficiency and purity working point
for the measurement of the partial width of
Z°-bbh.! VXD3 finally exploited the smaller
vacuum chamber, and achieves a twice better
efficiency for the same purity.

Heavy ion collision experiments are performed
in an environment with large track densities,
combined with a low radiation dose. Silicon drift
detectors provide a combination of being able to
cover large surfaces and provide two-dimensional
information with a typical precision of 20-50 pm.
The principle of operation is to implant p*-strips

' Courtesy of C. Mariotti.
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Outer Layer (R1=103 mm, R2=108 mm, minimum angle: 23° to 24,7°)

Pixel Layer 1: (angular acceptance: 156" to 25,6°)

Inner Layer (R1=89.5 mm, R2=93.5 mum. minimum anglez 20.7° to 22.4°)

Fig. 5. Layout of the DELPHI Si-Tracker.

Table 1

Comparison of the impact parameter resolution of the
DELPHI and SLD vertex detectors in the plane perpendicular
to the beam

Detector Rbeam»pipe (mm) Oimpact (pm)

DELPHI 56 \/28 ®71/(p x sin*/? 0)

V11@70/(p x sin*> 0)

\/8@®33/(p x sin*?0)

SLD-VXD2 25
SLD-VXD3 23

on both side of an n-bulk wafer. A segmented n'-
diode is implanted at one end of the detector and
connected to the amplifiers. Fig. 7 shows a cartoon
of the arrangement of implants [6]. A voltage with
a suitable gradient is supplied to the p-strips,
which creates a potential valley in the mid-plane of
the detector, sloping towards the end n*-implants,
where the charge is focused onto the anodes. The
x-coordinate is measured with the drift-time,
which is typically a few ps/cm, while the orthogo-

nal coordinate comes from the segmentation of the
anodes. Since the charge has to travel a long
distance, and one anode collects charge from a
large silicon volume the detectors require an
excellent charge uniformity. To achieve the ulti-
mate resolutions the temperature has to be care-
fully controlled, and the drift velocity monitored
precisely. A two track resolution of 200-600 pm
can be achieved. ALICE plans to install 1.3 m?,
segmented in roughly 30 x 10° pixels.? In addition,
the drift detectors can provide dE/dx measure-
ments, which is an additional advantage for the
momentum range of heavy-ion collisions.

3. Radiation

The LEP machine typically reached a luminosity
of 0.3 x 1032 cm? s~!, with the cross-section, while
running at the Z° pole, this gives about 1 ete~

2ALICE ITS, CERN/LHCC 99-12, ALICE TDR 4, 1999.
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interaction per second. At the high luminosity
interaction points of the LHC the luminosity is
planned to be 10* cm? s~!. This combined with an
inelastic cross-section of 55 mb will give 55 x
107 pp interactions per second. The total particle
fluence can be as high 3-4 x 10" cm™2 yr~!. The
composition of the particles type and momentum
distribution is a strong function of the distance
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Fig. 6. The b-tagging efficiency and purity working points per
hemisphere of ALEPH, DELPHI, OPAL and SLD with
|cos 0] <0.7 for running at the Z°.

// Cathodes

from the interaction point. Typically, at small radii
pions are dominating, while for larger radii
thermal neutrons cause most of the damage.

It is not possible to test the proper functioning
of detectors in an environment which is equivalent
to what is expected at the LHC. Test detectors are
irradiated with mostly monochromatic particle
beams. To extrapolate from these results to the
LHC environment, the expected damage as a
function of particle type and momentum is folded
into the spectrum expected at the LHC. The
radiation damage in silicon is due to displacements
of the lattice atoms and further dynamics. To first
order this is due to the initial interaction with an
atom, and the physical quantity to describe this
process is the Non-Ionising Energy Loss (NIEL).
The NIEL for particles can vary by many orders of
magnitude depending on particle type and energy,
but it is nearly the same for hadrons with an
energy larger than 1 GeV. The NIEL damage
functions have been calculated and cross-checked
with monochromatic beams over a wide range of
energies, and take out most of the energy and
particles dependence [7]. However, there are large
differences observed between neutron and charged
hadron induced damage, especially for oxygenated
Si, hence one has to be cautious in extrapolating to
the LHC environment. The standard for particle
fluence is to normalise all damage to the equivalent
damage caused by 1 MeV neutrons, denoted by neq.

Anodes Guard anode

& Cathodes

Fig. 7. Schematic of the operation of the Si drift detector. The cathodes are p™-implants in n-bulk Si. The anodes are n™-implants. The
x-coordinate is given by measuring the drift time, while the y-coordinate follows from the segmentation of the anodes.
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Large particle fluences lead to the following
macroscopic observables:

® With increased fluence, the effective space
charge in the Si-bulk decreases. Since the
depletion voltage is proportional to the space
charge, this first leads to a decrease in depletion
voltage, till the space charge becomes negative
(the so-called effective-type inversion), and then
the voltage increases with fluence. The effective
space charge changes with time even after the
irradiation has halted. This change has a very
strong temperature dependence.

® The bulk current increases linearly with the
fluence. Unlike the depletion voltage, which is
rather difficult to predict for different devices,
the current for p-bulk and n-bulk detectors at
many different resistivities shows the same
dependence on fluence.

® The carrier lifetime is decreased due to charge
trapping, which results in a charge collection
inefficiency even at full depletion.

The detector lifetime in a radiation environment is
limited by the maximum voltage which can be
applied, and by the increase of depletion voltage
with fluence. It was found that oxygenated Si
shows less variation and generally lower depletion
voltages when irradiated with charged hadrons;
however, for neutron dominated fluences no
improvement was found [8].

80 MIPs -
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Fig. 8. The CCE for MIPs of a non-irradiated Si-diode as a
function of the bias voltage normalised to the depletion voltage.

4. Charge collection efficiency (CCE)

The charge induced in two parallel electrodes
due to a charge ¢ moving in an electric field is
e x d/w, where w is the distance between the
electrodes and d is the distance over which the
charge moves [9]. The free charge carriers in the
silicon will move in a field, hence in the depleted
part of the detector. The thickness of the depleted

layer is w X /' Vias/ Vaepletion. Hence for a uniform

space charge in the detector this implies that the

induced charge is e\/ Viias/ Vepletion- Fig. 8 shows

the CCE of a non-irradiated diode as a function of
v/ Vias/ Vaepletion [10]. The deposited ionisation is
proportional to the thickness of the depleted layer;
hence, since the CCE is a linear function of
v/ Vias/ Vdepletion, the apparent separation between
electrodes must be equal to the depleted layer, as it
is shown in Fig. 9.

The CCE for diodes irradiated up to fluences of
2.8 x 10'neq cm~? is shown in Fig. 10. For diodes
after type inversion the CCE is a linear function of
the bias voltage, and Fig. 11 shows that for
irradiated diodes the depletion layer grows from
the ohmic side. For bias voltages below the
depletion voltage, the low field layer near the
junction side of the diode behaves like an insulator
for practical peaking times of the amplifiers.
Fig. 10 also shows the effect of charge trapping,
since even at full depletion voltage, the CCE is not
100%. Overdepleting the diodes leads to an
increase in the drift-velocity, hence a shorter
charge collection time, and hence a decrease in
the fraction of the charge carriers trapped [11].

