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HL-LHC operation conditions Sensor design constraints

Luminosity 7.5x1034/(cm2•s) ➜ up to 200 events/25 ns 
bunch crossing

Maintain occupancy at ‰ level and increase spatial 
resolution ➜ pixel size x6 smaller than present pixels ➜ 
25x100 μm2 (current detector in CMS 100x150 μm2)

CMS baseline choice: replace pixel layer closer to beamline 
at integrated fluence ~1.9x1016 neq/cm2 (end of “Run 5”, i.e. 
after ~6 years of operation) ➜ electron mean free path 
greatly reduced (also damaged readout ASIC at ~1 Grad)

Reduce electrodes distance (L) to increase electric field and 
thus the signal ➜ thin planar or 3D columnar technologies

3D silicon sensors made by

• Fondazione Bruno Kessler-FBK (Trento, Italy), n-in-p 
sensors on 150 mm FZ wafers in collaboration with INFN 

• Centro Nacional Microtecnologia-CNM (Barcelona, 
Spain), n-in-p sensors on 100 mm FZ wafers

C. Da Vià et al., NIMA (2012)
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Figure 4.1: Sketch of one quarter of the pixel detector layout in the r-z view. Green lines corre-
spond to modules made of two readout chips and orange lines represent larger modules with
four chips.

Thin planar n-in-p type silicon sensors (of thickness 100–150 µm), segmented into pixel sizes
of 25 ⇥ 100 µm2 (with the long side pointing along z in the barrel and along r in the endcaps)
or 50 ⇥ 50 µm2, are expected to allow for a good detector resolution that is relatively stable
with respect to radiation damage. The resulting reduction in the pixel area by a factor of six
compared to the Phase-0 and Phase-1 pixel detectors will enable to achieve low occupancy and
improved track separation in dense environments like high pT jets.

An alternative option that is being actively pursued is the possibility to use 3D silicon sensors,
offering intrinsically higher radiation resistance because of the shorter charge collection dis-
tance. Since the production process is more expensive and thus not suitable for large volumes,
the use of 3D sensors could be limited to the regions of highest particle fluences.

For the readout chip, the envisaged small cell size can be achieved with the use of 65 nm CMOS
technology and an architecture where a group of channels (referred to as pixel region) shares
digital electronics for buffering, control, and data formatting. Such a pixel readout chip (PROC)
is being developed within RD53 [24], a joint ATLAS-CMS collaboration.

The baseline Inner Tracker layout is shown in Fig. 4.1. The number of layers crossed by parti-
cles originating from the luminous region has been shown in Fig. 2.4, both for the Inner Tracker
alone and for the total tracker. The detector comprises a barrel part with four layers (referred to
as Tracker Barrel Pixel Detector, TBPX), eight small double-discs per side (referred to as Tracker
Forward Pixel Detector, TFPX) and four large double-discs per side (referred to as Tracker End-
cap Pixel Detector, TEPX). In the TBPX the pixel modules are arranged in “ladders”. In each
layer, neighbouring ladders are mounted staggered in radius, so that r-j overlap between lad-
ders is achieved. The modules on a ladder do not overlap in z. A projective gap at h = 0
is avoided by mounting an odd number of modules along z, and by splitting the barrel me-
chanics in z into slightly asymmetric halfs (Section 4.4). In TFPX and TEPX the modules are
arranged in concentric rings. Each double-disc is physically made of two discs, which facili-
tates to mount modules onto four planes, with overlaps in r as well as r-j. Each disc is split
into two halves, and these D-shaped structures are referred to as “dees”. The TEPX will provide
the required luminosity measurement capability, as detailed in Section 10.3, by an appropriate
implementation of the readout architecture. In total, the pixel detector will have an active sur-
face of approximately 4.9 m2. More details on the layout and on hermeticity are provided in
Section 10.1.

Such a compact and complex detector, albeit large in terms of active surface, poses challenges
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Barrel player 1

1/4 barrel geometry 1/4 forward disk geometry

1/4 end-cap disk geometry

Sensor main features 
• ~2 billion pixels ➜ active surface ~4.9 m2 (4 barrel layers and 12+12 forward / end-cap disks)

• Planar 25x100 μm2 x 150 μm active length sensors baseline choice for whole Inner Tracker but barrel layer 1

• 3D sensors, same size of planar, baseline choice for barrel layer 1 (better thermal performance than planar) 
• 50 x 50 μm2 x 150 μm active length discarded since marginal gain doesn’t justify additional design



Columns produced by: 
single-side Deep Reactive Ion Etching - DRIE process 
optimised by FBK (less expensive than double-side process)
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Silicon pixels: 3D FBK — single-side

