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Outline	  
•  Silicon	  detectors	  in	  HEP	  –	  a	  brief	  historical	  excursus	  

•  First	  applica)ons	  of	  CMOS	  APS	  in	  HEP	  (STAR,	  ALICE)	  

•  CMOS	  APS	  Fully	  Depleted	  	  	  	  

•  Novel	  developments	  and	  future	  applica)ons	  in	  HEP	  	  

•  Applica)ons	  to	  medical	  imaging	  	  
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CMOS	  APS	  -‐	  A	  Novel	  Detec)on	  Technology	  for	  Par)cle	  Physics	  	  	  
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LHC	  pp	  collisions:	  a	  candidate	  Z	  boson	  event	  in	  the	  dimuon	  
decay	  with	  25	  reconstructed	  ver)ces	  (ATLAS,	  April	  2012)	  

LHC	  Pb-‐Pb	  collision	  (ALICE,	  Sep	  2011)	  

Pb	   Pb	  
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Silicon	  Trackers	  –	  Key	  to	  solve	  complex	  events	  close	  to	  IP	  
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Complex	  systems	  operated	  in	  a	  challenging	  high	  track	  density	  environment	  
Innermost	  regions	  usually	  equipped	  with	  pixel	  detectors	  

CMS  Strip  Tracker  IBATLAS  Pixel  DetectorALICE  Pixel  Detector

CMS	  Pixel	  Detector	   ALICE	  DriY	  Detector	   ALICE	  Strip	  Detector	   ATLAS	  SCT	  Barrel	  

LHCb  VELO

Silicon	  detectors	  at	  the	  hart	  of	  all	  LHC	  experiments	  
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Measurement	  of	  the	  decay	  topology	  of	  short-‐lived	  par)cles	  	  

The	  first	  detec)on	  layers,	  the	  	  closest	  to	  the	  IP,	  are	  crucial	  for	  the	  measurement	  of	  the	  	  	  	  	  	  
interac)on	  vertex	  (primary	  vertex)	  and	  the	  decay	  vertex	  of	  short-‐lived	  par)cles	  (secondary	  vertex)	  	  

typical	  (proper)	  decay	  length	  of	  charm	  and	  beauty	  hadrons:	  ≈100µm	  and	  ≈500µm	  respec)vely	  	  
L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  

radial	  distance	  of	  first	  detec)on	  layer	  >	  20mm	  
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Towards	  end	  of	  	  1970’s:	  	  intensive	  R&D	  on	  devices	  which	  could	  measure	  short-‐lived	  par)cles	  (10-‐12	  -‐	  10-‐13	  s)	  

R&D	  at	  CERN(1)	  and	  Pisa(2)	  demonstrated	  that	  strip	  detectors	  (100-‐200µm	  pitch):	  	  
•  exhibit	  high	  detec)on	  efficiency	  (>99%),	  good	  spa)al	  resolu)on	  (~20µm)	  and	  good	  stability	  
•  allow	  precise	  vertex	  reconstruc)on	  

However	  the	  technology	  for	  the	  fabrica)on	  of	  these	  devises	  	  was	  very	  tricky,	  thus	  limi)ng	  their	  availability	  

1980	  –	  fabrica)on	  of	  silicon	  detectors	  using	  standard	  IC	  planar	  process	  (PIN	  diode	  è	  µstrip	  detector)	  

First	  use	  of	  silicon	  strips	  detectors	  by	  NA11(CERN	  SPS)	  
and	  E706	  (FNAL)	  

(A) NA11	  (1981):	  6	  planes	  (24	  x	  36mm2):	  resis)vity	  2-‐3	  
kΩcm,	  thickness	  280µm,	  pitch	  20µm	  

(B)	  E706	  (1982):	  4	  planes	  (3x3	  cm2)	  +	  2	  planes	  (5x5cm2)	  	  

J.	  Kemmer,	  et	  al.,	  “Development	  of	  10-‐micrometer	  resolu4on	  silicon	  counters	  for	  charm	  signature	  observa4on	  with	  the	  
ACCMOR	  spectrometer”,	  Proceedings	  of	  Silicon	  Detectors	  for	  High	  Energy	  Physics,	  Nucl.	  Instr.	  and	  Meth.	  169	  (1980)	  499.	  	  

these detectors and their use is presented in a
dedicated talk at this conference [22].

A novel type of tracking detector, the ‘‘semi-
conductor drift chamber’’, was proposed in 1984
[23]—detectors of this kind are covered in a
separate talk at this conference [24]. The two
coordinates are given by the anode number and
the drift time of deposited charges. To avoid
overlapping of signals from consecutive events,
these detectors are used in experiments at rather
low rates (the time interval between events should
be larger than the drift time).

3. Progress on readout electronics

As can be seen in Fig. 3, the detector assembly
of NA11/NA32 was rather bulky, which was
acceptable for fixed-target experiments, however,
it could not be used in collider experiments.
Therefore, it became imperative to look for other
solutions and in 1984 some new ideas on VLSI
electronics were presented [25,26]. Soon after that

Microplex and Camex chips were produced
[27,28]—it was a very essential step in further
development of silicon tracking detectors.
Successful tests of silicon strip detectors with

VLSI readouts were carried out in 1985 [29,30]
paving the way towards collider vertex detectors.
Fig. 6 shows the n-MOS readout chip, Microplex,
attached to a strip detector via ultrasonic bonding.
Soon after these first demonstrations, the next

generation of VLSI CMOS chips, SVX [31] and
MX [32], with more sophisticated logic, was
developed. These chips were designed for vertex
detectors at LEP and Tevatron.
One of the best front-end designs, with noise

figures ENC ¼ 160e" þ 12e"=pF for the integra-
tion time of a microsecond, was the ‘‘Viking’’ (VA)
chip [33], different versions of which have been
used in various applications and particle physics
experiments.
Plans for high-energy hadron colliders, SSC in

the USA and LHC in Europe, brought up new
design requirements, namely high-speed and radia-
tion hardness, which in conjunction with other

ARTICLE IN PRESS

Fig. 3. Silicon strip detector assembly used in NA11 experiment at CERN [14–16].
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scattering angle θo depends linearly on the inverse of the 
momentum p and on the square root of the material thickness 
t in units of a material constant, the radiation length Xo:  
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Thus, either very thin detectors or high energy particles (or 
both) are required to allow good position resolution. The 
typical silicon detector thickness of 300µm amounts to 
0.3%Xo.  

 

 
Fig. 1.  Energy loss (“stopping power”) of muons in Cu. This curve is 
universal as a function of β∗γ, indicating that at high enough energies, all 
particles radiate and at low energies, the momentum of the particle can be 
determined from the energy loss. From [10].  
 

How well the tracking detector performs depends mostly 
on the signal-to-noise ratio. It determines how many extra hits 
are accepted and if superior position accuracy due to charge 
sharing can be achieved. As mentioned, the signal depends on 
the detector thickness, and the noise more or less on the area 
of the detector element, and on the shaping time. Thus 
detectors with small area readout sections can provide good 
performance even if the signal is generated only in a thin 
active volume. Detectors with large area readout sections can 
achieve good signal-to-noise with long shaping times.  

IV. THE RISE OF  SILICON STRIP DETECTORS 
Silicon detectors have been used and are still in use in low-

energy spectroscopy [11], [12]. Due to the large e-h yield and 
low leakage currents, an energy resolution of below 1 keV is 
routinely achieved. The use of silicon strip detectors in HEP 
particle tracking got a boost from the introduction of the 
planar technology by J. Kemmer [13], with fixed target 
experiments both at CERN [14] and FNAL [15]. Figure 2 
show the set-up of the experiment E706: the detectors of the 
dimensions 5 cm x 5 cm are dwarfed by the fan-out which are 
needed to bring the signals to the large banks of amplifier 
boards with discrete components [15].  

The next step forward came through the development of 
ASIC amplifier chips of the size that they could be coupled 
directly to the detectors [16]. In the silicon detector 
developed for the Mark2 [16] at the SLAC Linear Collider 
(SLC), shown in Fig. 3, the vertexing errors due to multiple 

scattering were reduced by the following paradigm for 
vertex detectors:  

• ASIC’s at the end of “ladders” 
• Minimize the mass inside the tracking volume 
• Minimize distance between interaction point 

and detectors  
 

 
 
Fig. 2.  The early years: experimental set-up with silicon strip detectors in 
fixed target experiment (E706 at FNAL). The 5 cm x 5 cm silicon detectors 
are seen in the center, with the fan-out cables and amplifier banks 
dominating the picture.   From [15]. 
 

 

 
 
Fig. 3.  Vertex detector paradigm embodied in the Mark2 silicon vertex 
detector: The inner radius is only 2.5 cm, the ASIC’s (not shown) are at the 
end of the ladders outside the tracking volume and the detectors are very 
thin. From [16]. 
 

Vertex detectors enabled a new area of heavy flavor 
physics both in fixed target and colliding beam experiments. 
For example, all four LEP experiments had vertex detectors 
using silicon strip detectors [17]. The next step came in the 
use of radiation-hard electronics [18], and the realization that 

(A)	   (B)	  

The rise of silicon detectors in HEP 
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The	  next	  step	  forward	  came	  with	  the	  advent	  of	  the	  VLSI	  technology	  that	  allowed	  coupling	  ASIC	  amplifier	  chips	  
directly	  to	  the	  detectors	  	  

1990s	  -‐	  LEP,	  first	  silicon	  vertex	  detectors	  were	  installed	  in	  DELPHI	  and	  ALEPH	  experiments,	  then	  OPAL	  and	  L3	  	  

1989	  -‐	  first	  DELPHI	  vertex	  detector,	  consis)ng	  of	  two	  layers	  of	  single-‐sided	  strip	  detectors	  	  	  

Projec)ve	  	  geometry	  è	  ambiguity	  at	  high	  mul)plici)es	  (high	  occupancy)	  

This	  started	  to	  become	  apparent	  already	  at	  DELPHI:	  	  
•  High	  number	  of	  ambigui)es	  è	  reconstruc)on	  efficiency	  suffered	  a	  lot,	  

especially	  in	  the	  forward	  direc)on	  	  	  

Not	  usable	  close	  to	  IP	  in	  hadron	  colliders	  (LHC)	  or	  HI	  experiments	  at	  SPS	  2014 JINST 9 C05059
Figure 3. (Left) Ambiguity problem. (Middle) DELPHI event. (Right) ATLAS event. (CERN images.)

