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Outline 
•  What is 3D integration? Why did it triggered a 

wide interest in our community? 
 
•  Evolution from 2D devices to 3D integration 

for advanced pixel sensors and readout 
electronics in high energy physics experiments 

•  Expectations, experience, plans: current status 
and future promise (a personal view) 
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p 

p 

Silicon pixel detectors in 
High Energy Physics (HEP) 

• Detection of charged particles generated in high energy 
collisions of accelerated proton beams (e.g. LHC - Large Hadron 
Collider facility at CERN, Geneva) 

• Measurement of particle tracks as close as possible to the    
beam interaction point 

• High granularity (80 Mpixels) and high data rate capability     
(hit rate ~ 50 MHz/cm2) are necessary to detect multiple     
tracks with good space and time resolution 

• Radiation hardness is also necessary to operate close to beams 

Barrel layers 
cross section 
(radii in mm) 
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Advancing the state of the art of pixel sensors for 
a next generation of HEP experiments 

 New demanding specifications for experiments at new 
machines (HL-LHC, International Linear Collider: 

 

•  Improve resolution ⇒ shrink pixel size and pitch,        
down to 20 µm or even less  
 presently limited to 50 µm by bump bonding technology  

•  Preserve or even increase pixel-level electronic functions 
 handling of high data rates (hit rates > 10 MHz/mm2), analog-to digital 
conversion, sparsification,…: presently this also contributes to limiting 
the minimum size of pixel readout cells 

•  Decrease amount of material ⇒ thin sensor and 
electronics chips, “zero mass” cooling  

 Necessary to reduce errors in track reconstruction due to multiple 
scatterings of particles in the detector system 
 50 -100 µm total thickness 
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What is 3D integration? 
• 3D electronics: “the vertical integration of thinned and 
bonded silicon integrated circuits with vertical 
interconnects between the IC layers.”1 

• 3D electronics has the potential of being: 
–  Denser (smaller form factor) 
–  Faster (reduced delay because of shorter interconnects) 
–  Lower power (smaller interconnect capacitance) 
–  Lower cost (sizably less expensive than aggressive CMOS 

scaling) 
–  Integration of dissimilar technologies (sensor, analog, 

digital, optical) 

 
 1) Philip Garrou, Christopher Bower, Peter Ramm, 
Handbook of 3D Integration Technology and Applications 
of 3D Integrated Circuits,Wiley-VCH, 2008. 
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Two examples: 
1)    Memory 
 All major memory 
manufacturers are working on 
3D memory stacks. The cost 
of 3D can be significantly less 
than going to a deeper 
technology node for higher 
density. 
 A major bottleneck is access 
time between CPU and the 
memory.  Speed and power 
advantages are achieved with 
shorter vertical 
interconnects. 
 Initial applications for 3D will 
use Logic to Memory, and 
Logic to Logic stacking. 

 

Applications of 3D in the semiconductor industry 
(I) 



Valerio Re – WE Heraeus Seminar – Bad Honnef - May 23, 2013 9 

Applications of 3D in the semiconductor industry 
(II) 

2) Image sensors 
  

Pixel arrays with sensors and 
readout are well suited to 3D 
integration since advanced signal 
processing can be placed close to 
the sensor and performed at the 
pixel level.  Current 2D 
approaches cannot handle the 
data rate needed for high speed 
imaging. 
 
Smaller pixels providing improved 
resolution can be also designed 
thanks to 3D integration. 
 
4-side buttable, large area imager 
with no dead zones are enabled 
by 3D integration. 

With heterogeneous integration, each 
layer can be fabricated in a different 
technology and optimized for a different 
function. 

Image 
sensor 
layer	

CDS  
S/H 
layer	ADC 
layer	

Sensor/ADC	 Frame memory	 Processor	

Interposer	
Reconfigurable 

processor	 Memor
y	

M. Aoyagi, “Status of 3D-IC 
Technology Research and 
Development in Japan”, TIPP2011 
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78    Overall Roadmap Technology Characteristics 
 

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS:    2011 

 
 

Figure ORTC3     2011 ITRS—DRAM and Flash Memory Half Pitch Trends 
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Evolution of microelectronic technologies 
No roadmap, room for new ideas: 
monolithic sensors, 3D integration 
Moore’s Law & More

More than Moore:  Diversification
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More than Moore in semiconductor detectors: 
CMOS monolithic sensors (MAPS) 

MAPS can be included in the “more than Moore” family, since besides CMOS 
electronics they also include sensing electrodes for detecting the charge 
induced by incident particles. 