The charge division between strips for non-
irradiated devices is solely due to the diffusion of

-

p+

+

metal-like n

Fig. 9. Schematic of the values of apparent separation between
the electrodes w, and the thickness of the depletion layer d for a
non-irradiated Si-diode which is not fully depleted.
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Fig. 10. The CCE for MIPs as a function of the bias voltage for
three Si-diodes irradiated to fluences beyond the inversion
point.
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Fig. I1. Schematic of the values of apparent separation
between the electrodes w, and the thickness of the depletion
layer d for an irradiated Si-diode which is not fully depleted.

the charge carriers and the incidence angle of the
particles. For irradiated detectors the induced
charge division is enhanced due to trapping, both
on the ohmic and junction sides, while under-
depletion causes an extra charge spreading on the
junction side [12]. Fig. 12 shows a schematic of the
effect of under-depletion on the cluster width on p-
strips [13]. The choice of p or n-strip detectors in
harsh radiation environment depends not only on
the CCE which can be obtained, but also on the
strip pitch and consequently the eventual degrada-
tion of cluster finding efficiency and resolution as a
result of extra charge sharing on the junction side.

5. Conclusions

Indicative of the advance in Si-detectors is that
20 years ago devices of only a few cm? were
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Fig. 12. Schematic of the charge spread on the junction side of
an irradiated Si-detector. The total collected charge reduces
with the lowering bias voltage below depletion, and the charge
is spread over more strips.

operated; today, areas of more than 100 m? will be
instrumented, in the harsh radiation environment
of the LHC. The improvements in the under-
standing of Si performance after irradiation has
allowed b-tagging to be extended into the high-
luminosity running of the LHC, by operating
detectors close to the interaction point for the
whole lifetime of the experiments. In addition to
strip and pixel detectors, CCD and silicon drift
detectors have found applications in linear and
heavy-ion collider environments, respectively.
Though not discussed here the challenge of ultra-
radiation hard devices is also being addressed,
either through cryogenic operation [14] or dia-
mond detectors [15].

6. Questions

L. Shekhtman, BINP

Why do you speak about the same charge in
thick and thin detectors?

J. Libby

For an irradiated detector, a fully depleted thin
detector will yield more charge than a depleted
layer, of the same thickness as the thin detector, in
an thicker detector that is not fully depleted.
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A.A. Sadovoi

In which conditions the formulae Ramo can be
used? Is the e value equal to the charge of the
electron? If yes, then induced charge will be less
than elementary charge?

J. Libby

For a signal in a Si detector of thousands of
electrons which are normally considered, there are
no problems due to the quantum nature of charge.

S. Klimenko, Florida Univ.

What is the future of diamond detectors? Are
they competitive with Si-detectors?

J. Libby

The signal is somewhat smaller in diamonds
than in Si detectors. Diamond devices are being
pursued as possible tracking detectors at a
luminosity upgraded LHC.
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REVIEWS I

Applications of silicon strip and pixel-
based particle tracking detectors

Philip Allport

The progress in silicon detector technologies over
the past four decades has been possible owing to the
remarkable, exponential growth in semiconductor
technologies'. The huge increase in the market for sil-
icon devices has driven down equipment and materials
costs and greatly improved automation for device pro-
cessing and characterization, making silicon devices for
particle physics progressively more affordable. Since the
early beginnings of silicon detectors for particle phys-
ics, roughly 40 years ago, their size has grown from a
few thousand channels and a few cm? to systems of
10 billion channels and areas of hundreds of m? (REF?).
However, demands in terms of radiation hardness have
also grown from coping with environments of tens of
Gy (total ionizing dose) and particle fluences of a few
10" cm™ up to future requirements in the tens of MGy
and 10" cm range and even well beyond these values
at possible future colliders’. For the electronics, services,
mechanics and cooling, many problems are associated
with coping with these large increases in channel count,
detector areas and radiation levels. Added to this is the
requirement for several orders of magnitude increases
in front-end readout speed, to cope with event rates
of many billions of particle interactions per second,
along with the corresponding required complexity of
on-detector data handling, data storage, data process-
ing and off-detector transmission*”. These challenges,
as well as the applications beyond particle physics, for
example, in astronomy and nuclear and medical phys-
ics, make the field of silicon detectors very active and
bring together expertise from different areas physics
and engineering.

The field is so vast that it is impossible to cover all the
key contributions in a brief review article. There are several
books and reviews discussing a wide range of related top-
ics in much greater depth than would be possible here*~".

Abstract | As the review of the European particle physics strategy is underway and planned future
particle accelerators are being discussed worldwide, new, improved silicon tracking detector
concepts are currently being studied for use at the proposed new facilities. This Technical Review
outlines the current state of the art in silicon tracking detectors for particle physics along with
examples of some recent applications in other areas. The various technologies currently available
in particle physics are listed and their relative merits for different uses and environments are
discussed. The silicon detector research programmes to allow optimal scientific returns from
future particle physics experiments are described along with their current status.

Instead, this Technical Review provides an overview of
the most common current technologies and discusses
their implementation in existing and future colliders
as well as in some applications beyond particle physics.
The historical development of different detector technol-
ogies is illustrated in FIC. 1. More information on the
history and technical details regarding the technologies
are available in the Supplementary Information

Semiconductor charged particle detectors
The basic idea behind semiconductor charged particle
detectors is akin to the principle of an ionization cham-
ber: charges moving in an electric field will create a
detectable electric current in an external circuit* (FIC. 2a).

In FIG. 2b, the equilibrium condition is illustrated
where even for zero applied voltage, diffusion of elec-
trons and holes across a boundary between doped n-type
and p—type regions results in the creation of a space
charge region (SCR) depleted of free majority carri-
ers®’. Crucially, this results in a built-in potential differ-
ence across the SCR with a corresponding electric field.
Increased reverse bias widens the SCR (as illustrated
in FIG. 2¢) until eventually the depleted region extends
throughout the device. The basis of semiconductor
detector operation is that charges (electrons and holes)
liberated within the SCR will drift under the influence of
the electric field resulting in a measurable current pulse.

The semiconductor detectors are essentially reverse-
biased diodes with the detecting medium being the deple-
tion region. Any charged particle traversing depleted
semiconductor material creates electron-hole pairs
that drift towards the electrodes at which the induced
current is amplified and recorded giving the position
of the charged particle*®.

More details on the operation and historical develop-
ments are provided in the Supplementary Information.
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Key points

* Particle physics experiments depend on the ability to accurately track the paths of
particles produced in high-energy collisions.

* Frontier experiments demand ever higher collision rates both to maximize sensitivity
to rare processes and subtle effects, and to minimize the statistical errors on

measurements.

¢ The high-rate capability, tracking precision, sensor granularity, readout speed and
radiation resistance of the current generation of silicon detectors has led to their
widespread adoption, particularly in collider experiments (which typically require the
most demanding specifications).

