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Looking back on 3 years of LHC running (25 /fb) ... 

This is a definitively a success story !  
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w/o well operating trackers this would not have been possible 
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ATLAS 
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A classification ... from HYBRID pixels to new challenges 

3 

semiconductor pixel detector ohmic contact

pixel readout chip

flip-chip 
bump bonding

pixel contact

•  standard HYBRID pixels 
-  various sensors: planar-Si, 3D-Si, diamond 
-  mixed signal R/O chip (FE-I3, FE-I4, ROC ...) 

 
 

•   3D integration of CMOS Tiers 
-  separate analog / digital / opto 
-  FE-TC4 (Tezzaron/Chartered)  

 

à expensive 
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A classification ... from HYBRID pixels to new challenges 
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semiconductor pixel detector ohmic contact

pixel readout chip

flip-chip 
bump bonding

pixel contact

•  standard HYBRID pixels 
-  various sensors: planar-Si, 3D-Si, diamond 
-  mixed signal R/O chip (FE-I3, FE-I4, ROC ...) 

 
 

•  Monolithic Active Pixel Sensors  
-  MAPS using CMOS with Q-collection in epi- 

layer (usually by diffusion à recent advances) 
 
-  depleted DMAPS using HR substrate and/or 

HV process to create depletion region: 
 

-  CMOS on SOI 
 

d ⇠
p

⇢ · V

à expensive 



N. Wermes, 9th Trento WS, 2/2014 

A classification ... from HYBRID pixels to new challenges 
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•  (D)MAPS  
 

•  HYBRID pixels using “smart” sensors  
-  8” HV or HR sensor w/ few transistors  
-  (voltage) signal cap. coupled to R/O-chip 
-  eg. CCPD to FE-I4 

•  DEPFET pixels (one in-pixel transistor) 

or only chip to chip ?? 

•  depleted CMOS ACTIVE Sensors  
+ digital R/O chip  
-  HR or HV CMOS sensor with CSA+disc 
-  dedicated digital R/O chip 
-  CCPD -> DMAPS -> goal wafer to wafer   
 

~100 trans. ~100M trans. 

or chip to wafer 

MIMOSA family 
ALPINE 
CHERWELL 
 
HVMAPS 
T3 
LePIX 
DMAPS 
 
 

~100 trans. ~100M trans. 

epi-Si 

bulk 
depletion 

existing FE chip 
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Rate and radiation challenges at the innermost pixel layers 
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BX time Particle Rate Fluence Ion. Dose 
ns  kHz/mm2 neq/cm2 per  

lifetime* 
Mrad per  
lifetime* 

LHC (1034 cm-2s-1) 25 1000  2×1015 79 
HL-LHC (1035 cm-2s-1) 25 10000 2×1016 > 500 
LHC Heavy Ions (6×1027 cm-2 s-1) 20.000 10 >1013 0.7 
RHIC (8×1027 cm-2s-1) 110 3,8 few 1012 0.2 
SuperKEKB (1035 cm-2s-1) 2 400 ~3 x 1012 10 
ILC (1034 cm-2s-1) 350 250 1012 0.4 

assumed lifetimes:  
LHC, HL-LHC: 7 years 
ILC: 10 years 
others: 5 years 

Monolithic Pixels 

lower rates 
lower radiation 
smaller pixels  
less material  
better resolution 

Hybrid Pixels 

DEPFET: Belle II 
MAPS: STAR@RHIC 
             and future  
             ALICE ITS 



Hybrid Pixels 
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An experimenter’s dream 
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•  good S/N 
 
•  µm space resolution 

•  ~ns time resolution 
 
•  > 10 MHz / mm2 rate capability 

•  radiation hard to 1 Grad 

•  radiation length per layer < 0.2% X0 
 

•  all in one monolithic pixel “chip” 
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Reality 
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•  good S/N 
 
•  µm space resolution 

•  ~ns time resolution 
 
•  > 10 MHz / mm2 rate capability 

•  radiation hard to 1 Grad 

•  radiation length per layer < 0.2% x/X0 

•  all in one monolithic pixel “chip” 

hybrid pixels 

ü  (fully) depleted 

Ø  ~10 µm 

ü  obtained at LHC 

ü  tbd for HL-LHC 
 
ü  tbd for HL-LHC 
 
Ø  3.5% à 1.7% 

Ø  no, hybrid 
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Pedestal 

d 

p 
K 
π 

Performance (typical ... here ATLAS) 
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Signal of a high energy particle ≙ 19500 e-  <10000 e- after irrad. 