In standard MAPS, fabricated in mainstream CMOS processes, the particle-
sensitive region (substrate or epitaxial layer) has a relatively low resistivity. 
This makes these devices sensitive to non-ionizing radiation and displacement 
damage, with a rather fast degradation of charge collection properties. 

12 
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The More than Moore evolution of MAPS 

Advance in MAPS performance does not only involve a reduction 
of the size of transistors. It can be achieved by optimizing the 
silicon bulk to increase the signal-to noise ratio and the radiation 
tolerance 
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Radiation damage studies of  
CMOS MAPS: a review and update 

G. Traversi1,2, M. Manghisoni1,2, V. Re1,2, A. Manazza2,3, L. Ratti2,3, S. Zucca2,3, L. Gaioni2,  

S. Bettarini2,4, G. Rizzo2,4, F. Morsani2, L. Bosisio2,5, I. Rashevskaya2,5, V. Cindro6 

Introduction 

1 Università degli Studi di 
Bergamo, I-24044  
Dalmine (BG), Italy  

2 INFN   
Istituto Nazionale di Fisica 

Nucleare 

3 Università degli Studi di 
Pavia, I-27100 Pavia, Italy 

γ-rays up to a final dose ≈ 10Mrad  

IXth International Conference on Radiation Effects on Semiconductor Materials Detectors and Devices, RESMDD, October 9 – 12, Firenze, Italy 

Neutron irradiation of MAPS in the INMAPS quadruple well CMOS process 

4 Università degli 
Studi di Pisa  

I-56127  
Pisa, Italy  

5 Università degli 
Studi di Trieste 

 I-34127  
Trieste, Italy 

6 hJozef Stefan 
Institute, Slovenia  

 MAPS may satisfy the requirements (resolution, multiple 
scattering) of the experiments at the future high luminosity 
colliders  

 DNW monolithic sensors were proposed to improve readout 
speed through sparsification techniques 

 A DNW is used to collect the charge released in the substrate  

 A classical readout channel for capacitive detectors is used for 
Q-V conversion  gain decoupled from electrode capacitance 

 NMOS devices of the analog section are built in the deep N-well 

 Using a large detector area, PMOS devices may be included in 
the front-end design  charge collection inefficiency depends 
on the ratio of the DNW area to the area of all the N-wells 
(deep and standard)   

 MAPS scanned with an infrared 
laser to gather information on 
possible charge col lection 
degradation  

 No significant trend detected 
with TID  no substantial bulk 
damage, in agreement with diode 
leakage measurements  

About 20-25% decrease after the last 
irradiation step (9700 krad). Sizeable 
recovery after annealing  
Change in charge sensitivity results from:  

1.  Threshold shift in the preamplifier 
feedback MOSFET (RINC effect) 

2. Increase in leakage current in the detector 
(partially compensating the first effect) 

3. Change in the feedback transconductance 
and gain-bandwidth product in the shaper  

 Radiation Induced Narrow Channel (RINC) effect 
 significant change in threshold voltage and 
drain leakage current in N- and PMOSFETs with 
narrow (<1 µm) channel  

 Due to charge trapped in the shallow trench 
isolation (STI) affecting electric fields in the 
main channel  

 Responsible for threshold shift in the 
preamplifier feedback MOSFET (W/L=0.18/10)  

 Shift of tens of mV in irradiated narrow channel 
devices (compare with a few mV in wide channel 
MOSFETs) 

channel thermal 
noise 

flicker noise 

 Main contributions from the preamplifier input device (channel 
thermal and flicker noise)  

 Other, low frequency (parallel) noise terms negligible at the 
considered peaking times 

 Increase in excess of 100% in equivalent noise charge (ENC) after 
the last irradiation step 

 Sizeable recovery after the annealing cycle 
 Main contribution to noise degradation likely to come from flicker 

noise increase  

Deep N-Well Monolithic Active Pixel Sensors: DUTs and test procedures 

Device Internal Area (µm2) External Area (µm2) Internal Perimeter (µm) External Perimeter (µm) 

A 21.7·103 33.3·103 530 660 

B 5.42·103 10.7·103 270 370 

C 1.24·103 2.55·103 133 186 

 DNW MAPS: tests with charge injection, 55Fe, 90Sr and IR laser characterization  
 3x3 matrix of MAPS, sensor featuring a main DNW body plus N-wells satellites (M1)  
 3x3 matrix of MAPS with T-shaped DNW collecting electrode (M2)  