* New technologies are emerging, both from within particle physics and through the
design of specialist variants of commercial optical sensors, which offer significant
improvements in terms of particle-track spatial resolution, fast-timing capability,
detector radiation hardness, scattering material and cost per unit area.

 Other disciplines that already use particle physics silicon tracking technologies can
only benefit from adopting these developments as they become available.

Bunch crossing

In a collider, particles are
accelerated in a large number
of bunches and they counter
rotate in the accelerator and
keep passing through each
other to produce interactions.

Trigger

Only data from bunch
crossings containing a collision
of interest are kept. Very fast
processing of a subset of the
data provides the ‘trigger’ to
readout that data from
temporary on-detector data
storage.

Vertex

In a collider, the produced
particle tracks spread out from
the point where the collision
occurred, the ‘primary vertex’.
If one or more of these
particles subsequently decay
to produce more tracks, there
are also ‘secondary vertices’
from which the additional
tracks originate.

Beam pipe

Particle collisions take place in
the vacuum pipe ‘beam pipe’ in
which the particle bunches
circulate and collide.

In practice, charged particles pass through multiple lay-
ers of highly segmented detectors arranged close to a col-
lision point so that their trajectories can be determined
with high accuracy. A typical semiconductor detector
for particle physics applications will have a very highly
doped (~micrometre depth 10" dopantscm™) litho-
graphically defined implanted strip or pad in a detec-
tor substrate of very low doped, nearly intrinsic silicon
(~10'* dopants cm™) with opposite doping type”. Such
configurations are often called ‘p-in-n’ or ‘n-in-p’ detec-
tors for a highly doped implant (either p* or n*) in a very
lightly doped (n~ or p~) substrate. In the case of strip
detectors, the implants are often biased by polysilicon
resistors at the ends of the strips, so the aluminium strip
above the implant is capacitively coupled to it**’. Wire
bonds typically then connect the aluminium strips to
the microelectronics front-end application-specific
integrated circuits®. For single-sided detectors, the large-
area back-surface is typically attached with conductive
glue or wire bonding to a contact providing the high-
voltage supply. However, it can also be patterned to give
double-sided readout detectors™*.

Types of silicon detector systems
The majority of silicon detectors used in current high-
energy physics experiments are either strip” or planar
pixel detectors™'’. Together with the other main varieties
of hybrid sensors they are summarized in TABLES | and 2.
Monolithic detectors take advantage of the fact that
both sensors and microelectronics use silicon process-
ing, to give devices that combine their functionality
into a single object®. The different monolithic pixel sen-
sor technologies are summarized in TABLE 3. Many of
these detectors require specialist variation of reasona-
bly mature imaging detector designs to be suitable for
charged particle tracking applications.

Hadron collider silicon tracking

The focus of current activities at hadron colliders is
on the Large Hadron Collider (LHC) programme and its
luminosity upgrade, the High Luminosity (HL)-LHC'"*.
The CMS detector at the LHC currently has an all-silicon
tracker consisting of 15,148 strip detector modules and
1,632 pixel detector modules with 127 million pixels"

and 10 million micro-strips of pitch varying from 80 pm
to 205 um (REF"). At over 200 m? of silicon sensor surface
area, this is the largest array in operation and represents
an order of magnitude increase over the previous largest
silicon array for the CDF experiment tracking system at
Fermilab®".

ATLAS, the other very large general purpose detec-
tor at the LHC, chose a mixed straw (gaseous propor-
tional drift 4 mm inner diameter tubes with transition
radiation capability for enhanced electron identifica-
tion) and silicon tracker for LHC operation'®. For the
HL-LHC, ATLAS is building a micro-strip tracker of
similar size to the current CMS silicon strip tracker
and a much larger pixel array (12.6 m* compared with
the current 1.8 m?) going out in radius to around 35cm
(REF"). One requirement has been to reduce the pixel size
from 450 um x 50 um (250 um x 50 um for the insertable
B-layer, which was installed in 2015 as the innermost
ATLAS layer of pixel detectors'®) to 50 um x 50 um.
Another has been to shorten the (~80 um pitch) strip
length from ~12 cm to ~2.4 cm. Both changes are needed
to cope with the much higher hit density associated with
HL-LHC operation (7.5 times the LHC design collision
rate meaning 7.5 times as many particle tracks per
bunch crossing). Both ATLAS and CMS experiments'>*
will have to replace their trackers not only because of
the hit rate (number of hits per second in the detector)
but also because of integrated radiation levels that will
exceed by ten times those foreseen for the original LHC
programme. Following extensive research and develop-
ment, particularly by the RD50 (Radiation hard sem-
iconductor devices for very high luminosity colliders)
Collaboration?’, both experiments have extensively
adopted n-in-p sensor solutions (see, for example, REF?).
A further requirement, given the very high collision rate
(up to an average of 200 collisions every 25 ns proton
bunch crossing), and addressed in different ways by
ATLAS and CMS, is to use the tracking information in
the trigger to help filter out uninteresting events online
so that ‘only* data from ~10* beam crossings need to be
recorded every second. In CMS, this has led to a tracker
design with paired sensor modules (either strip with
strip or strip with large pixel) that provide a fast hit cor-
relation to find track segments pointing to the primary
vertex, passing mostly only high-momentum tracks to
the trigger processors”. Within the innermost layer of
strips with large pixels there is a four-layer hybrid pixel
detector using the same pixel size and RD53 readout chip
development® as ATLAS. Three-dimensional sensors
(with electrode columns through the silicon substrate)
promise the best radiation hardness for the innermost
layers*~°. In both ATLAS and CMS, the desire to collect
events that can include large energy deposits close to the
beam pipe has led to pixel systems that collected data at
angles down to 2° from the beam axis. Furthermore, both
experiments expect to use fast-timing information to
further help separate the tracks from the event of inter-
est from those coming from the other 200 superimposed
collisions in each beam crossing”*.

The LHC beauty experiment (LHCb) collaboration
uses the very high collision rates at the LHC to study
short-lived particles in a dedicated experiment collecting

www.nature.com/natrevphys



e Silicon strips
e Multiplexing ASICs
* CCDs

Vertexing

Extrapolating tracks back to
where they meet (that is, to the
vertex they originate from).

Granularity

The segmentation of the signal-

collecting nodes defines the
detector granularity and hence
ability to cope with many

simultaneous hits per unit area.

Calorimeter

A detector that measures
charged or neutral particle
energy through measuring the
particle showers they produce
when they interact in a dense
absorber.

Bunch train

In some accelerators, bunches
come grouped together in time
(bunch trains) with relatively
long periods of inactivity in
between them.