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

p- HR sensor wafer        
   
 
 
 
 
 

Handle wafer to be thinned down 

p++ LR handle wafer 

Metal to be deposited after thinning 

p+ Ohmic column 

n+ Junction column 

oxide 

passivation bump metal 

p-spray 

Column diameter ~5 μm 

High Resistivity layer 
• Active layer thickness ~150 μm 
• Resistivity > 3 kOhm•cm

Low Resistivity layer 
• Resistivity 0.1-1 Ohm•cm

• Initial wafer thickness ~500 μm 
• Residual wafer thickness after 

thinning 50-100 μm

   
 IceMOS Technology Limited              sales@icemostech.com  
 5 Hannahstown Hill,                                                         www.icemostech.com 
 Belfast, BT17 0LT                                                          “Cooler than Cool”TM 

 +44 2890 574700  
   

SiSi Solutions 
 

 
Applications 
 

• High Voltage PIN Diodes 
• RF Attenuators 
• Photo Detectors 
• X-Ray Detectors 
• IR Sensors 
• HV Power Devices 
• Replacement for Epitaxial layers 

 

Key Features: 
 

• High Quality 
• Low cost 
• Low defect density 
• Excellent Layer uniformity 
• Multiple layers 
• Sharp transitions 
• Layer resistivity up to 10k-cm 
• Excellent interface quality – verified by 

high resolution SAM Inspection 

  

For semiconductor device manufacturers, the IceMOS Silicon – 
Silicon Direct bonded wafer offers a cost effective alternative to 
thick epitaxial layers and inverse epi that have traditionally been 
used for applications such as power devices and PiN diodes.  
 
The use of direct wafer bonding technology allows silicon 
substrates to be produced containing multiple layers of single 
crystal silicon.  These layers can have a resistivity range 1mΩ-cm 
to 10kΩ-cm, N and P-type and can include combinations of 
orientations – a feature not possible with conventional epitaxial 
wafers.  

 
 
The IceMOS SiSi bonding process gives a high quality wafer with 
low leakage, low warp and a low defect density. Additionally, the 
thickness variation in the layers can be as little as +/-0.5um.  The 
transition between high and low dopant levels can be sharp or 
soft, depending on the application or customer requirement.  

Handle 

Device 

SiSi 

G.F. Dalla Betta et al., NIMA 824 (2016) 386

High resolution TEM image of 
two bonded wafers cross section

Divide between layers ➜

Two wafers:
H i gh -Res is t i v i t y and Low-
Resistivity, bonded with Direct 
Wafer Bond - DWB technique by 

IceMos Technology, Belfast

https://icemostech.com
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Effective active layer 
thickness reduced by Boron 
diffusion from wafer carrier: 
~10 μm

Expected Most Probable Value 
- MIP: ~10190 e- for 150 μm 
active layer

 
3. Results from first prototypes 

 A first batch of sensors was processed at FBK in 
2014 with a n-on-p planar technology using a wafer 
layout mainly based on ATLAS FEI4 and CMS 
PSI46 designs. Standard and specific test structures 
were also included with a high multiplicity allowing 
for statistically significant results. The goal of this 
batch was to evaluate the properties of SiSi DWB 
wafers, here used for the first time, and to start testing 
thin n-on-p planar pixel sensors, also including some 
issues relevant to their high voltage operation (e.g., 
spark protection by benzo-cyclo-butene [8]). 
 

 
Figure 3 1/C2-V curves measured on two test diodes from SiSi 
DWB wafers of different active thickness.  

 
Figure 4 Doping concentration as a function of depth as extracted 
from the 1/C2-V curves of two test diodes from SiSi DWB wafers 
of different active thickness. Depletion caused by the built-in 
voltage prevents from extracting meaningful values at small depth 
 
 From the electrical characterization of test 
structures, measured on wafer with a probe station, it 
was possible to assess the quality of both the raw 
material and of the fabrication process. Fig. 3 shows 
the capacitance as a function of reverse bias in two 
diodes with guard ring from wafers of different active 
thickness: 1/C2-V curves are shown to better 
appreciate the full depletion voltage, that is lower 
than 20 V in both cases. Notably, the depletion 
voltage is lower for the thicker device, evidence of a 

different doping concentration. This is confirmed by 
Fig. 4, which shows the doping concentration profiles 
extracted from the 1/C2-V curves: within the depth 
intervals where they are meaningful, doping 
concentrations are indeed different by about a factor 
of 3. Both profiles start deviating from a constant 
concentration as the depth approaches the bottom of 
the active layer. In both cases, this happens about 10 
µm below the nominal thickness, as a result of two 
concurrent factors: the back diffusion of boron from 
the highly doped handle-wafer (estimated by IceMOS 
to be about 5 µm) and a C-V measurement effect 
arising from the Debye length within the HR layer.   
 