 DNW diodes: leakage current measurements   
 Three DNW diodes with different perimeter and area   

 γ-rays irradiation:  
 Up to 9.7 Mrad(SiO2),  9 rad/s dose rate, 100ºC/168 h annealing cycle, DUTs biased 
as in the real application 

 Neutron irradiation:  
 Up to 3.7·1013 1 MeV neutron equivalent/cm2. Irradiation campaign performed at the 
Triga Mark II nuclear reactor of the IJS (Ljubljana)  

Monolithic active pixel sensors fabricated in a bulk CMOS technology with no epitaxial layer, featuring a deep N-well as the collecting electrode (DNW MAPS), have been exposed to γ-rays, up to a final dose of 10 Mrad (SiO2), and 
to neutrons from a nuclear reactor, up to a total 1 MeV neutron equivalent fluence of about 3.7x1013 cm-2. A different  monolithic active pixel sensor, fabricated in a CMOS process with quadruple well and standard (10Ω·cm) or 
high (1kΩ·cm) resistivity epitaxial layer has also been irradiated with neutrons up to a total 1 MeV neutron equivalent fluence of about 1014 cm-2. The irradiation campaign was aimed at studying the effect of radiation-induced 
damage on the most significant parameters of the front-end electronics and on the charge collection properties of the sensors, which were conceived for applications to charged particle tracking in high energy physics 
experiments. Device characterization has been carried out before and after irradiations. The DNW MAPS irradiated with 60Co γ-rays were also subjected to high temperature annealing (100°C for 168 hours). Measurements have 
been performed through a number of different techniques, including electrical characterization of the front-end electronics and of DNW diodes, laser stimulation of the sensors and tests with 55Fe and 90Sr radioactive sources. 
This paper reviews the measurement results and their relation with the damage mechanisms underlying performance degradation in MAPS.  

Effects on noise performance 

 Found to balance RINC effect in the 
preamplifier feedback MOSFET in 
tests on previous MAPS versions 

 Leakage current proportional to the 
diode perimeter  compatible with 
charge buildup in the field oxide 
and/or creation of traps at SiO2/Si 
interface, accounting for surface 
generation current increase   

Effects on charge collection properties 

Before 
irradiation 
Peak value: 
1031 e- 

9700 krad 
Peak value: 993 
e- 

1 MeV neutron equivalent fluence ≈ 3.7x1013cm-2   

Effects on charge sensitivity 

Effects on charge collection properties Effects on noise and charge sensitivity 

ΔGq /Gq < 10 %  

Δ(ENC)/(ENC) < 5% 

Measurements with injection capacitance 55Fe source measurements 

No significant changes after irradiation (as expected) 

ΔVpeak /Vpeak < 3 %  

Δσn/σn < 5% 

IR laser measurements 

 Measurement setup for precision scanning with IR 
laser featuring λ=1064 nm and σ beam spot ≈ 3 µm  

 The primary neutron damage effects are the 
trapping and/or the recombination of signal 
charge carriers at radiation induced defect sites  

 About 50% drop in the peak collected charge 
after 6.5·1012 n/cm2 

90Sr source measurements 

 MPV reduction after irradiation is consistent 
with the MAPS charge collection degradation  

 The signal loss is related with the recombination 
of charge at the radiation induced defect sites 
and/or with trapping and release of carriers  

 40-50% reduction after the last irradiation 
step is in good agreement with the data from 
the IR laser tests 

 Planar CMOS technology featuring an additional 
processing step: a high energy deep P-well 
implant is deposited beneath the N-wells 
(except for the N-well diodes acting as 
collecting electrodes)  

 This implant creates a barrier for the charge 
diffusing in the epitaxial layer, preventing it 
from being collected by the positively biased N-
wells of the in-pixel circuits and allowing a 
theoretical charge collection efficiency of 
100%. The NMOS transistors are designed in 
heavily doped P-wells located over a lightly 
doped epitaxial layer 

 4 interconnected squared N-well diodes (1.5 µm 
side) as collecting electrode instead of a large 
DNW (lower noise and power consumption)  

Higher degree of radiation 
hardness for the hi res case 

Laser tests  

Noise and  
charge sensitivity 

 MAPS operated at IMIR such 
that time to return to baseline 
is about 2 us  

 Decreasing trend in the charge 
sensitivity with fluence 

Illustration of the depletion region (pink) versus resistivity.  
On the left: standard resistivity silicon. On the right: high resistivity silicon. 