Radiation length

The thickness of the material
(X) required to reduce the
mean energy of a traversing
electron by 1/e(~1/2.718).

e Hybrid planar pixels
¢ Drift detectors

* DEPFET

¢ Hybrid 3D pixels

TECHNICAL REVIEWS

* CMOS MAPS
e Silicon-on-insulator pixels
e Vertical 3D integration

¢ Depleted MAPS
e Fast-timing detectors
o Hybrid MAPS

Fig. 1| Timeline of the different detector technologies with a few illustrated detectors from different experiments:
NA14, DELPHI and CMS at CERN, CDF at Fermilab, STAR at the Relativistic Heavy lon Collider and Belle Il at KEK.
For more details on the history of these developments, see the Supplementary Information. ASICs, application-specific
integrated circuits; CCD, charge-coupled device; CMOS, complementary metal-oxide—semiconductor; DEPFET, depleted
p-channel field-effect transistors; MAPS, monolithic active pixel sensors. The NA14 detector image is reproduced with
permission from REF®, Elsevier. The DELPHI detector image is reproduced with permission from CERN. The CDF detector
image is reproduced with permission from Fermilab. The STAR detector image is courtesty of Giacomo Contin, University
of Trieste, Italy®'. The Belle Il image is reproduced with permission from KEK. The CMS detector image is reproduced with

permission from CERN.

only tracks close to the beam direction (from 0.6° to 17°)
in which events containing bottom and charm quarks
are preferentially produced. The precision strip vertexing
system”” has demonstrated femtosecond particle-lifetime
resolution, giving a combination of accuracy and high
statistics that provides a very rich harvest of physics
results in the study of hadrons containing bottom and
charm quarks. The upgrade currently underway uses
a hybrid pixel system to achieve higher granularity and
hence the ability to handle even higher collision rates™.
Genuinely 4D sensors’' with both pixel spatial resolution
and down to 20 ps timing capability’> would be a game
changer for further luminosity upgrades at experiments
such as LHCD, allowing real-time pattern recognition
and track reconstruction in highly congested events.
The silicon requirements at the proposed Future
Circular Collider for hadrons (FCC-hh)* could include
both inner tracking volumes greater than ten times those
of ATLAS and CMS, and radiation levels (depending on
experiment design) up to 50 times worse than those at the
HL-LHC with possibly 1,000 interactions per 25ns beam
crossing. The large collision pile-up per beam crossing
makes further radiation-hard fast-timing-detector devel-
opment a key priority for such a facility. Furthermore,
no currently known technology could serve as the ver-
tex detector in such an intense radiation environment,
either in terms of sensor’ or microelectronics** survival.
A great deal of fundamental research will be needed to
identify the most promising technologies for detectors
to work close to the interaction point of any FCC-hh
experiment. The prospect of low-cost depleted mono-
lithic active pixel sensors (DMAPS), see TABLE 3, work-
ing at doses up to several 10" n,, cm™ (REFS™*) makes
these a strong contender for the outer tracking™ and even
possibly part of a high-granularity silicon-tungsten or
silicon-lead tracking calorimeter®’ as discussed below.

Lepton collider silicon tracking

The challenges for the proposed International Linear
Collider (ILC)", the Compact Linear Collider (CLIC)*
or possible future circular lepton colliders have mostly
to do with achieving the ultimate precision in an
environment in which all inelastic electron-positron
collisions are of interest. However, radiation levels, even
closest to the primary interactions, are much lower
than the corresponding case with proton collisions:
~1kGyyr?, 10" n, cm~?yr " (ILC) and <50 Gyyr,
<4x10°n, . cm?yr ! (CLIC) (P. Burrows, personal com-
munication). At ILC, there would be 1,312 bunches
of 544 ns separation in each bunch train with at least
~200 ms between bunches. At CLIC, there would be
only 0.5ns between the 312 bunches per train, which
would be at a repetition rate of 50 Hz and typically <1
interaction per bunch train. Detector occupancies due
to beam-associated backgrounds can be as high as 6 par-
ticlescm™ (ILC) in every bunch crossing (P. Burrows,
personal communication); therefore, some background
mitigation is required even in these very ‘clean’ environ-
ments (compared with the underlying event and pile-up
of hadron colliders). The two approaches to tackle this
issue (see REF*) are either to provide timing information
within a bunch train or to use very small pixels with new
pattern recognition techniques.

With impact parameter resolutions of ~5um @
15um/p(sinf)*/? targeted (for momentum p in GeV/c
and angle to the beam axis, 6, see REF."?), spatial resolu-
tions per pixel layer of ~3 um and layer thickness of order
0.1% of a radiation length (X,) are required. The material
requirement precludes active cooling, so for air cooling
a power dissipation of <130 yW mm is specified, which
for all vertex detectors is envisaged to exploit the long
periods between bunch train collisions through cycling
the detector power off when not needed. Even so, sensing
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p-n Junction with reverse bias

Fermi

Fig. 2 | Principle of charged particle detection and schematic of a reverse-biased
diode. Panel aillustrates how a charged particle passing through a ‘depleted’ detector
creates electron—hole pairs that separate in the electric field inducing a signal that is
picked up by the electronics, which in this example is coupled capacitively to the
implanted electrode. V denotes the voltage. Panels b and ¢ show the development of the
space charge region (SCR) at the boundary between p-type and n-type silicon, which is
enhanced by the application of a reverse-bias electric potential, which increases the
width of the (depleted of majority carrier) SCR leading to a greater thickness of detector

with an electric field in which particles can be detected. E, E, and E

denote the

Fermi

energies of the conduction band, valence band and Fermi level, respectively. Panel a is
adapted with permission from Manfred Krammer, CERN, Switzerland. Panels b and c are
adapted from REF?, Springer Nature Limited.

Sensing matrix

The nodes within the sensor
measuring the signal arranged
in a matrix of pixels.

Zero suppression

Even after selection using the
trigger, the number of
electronics channels to readout
is often too large, but many
channels are empty. Zero
suppression means only
reading out channels with
signals above a pre-set
threshold.

Space points

With strip detectors, there is no
information where the particle
causing a ‘hit’ occurred along
the strip direction. Adding
orthogonal strips still only gives
two projections, which leaves
ambiguities if many particles
pass through the detector.
Pixels measure directly the hit
coordinates (space point with
third coordinate constrained
by the detector plane
thickness).

Moliére radius

Lateral spread of the showers
produced by electrons or
photons (‘electromagnetic
showers’) at depth through the
material d=X,.

layers and supports much thinner than those achieved
using monolithic active pixel sensors (MAPS; TABLE 3)
at the ALICE* heavy-ion detector at LHC are needed.

One technology under consideration, depleted
p-channel field-effect transistors*, was also adopted
for the PiXel Detector innermost two layers of the
ultrahigh-luminosity lower-energy electron-positron
Belle IT experiment at SuperKEKB in Japan®, dedicated
to precision studies of bottom and charm quarks and
tau-lepton decays. The region of the sensing matrix in
the individual detectors is back-etched to 75 pm to min-
imize scattering and the readout speed is 50,000 frames
per second. A similar approach is proposed for linear col-
lider applications, but pushing down to 50 um thickness
and with 24 pm x 24 pm pixels.