Hence, it is a linear detector and at least two layers are necessary to localize the track. This
works well as long as the number of tracks is small, but close to the beam interaction point it is
unfortunately not the case. When there is a high track density, the probability that two particles go
through one sensor at the same time is high. In this case, there are two strips hit in each direction
and it is not possible to say what pair of strips corresponds to what particles (figure 3). As a
matter of fact, with pure electron collisions like in the DELPHI experiment, the number of such
ambiguities was already so high that the ratio of reconstructed tracks was too bad, in particular
in the forward direction. Hence, with proton collisions at the LHC (CERN), it is much worse
(figure 3). Another problem that happens in the case of high track density is the degradation of the
sensor by the high radiation dose of the order of MGy’s. This implies to start with a high signal to
noise ratio that can be obtained only with a small capacitance at the input of the amplifier, which is
not the case for long strips.

While trying to solve this problem, we came to the conclusion that the only way to get rid of
the ambiguities was to build pixelated detectors for which each pixel must be able to indicate itself
that it has been hit. This can be carried out only with a complete electronic chain per pixel. This
was the very idea of hybrid pixel detectors.

A first paper was published in 1988 [1], which described the feasibility of such a detector.
At that time, the LHC and the associated experiments were under study and R&D groups were
set to start work on the design of the different parts of the detectors. Within that framework, the
pixel detector group RD19 was created in 1990 [2]. Then, in 1995 already, a first fixed target pixel
detector was installed in the WA97 (CERN, Omega facility) and, almost at the same time, the first
collider pixel detector was installed on the DELPHI experiment [3].

3 From RD19 to the LHC experiments

The first hybrid pixel detector was developed in the framework of the RD19 group [2]. Its prin-
ciple was to associate an integrated circuit to a pixelated sensor. The integrated circuit includes a
complete electronic chain for each sensor pixel (figure 4). The surface occupied by this electronic
chain has to be the same as the sensor pixel surface, which is about a hundred micrometer square.
That was the main challenge of this technology. The contact between the sensor pixel and the input
of its electronics was also a problem to solve, which was achieved by the bump-bonding technique.

– 3 –

Another	  problem	  at	  (very)	  high	  par)cle	  load	  è	  degrada)on	  of	  the	  sensor	  by	  the	  high	  radia)on	  dose	  	  

This	  implies	  star)ng	  with	  a	  signal-‐to-‐noise	  ra)o,	  which	  can	  only	  be	  obtained	  with	  detector	  with	  small	  capacitance	  

The rise of silicon detectors in HEP 

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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“The	  silicon	  micropamern	  detector:	  a	  dream?”	  
E.H.M	  Heijine,	  P.	  Jarron,	  A.	  Olsen	  and	  N.	  Redaelli	  ,	  Nucl.	  Instrum.	  Meth.	  A	  273	  (1988)	  615	  

“Development	  of	  silicon	  micropamern	  detectors”	  
CERN	  RD19	  collabora)on,	  Nucl.	  Instrum.	  Meth.	  A	  348	  (1994)	  399	  
	  
1995	  –	  First	  Hybrid	  Pixel	  detector	  installed	  in	  WA97	  (CERN,	  Omega	  facility)	  

1996/97	  –	  First	  Collider	  Hybrid	  Pixel	  Detector	  installed	  in	  DELPHI	  (CERN,	  LEP)	  
	  
	  
	  
	  
	  
	  

Work	  carried	  out	  by	  RD19	  for	  WA97	  and	  NA57/CERN	  	  

CERN	  –	  WA97	  Experiment	  (1995)	  

•  5	  x	  5	  cm2	  area	  
•  7	  detector	  planes	  
•  ~0.5	  M	  pixels	  
•  Pixel	  size	  75	  x	  500	  µm2	  

•  1	  kHz	  trigger	  rate	  
•  Omega2	  chip	  E.	  Heijne,	  E.	  Chesi	  

No-‐field,	  Pb-‐Pb,	  153	  reconstructed	  tracks	  

Hybrid	  pixel	  detector	  

The Inception of Silicon Pixel Detectors 
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Parameters	   ALICE	   ATLAS	   CMS	  
Nr.	  layers	   2	   3	  	   3	  

Radial	  coverage	  [mm]	   39	  -‐	  76	   50	  -‐	  120	   44	  –	  102	  

Nr	  of	  pixels	  	   9.8	  M	   80	  M	  	   66	  M	  

Surface	  [m2]	   0.21	   1.7	   1	  

Cell	  size	  (rφ	  x	  z)	  [µm2]	   50	  x	  425	   50	  x	  400	   100	  x	  150	  

Silicon	  thickness	  (sens.	  +	  ASIC)	  -‐	  x/X0	  [%]	   0.21	  +	  0.16	   0.27	  +	  0.19	   0.30	  +	  0.19	  
10	  

ATLAS	  Pixels	   CMS	  Pixels	   ALICE	  Pixels	  

Pixel Detectors at the LHC experiments 

10	  years	  aYer	  the	  first	  use	  in	  WA97…	  	  silicon	  pixel	  detectors	  at	  the	  heart	  of	  the	  LHC	  experiments	  
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•  Complex	  and	  costly	  interconnec)on	  between	  sensors	  and	  ASIC	  	  

•  Interconnec)on	  technology	  (micro-‐bump	  bonding)	  limits:	  	  

•  pitch	  (currently	  ~30µm)	  

•  input	  capacitance	  	  è power  	  	  	  

P. Riedler •  Limited	  number	  of	  sensors	  producers	  (~10	  world-‐wide)	  	  

•  no	  industrial	  scale	  produc)on	  	  è high	  cost	  

Lower	  produc)on	  cost	  

Higher	  integra)on	  (pitch,	  x/X0)	  	  

Lower	  power	  (x/X0,	  cost)	  	  
VTT	  Microelectronics	  Centre	   Fraunhofer	  IZM	  

Azom.com	  

CMOS	  Pixel	  Sensors	  

Beyond Hybrid Pixel Detectors … 
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Hybrid	  Pixel	  Detector	   Monolithic	  Pixel	  Detector	  

N.	  Wermes	  	  (Univ.	  of	  Bonn)	   N.	  Wermes	  	  (Univ.	  of	  Bonn)	  

Since	  the	  very	  beginning	  of	  pixel	  
development	  (CERN	  RD	  19):	  	  

Mo)va)on	  to	  	  reduce:	  cost,	  power,	  
material	  budget,	  assembly	  and	  
integra)on	  complexity	  

Several	  major	  obstacles	  to	  overcome:	  	  

•  CMOS	  generally	  not	  available	  on	  high	  resis)vity	  silicon	  (needed	  as	  bulk	  material	  for	  the	  sensor)	  

•  Full	  CMOS	  circuitry	  not	  possible	  within	  the	  pixel	  area	  (only	  one	  type	  of	  transistor	  è	  slow	  readout)	  

dream	  to	  integrate	  sensor	  and	  
readout	  electronics	  in	  one	  chip	  

✔	  

✔	  

Beyond Hybrid Pixel Detectors … 

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  

Exist	  in	  many	  different	  flavours:	  CMOS,	  HV	  CMOS,	  DEPFET,	  SOI	  	  
The	  following	  will	  cover	  only	  CMOS	  Ac)ve	  Pixel	  Sensors	  (CMOS	  MAPS)	  	  =	  CMOS	  AcAve	  Pixel	  Sensors	  (CPS)	  
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Owing	  to	  the	  industrial	  development	  of	  CMOS	  imaging	  sensors	  and	  the	  intensive	  R&D	  work	  (IPHC,	  RAL,	  CERN)	  

STAR	  HFT	  	  
0.16	  m2	  –	  	  356	  M	  pixels	  

CBM	  MVD	  
0.08	  m2	  –	  	  146	  M	  pixel	  

ALICE	  ITS	  Upgrade	  (and	  MFT)	  	  
10	  m2	  –	  	  12	  G	  pixel	  

Mimosa-‐1	   Mimosa-‐2	   Mimosa-‐3	  

IPHC	  	  	  christine.hu@in2p3.fr 13CPIX14	  15-‐17	  September	  2014,	  University	  of	  Bonn

Mimosa-‐26	  
2.7	  cm2	  

(EUDET	  Telescope)	  
.	  .	  .	  	  