q  Discriminator thresholds = 3500 e, ~40 e spread, ~170 e noise 
q  99.8% data taking efficiency 
q  95.9% of detector operational   
q  ca. 10 µm x 100 µm resolution (track angle dependent)  
q  12% dE/dx resolution 

19500 e 

Threshold 
 

3500 e 

ATLAS: C. Gemme et al., Physics Letters B 720 (2013) 
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... and abolutely convincing measured efficiencies 
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ATLAS 
Pixels 

ATLAS 
Strips 

CMS 
Pixels 

CMS 
Strips 

LHCb ALICE 
Pix 

ALICE 
SDD 

ALICE 
Strips 

good 
modules 

95% 
(à99%) 

99% 96.3% 
(à99%) 

97.5% 99% 92% 86% 91% 

hit eff.  
of good  

>99% >99.5% >99% >99% >99.3% >99% >99% >99% 

track eff. 99% >99% 99% ? 99% ? 98% 
Data 
taking 

99.9% >99.1% 93% 
(overall CMS) 

93% 

who would have thought in 2007 that one can operate such huge  
detectors w/o any access for more than 4 years with these efficiencies ? 

after 2013/14 shut down 



N. Wermes, 9th Trento WS, 2/2014 

Challenges for the LHC upgrades 

Increased luminosity requires 
• higher hit-rate capability 
•  increased granularity 
• higher radiation tolerance 
•  lighter detectors 

 
Radiation hardness and rate 
increase compared to now 
• phase 0 (2015)      ≈ ×  5 
• phase 1 (2018)      ≈ ×  5-10  
• phase 2 (2022)      ≈ × 10-30 

12	  

we are here 
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20.2 mm 

18.8 m
m

 

FE-I4 

FE-
I3 

7.6 mm 

11.1 m
m

 

ATLAS 
pixel chip 
FE-I3 

rate or L 

HL-LHC data rates 
Hit inefficiency rises steeply with 
the hit rate  
 
Bottleneck: congestion in (double) 
column readout 
 
⇒ more local in-pixel storage (130 nm !) 
    >99% of hits are not triggered 
    ⇒ don’t move them  no blocking 

13 

1-ε 

sLHC 
architecture 
FE-I4 

D. Arutinov 

 ( = 3 MHz / mm2) 

Bonn, CPPM, Genova, LBNL, NIKHEF 
 

•  IBM (130 nm) 
•  70 Million transistors 
•  26880 pixels (50 x 250 µm2) 
•  lower noise than FE-I3 
•  lower threshold operation poss. 
•  higher rate compatibility 
•  radiation hard to >250Mrad 
•  3+ years of design work w/ 8 

designers 
•  working horse for current and 

future pixel R&D 

M. Garcia-Sciveres et al, Nucl.Instrum.Meth. A636 (2011) 155-159 
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next generation based on 65 nm technology ... 

14	  

250	  nm	  technology	  

pixel	  size	  400	  ×	  50	  µm2	  	  

3.5	  M.	  transistors	  

130	  nm	  technology	  

pixel	  size	  250	  ×	  50	  µm2	  

70	  M	  transistors	  

FE-‐I3	  
FE-‐I4	   FE-‐??	  

65	  nm	  technology	  

pixel	  size	  125	  ×	  25	  µm2	  	  

~	  500	  M	  transistors	  

ATLAS	  Pixel	  FE	  chips	  

400µm  

~0.6 × 1.1 cm2 

~2 × 2 cm2 

addressed by  
CERN R&D collab. 
 
         RD53 
 
convenors: 
Jorgen Christiansen 
Maurice Garcia Sciveres 

hit rate 1GHz/cm2 

3.5mW/mm2 

rad hard:  2x1016/cm2 

 1 Grad 

   65 nm prototypes of analog and digital circuits submitted and successfully tested    
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Analog FE array proto 
A. Mekkaoui, LBNL 1.6 GHz PLL-PRBS-CML 

T. Kishishita, Bonn 

1.6 Gbps, PRBS, preamp on 

4
0

0
m

V
 

unloaded-ENC ~ 80e- 

RMS jitter ~ 60ps  

dyn. comp.: 2.4µW @40MHz 

FE-T65-1,to test analog perf. 
CSA + Discr. versions  
M. Havranek, Bonn 

CSA with continuous reset 

other Bonn prototypes: SAR-ADC, LVDS 

First ATLAS prototype IC blocks in 65nm 

15 

a problem still to solve: pMOS transistors don’t stand more than 400 Mrad (CPPM)  
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Radiation hardness to HL-LHC fluences ≫1015 cm-2 

q  chips are radhard … provided that … 

q  deep submicron technology used (130 nm à 65 nm) 
 
q  “round” transistors used at critical nodes 

q  SEU tolerant digital logic where needed 

 