 
  
 Figure 5 Leakage current density distribution at full depletion for 
135 test diodes from SiSi DWB wafers of different active 
thickness.  
 

The leakage current was measured on all test 
diodes showing good values. As an example, Fig. 5 
shows the distribution of the leakage current density 
at full depletion in a sample of 135 test diodes from 
wafers of different active thickness. All diodes 
exhibit values from 2 nA/cm2 to about 20 nA/cm2. 
The distribution is peaked at low values for the 100-
µm thick devices, whereas it is broader for the 130-
µm thick ones. This difference, and the observed 
difference in the doping concentration, is most likely 
due to different ingots of FZ material used in these 
SiSi DWB substrates. 

From I-V curves of test diodes (not shown) it was 
also possible to measure breakdown voltages in the 
range from ~120 V to ~160 V, properly scaling with 
the three different p-spray doses used in different 
wafers. Pixel sensors were also electrically tested, 
confirming the good results in terms of leakage 
current and actually exhibiting much larger 
breakdown voltages, from ~160 V to ~500 V, owing 
to the use of multiple guard rings. As an example, 
Fig. 6 shows the I-V curves for a set of CMS pixel 
sensor with different guard ring terminations. 

10 μm

G.F. Dalla Betta et al., NIMA 824 (2016) 388

• 25x100 μm2 pitch
• Junction columns still to be 

filled with polysilicon

• Column length 110±5 μm 
• 1E, one junction column 

electrode per pixel cell

Material kindly granted by FBK
• Sabina Ronchin
• Maurizio Boscardin
• Francesco Ficorella

CNM sensors very similar to FBK but with 
8 μm column diameter (see backup slides)



EUDET telescope on CERN SPS / DESY beam lines
• 120 GeV pions (CERN) / 5.2 GeV electrons (DESY)
• 5 or 6 pixel planes (depending on beam-area)
• Based on Mimosa26 chip, 18.4 μm pitch, square pixels, 576 rows x 1152 columns
• ~2 μm resolution on each coordinate 

ReadOut Chip (ROC)
• Common CMS-ATLAS R&D (RD53A): 65 nm CMOS technology 
• 3 frontends, CMS chose linear-frontend: 192 rows x 136 columns
• Readout multiple bunch crossings
• Global threshold with per pixel 4 bit threshold trimming
• Time-over-Threshold hit charge measurement with 4 bits ADC
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Readout chip and testbeam setup
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Readout chip prototype RD53A

Synchronous FE Linear FE Differential FE

0 - 127

    128 columns
(16 core columns)

 128 - 263

    136 columns
(17 core columns)

    136 columns
(17 core columns)

 264 - 399

Figure 13: Arrangement of front end flavors in RD53A. The pixel column number range of each
flavor is shown along the bottom. The digital readout architecture used is also indicated: Central
Buffer Architecture (CBA) or Distributed Buffer Architecture (DBA).

Figure 14: Schematic of the Linear analog front end flavor

configuration. The designed sensitivity in the high gain configuration is 15 mV/ke-, and 7.5 mV/ke-
in the low gain mode. The core element of the charge sensitive amplifier is the gain stage shown in
figure 15. This is a folded cascode architecture including two local feedback networks, composed395

by the M4-M5 and M7-M8 pairs, boosting the signal resistance seen at the output node. With a
current flowing in the input branch equal to 3 µA and a current in the cascode branch close to
200 nA, the CSA is responsible for most of the power consumption in the analog front-end. The
DC gain and the -3dB cutoff frequency of the open loop response, as obtained from simulations,
are 76 dB and 140 kHz respectively. The noise performance of the charge preamplifier is mainly400

determined by the contributions from the CSA input device and from the PMOS transistor part of
the feedback network. The simulated equivalent noise charge, for a detector capacitance of 50 fF,

– 18 –

Telescope planes Telescope planesDetectors Under Test

Reference plane

Jansen, H. et al., EPJ Techn Instrum 3, 7 (2016)
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Results: 3D CNM non-irradiated

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

Bias voltage 2 V

Cluster size map in pixel cell

Bias voltage 40 V

Results from irradiated 3D CNM will be available very soon

All data shown refers to:
• Normal incidence
• Threshold 2500 e-

Efficiency stops at 97.5%:
• Ohmic column inefficiency
• 4-pixel sharing and 

relatively high threshold

Bias voltage 40 V
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Results: 3D FBK irradiated at 1.5x1016 neq/cm2 