…	  several	  HI	  experiments	  have	  selected	  CMOS	  pixel	  sensors	  for	  their	  inner	  trackers	  

2014	  -‐	  First	  CPS	  Detector	  

INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	

1. Overview

15
m

m
	

30mm	

•  ALICE experiment will fully replace its present Inner 
Tracking System (ITS) during the second long shutdown 
of the LHC  in 2019/2020

•  New ITS will be fully equipped with monolithic CMOS 
pixel sensors

•  Development of dedicated pixel chip for the ITS 
upgrade – ALPIDE

•  Fabricated in TowerJazz 180nm CMOS Imaging Sensor 
(CIS) process

•  Chip development started end 2011, including 4 MPWs 
and 5 engineering runs, containing various small and 
full-scale prototypes

è  one of them: INVESTIGATOR

Inner Barrel	

•  7 layers, grouped into two barrels 
•  radial coverage 22mm - 406mm

•  ~10m2 acFve area, ~25000 chips 
•  ~12.5 Gigapixels with binary readout

Outer Barrel	

Ø  M. Mager: The Upgrade of the ALICE Inner Tracking System with the 
Monolithic Ac?ve Pixel Sensor ALPIDE, Session N12: High energy physics 
instrumentaFon I: Silicon, Monday, Oct. 31, 18:00

Ø  H. Hillemanns: Radia?on Hardness of Monolithic Ac?ve Pixel Sensors for 
the ALICE Inner Tracking System Upgrade, Session N53: New Concepts in 
solid-state detectors and radiaFon damage effects III, Thursday, Nov. 3, 
10:30

ALPIDE

Cherwell	  
ALPIDE	  

sPHENIX	  
0.2	  m2	  –	  	  251	  M	  pixel	  

Beyond	  Hybrid	  Pixel	  Detectors	  -‐	  	  Monolithic	  Pixel	  Detectors	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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First	  applica)on	  to	  Vertex	  Detectors	  
Measurement	  of	  short-‐lived	  par)cles	  
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Example:	  D0	  meson	  

Analysis	  based	  on	  invariant	  mass,	  PID	  	  and	  decay	  topology	  

Particle Decay Channel cτ (µm) 

D0 K- π+         (3.8%) 123 

D+ K- π+ π+   (9.5%) 312 

K+ K- π+   (5.2%) 150 

p K- π+     (5.0%) 60 

+
SD

Λ+
C

Open	  charm	  

K-‐	  

π+	  

D0
	  fl
ig
ht
	  li
ne

	  

D0	  reconstructed	  	  
momentum	  

Primary	  vertex	  

d0k	  

d0π	  

secondary	  	  
vertex	  

Poin)ng	  	  
Angle	  θ	  

~	  
10
0	  
μm

	  

Secondary	  Vertex	  Determina)on	  
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Invariant	  mass	  distribu)on	  of	  K-‐π+	  pairs	  before	  
and	  aYer	  applying	  selec)on	  criteria	  on	  the	  
rela)on	  between	  the	  secondary	  (D0	  decay)	  
and	  primary	  ver)ces	  	  

ALICE,	  Int.	  J.	  Mod.	  Phys.	  A	  29	  (2014)	  1430044	   Example:	  D0	  meson	  

Analysis	  based	  on	  invariant	  mass,	  PID	  	  and	  decay	  topology	  

K-‐	  

π+	  

D0
	  fl
ig
ht
	  li
ne

	  

D0	  reconstructed	  	  
momentum	  

Primary	  vertex	  

d0k	  

d0π	  

secondary	  	  
vertex	  

Poin)ng	  	  
Angle	  θ	  

~	  
10
0	  
μm

	  

Example:	  D0	  meson	  

Secondary	  Vertex	  Determina)on	  
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Mechanical	  support	  with	  kinema)c	  
mounts	  (inser)on	  side)	  

carbon	  fiber	  sector	  tubes	  	  	  
(~	  200	  µm	  thick)	  

Aluminum conductor Ladder Flex Cable 

Ladder	  with	  10	  MAPS	  sensors	  (~	  2×2	  cm2	  each)	  

20	  cm	  

•  2 layers 
•  10 sectors total (in 2 halves) 
•  4 ladders/sector 

RDO Buffers / Drivers MAPS 

2-layer kapton flex cable with Al traces 

Key	  dates	  	  
•  3-‐sector	  prototype	  May	  2013	  
•  Full	  detector	  Jan	  2014	  

MAPS	  

power	  ~	  160mW/cm2	  	  

Rolling	  Shumer	  	  
~180µs	  integr.	  )me	  

STAR	  Pixel	  Detector	  –	  First	  applica)on	  of	  CMOS	  APS	  to	  HEP	  
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	  DCA	  poin)ng	  resolu)on	  
}  46	  µm	  for	  750	  MeV/c	  Kaons	  
}  ~	  30	  µm	  for	  p	  >	  1	  GeV/c	  	  

	   D0	  →	  K	  π	  produc+on	  in	  	  √sNN	  =	  200GeV	  Au+Au	  collisions	  

46	  µm	  

STAR	  Pixel	  Detector	  –	  Performance	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  



19	  

|B|	  =	  0.5	  T	  

New	  Inner	  Tracking	  System	  based	  on	  CMOS	  sensors	  for	  ALICE	  	  
New	  Inner	  Tracking	  System	  (ITS)	  
•  CMOS	  Pixels	  	  
g	  	  improved	  resolu)on,	  less	  material,	  faster	  readout	  

Novel	  MAPS	  technology	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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40cm	  

Closer	  to	  IP:	  	   	  39mm	  Æ	  22mm	  

Thinner:	  	   	   	  ~1.14%	  Æ	  ~	  0.3%	  (for	  inner	  layers)	  

Smaller	  pixels:	   	  50µm	  x	  425µm	  	  Æ	  27µm	  x	  29µm	  

Increase	  granularity	  (x	  103):	  20	  chan/cm3	  Æ	  2k	  pixel/cm3	  

10	  m2	  ac)ve	  silicon	  area:	  	  12.5	  G-‐pixels,	  σ	  ≈	  5µm	  	  

will	  be	  used	  (or	  it	  is	  proposed)	  for	  several	  other	  HEP	  detectors	  and	  non	  HEP	  applica4ons	  

NICA	  MPD	  (@JINR)	   sPHENIX	  (BNL)	   proton	  CT	  (tracking)	   CSES	  –	  HEPD2	  	  

New	  ITS	   ALPIDE	  (ALICE	  Pixel	  Detector)	  -‐	  Developed	  for	  the	  ALICE	  upgrade	  (ITS	  and	  MFT)	  

…	  

A	  new	  ITS:	  closer	  to	  IP,	  thinner,	  higher	  posi)on	  resolu)on	  	  

1.5	  ≤	  η	  ≤	  1.5	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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ALICE	  CMOS	  Pixel	  Sensor	  

CMOS	  Pixel	  Sensor	  using	  0.18µm	  CMOS	  Imaging	  Process	  	  	  	  

e e

e
e

h

h

h

h

PWELL PWELL NWELL

DEEP PWELL

NWELL
DIODE

NMOS
TRANSISTOR

PMOS
TRANSISTOR

Epitaxial Layer P-

Substrate  P++ 	  	  NA	  ~	  1018	  

NA	  ~	  1016	  

NA	  ~	  1013	  

▶  High-‐resis)vity	  (>	  1kΩ	  cm)	  p-‐type	  epitaxial	  layer	  (25µm)	  on	  p-‐type	  substrate	  

▶  Small	  n-‐well	  diode	  (2	  µm	  diameter),	  ~100	  )mes	  smaller	  than	  pixel	  =>	  low	  capacitance	  (~fF)	  

▶  Reverse	  bias	  voltage	  (-‐6V	  <	  VBB	  <	  0V)	  to	  substrate	  (contact	  from	  the	  top)	  to	  increase	  deple)on	  zone	  
around	  NWELL	  collec)on	  diode	  	  	  	  

▶  Deep	  PWELL	  shields	  NWELL	  of	  PMOS	  transistors	  	  

	  

Ar4s4c	  view	  of	  a	  	  
SEM	  picture	  of	  

ALPIDE	  cross	  sec4on	  	  

è	  	  full	  CMOS	  circuitry	  within	  ac)ve	  area	  

pixel	  capacitance	  ≈5	  fF	  (@	  Vbb	  =	  -‐3	  V)	  

0.3	  pJ	  /	  bit	  	  

Cin	  ≈	  5	  fF	  	  

2  x  2  pixel  
volume  

Qin	  (MIP)	  ≈	  1300	  e	  a	  V	  ≈	  40mV	  	  

collecAon  electrode
28  µm
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INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	

1. Overview
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m

m
	

30mm	

•  ALICE experiment will fully replace its present Inner 
Tracking System (ITS) during the second long shutdown 
of the LHC  in 2019/2020

•  New ITS will be fully equipped with monolithic CMOS 
pixel sensors

•  Development of dedicated pixel chip for the ITS 
upgrade – ALPIDE

•  Fabricated in TowerJazz 180nm CMOS Imaging Sensor 
(CIS) process

•  Chip development started end 2011, including 4 MPWs 
and 5 engineering runs, containing various small and 
full-scale prototypes

è  one of them: INVESTIGATOR

Inner Barrel	

•  7 layers, grouped into two barrels 
•  radial coverage 22mm - 406mm

•  ~10m2 acFve area, ~25000 chips 
•  ~12.5 Gigapixels with binary readout

Outer Barrel	

Ø  M. Mager: The Upgrade of the ALICE Inner Tracking System with the 
Monolithic Ac?ve Pixel Sensor ALPIDE, Session N12: High energy physics 
instrumentaFon I: Silicon, Monday, Oct. 31, 18:00

Ø  H. Hillemanns: Radia?on Hardness of Monolithic Ac?ve Pixel Sensors for 
the ALICE Inner Tracking System Upgrade, Session N53: New Concepts in 
solid-state detectors and radiaFon damage effects III, Thursday, Nov. 3, 
10:30

ALPIDE

pads	  over	  matrix	  
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Bias,	  Data	  Buffering,	  Interface	  