16 

round FET 
dice cell 
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Hybrid Pixel: radhard sensor (passive) development 
Planar sensors: (PPS collab.) 
•  work at 2x1016 neq/cm2 

•  but need high bias voltage 
•  n in n (inner), n in p (outer layers) 
•  slim edges (guard ring optimization) 
 
3D-Si sensors: (3D-Si collab.) à special geometry 
•  50 µm electrode spacing à Vbias ~200 V only 

•  option for inner layers planar Si 

75µm thick 

1016 cm-2 
1015 cm-2 

3x1015 cm-2 

3D silicon 

50 µm 

mono-crystalline CVD diamond 

current focus on poly-crystalline  
pixel modules (ATLAS DBM) 

Si 
diamond     
 
 

J.W. Tsung, NW, et al.  
JINST 7 P09009 (2012)  

24 GeV protons 

25 MeV protons 

1016 

Diamond sensors: (RD42 & DBM collab) 
•  ~2000e at 2x1016 neq cm2 à need low thresh. 
•  but S/N potentially better than Si at high fluence 
•  for beam monitors, option for innermost layer? 17 

2 dedicated sessions 
We and Th 

2 dedicated sessions 
Thursday 
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LHC upgrades .... ATLAS IBL (to be installed May 2014) 
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25% 3D Si sensors  
75% planar Si 
 

2-chip (FE-I4) module 

IBL 

ATLAS 

a so far convincing experience with 3D sensors 

efficient close to the edge < 225 µm 

see talk by  
Didier Ferrer 



(semi) Monolithic Pixels 
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Kemmer, Lutz,  
NIM. A253 (1987) 365-377 

R. Turchetta et al 
NIM A458 (2001) 677-689 

20 

(Semi)- Monolithic Detectors 

+  really low mass 
+  fewer interconnections  
−  slow (frame readout, rolling shutter) 

n 
n+ 

p p 

p 

n n n 

+    ‘standard CMOS’ process 
+    CMOS circuitry, but limited to NMOS 
−    small signal, slow charge collection 
−    area limited by chip size 

CMOS Sensors (MAPS)  STAR 
CMOS with epi-layer as sensor 

DEPFET  Belle II 
FET on fully depleted bulk 

−     non standard double-sided process 
−     simple, one stage amplifier 
+     large signal, fast collection 
+     wafer size sensors possible 

+  no expensive bump bonding  
+  very thin (50 µm resp. 75 µm)  ~0.2% x/X0 
+  small pixels (20x20 resp. 50x75 µm2) 
+  low power  less cooling 
–  radiation hardness 
–  R/O speed 

epi-Si 
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Monolithic Active Pixel Sensors (MAPS) 

21 

 
 •  MAPS – epi  

state of the art MIMOSA (IPHC) 
no NMOS in active area 

a real detector 
STAR@RHIC 

CMOS 
circuitry 

•  350 nm CMOS 
•  < 30 µm pixels 
•  0.37% X0 
•  50 µm thick 
•  frame time < 200 µs 

engineering run detector works! 
also: some lessons learned 
15/27 ladders ok 
Ready for data taking soon in 2014 

p 

n n n 

epi-Si 
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MAPS for ALICE (2018) and for the ILC (20xx?) 

22 

ALICE 

specs 

outer barrel 

inner barrel 

current 
baseline 
also  
for  
ILC 
pixels 

10.7m2 

see talk by  
Petra Riedler 
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MAPS for ALICE (2022) and for the ILC (20xx?) 
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                 ALICE 

q MISTRAL/ASTRAL (IPHC Strasbourg) 
•  MIMOSA type, rolling shutter archit. w/ column parallel readout 
•  pixel size 20x30µm, integration time ~30µs, ~250mW/cm2 

•  ASTRAL: in-pixel discr. & binary R/O, 10µs frame time, ~150 mW/cm2  
q  CHERWELL (RAL) 

•  128 pixels organized in strixels, each w/ discriminator, read out in parallel 
•  pixel size 20x20µm, integration time ~30µs, ~100mW/cm2 

q  ALPIDE (CERN-INFN-Wuan) 
•  each pixel has its own amplifier and discriminator, data driven R/O  
•  pixel size 28x28µm, R/O time ~2-3µs, <100mW/cm2 