The original development of MAPS was motivated
by the requirements for the ILC leading to two devel-
opments, Pixelated Ladder with Ultra-Low Material
Embedding (PLUME) (building on the original
MIMOSA programme’”**) and Chronopix. PLUME"
assumes double layers of MAPS with 0.35% X for both
with pixel pitch down to 10 pm achievable. Chronopix™
looks at a a similar pixel pitch MAPS with the addition
of a timestamp capability to identify the timing of the
hit in the sensor and associated it with the correct bunch
crossing within the ILC bunch train. Other technologies
specifically focused on ILC/CLIC are the column parallel
readout and in situ-storage CCD solutions developed by
the Linear Collider Flavour Identification collaboration®
and the fine-pixel CCD** technology. The former con-
cepts use timing to remove backgrounds whereas the
latter has very fine granularity to allow dedicated pat-
tern recognition algorithms to extract the correct track
segments from hits integrated over a full bunch train.

A fast-timing capability is also the CLICpix approach
with 10 ns resolution to help suppress background
hits within a CLIC pulse train® using a hybrid detec-
tor with a 50-um-thick sensor and a similarly thinned
application-specific integrated circuit. In the same
way, silicon-on-insulator (SOIPIX)* technology would
provide the ability to timestamp hits and identify
the bunch crossing of the event of interest within the
ILC bunch train.

Outer detector radii (for example, at Belle IT) can use
double-sided strip detectors, given that the event com-
plexity does not require use of fine-granularity pixels
at large radii. However, if MAPS technology costs are
equally competitive, it is worth noting that as long as
zero suppression is used, particle hit rates and not total
channel count should dictate the required readout band-
width and genuine space points are always to be preferred
to projections. Other future proposals, such as the
Circular Electron Positron Collider (CEPC) in China®
or an electron—positron collider in the FCC tunnel
(FCC-ee)*, may well make extensive use of MAPS-based
tracking systems, but with an effectively continuous
collision rate, they will require different vertex detector
readout concepts to those proposed for ILC/CLIC.

High-granularity tracking calorimeters

The increase in detector channel count and area instru-
mented with silicon detectors over the previous three
decades, as well as those for some of the projects in con-
struction or in planning over the coming decades, is
illustrated in FIC. 3. Cost reductions have allowed sili-
con technologies to evolve from small vertex detectors
to being the standard for large-area tracking, particularly
in high-collision-rate environments (replacing gas-based
detectors). In a similar way for future projects, silicon
tracking technologies could be exploited in the next layer
of detectors in collider experiments™.

Collider experiments (see examples in REF?) typically
include, going from inner to outer radius, a vertex detec-
tor, an inner tracker, an electromagnetic calorimeter, a
hadron calorimeter and a muon spectrometer. The track-
ing requires a solenoidal magnetic field to bend charged
particles to provide momentum and charge measure-
ments with a magnetic field also required at high radius
to give muon momentum and charge determination.

The use of a tracking electromagnetic calorimeter has
been proposed for linear collider applications™ with the
concept of a compact silicon sensor plus typically tung-
sten, lead and/or copper absorbers in a layered system.
The ability to track in detail the development of the elec-
tromagnetic showers due to photons or electrons, and
to see the start of hadronic showers, allows particle flow
algorithms to associate energies to individual charged
particles seen in the tracker and to also track individual
neutral particles whose showering only starts in the calo-
rimeter. Because of its small Moliére radius, short radia-
tion length and relatively long hadronic interaction length,
tungsten is often the preferred material for such detec-
tors. Two different silicon plus absorber concepts are
discussed here: 5mm silicon pad hybrid detectors with
analogue output or monolithic pixel sensors with digital
readout. The former has been developed to allow particle
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Table 1| Passive sensors

Technology Experiments Limitations

* Fixed target (CERN): NA14,
NA32, WA82, NOMAD-STAR,
COMPASS

* Fixed target (FNAL): E605, E653,
E687,E771,E772,E789,E791

* SppS: UA2

o SLC: Mark I

o LEP: ALEPH, DELPHI, OPAL, L3

e Tevatron: CDF, DO

e ¢c,b factories?: BaBar, Belle, CLEO

* HERA: H1, ZEUS, HERA-B, HERMES

* LHC: ALICE, ATLAS, CMS, LHCb

* RHIC: PHENIX, PHOBOS, STAR

* LHCb Phase-I°

 LHC Phase-Il Upgrades®

e |LC¢, LHeC¢, FCCe

* WA97, DELPHI, NA62, ALICE,
ATLAS, CMS, PHENIX

* LHCb Phase-I°, LHC Phase-lI
Upgrades®

e |LCs, CLICe, FCCe

Advantages

* Readout is either one or two (if double
sided) projections

* Capacitance seen by readout can be
high

* Bulk doping varies with radiation as
does carrier lifetime

Strip detectors e Simple, large-area fabrication and suitable
for inexpensive interconnect technologies
e Can be thinned but at the cost of less signal

* Edge-only connections

Planar pixel
detectors

* True space-point information much better
for congested tracks close to collision
vertex

* Low capacitance so low noise and
therefore can be efficient at lower signals

e Flip-chip technologies are expensive

* Both readout chip and detector need
thinning to reduce multiple scattering

* Depleted volume and charge trapping
change with radiation damage to

(such as for thinner sensors or after substrate
irradiation)
Three-dimensional  © ATLAS * Compared with planar pixel detectors, the  © The processing of doped columns
pixel detectors * LHC Phase-Il Upgrades® required voltage to fully deplete the entire through the substrate is costly and
e FCCe device both before and after irradiation is suitable vendors are limited

much lower

* Required drift distances are less, giving
excellent radiation hardness

* No additional processing steps needed to
achieve ‘edgeless’ detectors

e Larger capacitance between pixels
than planar designs so thicker sensors
needed for good signal/noise

Drift detectors

RHIC: STAR, ALICE

 Low capacitance

* Uses drift time to measure second
coordinate in edge readout detector

* Drift time variation due to non-
uniformity of substrate material
e Trapping due to radiation

For more details and references see the Supplementary Information. CLIC, Compact Linear Collider; EIC, Electron-lon Collider; FCC, Future Circular Collider;
FNAL, Fermi National Accelerator Laboratory; HERA, Hadron-Electron Ring Accelerator; ILC, International Linear Collider; LEP, Large Electron—Positron Collider;
LHC, Large Hadron Collider; LHCb, LHC beauty experiment; LHeC, Large Hadron Electron Collider; RHIC, Relativistic Heavy lon Collider; SLC, Stanford Linear
Collider; SppS, Super Proton-Antiproton Synchrotron. °Low-energy electron—positron colliders with energies tuned to roughly 2mc’ centre of mass for
producing particles containing a quark-antiquark pair of type g (mass m ) are called factories’ as they are designed to provide huge numbers of such pairs to allow
very-high-precision measurements and to access very rare decays. °In construction. “Longer-term, proposed.

Hadronic interaction length
Distance (d = A;) over which
the probability of a particle not
having interacted falls by 1/e
for hadrons (particles that
mostly interact via the strong
nuclear force).