THR	  

COMP	  AMP	  1024	  pixel	  columns	  

signal	  processing	  
circuitry	  integrated	  

in	  pixel	  matrix	  51
2	  
ro
w
s	  

50µm	  thick	  

130,000	  pixels	  /	  cm2	  	  	  27x29x25	  µm3	  
charge	  collec)on	  )me	  	  <10ns	  (Vbb	  =	  -‐3V)	  
spa)al	  resolu)on	  ~	  5	  µm	  
max	  par)cle	  rate	  ~	  100	  MHz	  /	  cm2	  

fake-‐hit	  rate:	  <	  10-‐9	  	  pixel	  /	  event	  
power	  :	  	  ≈300	  nW	  /pixel	  
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CMOS	  APS	  Fully	  Depleted	  	  
Improving	  )ming	  performance	  and	  radia)on	  tolerance	  
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Fully	  depleted	  CMOS	  APS	  
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	30	
Monolithic	 active	 pixel	 sensors	 (MAPS)	 integrating	 sensor	 matrix	 and	 readout	 in	 one	 piece	 of	31	

silicon	revolutionized	imaging	for	consumer	applications,	and	now	start	making	their	way	into	high	32	
energy	 physics.	 For	 its	 upgrade	 of	 the	 Inner	 Tracking	 System	 (ITS),	 the	ALICE	 experiment	 plans	 to	33	
install	a	new	tracker	[1]	(Fig.	1)	consisting	of	7	barrel	layers	fully	constructed	with	MAPS,	covering	a	34	
10	m2	area	with	about	12.5	billion	pixels.	This	new	detector	should	reduce	the	material	budget	or	the	35	
radiation	length	per	layer	X/X0	from	1.14	%	to	0.3	%	for	the	inner	layers,	the	pixel	size	from	425	x	50	36	
to	about	28	x	28	μm2,	and	the	radius	of	the	first	layer	from	39	to	22	mm.	This	has	lead	to	a	significant	37	
effort	to	develop	the	ALPIDE	monolithic	active	pixel	sensor	[2],	of	which	now	the	final	prototype	has	38	
returned	from	foundry	[3].	39	

NWELL 
COLLECTION 
ELECTRODE 

PWELL 

DEEP PWELL 

P= EPITAXIAL LAYER 

P+ SUBSTRATE 

NWELL PWELL NWELL 
DEEP PWELL 

PMOS NMOS 

DEPLETION BOUNDARY 

DEPLETED ZONE 

	40	
Figure	2.	A	deep	pwell	shields	the	nwells	with	circuitry	from	the	sensor	and	allows	full	CMOS	in	the	pixel.	In	the	41	

standard	process	it	is	difficult	to	deplete	the	epitaxial	layer	over	its	full	width.	42	

The	TowerJazz	180nm	CMOS	imaging	sensor	process	[4]	has	been	chosen	for	the	ALPIDE	sensor	43	
due	to	the	offering	of	a	deep	pwell	(Fig.	2)	and	the	possibility	to	use	different	starting	materials.	Only	44	
the	 nwell	 collection	 electrode	 is	 not	 shielded	 from	 the	 epitaxial	 layer	 by	 the	 deep	 pwell	 and	 is	45	
allowed	to	collect	 signal	charge	 from	the	epitaxial	 layer.	The	deep	pwell	prevents	all	other	nwells,	46	
which	contain	circuitry	(PMOS	transistors),	from	collecting	signal	charge	from	the	epitaxial	layer	and	47	
therefore	 allows	 the	 use	 of	 full	 CMOS	 and	 therefore	more	 complex	 readout	 circuitry	 in	 the	 pixel.	48	
ALICE	is	the	first	experiment	where	this	has	been	used	to	implement	a	Monolithic	Active	Pixel	Sensor	49	
(MAPS)	with	pixel	 front	end	 (amplifier	and	discriminator)	and	a	sparsified	readout	within	 the	pixel	50	
matrix	 similar	 to	hybrid	 sensors.	 The	 low	 capacitance	of	 the	 small	 collection	electrode	 (about	 2x2	51	
μm2)	made	it	possible	to	only	consume	40	nW	in	the	front	end	which	was	then	combined	with	a	zero	52	
suppressed	 readout	 for	 low	 overall	 power	 consumption.	 The	 deep	 pwell	 also	 helps	 to	 shield	 the	53	
sensor	 from	activity	 in	 the	readout	circuitry.	Outside	of	 the	pixel	matrix	 it	 is	also	possible	 to	use	a	54	
deep	nwell	to	obtain	a	standard	triple	well	structure.	55	

	56	
This	technology	follows	the	general	trend	observed	in	many	deep	submicron	CMOS	technologies	57	

for	 increased	 total	 ionizing	 dose	 tolerance	 with	 decreasing	 gate	 oxide	 thicknesses	 [5][6][7].	58	
Concerning	tolerance	to	non-ionizing	energy	loss	(NIEL),	traditional	MAPS	collect	charge	primarily	by	59	
diffusion,	 and	 often	 already	 show	 significant	 performance	 degradation	 after	 fluences	 in	 excess	 of	60	
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fully	 functional	 and	 the	 small	 low	 capacitance	 collection	 electrodes	 resulted	 in	 a	 signal-to-single-104	
channel	noise	of	150	to	1	and	a	1.8	µm	spatial	resolution	in	the	direction	of	smallest	pixel	pitch	(34	105	
µm).	 	However,	 the	 devices	 required	 processing	 both	 sides	 of	 the	wafer,	 typically	 not	 compatible	106	
with	 standard	 foundry	 CMOS	 processes.	 An	 approach	 to	 create	 a	 planar	 junction	 which	 requires	107	
processing	 of	 the	wafer	 only	 on	 one	 side	 is	 to	 use	 an	 epitaxial	 layer	 of	 the	 opposite	 type	 as	 the	108	
substrate	and	this	was	recently	further	pursued	[18].	109	
	110	

p+ substrate 

nwell collection 
electrode 

pwell 
deep pwell 

nwell pwell nwell 
deep pwell 

PMOS NMOS 

p- epitaxial layer 

depletion boundary 

depleted zone 

low dose n-type implant 

undepleted zone 

	111	
(a)112	

p+ substrate 

nwell collection 
electrode 
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deep pwell 

nwell pwell nwell 
deep pwell 

PMOS NMOS 

p- epitaxial layer 

depletion boundary 

depleted zone 

low dose n-type implant 

	113	
(b)	114	

Figure	3.	Schematic	cross-section	of	a	pixel	in	the	modified	process:	at	very	low	reverse	collection	electrode	bias	the	115	
depletion	of	the	low	dose	n-type	implant	is	only	partial	around	the	collection	electrode	(a).	For	higher	reverse	biases	the	116	

depletion	reaches	the	nwell	implant	for	the	collection	electrode	(b)	yielding	a	low	sensor	capacitance.	117	

In	 this	work	a	 low	dose	deep	n-type	 implant	has	been	used	 to	 implement	a	planar	 junction	 in	 the	118	
epitaxial	 layer	within	 the	 pixel	matrix	 below	 the	wells	 containing	 circuitry	 (Fig.	 3).	 The	 implant	 is	119	
sufficiently	low	dose	to	fully	deplete	it	up	to	the	nwell	collection	electrode	implant	for	reverse	bias	120	
voltages	of	a	few	Volts	and	obtain	a	sensor	capacitance	of	only	a	few	fF.	Since	the	pwell	in	the	pixel	121	
matrix	 and	 the	 substrate	are	now	 separated	by	a	depletion	 layer	 and	hence	 isolated,	 they	 can	be	122	
biased	independently,	provided	a	sufficiently	large	potential	barrier	prevents	the	holes	in	the	pwell	123	

Standard	  Process	  (+DEEP	  PWELL)	  	  	   Modified	  Process	  with	  low-‐dose	  n-‐type	  implant	  (+DEEP	  PWELL)	  	  	  	  	  

very	  low	  reverse	  CE	  bias	  	  	  

A	  process	  modifica)on	  for	  CMOS	  Ac)ve	  Pixel	  Sensors	  for	  enhanced	  deple)on,	  )ming	  performance	  
and	  radia)on	  tolerance	  

The	  process	  modifica4on	  requires	  a	  single	  addi4onal	  process	  mask	  with	  no	  changes	  on	  the	  sensor	  and	  circuit	  layout	  

For	  details	  on	  process	  modifica)on	  and	  experimental	  results	  see:	  NIM,	  	  A	  871C	  (2017)	  pp.	  90-‐96	  	  (CERN/Tower)	  	  	  

The	  ALICE	  test	  vehicle	  chip	  (inves)gator)	  and	  prototype	  ALPIDE	  chips	  exist	  with	  both	  flavors	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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A	  process	  modifica)on	  for	  CMOS	  APS	  for	  full	  deple)on	  	  	 	
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fully	 functional	 and	 the	 small	 low	 capacitance	 collection	 electrodes	 resulted	 in	 a	 signal-to-single-104	
channel	noise	of	150	to	1	and	a	1.8	µm	spatial	resolution	in	the	direction	of	smallest	pixel	pitch	(34	105	
µm).	 	However,	 the	 devices	 required	 processing	 both	 sides	 of	 the	wafer,	 typically	 not	 compatible	106	
with	 standard	 foundry	 CMOS	 processes.	 An	 approach	 to	 create	 a	 planar	 junction	 which	 requires	107	
processing	 of	 the	wafer	 only	 on	 one	 side	 is	 to	 use	 an	 epitaxial	 layer	 of	 the	 opposite	 type	 as	 the	108	
substrate	and	this	was	recently	further	pursued	[18].	109	
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Figure	3.	Schematic	cross-section	of	a	pixel	in	the	modified	process:	at	very	low	reverse	collection	electrode	bias	the	115	
depletion	of	the	low	dose	n-type	implant	is	only	partial	around	the	collection	electrode	(a).	For	higher	reverse	biases	the	116	

depletion	reaches	the	nwell	implant	for	the	collection	electrode	(b)	yielding	a	low	sensor	capacitance.	117	