TowerJazz 180 nm HR-epi  
(1 kΩcm), epi layer up to  
40 µm thick 

§  6 metal layers 
§  epi layer between ≳ 1 kΩcm, 15-18 µm 
§  Deep Pwell shielding 
 

15-18 µm 

180 nm CMOS 



DEPFET Pixels 
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How does a DEPFET work? 
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2 thGoxd VVC
L
WI −= µ

Source Drain 

P-channel 
Gate 

Gate-oxide; C=Cox W L 
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W 

d 

FET in saturation: 

Id: source-drain current 
Cox: sheet capacitance of gate oxide 
W,L: Gate width and length 
µ: mobility (p-channel: holes) 
Vg: gate voltage 
Vth: threshold voltage 

Transconductance: 
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G
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g dox
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Internal 
gate 

A charge q in the internal gate induces a 
mirror charge αq in the channel (α <1 due to 
stray capacitance). This mirror charge is 
compensated by a change of the gate 
voltage: ΔV = α q / C = α q / (Cox W L) 
which in turn changes the transistor current 
Id . 
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W
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"

#
$

%

&
'

2

Conversion factor: 

ox

d
th

ox

s
G

s

d
q WCL

µI
V

WLC
q

V
Ldq

dI
g 32 2α

ααµ
=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+==

gq =α
gm

WLCox

=α
gm
C

q 



N. Wermes, 9th Trento WS, 2/2014 26 

How does a DEPFET work? 

Source Drain 

Gate 

Gate-oxide; C=Cox W L 

L 

W 

d 

Internal 
gate 

A charge q in the internal gate induces a 
mirror charge αq in the channel (α <1 due to 
stray capacitance). This mirror charge is 
compensated by a change of the gate 
voltage: ΔV = α q / C = α q / (Cox W L) 
which in turn changes the transistor current 
Id . 

q 

•  Internal	  amplifica1on	  gq~ 500	  pA/e-‐	  

•  Small	  intrinsic	  noise	  	  

•  Sensi1ve	  off-‐state,	  no	  power	  consump1on	  
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DEPFET PXD @ Belle II @ SuperKEKB  
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DEPFET sensor 

switcher 
chips 

current  
digitizer chips 

data processing 
chips 

full-size module prototype  

gate[n]

clear[n]

cl
ea

r_
on

cl
ea

r_
of

f
ga

te
_o

n
ga

te
_o

ff

source
clear

drain

gate
AD

C

M
EM

DEPFET matrix
lin

e 
dr

iv
er

Current receiver, ADC chip

•  DEPFET	  pixel	  transistors	  
arranged	  in	  a	  matrix	  

•  row	  wise	  select	  and	  clear	  	  
column	  wise	  readout	  

•  100	  ns	  per	  row	  
20	  µs	  per	  frame	  
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DEPFET PXD @ Belle II @ SuperKEKB  
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2-layer pixel vertex detector (PXD) 

total area 
0.014 m2 

DEPFET sensor 

switcher 
chips 

current  
digitizer chips 

data processing 
chips 

2 layers 
50x75µm2 pixels 
0.21% X0 
 

full-size module prototype  

4 layers 
strips 
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DEPFET PXD @ Belle II @ SuperKEKB  
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2-layer pixel vertex detector (PXD) 

total area 
0.014 m2 

DEPFET sensor 

switcher 
chips 

current  
digitizer chips 

data processing 
chips 

2 layers 
50x75µm2 pixels 
0.21% X0 
 

full-size module prototype  

combined test beam  
pixels + strips (Jan 2014) 

from C. Marinas  
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DEPFET PXD @ Belle II @ SuperKEKB  
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2-layer pixel vertex detector (PXD) 

total area 
0.014 m2 

DEPFET sensor 

switcher 
chips 

current  
digitizer chips 

data processing 
chips 

2 layers 
50x75µm2 pixels 
0.21% X0 
 

full-size module prototype  

lab test 

beam test  
with full R/O chain 
incl. 15m cable 
and DAQ 
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Reality 
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•  good S/N 