Pixelated fast-timing

Pixel detectors give true ‘space
points’ (3D information), but if
the timing of the hit is also
recorded accurately (few tens
of picoseconds) one can

speak of 4D fast-timing pixels.

flow calorimetry at the HL-LHC with CMS building a
silicon and scintillator high-granularity calorimeter,
including 600 m* of silicon detectors with 6 million
readout channels of fast-timing (<100 ps) electronics, to
replace its endcap calorimeters™. As can be seen from
FIG. 3, this is the largest silicon detector array currently
being constructed. A linear collider complete coverage
electromagnetic calorimeter with this technology would
need to have an area of several thousand square metres
of silicon. The price of complementary metal-oxide—
semiconductor (CMOS) imaging sensor technologies is
expected to continue to be driven down by commercial
pressures, leading to the expectation that, compared with
silicon pad detectors, an approach based on MAPS,
with energy deposition measurement based on count-
ing the number of pixels above threshold (digital calo-
rimetry), could eventually become more cost effective.
Such a detector would require 10'* pixels*’, also giving
unprecedented pattern recognition capabilities for
shower reconstruction and particle separation. Using the
radiation-hard MAPS technologies discussed previously,
such a detector may also be an affordable option for the
FCC-hh electromagnetic calorimeter in which an area of
silicon of 10*m? (a hectare of silicon) would be required.

Other particle physics tracking
Current and future programmes in fixed-target, heavy-
ion and lepton-hadron experiments will continue to
rely heavily on silicon tracking technologies. Many
original developments of strip and pixel detectors were
actually for fixed-target experiments as discussed in the
Supplementary Information. For example, the hybrid
silicon pixel detector NA62 GigaTracker® provides a
pixelated fast-timing capability. The geometry and relative
accessibility of the detectors in fixed target experiments
(with all the detecting systems often within a fairly nar-
row cone around the downstream axis of the beam and
target) makes them an ideal first use of new technol-
ogies since often only small areas need to be instru-
mented. However, the particle hit rates in those small
areas can be a major challenge, particularly as the phys-
ics goals are often extremely rare processes requiring a
very large number of collisions. Future developments
will almost certainly involve faster-timing, finer-pitch,
4D pixel detectors®”*'. There is also the dream of a 5D
pixel with which excellent energy resolution is also
achieved?.

The challenge at heavy-ion colliders comes from
the relatively low momentum of the particles to be
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Flip-chip

To marry a pixel sensor with a
readout chip requires a high-
density interconnect (typically
conducting ‘bumps’) patterned
onto one surface and then the
two connected face-to-face.

Table 2 | Fast-timing detectors and active hybrid sensors

Technology Experiments Advantages
Fast-timing ¢ LHC Upgrades?
detectors  EICY, FCC®

with intrinsic gain

Active sensors: Belle ll
DEPFET
Active sensors: FCC®

CMOS hybrid pixels

Few tens of picosecond timing
capability in segmented detector

* Very low noise readout possible
* In-sensor data storage capability

* Retains the ability to employ
low-cost CMOS imaging sensor
technologies while still using
advanced very fine feature size
CMOS for digital electronics

Limitations

* Gaps between multiplication layer
implants inefficient so pitch cannot
be too small

e Current designs have issues with
radiation hardness much beyond
particle fluences of order 10> cm~?

* Poor tolerance to radiation
* Speed

Bump bonding can be reduced or
avoided completely, but precision
attachment and alignment

still require expensive flip-chip
techniques

e Can multiplex several pixel outputs
into one connection pad

For more details and references see the Supplementary Information. CMOS, complementary metal-oxide-semiconductor;
DEPFET, depleted p-channel field-effect transistors; EIC, Electron—lon Collider; FCC, Future Circular Collider; LHC, Large Hadron

Collider. ®In construction. *Longer-term, proposed.

tracked, making the multiple scattering of particles by
material the primary limitation to accurate tracking
and vertexing. Reading 2D information just from one
edge (as opposed to having readout application-specific
integrated circuits flip-chip attached over the full face
of the sensors) helps minimize the material owing to
the readout chips and associated services. Silicon drift
detectors (in which one coordinate is extracted from
the collection time) exploit the relatively low collision
rates at ion colliders in which 2D (space point) infor-
mation (as opposed to having simply two 1D projections
as for strip detectors) is essential because of the high
event complexity and track density (see, for example,
REFS®:?), The much lower collision rates and radiation
levels than at proton colliders have also led to the first
deployments of MAPS technologies by the STAR detec-
tor at the Relativistic Heavy Ion Collider*® and with the
ALICE inner tracking system upgrade requiring 10m? of
sensor area with 10'° pixels (REF.%). The 0.3% total X, per
layer is a remarkable achievement for a pixel detector,
but as noted for ILC/CLIC, the target for the future is
to go even lower. For lower-energy electron-ion facili-
ties (such as the proposed Electron-Ion Collider in
the USA®) having the lowest possible material (radia-
tion length) in the silicon detectors will also be the
highest priority, although good spatial resolution will
also be important. Timing may also be useful, even to
add time-of-flight to aid particle identification of low
momentum tracks. The resolution on the electron track
and primary vertex finding is critical and the faster sig-
nal and lower charge diffusion of DMAPS technologies
could be beneficial. Higher-energy electron-hadron col-
liders (Large Hadron electron Collider®, FCC electron-
hadron (FCC-eh)*) also require excellent vertex find-
ing capabilities (both primary and secondary) with
excellent electron tracking, also up to high momenta.
Again, the radiation environment is not expected
to be a significant concern, so some combination of
MAPS/DMAPS and/or silicon strip detectors may pro-
vide the optimal solution in terms of performance and
cost effectiveness.

Applications beyond particle physics

Silicon tracking detector technologies developed pri-
marily for particle physics have found their way into
other disciplines and commercial applications through a
number of routes. First, inventions, methods and results
are widely disseminated through all the usual scientific
channels such as publications, conference presentations
and proceedings. Second, most of the detector com-
ponents discussed in this Technical Review have been
produced either in private industry or (less commonly)
at research institutes with significant commercial inter-
ests. As in other cutting-edge areas of research, compa-
nies benefit from having to stretch their capabilities to
meet extreme requirements and benefit from partnering
with motivated and committed scientists working hard
to help them succeed in meeting specifications. Shared
goals and freely shared expertise help companies develop
new capabilities and particle physics can also help pro-
vide a high-profile shop window for the final products.
Application of new capabilities is then in the hands of
the commercial sector, which has a better appreciation
of potential markets than academic scientists. A third
route is through the particle physics detector developers
being embedded in a larger team of experts in a uni-
versity, national or international laboratory setting in
which shared experience both benefits other fields and
draws on experience from those fields. A fourth route is
through those developing tracking detectors looking to
apply their technology to other fields. In the interest of
brevity, only this latter avenue (in which particle physi-
cists have applied their silicon detector expertise in the
service of other disciplines) is illustrated here through a
small selection of examples from strip, hybrid pixel and
monolithic pixel tracking detector developments. The
application areas chosen are from the two very different
fields of high-energy astrophysics and nuclear medicine.