In	 this	work	a	 low	dose	deep	n-type	 implant	has	been	used	 to	 implement	a	planar	 junction	 in	 the	118	
epitaxial	 layer	within	 the	 pixel	matrix	 below	 the	wells	 containing	 circuitry	 (Fig.	 3).	 The	 implant	 is	119	
sufficiently	low	dose	to	fully	deplete	it	up	to	the	nwell	collection	electrode	implant	for	reverse	bias	120	
voltages	of	a	few	Volts	and	obtain	a	sensor	capacitance	of	only	a	few	fF.	Since	the	pwell	in	the	pixel	121	
matrix	 and	 the	 substrate	are	now	 separated	by	a	depletion	 layer	 and	hence	 isolated,	 they	 can	be	122	
biased	independently,	provided	a	sufficiently	large	potential	barrier	prevents	the	holes	in	the	pwell	123	

very	  low	  reverse	  CE	  bias	  	  	  

Deple)on	  of	  the	  low-‐dose	  implant	  up	  to	  the	  Charge	  Collec)on	  Electrode	  	  (NWELL)	  is	  obtained	  at	  
moderate	  reverse	  bias	  voltage	  (≈	  -‐5V)	  

Punchthrough	  (pwell	  to	  substrate)	  	  sets	  in	  at	  >	  -‐30V	  for	  a	  high-‐res	  layer	  of	  30µm	  	  	  

higher	  reverse	  CE	  bias	  	  	  

holes	  in	  the	  pwell	  entering	  the	  epitaxial	  layer	  	  	  
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for	 reverse	 substrate	biases	beyond	 -	20	V	as	punchthrough	 sets	 in.	 The	pwell	was	grounded.	The	159	
figure	 illustrates	 that	 the	onset	of	punchthrough	does	practically	not	 change	with	nwell	 collection	160	
electrode	bias.	161	
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depleted zone

	164	
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Figure	5	(color	on-line).	Simulated	hole	(a)	and	electron	(b)	densities	illustrate	the	depletion	of	the	epitaxial	layer	166	
and	the	low	dose	implant.	The	junctions	are	indicated	with	a	red	line	and	the	edge	of	the	depleted	zone	with	white	lines.	167	

Fig.	5	illustrates	as	an	example	the	depletion	of	the	sensitive	layer	and	in	particular	the	low	dose	n-168	
type	implant	by	plotting	simulated	electron	and	hole	densities.	To	save	grid	points	and	computation	169	
time	 and	 using	 the	 symmetry	 in	 a	 square	 28	 x	 28	 μm2	 pixel	 only	 one	 eighth	 of	 the	 pixel	 was	170	
simulated,	hence	yielding	the	pie	shape	in	the	figure.	The	red	lines	indicate	the	junctions,	the	white	171	
lines	the	depletion	boundary.	The	pwell	was	grounded,	the	collection	electrode	and	substrate	biases	172	
are	biased	at	-5	V	and	-15	V	respectively,	but	similar	depletion	is	already	reached	near	zero	substrate	173	
bias.	174	
	175	
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Simulated	  hole	  (leY)	  and	  electron	  (right)	  densi)es.	  The	  junc)ons	  are	  indicated	  with	  a	  red	  line	  and	  the	  edge	  of	  
the	  depleted	  cone	  with	  white	  lines.	  	  	  	  

Deple)on	  of	  the	  epitaxial	  layer	  and	  the	  low	  dose	  implant	  

High-‐res  =  18µm,    VCE  =  5V,  Vsubstrate  =  -‐15V

A	  process	  modifica)on	  for	  CMOS	  APS	  for	  full	  deple)on	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  



27	  

Charge-collecFon Fme measurements with X-Rays
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3. Measurements and results

For X-Ray absorpFon in sensor fabricated with the std process 
three cases can be defined:


1.  AbsorpFon in depleFon volume: charge collected by drig, no 
charge sharing, single pixel clusters

–  Events of this case populate the calibraFon peak in signal histograms

–  Charge collecFon Fme  expected to be ≈ 1ns

2.  AbsorpFon in epitaxial layer: charge parFally collected by 
diffusion and then drig, charge sharing between pixels 
depending on posiFon of X-Ray absorpFon

–  Charge collecFon Fme expected to be dependent on distance of the X-Ray 
absorpFon from a depleFon volume, and longer than for events of case 1

3.  AbsorpFon in substrate: 
–  contribuFon depending on depth of X-Ray absorpFon posiFon within 

substrate, and charge carrier lifeFme within substrate

55Fe: two X-Ray emission modes:


1.  K-α: 5.9keV (1640e/h in Si), relaFve frequency: 89.5%
       awenuaFon length in Si: 29μm
2.  K-β: 6.5keV (1800e/h in Si), relaFve frequency: 10.5%
       awenuaFon length in Si: 37μm
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For	  X-‐Ray	  absorp)on	  in	  sensor	  with	  the	  std	  process	  three	  	  cases	  can	  be	  defined:	  
1.  Absorp)on	  in	  deple)on	  volume:	  charge	  collected	  by	  driY,	  no	  charge	  sharing,	  

single	  pixel	  cluster:	  
•  Events	  populate	  the	  calibra)on	  peak	  in	  signal	  histograms	  
•  charge	  collec)on	  )me	  expected	  to	  be	  ≈	  1ns	  

2.  Absorp)on	  in	  epitaxial	  layer:	  charge	  par)ally	  collected	  by	  diffusion	  and	  then	  
driY,	  charge	  sharing	  between	  pixels	  depending	  on	  posi)on	  of	  X-‐Ray	  absorp)on	  

•  Charge	  collec)on	  depends	  on	  distance	  of	  the	  X	  Ray	  absorp)on	  from	  deple)on	  

3.  Absorp)on	  in	  substrate	  	  
•  Contribu)on	  depending	  on	  depth	  of	  X-‐Ray	  absorp)on	  posi)on	  in	  substrate	  and	  

charge	  carrier	  life)me	  within	  substrate	  

55Fe:	  two	  X-‐Ray	  emission	  modes:	  
1.  K-‐α:	  5.9	  keV	  (1640	  e/h),	  rel.	  freq.:	  89.5%	  amen.	  length	  in	  Si:	  29µm	  	  
2.  K-‐β:	  6.5	  keV	  (1800	  e/h),	  rel.	  freq.:	  10.5%	  amen.	  length	  in	  Si:	  37µm	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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(a)	206	

	207	
(b)	208	

Experimental	  Results	  with	  the	  INVESTIGATOR	  CHIP	  (an	  ALICE	  test	  vehicle	  chip)	  

Signal	  and	  cluster	  distribu)on	  from	  a	  a	  55Fe	  radioac)ve	  source	  measured	  at	  room	  temperature	  for	  standard	  and	  
modified	  process	  with	  higher	  (modified	  process	  1)	  and	  lower	  (modified	  process	  2)	  dose	  for	  the	  low-‐dose	  implant	  	  

Cluster	  Signal	  	   Seed	  Signal	  	  

A	  process	  modifica)on	  for	  CMOS	  APS	  for	  full	  deple)on	  	  
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	237	
(b)	238	

	239	
(c)	240	

Figure	8	(color	on-line).	Measured	charge	collection	time	at	room	temperature	versus	signal	from	a	55Fe	radioactive	241	
source	for	standard	(a)	and	modified	process	with	higher	(b)	and	lower	(c)	dose	for	the	low	dose	implant	[19][20].	242	
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	243	
Figure	9.	Measured	signal	rise	time	at	room	temperature	from	a	55Fe	radioactive	source	for	standard	(a)	and	244	

modified	process	with	higher	(modified	process	1)	and	lower	(modified	process	2)	dose	for	the	low	dose	implant	245	
[19][20].	246	

In	 fig.	 8	 signal	 rise	 time	 and	 amplitude	 were	 measured	 for	 a	 single	 pixel	 and	 plotted	 in	 a	 two-247	
dimensional	distribution	for	both	standard	and	modified	process.	As	already	stated,	for	the	standard	248	
process	 charge	 sharing	 between	 pixels	 occurs	 much	 more	 often	 and	 this	 typically	 happens	 for	249	
particles	incident	near	the	boundary	between	pixels.	Since	the	epitaxial	layer	is	not	depleted	there,	250	
and	 charge	 has	 to	 be	 collected	 by	 diffusion,	 this	 explains	 the	 increase	 of	 the	 average	 charge	251	
collection	 time	with	 decreasing	 pixel	 signal.	 For	 the	modified	 process	 charge	 sharing	 is	much	 less	252	
frequent	but	also	signal	rise	time	is	not	dependent	on	the	size	of	the	signal	or	whether	the	signal	is	253	
shared	between	pixels	or	not.	Fig.	9	clearly	 illustrates	the	 lower	and	more	uniform	signal	rise	time	254	
for	the	modified	process.	The	signal	rise	time	is	comparable	for	the	two	dose	splits	of	the	low	dose	255	
implant.	The	much	larger	fraction	of	single	pixel	hits	and	the	lower	and	more	uniform	collection	time	256	
all	 indicate	 a	 drastically	 increased	 depletion	 volume	 in	 the	 sensor	 for	 the	 modified	 process,	257	
confirming	 the	 device	 simulations.	 More	 extensive	 measurements	 are	 in	 progress	 and	 will	 be	258	
reported	together	with	a	more	detailed	description	of	the	Investigator	in	[19].	259	
	260	

The	 improved	 timing	 performance	 and	 the	 combination	 of	 the	 low	 capacitance	 collection	261	
electrode	and	the	increased	depletion	volume	and	its	potential	for	NIEL	tolerance	has	raised	interest	262	
in	this	modified	process	not	only	within	ALICE	but	also	in	other	experiments,	with	as	a	consequence	263	
significant	measurement	activity	on	the	Investigator[21][22][23].	264	