•  µm space resolution 

•  ~ns time resolution 
 
•  > 10 MHz / mm2 rate capability 

•  radiation hard to 1 Grad 

•  radiation length per layer < 0.2% x/X0 

•  all in one monolithic pixel “chip” 

semi-monolithic 
MAPS/DEPFET 

Ø  OK? / YES 

ü  but ~1 µm is tough  

Ø  slow rolling shutter 

Ø  < 1 MHz/mm2 

 
Ø  < 10 Mrad 
 
ü  but tough 

o  not yet 



HV and HR - Monolithic CMOS Pixels 

                ... conventional MAPS (on epitaxial Si) not suited for pp @ LHC 
 

    ... generate depletion layer under CMOS layer  
 

    ... functionality wise MAPS with high resistivity epi material 
        have the same target: full CMOS on a (thin) depleted layer 

 
 growing dollaboration: 

Bonn, CERN, CPPM, Geneva, Glasgow, Göttingen, Heidelberg,  
Liverpool, LBNL, ... 
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pixel- 
sensor 

chip: pixel cell: amplifier,  
discriminator ... 
o(100) transistors 

chip: column/region architecture 
buffers, periphery ... 
o(>100M) transistors ... 
requires full CMOS 
i.e. pMOS and nMOS in circuit  
 

d ⇠
p

⇢ · V
signal ∝ depletion depth 

I. Peric et al. T. Hemperek et al. 
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pixel- 
sensor 

chip: amplifier, discriminator ... 
o(100) transistors 

chip: column architecture 
buffers, periphery ... 
o(50M transistors) ... 
 

HV-CVMOS ... approach to generate depletion depth  

d ⇠
p

⇢ · V

I. Peric et al.  
NIM A582 (2007) 876-885 
NIM A731 (2013) 131-136  

14 µm @ 100 V  
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pixel- 
sensor 

chip: amplifier, discriminator ... 
o(100) transistors 

chip: column architecture 
buffers, periphery ... 
o(50M transistors) ... 
 

Q-coll. node 

d ⇠
p

⇢ · V

T. Hemperek et al.,  
http://indico.cern.ch/getFile.py/ 
access?resId=1&materialId=slides&confId=273886 

HR-CVMOS ... approach to generate depletion depth  

30-80 µm  
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pixel- 
sensor 

chip: amplifier, discriminator ... 
o(100) transistors 

chip: column architecture 
buffers, periphery ... 
o(50M transistors) ... 
 
i.e. pMOS and nMOS in circuit  
 

Q-coll. node 

d ⇠
p

⇢ · V

CCPD (see talk I. Peric, Friday):  
AMS 180 nm -> EPROS, LFOUNDRY, others 
... replaces sensor  
ü  first amplification stage in sensor  
ü  Q-collection by drift (different to conv. MAPS) 
ü  thin sensor  
ü  indications of radiation hardness for HL-LHC 
×  d ~ o(10 µm) in HV-CMOS ... but may be 

enough 
ü  larger o(50 µm) ... with HR-CMOS 
... capacitance not easily small 

CCPD – approach (capacitively coupled pixel detector) 
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FE-Chip (FE-Ix) 

HV2FEI4-V2 
w/ radhard design features  

Sr-90, 1400 e- 

Fe-55, 1660 e- 

I. Peric et al. 

Ø  AMS 180 nm HV process (p-bulk) ... 60-100 V 
Ø  deep n-well to put pMOS and nMOS (in extra p-well) 
Ø  some CMOS circuitry possible (ampl. + discr.) 
Ø  ~10-20 µm depletion depth à 1-2 ke signal 
Ø  various pixel sizes (~20x20 – 50x125 µm2) 
Ø  several prototypes  
Ø  also strip like geometries possible 
Ø  replaces „sensor“ (amplified signal)  

in a „hybrid pixel“: any bonding (bump, glue, other...) 
Ø  big advantage: industrial CMOS process 
L electrical contacts through wire bonds  
Ø  indications of radiation hardness to ~1016 neq / cm2  

  

Nucl.Instrum.Meth. A582 (2007) 876-885 

CCPD – approach (capacitively coupled pixel detector) 
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CCPD with HV-CMOS 

38 

HV2FEI4 glue bonded to FEI4 
and irradiated to 1 x 1015 neq/cm2 

  
 
(see M. Backhaus talk) 
 

DESY testbeam 

preliminary irradiation tests: using reactor neutrons 1x1015 and 1x1016 neq/cm2 

also with protons and X-ray (862 Mrad !) 