Astroparticle physics. The Alpha Magnetic Spectrometer
(AMS-02, see REF°) on the International Space Station
is akin to a fixed-target particle physics experiment
to study charged particle fluxes in space. Particles are
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Table 3 | Different monolithic pixel sensor technologies

Limitations

Technology

CCD and CCD-
inspired detectors

Experiments
NA32,SLD, ILC®, CLIC®

Advantages

* Slow readout
¢ Low tolerance to both ionizing and bulk
radiation damage

* Superb gain uniformity

* Low noise, so signal region can be thin (better for
angled tracks and allows back-thinning)

* Mature commerical imaging technology

* Very small pixel sizes possible

Silicon-on-insulator ~ ILC® * Mature technology * Complicated processing with many steps
detectors e Separation of electronics and sensor substrates liable to affect yield
while still providing monolithic sensor * Many oxide interfaces that can trap
¢ Excellent isolation of transistors reducing parastic charge produced by ionizing radiation
effects allowing lower power operation
* Through-silicon-via technology gives added
flexibility in array design
Smallfill factor MAPS  « STAR * CMOS imaging sensor technology in widespread use  Difficult to collect charge from under
o ALICE® * Small signal collection nodes separate from the deep  electronics unless additional substrate
o ATLAS® p-well containing electronics offer low capacitance  processing is used, which moves the diode

e LHCb®, ILC®, CLIC®,
EIC®, LHeC", FCC®

Large fill factor MAPS

° Mu3e®

o ATLAS®

* LHCb®, ILC®, CLICY,
EIC®, LHeC", FCC®

can be thin (as for CCDs)

and hence lower noise such that the signal region

junction to within the substrate rather
than at the signal-collecting node

* Low voltages adequate for good signal/noise

e Fast charge collection

multiple vendors

pixel circuitry
e Full charge collection

* Possible to deplete to large depth giving large signal

e Suitable HV-CMOS processing available from

¢ Charge collection by deep n-well containing the

e Larger capacitance giving larger noise
and slower rise time

 Substrate doping and depletion depth
change with dose owing to bulk damage

* Deeper depletion gives greater charge
spread for angled tracks

For more details and references see the Supplementary Information. CCD, charge-coupled device; CLIC, Compact Linear Collider; CMOS, complementary metal—
oxide—semiconductor; EIC, Electron—lon Collider; FCC, Future Circular Collider; HV-CMOS, high-voltage CMOS; ILC, International Linear Collider; LHC, Large
Hadron Collider; LHC beauty experiment; LHeC, Large Hadron Electron Collider; MAPS, monolithic active pixel sensors. ?In construction. "Longer-term, proposed.

Point spread function

In astronomy, the response of
an optical system to a source
that itself approximates an
infinitely narrow point source.

Relative stopping power
Different materials slow down
protons to a different degree,
giving differences in where
protons stop for a given
incident energy.

tracked within a magnetic field of up to 0.15T by an
array of 2,264 double-sided silicon micro-strip detec-
tors composing an area of silicon of 6.2 m? and 200,000
readout channels. A unique 1-m-long and 1-m-diameter
neodymium-iron-boron permanent magnet provides
the field throughout the tracking volume so that the
momentum and charge of particles can be measured,
while other components help to distinguish different
particle types giving the energy spectra and fluxes of
all the different charged particle types that compose the
cosmic rays coming from all over the sky.

The Fermi Gamma-ray Space Telescope” main instru-
ment is the Large Area Telescope, a silicon-tungsten
tracking calorimeter of the type discussed above but
using towers of 16 dual single-sided silicon strip mod-
ule plane layers interspaced with tungsten absorbers.
The full detector is a 4 x4 array of 37-cm-square and
66-cm-deep towers with over 90 m? of silicon surface
area. At any one time, over 20% of sky is viewed and the
point spread function for on-axis gamma rays has a 68%
containment radius of about 3° at 100 MeV and 0.04° at
100 GeV, defining the angular resolution for observing
gamma-ray sources®’.

Medical physics. Hadron radiotherapy uses beams of
protons or light ions, with energy per nucleon typically
in the few hundred megaelectronvolt range, to pro-
vide highly localized deposition of intense ionization
in human tissue allowing oncologists to better target
tumours and spare healthy tissue. The technology is
significantly more expensive than even state-of-the-art
intensity-modulated radiotherapy using high-energy
X-rays, but can be advantageous when the tumour lies

near critical organs or in paediatrics (in which the impli-
cations of irradiating healthy tissue tend to be more
severe). However, accuracy is everything and achieving
the correct localization of dose with depth inside the
patient requires a 3D image of the patient in terms of
proton stopping power. Without an accurate 3D map
of the stopping power, protons entering the patient from
the different directions forming the treatment plan may
have their range miscalculated, resulting in the need for
greater margins between the clinical target volume and
the planning target volume. This increases the dose to
healthy tissue, diminishing the benefit of proton therapy.

The most direct way to create a 3D map of stop-
ping power is by also imaging the patient with protons:
proton computed tomography (pCT). Using detectors
originally designed by particle physicists for the Fermi
Gamma-ray Space Telescope, the pCT Collaboration has
developed such an imaging system and demonstrated
its use at medical centres in the USA with typical uncer-
tainty reductions in the proton relative stopping power of
different clinically relevant materials by a factor of three
with respect to using an X-ray CT image and applying
correction factors®.

Similar results have been reported by the Proton
Radiotherapy Verification and Dosimetry Applications
(PRaVDA) consortium using the much more radiation-
hard silicon strip detectors developed for the HL-LHC,
but with a different tracker arrangement to allow mul-
tiple proton tracks per image®. This uses an all-silicon
design, in which silicon strips are used both for tracking
and for measuring the proton ranges in absorber lay-
ers behind the patient to determine the proton resid-
ual energies”. This system is designed both to perform
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pCT with a low-intensity but high-energy proton source
(such that protons pass through the patient and their
individual paths and energy loss along their paths can be
reconstructed) and to be able to provide beam monitor-
ing to check the shape of the lower-energy proton beam
during treatment, when the expected flux and doses in
the silicon detectors will be much greater. In this mode,
protons stop at the target depth so only the front track-
ers are required. However, the whole system can also be
used to help with the lengthy setting up and calibration
procedures that have to be carried out continuously at
any radiotherapy facility.

X-ray imaging. The hybrid pixel detectors developed
by the Medipix collaboration” have been specifically
designed for widespread applications, for example, in
X-ray spectral imaging, X-ray diffractometry, mass
spectrometry imaging and radiation dosimetry in space
and as an educational tool. The ability to image the short
tracks produced by individual components of a radia-
tion field as they transverse the detector attached to the
pixel chip allows the particle composition of the radia-
tion and relative fluxes to be extracted. The Timepix
series of readout chips give charged particle spatial res-
olution of 2 um and subnanosecond time resolutions
(down to 200 ps and 81 Gbs™ output rate proposed for
Timepix4), allowing 3D particle tracking in which the
third dimension comes from the time for charge to drift
to the electrodes. The advantage of hybrid systems is that
the readout chip can be attached to different sensor mater-
ials optimized for a specific application (for example,
higher-atomic-number materials for hard X-ray imaging).