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

All data shown refers to:
• Normal incidence
• Threshold 1400 e-

• Irradiated at 1.5x1016 neq/cm2 at KIT (25 MeV protons, uniform irradiation)
• Temperature -30/-20oC (near sensor)
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plane101 Pixel efficiency map

Efficiency map in pixel cell
50− 40− 30− 20− 10− 0 10 20 30 40 50

m]µ [
track

in-pixel x

10−

5−

0

5

10m
]

µ [
tra

ck
in

-p
ix

el
 y

npxvsxmym
Entries  158490
Mean x  0.03054
Mean y  0.01772
Std Dev x   28.46
Std Dev y   7.172

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

<p
ix

el
s/

cl
us

te
r>

npxvsxmym
Entries  158490
Mean x  0.03054
Mean y  0.01772
Std Dev x   28.46
Std Dev y   7.172

Mean cluster size map

50− 40− 30− 20− 10− 0 10 20 30 40 50
m]µ [

track
in-pixel x

10−

5−

0

5

10m
]

µ [
tra

ck
in

-p
ix

el
 y

npxvsxmym
Entries  157981
Mean x  0.03776
Mean y 0.009496− 
Std Dev x   24.12
Std Dev y   7.276

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

<p
ix

el
s/

cl
us

te
r>

npxvsxmym
Entries  157981
Mean x  0.03776
Mean y 0.009496− 
Std Dev x   24.12
Std Dev y   7.276

Mean cluster size map

Cluster size map in pixel cell

Bias voltage 50 V

Bias voltage 150 V

Landau distribution measured 
at bias voltage 120 V



Re
so

lu
tio

n 
(u

m
)

4.00

5.00

6.00

7.00

8.00

Angle (degree)
0 8 10 12 16 20

Effi
ci

en
cy

 (%
)

95%

96%

97%

98%

99%

100%

Angle (degree)
0 8 10 12 16 20

M
as

ke
d 

pi
xe

ls
 (%

)

0.0

5.0

10.0

15.0

20.0

Sensor bias (V)
50 70 90 110 130 140 150 160 160 170 180

Masked pixels (%)

M
PV

 (e
-)

4800

5000

5200

5400

5600

5800

6000

6200

6400

6600

6800

Sensor bias (V)
50 70 90 110 130 140 150 160 160 170

Effi
ci

en
cy

 (%
)

60

65

70

75

80

85

90

95

100

Sensor bias (V)
50 70 90 110 130 140 150 160 160 170

9

Results: 3D FBK irradiated at 1.5x1016 neq/cm2 
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Subtracted telescope 
resolution 3.8 μm

Digital readout: pitch / √12

Efficiency plateau 97%
(not including masked pixels)

Increased threshold to 
1500 e- from 1400 e-

MPV for non-irradiated 
sensors 10190 e-

4.7 μm

99%

Biast voltage 120 V

Normal incidence

Relatively high number of masked pixels ➜ 
under investigation

Can be mitigated by increasing the threshold, 
as backup plan a replacement of barrel layer 
1 can be foreseen when needed, maybe 
earlier than anticipated

Best resolution expected at atan(25/140) 
≃ 10 degrees

!

Masking criteria:
masked if noise occupancy > 10-6
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Results: 3D FBK irradiated at 1.8x1016 neq/cm2 
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All data shown refers to:
• Threshold 1600 e-

• Irradiated at 1.8x1016 neq/cm2 at KIT (25 MeV protons, uniform irradiation)
• Temperature -20oC (near sensor)

Efficiency vs sensor bias
(not including masked pixels)
— normal incidence
— 12o incidence angle

⬅ 98% efficiency

Masked pixels vs sensor bias
Masking criteria:
masked if noise occupancy > 2x10-5
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Results: 3D FBK irradiated at 2.1-2.6 x1016 neq/cm2 
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Irradiation profile on sensor surface
ROI (±0.25σ): (2.60±0.09) x1016 neq/cm2, variability 0.03

Irradiation profile on sensor surface
ROI (±0.25σ): (2.10±0.08) x1016 neq/cm2, variability 0.03

Irradiated at CERN PS (24 GeV protons, 
beam narrower than sensor size)

Dosimetry evaluation
1. Aluminum foil placed on sensor surface 

during irradiation campaign
2. Cut into 8 pieces and measured activity
3. Fit with bivariate Normal distribution