 
1 x 1016 neq/cm2 
 

- @RT after ~30 days / annealing 
- source scan with ~25 V bias 
- still alive, noise occ. ~10-10,  
not yet clear if this can be  
claimed as radiation resistant 
to this level  
 
 

no source w/ source 

90Sr 

see talks by I. Peric/M. Backhaus (Friday) 
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q   needed 
 

•  high resistivity substrate material 
vendor or costumer supplied 

•  (several) deep implants for Q-collection  
and isolation (wells) 

•  backside processing for thinning and  
back contact 

 
•  (also strip-like geometries are possible) 

  
 
 
q addressed vendors 

 
•   Vendor A: 150nm, 2kΩ-cm n-bulk, 50µm depl.  à MPW submitted Q4 2012  
•   Vendor B: 180nm, 1kΩ-cm p-bulk + epi (various),  à submitted Q1 2013  
•   Vendor C: 180nm, SOI HV proc.,100Ωcm p-bulk,  à MPW submitted Q1 2013  
•     Vendor D: 130nm, 3kΩ-cm p-bulk                     à MLM (full wafers) Q1 2014  
•    Vendor E: 150nm, 2- 5 kΩcm p-bulk, >50 µm depl. à MLM to be subm. Q2 2014  

   
39 

HR-CMOS (not yet CCPDed) 

standard with addn’l backside contact  
& high resistivity -> >50 µm depletion depth 
and full CMOS logic 

sideward drift to small collection diode 

T. Hemperek, H. Krüger (+ I. Peric, P. Pangaud et al. on Vendor D) 
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HR-CMOS      

50µm, back side processed, full CMOS, fully depleted (>2kOhm-cm substrate) 

EPCB01 

352 pixels 
40×40 µm2 

Fe-55 

good  
noise (~30 e)  
and  
thres. disp. (~80 e) 
 
gain variation ~10% 
 
full depletion  
from cluster size 
saturation 

M. Havranek 
T. Hemperek 
(Bonn) 

~50 µm 
full de- 
pletion 

Sr-90 

~200 transistors in pixel 
real matrix operation 

Vendor A 
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HR-CMOS      

50µm, back side processed, full CMOS, fully depleted (>2kOhm-cm substrate) 

EPCB01 

352 pixels 
40×40 µm2 

Laser Scan  
T. Obermann (Bonn) 

~200 transistors in pixel 
real matrix operation 

full depletion voltage ~10V 
leakage current ~20 nA 

radiation hardness? 
100 Mrad X-ray -> CMOS electronics ok 
>1014 cm-2 neutrons (Ljubiljana soon) 

gain calibrated via  
injection capacitance 

overall homogeneous  
response to light 
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ENC of small pixel vs. VSUB 

30 e 

T3MAPS: partial depletion, full CMOS (LBNL)  

42 

•  use IBM 130 nm process (same as for  
FE-I4) offering also buried N-well in  
p-substrate to create depletion region and 

    serve as Q-collecting electrode 
ü Q-collection by drift à rad. hardness 
ü  full use of CMOS and synthesized logic 
×   rel. large capacitance  
×  low res. bulk à small depl. region (~5 µm) 
×  perhaps more x-talk sensitive (n-well node)  
•  radiation program has started 

A. Mekhaoui, M. Garcia-Sciveres at al.  

22 × 225 µm2 standard pixels 
Q-collection in entire area 
ENC ~ 200 e- at Vsub = -10V 

10 × 10 µm2 small pixels, ENC 
Q-collection from small area  

Fe-55 map 
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3D integration …  
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prototyping 
with 
 
•  LAPIS Semic. 
•  MIT LL 
•  Tezzaron/ 
      Chartered 

… various CMOS layers 

Opto Electronics
and/or Voltage Regulation

Digital Layer

Analog Layer

Sensor Layer

Physicist’s Dream

50 um

Power In

Optical In Optical Out

3D integration promises 
•  higher granularity (smaller pixel size) 
•  lower power 
•  large active over total area ratio 
•  dedicated technology for each functional layer 
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3D-IC: TSVs 

10 532. WE-Heraeus Seminar, May 23-25, 2013 

Material Thermal 
conductivit

y 
(W/m/K) 

Thermal 
coefficient 
(ppm/K) 

Si 149 2.6 

SiO2 1.4 0.5 

Al 235 23.1 

W 170 4.5 

Cu 410 16.5 

– Through thinned wafers to bring connectivity to 
local connections between transistor layers 
(groups of transistors in 3D-IC) or individual 

devices (3D-SIC)  
• Ultra small cavity diameter ~1Pm 

• Cavity completely filled with W 
• Liner obtained with SiO2 

 
 

– Through unthinned or partially thinned 
wafers to bring connectivity at the pad 

level (3D-SOC), 
• Large cavity diameter >50Pm 

• Cavity completely filled or cavity walls 
plated (poly-Si, Copper) 

 