Another family of detectors for X-ray free-electron
lasers and high-intensity synchrotrons designed for
studying molecular structures for the life sciences and
material physics started with the PILATUS chip”, grow-
ing out of developments for the CMS pixel detector. The
third-generation and, especially, fourth-generation light

sources require excellent spatial resolution, very large
dynamic range (to cope with a wide variation of X-ray
diffraction intensities in a single image) and extreme
rate capabilities. Although silicon provides reasonable
efficiencies for 5keV to ~30keV photons, other detector
materials can be used to improve absorption efficiencies
towards the high end of this range. Several variants of
the PILATUS detector have now been developed for a
range of applications in photon science. Although most
involve pixel systems and charge-integrating capabilities,
one system, for 15keV X-ray photon detection, has been
developed using a CdTe strip sensor, which gives ~1-um-
photon spatial resolution and a high single-photon
efficiency at up to 1 MHz photon counting rate”.

For monolithic devices, many applications of the
X-ray sensitivity of silicon can be found. One example is
the programme to exploit the SOIPIX developments™ in
space for X-ray astronomy’’. Many programmes involv-
ing CMOS imaging sensors come directly from the huge
commercial growth in this area (see, for example, REF™,
which predicts that between 2015 and 2020, the market
will rise from US $10 billion to $15 billion, with $700
million revenue growth in medical and scientific imag-
ing alone). However, some of the programmes in scien-
tific imaging have come directly from particle physics
developments. One example is the development of a
61 mm x 63 mm detector area, 16 million 14 um? pixel
CMOS sensor for direct electron detection in trans-
mission electron microscopy”. The radiation hardness
against total ionizing dose was crucial and many design
features (such as enclosed layout transistors’®) were
taken over directly from developments for the LHC.
The ability to operate after integrating ~500 million
300keV electrons per pixel has been demonstrated”.
Improved image quality with respect to a comparable
CCD system for a tobacco mosaic virus specimen has
been presented, along with operation at much higher
frame rates”. A number of systems for direct-detection
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Multiplication layer
Detectors can be designed to
create a high-field region just
below the charge collecting
node in which the collected
charge is accelerated to
sufficient energy to induce
further electron—hole pair
production ‘charge
multiplication’.

Voxel

Apixelisa 2D areaon a
detector in which the third
coordinate is usually only
determined by the thickness of
the silicon plane, which is
typically much larger than the
pixel dimensions. By making
the sensing thickness the same
dimensions as the pixel gives a
volume ‘voxel’ within which the
hit occurred.
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electron microscopy are presented in a recent overview”’,
with the CMOS sensor discussed above having now been
developed into a full commercial product.

Future developments

The ideal tracking detector has insignificant noise,
micrometre-scale granularity and spatial resolution,
picosecond time resolution, excellent pulse height deter-
mination, requires negligible power while offering high
bandwidth readout, is radiation hard, consists of effec-
tively no material and costs next to nothing per square
metre. In practice, different optimizations are needed
for each application depending on which parameters are
the most important. In some cases, the environment sets
parameters that are non-negotiable: beam time struc-
ture, event rates, hits per square centimetre per second,
trigger and readout rates, radiation levels, cost and so on.
In other cases, a choice has to be made between differ-
ent desirable quantities, although many are correlated.
For example, achieving the ultimate spatial resolution is
usually wasted if the multiple scattering due to the mate-
rial is too high, and there is no point driving down sen-
sor material if the power dissipation requires extensive
cooling structures. As has been seen, sensor thickness is
often proportional to signal, so noise reduction is needed
to reduce material, but then, for a given capacitance,
either speed or power dissipation have to suffer.

Several major aspects not touched on here, but dis-
cussed much more broadly, for example, in REFS*’, are
those relating to the system aspects in terms of read-
out, power distribution, supports, global mechanics,
cooling and so on. Several of these impinge directly on
the sensor module design, particularly when they relate
to power and cooling. The need to transmit power at
high voltages to avoid losses, while the microelectron-
ics draws high currents at typically rather low voltages,
has led to serial powering or use of DC-DC convert-
ers in the detector module, as discussed in REF°. The
need for radiation-hard optoelectronics on the detector
modules to transmit signals is another area that con-
tinues to require extensive research and development,
with, for example, even the current CMS strip tracker
having ~40,000 optical links and 3,000 km of optical
fibres’. Another new technology development (for the
NAG62 Gigatracker” and the LHCb VeLo upgrade™) has
been to use microchannel cooling inside silicon, using
evaporative CO, as the coolant.

Looking forward, developments that exploit the con-
tinuing growth of the multibillion dollar CMOS imaging
sensor market to allow large-area affordable monolithic
and hybrid pixel arrays to be developed is expected to
be a major game changer for tracking detectors. Current
limitations include the available size (currently reticle
scale, ~2 cm x 2 cm) and radiation hardness. Wafer-scale

Nucl. Instrum. Methods A 494, 86—93 (2002).
Sze, S. Physics of Semiconductor Devices 2nd edn 12.

(Wiley, 1981).

Garcia-Sciveres, M. & Wermes, N. A review of advances 9.
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radiation. Rep. Prog. Phys. 81, 066101 (2018). 10.
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integration using stitching has been demonstrated with
CMOS imagers for scientific applications’, but not in
particle physics. Although less important from the cost
perspective than the evolution of float zone silicon wafer
diameters from 100 mm (in the Large Electron-Positron
Collider era), to 150 mm (for the Tevatron collider and
the LHC) to 200 mm (for HL-LHC), large-area sen-
sors simplify testing, assembly and alignment for large
arrays. Despite the rapid development of radiation-
hard variants of CMOS imaging technologies, allowing
the use of DMAPS as tracking detectors at future col-
liders™, the need for much higher radiation tolerance
may still preclude the use of monolithic sensors for
the (much smaller area) vertexing layers. In fact, the
innermost layer doses require the development of novel
detector technologies and development of dedicated
radiation-hard microelectronics’.

The concept of 4D detectors, with small pixels, thin
sensing thickness and fast timing is highly attractive and
this new technology holds great promise if designs with
minimal low-field regions between the multiplication layer
electrodes can be realized. The ability to have down to
several picosecond time resolution at the same time as
few micrometres spatial resolution and shallow charge
collection giving an effective ‘voxel’ would benefit many
applications both within and beyond particle physics.
Although achieving this with a hybrid sensor would
still require formidable challenges to design the micro-
electronics front-end chip and readout chain to fully
exploit this, the even longer-term goal would still be
a monolithic solution, at least from a particle physics
perspective. Another limitation to current detectors is
the radiation hardness currently achievable, which is the
target of very active research at the moment”-*.

Although facilities planned for the 2030s and 2040s
seem a long way in the future, the lessons from his-
tory are that it often takes a decade to get from generic
research and development to a device that can be a
reasonable proof of principle, possibly in a small-scale
experiment, and then another decade before employ-
ment in a large-scale tracking array at a major facility.
The work that informed the, now frozen, HL-LHC
tracker designs (in which construction, installation and
commissioning will last well into the middle of the com-
ing decade) was started in the early 2000s, long before
the HL-LHC programme was approved. Many possible
projects are being contemplated internationally as the
next high-energy frontier facilities after the HL-LHC,
but it is imperative to support the necessary detector
development programmes now to be sure to maximize
the scientific return on the major investments associated
with establishing the required accelerator infrastructure.
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