• no correlation
• constraints on widths
• constraint on position along rows

4. Define a Region Of Interest - ROI of 
~uniform irradiation

Standard deviation of fluence in ROI
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Results: 3D FBK irradiated at 2.1-2.6 x1016 neq/cm2 
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• Normal incidence
• Fluence in ROI (2.60±0.09) x1016 

neq/cm2, variability 0.03
• Threshold 1900 e-

• Efficiency 92%
• Masked pixels ~7%

Masking criteria:
masked if noise occupancy > 2x10-5

• Efficiency 90%
• Masked pixels ~4%

Preliminary results

Efficiency vs sensor bias
(not including masked pixels)

Efficiency vs sensor bias
(not including masked pixels)



4.1. Overview and layout 75

TBPX

TFPX

TEPX

Figure 4.2: Perspective view of one quarter of the Inner Tracker, showing the TBPX ladders and
TFPX and TEPX dees inside the supporting structures. The pixel modules are shown as orange
elements in TBPX and as green elements in TFPX and TBPX. The dees are depicted as red and
orange surfaces.

for the implementation of the services. A total power of about 50 kW needs to be fed into the
active volume and a serial powering approach has been identified to minimize the material of
the cables carrying the current. The approximate 1 W/cm2 of power dissipated by the PROCs
will be removed by a network of low mass cooling pipes fed by the common CO2 cooling sys-
tem. Bidirectional data transfer is implemented using low mass electrical links to connect the
front-end to Low-power Gigabit Transceivers (LpGBTs, the same as will be used in the Outer
Tracker) located on the IT service cylinder, while the LpGBTs are connected via optical fibres
with the back-end electronics in the service cavern. Power, cooling, and data transmission ser-
vices are carried on a cylindrical shell enclosing the pixel detector. The detector is designed to
be installable after the Outer Tracker and the beampipe are already in place, thus enabling the
possibility to replace degraded parts over an Extended Technical Stop.

Figure 4.2 shows one of the four Inner Tracker structures, as it will look at installation time.
The TBPX layers and the TFPX and TEPX dees are visible. The barrel, forward, and endcap
elements are supported by half-cylinders that also hold their corresponding services, appropri-
ately routed on the outer surface of the structures.

Initial studies have been performed to compare the options of square (50 ⇥ 50 µm2) and rect-
angular (25 ⇥ 100 µm2) pixels. In terms of resolution on the track parameters, the relative dif-
ferences are typically rather small, with a trade-off between primary vertex discrimination and
resolution on the impact parameter. At the edges of the barrel layers, and notably for the first
layer, square pixels would result in very long clusters, where in each pixel the charge is col-
lected over a path of just above 50 µm, which would set more stringent requirements on the

Barrel pixels

Forward pixels

Endcap pixels
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Summary

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

We presented the status of the CMS 3D sensor R&D

3D pixels are baseline choice for barrel layer 1

Tested at different fluencies up to 2.6x1016 neq/cm2

Overall performances are extremely encouraging

Large increase of noisy pixels vs bias at fluences 
>1.5x1016 neq/cm2 under investigation

Need to test with the final version of the readout chip

Next year we will choose the strategy for changing barrel 
layer 1 during HL-LHC era
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Backup

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN
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Silicon pixels: 3D CNM — single-side

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

• Pitch 25 x 100 μm2

• 1E, one junction column 
electrode per pixel cell

a) Two wafers bonded with DWB technique as FBK
b) DRIE to make holes on frontside for ohmic columns
c) & d) deposit and filling with polysilicon
e) & f) DRIE to make holes on frontside for junction 

columns and then polysilicon deposition
g) & h) metallisation

Column diameter 8 μm

Active layer 
thickness 150 μm

Support wafer 
thickness 200 μm, 
after thinning 
50-100 μm

Design mask of periphery
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Thermal studies

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

Planar sensor - barrel layer 1
Thermal conductivity (through plane) carbon fiber effect



3D sensor - barrel layer 1
Thermal conductivity (through plane) 
carbon fiber effect
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Thermal studies

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

Main driving reason for choosing 3Ds 
for barrel layer 1

• Planar sensors at 1E16: 3°C margin at 
600 V but thermal runaway at 800 V

• 3D sensors at 2E16: > 4.5°C margin at 
150 V ➜ large margin for 3D at 1E16 



18

References

Mauro Dinardo, Università degli Studi di Milano Bicocca and INFN

• Corrywreckan framework for alignment and analysis: 

https://project-corryvreckan.web.cern.ch/project-corryvreckan/


• Telescope EUDAQ-DAQ: https://eudaq.github.io


• RD53 Ph2_ACF-DAQ: https://gitlab.cern.ch/cms_tk_ph2/Ph2_ACF

https://project-corryvreckan.web.cern.ch/project-corryvreckan/
https://eudaq.github.io
https://gitlab.cern.ch/cms_tk_ph2/Ph2_ACF