Post-irradiation	performance.	265	

Charge	  collec)on	  )me	  vs.	  signal	  (leY)	  and	  signal	  rise	  )me	  distribu)on	  (right)	  from	  a	  55Fe	  radioac)ve	  source	  for	  
standard	  and	  modified	  process	  with	  higher	  (modified	  process	  1)	  and	  lower	  (modified	  process	  2)	  dose	  

Time	  resolu)on	  limited	  by	  chip	  output	  buffer	  speed	  (≈	  20ns)	  and	  noise	  	  

Experimental	  Results	  with	  the	  INVESTIGATOR	  CHIP	  (an	  ALICE	  test	  vehicle	  chip)	  

A	  process	  modifica)on	  for	  CMOS	  APS	  for	  full	  deple)on	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  

A	  new	  version	  of	  the	  inves)gator	  chip	  w/o	  buffer	  speed	  limita)on	  is	  being	  tested	  now	  	  



30	  

A	  process	  modifica)on	  for	  CMOS	  APS	  for	  full	  deple)on	  	  
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3. Measurements and results
Charge-collecFon and signal rise Fme at up to 1x1015 1MeV neq/cm2


90Sr measurements on modified-process samples (different setup, different pixel w.r.t. before)

–  Non-irradiated
–  1x1014 1MeV neq/cm2 (NIEL) and 100krad (TID) 
–  1x1015 1MeV neq/cm2 (NIEL) and 1Mrad (TID) 



•  Liwle change to signal ager irradiaFon, signal well separated from noise

•  Note: standard process no longer working ager 1x1015 1MeV neq/cm2 

MM129: 50μm pitch, 3um n-well diameter, 18.5μm spacing, 25μm epi

Signal rise time [ns] 

Courtesy	of	H.	Pernegger,	C.	Riegel	et	al.	(ATLAS)	
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90Sr	  measurements	  on	  modified-‐process	  (INVESTIGATOR	  chip)	  
Non-‐irradiated,	  1x1014	  1MeV	  neq/cm2	  (NIEL)	  and	  100	  krad	  (TID),	  	  1x1015	  1	  MeV	  neq/cm2	  (NIEL)	  and	  1Mrad	  (TID)	  	  

Limle	  signal	  loss	  aYer	  irradia)on,	  signal	  well	  separated	  	  from	  noise	  	  
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Ultra-‐lightweight	  Vertex	  Detector	  	  
Approaching	  0-‐mass	  detector	  

31	  L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  



ITS plenary meeting, 16.04.2018, I. Belikov & M. Masera 3

A Large Ion Collider Experiment

Update on the geometry (Mario)

Half	  Inner	  Barrel	  

Inner	  Barrel	  Stave	  

ALICE	  innovates:	  ultra	  lightweight	  support	  structures	  and	  cooling	  

ALICE	  ITS	  Upgrade	  	  

Silicon	  sensor	  +	  readout	  circuitry	  
only	  13%	  of	  the	  total	  material	  budget	  

capacitors	  	  L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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How	  to	  further	  reduce	  material	  budget?	  

Eliminate	  ac)ve	  cooling	  

è 	  possible	  for	  power	  densi)es	  below	  20mW/cm2	  

Eliminate	  electrical	  substrate	  

è Possible	  if	  sensor	  covers	  the	  full	  stave	  length	  

ALPIDE	  Chip:	  pixel  matrix  power  ~7mW/cm2	  …                                                                            
…  the  rest  (~30mW/cm2)  is  dissipated  at  the  sensor  periphery

Can  we  put  the  circuit  periphery  at  the  periphery  of  the  detector?

Space Frame 

Cold Plate 

Cooling Ducts 

9 Pixel Sensors

Flex Printed Circuit 

0.05%	  x/X0	  

signal	  processing	  
circuitry	  integrated	  
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Can	  we	  further	  reduce	  the	  mass	  of	  a	  vertex	  detector?	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  

INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	

1. Overview

15
m

m
	

30mm	

•  ALICE experiment will fully replace its present Inner 
Tracking System (ITS) during the second long shutdown 
of the LHC  in 2019/2020

•  New ITS will be fully equipped with monolithic CMOS 
pixel sensors

•  Development of dedicated pixel chip for the ITS 
upgrade – ALPIDE

•  Fabricated in TowerJazz 180nm CMOS Imaging Sensor 
(CIS) process

•  Chip development started end 2011, including 4 MPWs 
and 5 engineering runs, containing various small and 
full-scale prototypes

è  one of them: INVESTIGATOR

Inner Barrel	

•  7 layers, grouped into two barrels 
•  radial coverage 22mm - 406mm

•  ~10m2 acFve area, ~25000 chips 
•  ~12.5 Gigapixels with binary readout

Outer Barrel	

Ø  M. Mager: The Upgrade of the ALICE Inner Tracking System with the 
Monolithic Ac?ve Pixel Sensor ALPIDE, Session N12: High energy physics 
instrumentaFon I: Silicon, Monday, Oct. 31, 18:00

Ø  H. Hillemanns: Radia?on Hardness of Monolithic Ac?ve Pixel Sensors for 
the ALICE Inner Tracking System Upgrade, Session N53: New Concepts in 
solid-state detectors and radiaFon damage effects III, Thursday, Nov. 3, 
10:30

ALPIDE ALPIDE  
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Stitching available also for 300mm technologies 

1-‐D	  or	  2-‐D	  s)tched	  version	  of	  a	  sensor	  chip	  

S)tching	  allows	  building	  circuits	  as	  large	  as	  an	  en)re	  wafer	  	  (standard	  process	  for	  several	  CIS	  technologies)	  	  

Peripheral	  circuit	  
	  	  	  	  

Ac)ve	  Area	  
	  	  	  	  

15	  cm	  

	  
	  
	  

	  

2	  -‐	  15	  cm
	  

	  	  	  
	  	  

	  	  

The	  use	  of	  CMOS	  and	  s)tching	  technologies	  open	  new	  opportuni)es	  	  	  	  
a	  Vertex	  detectors,	  large	  area	  tracking	  detectors,	  digital	  caloremeters	  

•  enhanced	  performance	  (spa)al	  and	  )me	  resolu)on)	  	  
•  reduc)on	  of	  power	  consump)on	  and	  material	  budget	  	  

large	  cost	  saving	  due	  to	  low	  produc)on	  costs	  

Migra)on	  to	  smaller	  technology	  nodes	  (180nm	  a	  65nm,	  40nm)	  	  a	  large	  power	  reduc)on	  

What’s	  next?	  -‐	  Future	  R&D	  opportuni)es	  using	  CMOS	  technologies	  	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Silicon	  Genesis:	  20	  micron	  thick	  Si	  wafer	  

Can we exploit flexible nature of thin silicon ? 
 
 
	  

Chipworks:	  30µm-‐thick	  RF-‐SOI	  CMOS	  

Ultra-‐thin	  chip	  (<50	  um):	  flexible	  with	  good	  stability	  

What’s	  next?	  -‐	  Future	  R&D	  opportuni)es	  using	  CMOS	  technologies	  	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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“Silicon-‐only”	  Cylindrical	  Vertex	  Detector	  (Inner	  Barrel)	  	  

Layers	   supported	   by	   high-‐thermal	   conduc)ve	  
carbon	  foam	  (half-‐ring)	  
Cooling	   is	  provided	  by	  air	  flow	  through	  the	  carbon	  
foam.	  	  

Open	  cell	  
carbon	  foam	  

Layer
	  0	  

Layer
	  1	  

Layer	  2
	  

External	  Structur
al	  shell	  

Beampipe	  fixa)on	  
Beampipe	  OR	  16mm	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  



A	  3D	  Pixel	  Chamber	  	  
Ac)ve	  target	  using	  CMOS	  APS	  

37	  L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Studies	  on	  3D	  Pixel	  Chamber	  Imager	  for	  measuring	  charm	  and	  beauty	  at	  a	  fixed	  target	  experiment	  

The	  heart	  is	  a	  3D	  pixel	  chamber	  used	  as	  ac)ve	  target	  	  

The	  idea	  is	  to	  have	  a	  detector	  able	  to	  provide	  the	  image	  of	  the	  proton-‐nucleus	  or	  nucleus-‐nucleus	  
interac)on	  and	  track	  the	  par)cles	  generated	  in	  the	  inelas)c	  collision	  just	  star)ng	  at	  the	  interac)on	  point	  

The	  pixel	  chamber	  is	  realized	  with	  a	  stack-‐up	  of	  thin	  CMOS	  
sensors	  providing	  truly	  3D	  (almost)	  con)nuous	  tracking	  with	  a	  
precision	  of	  few	  microns	  for	  very	  high	  rate	  and	  mul)plicity	  
environment	  	  

A	  pixel	  chamber	  as	  heavy-‐flavour	  imager	  

p,  A  beam

Nuclear	  interac)on	  inside	  a	  stack-‐up	  of	  N	  fine	  pitch	  pixel	  sensor	  

•  N	  ≈	  100	  ,	  H	  ~	  50µm,	  L	  ≈	  0.1	  nuclear	  collision	  length	  (≈30mm)	  

•  	  cm	  boost:	  ≈	  14	  at	  400	  GeV/c	  (SPS),	  ≈60	  at	  7TeV	  (LHC)	  

≈	  25	  x	  106	  pixel/cm3	  
Pixel	  Chamber	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Using	  ALPIDE,	  Pixel	  Chamber	  Detector	  with	  a	  volume	  of	  about	  15(w)	  x	  30(L)	  x	  5(H)	  mm3	  	  

•  segmented	  in	  pixels	  of	  about	  27	  x	  29	  x	  50	  µm3	  	  

•  providing	  the	  measurement	  of	  25	  x	  106	  space	  points	  /	  cm3	  	  

•  with	  a	  spa)al	  resolu)on	  of	  ≈5µm	  in	  the	  three	  dimensions	  

Besides	  the	  huge	  granularity	  which	  ensures	  a	  three-‐dimensional	  image-‐like	  reconstruc)on	  of	  the	  event,	  this	  detector	  is	  
sufficiently	  radia)on	  hard	  (1014	  -‐	  1015	  1MeV	  neq)	  and	  fast	  for	  measurements	  in	  fixed-‐target	  mode	  (integra)on	  )me	  O(1µs)).	  