– dry etching (RIE or Bosch) for “drilling” 
TSVs’ cavities; typically 1:5-1:10 I/d;   

(laser drilling used too) 
– could be extensions of STI process in ICs 
– cylindrical vias, I>3 µm filled with electro-

plated Cu; W doesn’t work well for I>2Pm 
– Cu serious issues with thermal stress  

in Si interface; W used in high density TSVs 
– Annular TSV geometries are popular, 

especially with W filling 

low density TSV: 

high density TSV: 

contrary to popular belief, TSVs  
are not effective in assisting  

the transport of heat  

3D integration …  
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Vertex 2012, Jeju, Korea, Hans-Günther Moser 

Conclusions 

24 

3D technology with TSV is now being pushed by industry 
 2.5 D interposer & memory stacking 
 
large pitch, large diameter vias with low aspect ratio (via last)  is 
offered now by many vendors: 
 e.g. in Europe: CEA-LETI, Fraunhofer IZM, VTT, IMEC  
 
High density TSV (via first) still on the roadmap  
 (no large volume products yet) 
 
Several R&D projects in HEP (and photon science)  exist  
 (FERMILAB 3DIC, AIDA WP3) 
 
Most do post processing (via last) with large diameter TSV (~ 50 µm, 
aspect ratio 3:1) for backside connectivity   
 
can be used in the near future 

 
Some work on high density, small diameter vias (<5µm, > 10:1) 
 Tezzaron (via first, ROC only) 
 Fraunhofer EMFT (via last)  
 T-Micro 
 
=>more technical difficulties, will take more time (and money!) to 
reach maturity 

3µm 

within AIDA 
network WP3 

various approaches   
•  from (comparatively simple) post-processed TSVs with 

fairly large pitch, based on ATLAS FE-chips  
•  to via first/middle multi-Tier approaches (applied within 

the CMOS process plus post-processing) (CPPM/Bonn/
MPI) 

•  to first working 3D-integrated chip (R. Yarema et al, 
FNAL), VIPIC -> photon science 

FE-I3 operated  
through TSVs (241Am) 

“Interconnection of a 3D chip to edgeless and CMOS sensors with advanced techniques”, 2nd AIDA Annual Meeting, 10-12 April 2013  

Tezzaron vertical integration (3D) technology 
WB/BB pad 

1 st wafer 

TSV 

Inter-tier 
bond pads 

In wafer-level, three-dimensional processes, 
multiple strata of planar devices are stacked and 
interconnected using through silicon vias (TSV) 

Fabrication of electrically isolated connections 
through the silicon substrate (TSV formation) 
Substrate thinning (below 50 μm) 

3D processes rely upon the following enabling 
technologies 

Inter-layer alignment and mechanical/electrical 
bonding 

Tezzaron Semiconductor technology (via middle 
approach, vias are made between CMOS and 
BEOL) can be used to vertically integrate two 
130 nm CMOS layers specifically processed by 
Globalfoundries 

Globalfoundries provides a 130 nm CMOS process with several different options; chosen 
one features 1 poly, 6 metal layers, 2 top metals, dual gate (core and thick oxide devices, 
3.3 V), N- and PMOS with different Vth 

3 

ATLAS 
FE-I3 

M. Barbero, T. Fritzsch, L. Gonella, F. Hügging 
 et al.,  JINST 7 (2012) P08008 

VIPIC 
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Conclusions 

45 

The “brink to a new era” currently looks like … 

q  for HL-LHC (pp collisions) at the innermost layers 
§  hybrid pixels possibly with some 3D integration will be able to cope 

with radiation and rate levels ... perhaps also DMAPS/CCPDs? 
§  with hybrid pixelsmaterial will not easily go below 1% X0 per layer 
 

q  for (almost all) other applications in HEP or Heavy Ions 
§  thin materials  
§  high integration 
§  costs (especially for large area applications) will dominate the issue.  

 
q  CMOS pixels in whatever variants  

§  “smart” sensor bonded to dedicated digital chip ... or ... 
§  fully monolithic  ... or ... 
open a new field which may even range into high radiation  
applications with lots of room for R&D in the coming years 
 
      
 

  

  



N. Wermes, 9th Trento WS, 2/2014 46 

backup  
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VIPIC (Vertically Integrated Photon Imaging Chip) 
•  The VIPIC is designed to quickly count the number of hits in 

every pixel and read out the # of hits, and addresses in a dead 
timeless  manner.  

•  To achieve the desired speed requires a sparsified digital 
readout, where only the pixels which have registered a hit are 
read out.  