The	  Pixel	  Chamber	  is	  coupled	  	  to	  a	  compact	  silicon	  telescope	  	  
immersed	  in	  a	  magne)c	  filed	  of	  few	  tesla	  for	  precise	  measurement	  of	  
par)cle	  momenta.	  	  
	  
In	  this	  way	  a	  very	  compact	  instrument	  for	  imaging	  of	  heavy	  flavors	  with	  
unprecedented	  precisions	  can	  be	  realized.	  	  

The	  detector	  could	  also	  be	  complemented	  with	  other	  detectors	  
specialized	  for	  specific	  measurements	  (e.g.	  electrons,	  muons,	  photons)	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  

A	  pixel	  chamber	  as	  heavy-‐flavour	  imager	  
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Pixel	  Chamber	  	  -‐	  proof	  of	  principle	  demonstrator	  

p,	  A	  

A	  different	  configura)on	  based	  on	  planes	  transverse	  to	  the	  beam	  direc)on	  	  

The	  target	  is	  a	  different	  material,	  which	  is	  used	  as	  support	  and	  cold	  plate	  for	  the	  sensors	  
GEANT	  Simula)on	  

Demonstrator	  will	  be	  
tested	  at	  SPS	  summer	  2018	  

Pixel	  Chamber	  +	  telescope	  
to	  measure	  beam	  posi)on	  
and	  emerging	  par)cles	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Xe-‐Pb	  measurements	  at	  SPS	  with	  ALPIDE	  	  	  

•  15	  AGeV/c	  Xe	  
•  10	  mm	  Pb	  target,	  3cm	  away	  
•  3	  ALPIDE	  layers	  	  
•  2	  cm	  plane	  spacing	  	  

Xe	  –	  Pb	  @	  SPS	  (2017)	  

First	  look	  at	  data:	  plenty	  of	  events	  
some	  with	  interac)on	  in	  silicon	  	  	  	  



Hadron	  Therapy	  
Use	  of	  CMOS	  APS	  for	  pCT	  	  

42	  L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Proton  (ion)  energy  transfer   is  highly   localized  (Bragg  peak):  greater  effecAveness  and  much  
lower  collateral  damage  respect  to  tradiAonal  x-‐rays  therapy.

The  Bragg  peak  posiAon  (depth)  in  the  body  depends  on  the  ion  energy  and  the  Assue  density  
it  traverses.  Changing  energy  determines  the  aiming  depth.

Bragg  peak

ionizing
radiaAon

Radiotherapy  and  Oncology  95  (2010)  3–22

RadiaAon  Oncology*Biology*Physics  83  (2012)  1549–1557

protons
16C  ions

Hadron	  therapy:	  physics	  ra)onale	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Hadron	  therapy:	  reduced	  collateral	  damage	  	  

X-‐Rays  treatment Protons  treatment

100%50%0%

Planned  dose

JAMA  307  (2012)  1611-‐20

RadiaAon  Oncology*Biology*Physics  83  (2012)  1549–1557

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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PHYSICAL  REVIEW  ACCELERATORS  
AND  BEAMS  19,  124802  (2016)

Hadron	  therapy	  facili)es	  around	  the	  world	  	  

Only	  ≈1%	  of	  the	  candidates	  for	  proton	  therapy	  can	  be	  treated	  in	  the	  ac)ve	  facili)es	  worldwide	  ….	  

≈8000	  more	  treatment	  rooms	  are	  needed	  around	  the	  globe	  	  
L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Fine  energy  tuning  bejer  than  0.5%

X-‐ray  3D  CT  cannot  disAnguish  Assue  
densiAes  with  the  required  precision:  
proton  therapy  limit  today  (bigger  
systemaAc  error,  up  to  5%).  But  
protons  actually  can  (and  with  much  
less  dose,  ≈  1.5  mGy  vs.  10-‐100  mGy).

Aiming   the  Bragg  peak   requires  fine   tuning  of   the  proton  energy   to  account   for   the  
Assue  densiAes  they  have  to  traverse  to  reach  the  tumor.

X-‐Rays

Poor  Assue  density  resoluAon  from  X-‐Rays  CT

Protons

Protons  –  different  reconstrucAon

p-‐beam

Phys.  Med.  Biol.  56  (2011)  2407–2421

Eur.  Phys.  J.  Plus  (2011)  126:  78NIM  B  268  (2010)  3295–3305

Hadron	  therapy:	  	  the	  aiming	  limit	  problem	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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360°

At  least  109  proton  tracks  (energy  loss,  exit  point  &  angle,  entry  point)  have
to  be  recorded  to  provide  a  detailed  enough  image.  This  leads  to  long  exposure  Ame  (10s  minutes)  
with  current  state  of  the  art:  limited  to  R&D  only.

The  pCT  works  on  the  same  principle  as  a  “standard”  x-‐rays  CT:  recording  parAcles  passing  through  
the  target  from  different  angles  to  reconstruct  a  3D  image.  Main  difference  is  that,  while  photons  
are  simply  absorbed,  protons  also  scajer.

L

Proton  true  trajectory

Entry  and  exit  points  +  angle
Most  Likely  Path  calculaAon

L’
p

Energy
measurement

p’

NIM  A  699  (2013)  205–210

Med  Phys  40  (2013)  031103

The	  proton	  Computed	  Tomography	  (pCT)	  scanner	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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State  of  the  art  prototypes  pCT  trackers  employ  silicon  micro-‐strips  or  scinAllaAng  fibers  to  get  
high  speed  readout  over  large  area  at  reasonable  bandwidth

𝑁	  	  

𝑁	  	  

3
Non  commercial  technology,  built  in  house  
(scinAllaAng  fibers)  or  derived  from  HEP  
experiments  (micro-‐strips).

1
“Slow”,  as  readout  speed  of  10s  MHz  (and  
actual  parAcles  rate  much  less  due  to  
Poisson).  10  minutes  for  a  full  pCT!

Requires  two  layers  (x  and  y)  for  every  
staAon,  material  budget  affects  protons  
scajering  +  high  voltage  or  gas.

2

Such  approach  covers  the  large  area  necessary  to  track  parAcles  over  a  head-‐sized  target  (≈10  ×  
30   cm2)   with   “affordable”   complexity   and   bandwidth.   EffecAve   for   R&D,   unlikely   to   meet   the  
requirements  of  a  commercially  feasible  pCT  system


NIM	  A	  699	  (2013)	  205–210	  

Current  state  of  the  art,  in-‐house  built  gaseous  detector

State-‐of-‐the-‐art:	  pCT	  scanner	  in	  R&D	  world	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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•  Fast  (>  10  MHz  cm-‐2)  proton  tracking  at  low  power  in  silicon  (50  mW  cm-‐2)

•  Monolithic,  thinned  (≤  50  µm)  and  large  area  (>  16  cm2)  device  to  minimize  proton  scajering.  

•  No  support  structure  behind  the  silicon.

•  Cost  effecAve,  reliable,  simplified  commissioning  &  operaAons,  commercial  process  (for  large  producAon)  

•  Low  voltage  for  real  clinical  usage

Large  CMOS  sensors  –  Tracking  layer  requirements  for  pCT

8	  
cm

	  

8	  cm	  

8	  
cm

	  

32	  cm	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Broad	  beam	  over	  the	  en)re	  target	  area	  put	  lesser	  requirements	  on	  the	  tracking	  and	  calorimeter	  system	  	  
Mix	  of	  fast	  (MHz)	  wobbling	  magnets	  and	  scamerer(s)	  generates	  an	  almost	  uniform	  illumina)on	  profile	  (typical	  example	  reported	  in	  plot)	  

Radia)on	  Oncology	  Journal	  2015;33(4):337-‐343	  
hmp://dx.doi.org/10.3857/roj.2015.33.4.337	  

•  Mitsubishi	  mul)-‐purpose	  nozzle	  system	  	  
•  Broad	  beam	  area:	  25	  ×	  25	  cm2	  
•  Scanning	  beam	  area:	  24	  ×	  24	  cm2	  
•  For	  a	  20	  ×	  20	  cm2	  imaging	  area,	  109	  protons	  in	  10	  s	  
exposure	  →	  250	  kHz	  cm2	  

•  Considering	  non	  uniformity,	  )me	  fluctua)ons,	  etc...	  	  

≈	  1	  MHz	  cm-‐2	  

T	  Akagi	  et	  al	  2006	  Phys.	  Med.	  Biol.	  51	  1919	  
hmps://doi.org/10.1088/0031-‐9155/51/7/020	  

Large	  sensors	  –	  broad	  beam	  useful	  for	  imaging	  purposes	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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PIF	  @PSI	  -‐	  Nov	  2015,	  	  200	  MeV	  protons,	  1.6	  x	  108	  cm-‐2s-‐1	  	  	  	  	  

pALPIDE-‐3	  Sensor	  (0V	  Vsub)	  

ALPIDE	  –	  proton	  rate	  capabli)es	  

pALPIDE-‐3	  

shield	  

ALPIDE	  pixel	  matrix	  can	  cope	  with	  par)cle	  rates	  of	  ≈100MHz	  cm-‐2	  (power	  density	  40mW/cm2)	  	  

Output	  bandwidth	  of	  ALPIDE	  (1	  Gbit/s)	  limits	  maximum	  rate	  to	  14	  MHz	  cm-‐2	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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ALPIDE	  used	  to	  take	  a	  demonstra)ve	  proton	  radiography	  of	  a	  pen:	  	  
metal,	  different	  plas)c	  densi)es,	  air	  dis)nguishable	  

Large	  sensors	  –	  ALPIDE	  first	  “proton”	  light	  

Raw  data  of  a  single  projecAon  (4.5  x  105  hits)

"iMPACT:	  an	  innova4ve	  tracker	  and	  calorimeter	  for	  proton	  computed	  tomography"	  	  
TRPMS-‐2018-‐0013.R1	  Transac)ons	  on	  Radia)on	  and	  Plasma	  Medical	  Sciences	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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Covalent	  bonding	  of	  op)mized	  absorbers	  to	  CMOS	  chip	  	  

Courtesy	  of	  G-‐Ray	  
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Covalent	  bonding	  of	  op)mized	  absorbers	  to	  CMOS	  chip	  	  

Courtesy	  of	  G-‐Ray	  

G-ray’s unique and proprietary 
Epidavros™ system 
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INVESTIGATOR	  CHIP	  @	  CERN	  

NOVIPIX	  CHIP	  @	  CSEM	  &	  Empa	  

for infrared and X-rays	  

Covalent	  bonding	  of	  op)mized	  absorbers	  to	  CMOS	  chip	  	  
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Experiments 
2016 

1.0 nm 

Experiments 
2017 

Experiments 
2018 

G-ray’s Argon 
Plasma Module 
for atomic-scale 
wafer’s surface 
cleaning 

bonded interface reduced to a 
seamless 1 nm (Q1-2018)! 

Modified	  EVG	  ComBond®	  System	  at	  G-‐ray	  

Low-‐temperature	  bonding:	  technology	  development	  
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	walter.snoeys@cern.ch	 7	

Thank	you	!	

ALPIDE	chip:	55Fe	flower	30	x	1s	
(Magnus	Mager)	

Picture	  (55Fe)	  of	  a	  flower	  30	  x	  1s	  	  
“photographed”	  with	  ALPIDE	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  
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What’s	  next?	  -‐	  Future	  R&D	  opportuni)es	  using	  CMOS	  technologies	  	  	  

Extremely	  compact	  design	  
Small	  Moliere	  radius	  (RM	  =	  10.5	  ±	  0.5mm)	  

High-‐Granularity	  Digital	  Calorimeter	  Prototype	   R&D	  in	  the	  context	  of	  FoCal	  in	  ALICE	  	  

4	  x	  4	  x	  10	  cm3	  prototype	  

Prototype	  based	  on	  MIMOSA	  pixel	  chip	  	  
•  24	  layers	  (1	  X0	  W	  +	  MIMOSA23)	  	  
•  39M	  pixels,	  30µm	  pitch	  	  
•  Beam	  tests	  from	  2	  to	  250	  GeV/c	  (DESY,	  CERN	  PS	  &	  SPS)	  
•  Cosmic	  muons	  

Preparing	  next	  genera)on	  prototype	  with	  ALPIDE	  	  

Very	  good	  energy	  linearity	  and	  resolu)on	  	  
Extremely	  good	  posiAon	  resoluAon	  	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  

104 Results and Discussion

Table 7.2: Parameters for the fit by using equation < Nc
R >= ↵ · E �.

Scenario ↵ (GeV�1) �

Data 292.2 ± 0.6 0.980 ± 0.0004
MC (real detector) 277.0 ± 0.8 0.988 ± 0.0006
MC (ideal detector) 278.7 ± 0.7 0.986 ± 0.0005
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)
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Figure. 7.4: Energy resolution as a function of momentum. Included are test beam data for the
two sets of calibration factors and MC simulations, again for the two di↵erent scenarios. The

lines show fits with Equation 7.1.

the mean values to the corresponding function fit. The fit parameters can be
found in Table 7.1 and 7.2. For the linear function fit, both experimental data
and simulation show deviations from the linear function of the order of a few
percent. The data shows an increasing deviation to smaller than linear response
to higher energies. This may be a hint that small e↵ect of saturation appear and
should be corrected for. The agreement between experiment and simulation is
reasonably good, but also not perfect. This may in part be due to the fact that
the sensitivity di↵erences have still not been fully corrected in the experimental
data, but are not present in simulation. Also, the relatively simple implemen-
tation of charge di↵usion may influence the linearity. The comparison with the
non-linear fit function in the right panel of Figure 7.3, shows a very good de-
scription of the behaviour for the SPS energies. For the DESY energies the
fit function is consistently slightly too high. One should note that the DESY



ALICE ITS plenary 23/1/2017 pr 7 19 ISO9001:2008, ISO/TS16949:2009 Certified 
OHSAS18001:2007, ISO14001:2004, ISO13485:2003 Pending 

Epi layer thickness : 25.28 um Wafer thickness : 92.06 um 

XSEM : thickness 

5. ITS5 run, Wafer T608519.1-6A1 : Right-23/5, 25 um epi, 100 um thick  

XSEM & SRP measurements [ ITS5 ]  

ALICE ITS plenary 23/1/2017 pr 7 19 ISO9001:2008, ISO/TS16949:2009 Certified 
OHSAS18001:2007, ISO14001:2004, ISO13485:2003 Pending 

Epi layer thickness : 25.28 um Wafer thickness : 92.06 um 

XSEM : thickness 

5. ITS5 run, Wafer T608519.1-6A1 : Right-23/5, 25 um epi, 100 um thick  

XSEM & SRP measurements [ ITS5 ]  

ALICE ITS plenary 23/1/2017 pr 8 21 ISO9001:2008, ISO/TS16949:2009 Certified 
OHSAS18001:2007, ISO14001:2004, ISO13485:2003 Pending 

DEPTH [um]

0 5 10 15 20 25 30

R
ES

IS
TI

VI
TY

 [O
hm

.c
m

]

10-3

10-2

10-1

100

101

102

103

104

105

ITS5 run, 6A1,Top-1 
ITS5 run, 6A1,Top-4/2 
ITS5 run, 6A1,Bottom-43/5 
ITS5 run, 6A1,Bottom-47/5 
ITS5 run, 6A1,Right-23/5 

Resistivity : ITS5 run,T608519.1-6A1,25 um epi

  1kohms-cm line 
  spec : 25 
(meas. 19.30) 

   25  
(19.17) 

XSEM & SRP measurements [ ITS5 ]  
Wafer : T608519.1-6A1 (5 chips): Top-1,Top-4/2,Bottom-43/5,Bottom-47/5, 
        Right-23/5 
 

   25  
(19.01) 
   25  
(19.01) 

   25  
(19.49) 

59	  

Blank	  Wafers	  QA	  at	  TMEC	  (SRP	  and	  XSEM	  measurements)	  	  

1	  kΩcm	  	  

Wafer	  thickness	  97.22µm	  

High-‐res	  epi:	  25.28µm	  
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ALICE	  CMOS	  Pixel	  Sensor	  

L.	  Musa	  –	  Physics	  Colloquium,	  Heidelberg,	  27	  April	  2018	  



Low	  capacitance	  è	  	  large	  S/N	  at	  low	  power	  	  

NWELL	  DIODE	  output	  signal	  =	  Q	  /C	  

•  Minimize	  spread	  of	  charge	  over	  
many	  pixels	  

•  minimize	  capacitance:	  	  
	  	  	  	  	  	  Æ	  small	  diode	  surface	  	  
	  	  	  	  	  	  Æ	  large	  deple)on	  volume	  	  

Explorer	  chip	  (ALICE	  R&D)	  	  	  

☞ 	  Silicon	  strip	  capacitance:	  	  >	  10	  pF	  (~1.5	  pF	  /	  cm)	  	  	  

☞ 	  Hybrid	  pixel	  capacitance:	  ~300	  fF	  	  

☞ 	  Monolithic	  pixel	  capacitance:	  <	  5	  fF	  	  	  

Cd	  =	  1fF:	  	  	  	  1300	  e-‐	  è 200mV	  	  	  (almost	  a	  digital	  signal)	  

Diode	  3µm	  x	  3µm	  square	  n-‐well	  ,	  White	  line:	  boundaries	  of	  deple)on	  region	  	  	  

-‐1V,	  1x1013	  cm-‐3	   -‐6V,	  1x1012	  cm-‐3	  -‐1V,	  1x1012	  cm-‐3	  
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ALICE	  CMOS	  Pixel	  Sensor	  
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Detector	  stave	  based	  on	  ALPIDE	  	  
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LET	  Response	  studies	  –	  Lovain-‐la-‐Neuve	  	  

Sequence	  of	  images	  of	  single	  clusters.	  Each	  image	  corresponds	  to	  20	  x	  20	  pixels	  	  
VS.	  LET	  @	  VBB	  =	  0	  	  
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LET	  Response	  studies	  –	  Lovain-‐la-‐Neuve	  	  

Sequence	  of	  images	  of	  single	  clusters.	  Each	  image	  corresponds	  to	  20	  x	  20	  pixels	  	   VS.	  VBB	  @	  LET	  =	  5.7	  	  
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LET	  Response	  studies	  –	  Lovain-‐la-‐Neuve	  	  

Sequence	  of	  images	  of	  single	  clusters.	  Each	  image	  corresponds	  to	  20	  x	  20	  pixels	  	   VS.	  angle	  @	  VBB	  =	  -‐6	  	  

13C:	  	  	  DUT	  energy	  [MeV]	  =	  131,	  	  	  Range	  in	  Si	  [µm]	  =	  269.3	  	  	  (≈	  10	  pixels)	  
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