•  To implement the sparsified readout requires a digital design 
which would not fit in the desired pixel size of 80 x 80 um along 
with the analog circuitry. 

•  Thus  design was split into analog and digital design layers of 
equal area to meet the pixel size requirement. 

•  This required a large number (25) of signals to be passed 
between the analog and digital section of every pixel  (over 
100,000/chip) 

•  Chip operates in 2 modes 
•  Timed Readout of # of hits and addresses at low occupancy (~ 10 

photons/cm2/10 usec) 
•  Imaging – alternating 5 bit counters read out # of hits in each time 

slot without addresses (less data output without addresses) 
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back gate effect 

CMOS on SOI ... Silicon on Insulator 

48 

the scheme 
thick burried oxide (BOX) 
 

principle challenges 
•  back gate effect 
•  radiation resistance 
•  x-talk 

so far:  
several cures tried:  
•  buried p-well 
•  nested wells 
•  double SOI à current asset 

•  also: stitching possible 
•  also: vertical integration (in process)   

LAPIS Semicond. (formerly OKI) 
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Double SOI 
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•  Back Gate Effect is  
    fully suppressed 
 
•  rad. hardness 
    still not easy 

Yasuo Arai (Vertex 2013) 
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Today’s “state of the art” of running detectors 

50 

all based on 
 “Hybrid Pixel Detectors” 

ATLAS CMS 

ALICE 

semiconductor pixel detector ohmic contact

pixel readout chip

flip-chip 
bump bonding

pixel contact
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barrel 

end cap 

end cap 

Challenges for the LHC upgrades 

Increased luminosity requires 
• higher hit-rate capability 
•  increased granularity 
• higher radiation tolerance 
•  lighter detectors 

 
 
Radiation hardness and rate 
increase compared to now 
• phase 0 (2015)      ≈ ×  5 
• phase 1 (2018)      ≈ ×  5-10  
• phase 2 (2023)      ≈ × 10-30 

51	  

we are here 
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DBM – Diamond Beam Monitor 

DBM 

q radiation hard due to  
-  5x larger band gap than Si ⇒ no leakage current 
-  strong lattice (x2 stronger than Si) ⇒ less NIEL damage 

q  low Z  

q  first pixel use in ATLAS:  
Diamond Beam Monitor (DBM) – 24 telescopes 
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DEPFET PXD @ Belle II @ SuperKEKB  
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mock up 

2-layer pixel vertex detector (PXD) 

total area 
0.014 m2 

DEPFET sensor 

switcher 
chip 

current  
digitizer chip data processing 

chip 

2 layers 
50x75µm2 pixels 
0.21% X0 
 

full-size module prototype 
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DEPFET	  pixel	  array	  

gate[n]

clear[n]

cl
ea

r_
on
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of
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te
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n
ga

te
_o

ff

source
clear

drain

gate

AD
C

M
EM

DEPFET matrix

lin
e 

dr
iv

er

Current receiver, ADC chip

•  DEPFET	  pixel	  transistors	  arranged	  in	  a	  
matrix	  

•  row	  wise	  select	  -‐>	  column	  wise	  readout	  
of	  transistor	  (drain)	  currents	  

•  Gate	  and	  clear	  lines	  need	  a	  steering	  chip	  

•  Long	  drain	  readout	  lines	  to	  keep	  material	  
out	  of	  the	  acceptance	  region	  

•  100	  ns	  per	  row	  
20	  µs	  per	  frame	  

54	  
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HR-CMOS pixels     

LePIX (Walter Snoeys et al.)  IBM 90 nm  
... exploring the high resistivity route (> 0.5 kΩ cm) 
NIM A 718 (2013) 288-291 
 
radiation tolerance: > 1014 neq/cm2 and 10 Mrad 

55Fe spectrum 

~40-50 µm depletion depth 

2 transistors in pixel 
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3D Integration 
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Cu-Cu bonding (Tezzaron) Oxide-Oxide bonding (Ziptronix) 

wafer level stacking and bonding has been  
a painful (4 year) experience (Ray Yarema, Vertex2013) ... but ... finally  
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3D integration: A FIRST working chip with 3D integration for imaging 
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a working 3D integrated chip ... 
•  VIPIC vertically integrated photon imaging chip 
•  goal: buffer and readout image time slices  

w/ dead time less readout 
•  output time stamped information 
•  circuitry needed would else 

not fit in cell area 

R. Yarema et al. 
FNAL  

Xray photon (timing) 
correlation spectroscopy 