 The epitaxial layer, featuring a resistivity higher than both the deep P-well and the 
substrate, plays an important role in the improvement of the charge collection properties: in 
fact, the presence of two small potential barriers (deep P-well/epitaxial layer or P-well/
epitaxial layer and epitaxial layer/substrate) keeps the carriers within the epitaxial layer, 
preventing them from diffusing through the substrate 

 The foundry provides two different typologies of epitaxial layer:  
 Standard resistivity (50 Ω·cm) 
 High resistivity (1 kΩ·cm) 

 Advantages of a high resistivity epitaxial layer: 
 Better charge collection properties (higher collected charge, collection speed) 
 Higher bulk damage hardness expected  

 Quadruple well MAPS irradiated with neutrons up to 1014  1 MeV eq n/cm2 (JSI, Lubljana)  

 Substrate features: 12 um thick epi-layer, std (~10 Ω·cm) and hi (~1 kΩ·cm) res 
 Charge sensitivity, noise, charge collection (IR laser, 90Sr) measurement    

 Specra after noise subtraction (noise events 
measured without 90Sr source with a pulser firing at 
the same frequency of the scintillator in the source 
spectrum)   

 Upon detection of an e-, the scintillator is used to 
generate a gate signal. The 9 channel waveforms (of  
a 3x3 matrix) are stored if Vout2,2@tP > 5σnoise and 
Vout2,2 > Vout of the other 8 pixel of the matrix  

90Sr source measurements 

Effects on charge collection properties 

High-resistivity epi-layers 
(thickness of 10 – 50 µm) or even 
substrates have become available in 
commercial CMOS process 

They can be fully or at least 
partially depleted, with great 
potential advantages in terms of 
tolerance to non-ionizing radiation 

13 
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Vertex 2012, Jeju, Korea, Hans-Günther Moser 

3D interconnection   

Two  or  more  layers  (=“tiers”)  of  thinned  semiconductor  
devices interconnected by vias to form  a  “monolithic”  circuit. 
 
Different layers can be made in different technology  
 (BiCMOS, deep sub- CMOS, SiGe,…..). 
 
3D is driven by industry: 

 

power in
optical in

optical out

sensor layer
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digital signal processing

opto electronics or voltage regulations
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Low Density 
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High 
Impedance 
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Poor Heat 
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Challenging Interposers 

I/O Pitch limitations 

Short Connection 

High Density 

Reduced RC Delays 

Low Impedance 

Low Power consumption 

Good Heat 
Dissipation 

Smallest Area 
Simple Interposers 

Less I/O Pitch 
limitations 

A further leap: 3D integration 
The microelectronic industry has developed 3D integration of thinned and 
bonded CMOS tiers with vertical interconnections through the silicon 
layers as an alternative or complementary way to device scaling, with the 
goal of enhancing memory capacity and microprocessor speed (by reducing 
length of interconnections) and of improving the performance of image 
sensors (by including pixel level high-speed signal processing). 

The semiconductor detectors and front-end electronics communities in 
HEP and photon science plan to take benefit from 3D integration for new 
pixel sensor with advanced functionalities, smaller form factor, less 
material and dead area, separation and optimization of sensing, analog 
and digital functions,…  New concepts may also be enabled by this 
technology. 

14 
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•  Charge-to-Voltage conversion done by the charge preamplifier 

•  The collecting electrode (Deep N-Well) can be extended to obtain higher single pixel 
collected charge (the gain does NOT depend on the sensor capacitance), reducing 
charge loss to competitive N-wells where PMOSFETs are located 

PREAMPL 

SHAPER 

DISC LATCH 

Classical optimum signal processing chain for capacitive detectors can be 
implemented at pixel level: 

Deep N-Well (DNW) sensor concept 
New approach in CMOS MAPS design compatible with data 
sparsification architecture to improve the readout speed potential 

15 
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The first generation of CMOS sensors  
with in-pixel sparsification and time stamping  
(DNW MAPS in the 130 nm STM CMOS process)  

APSEL4D 

32x128 matrix.  
Data Driven, continuously 
operating sparsified 
readout 
Beam test Sep. 2008   

50x50 µm pitch 

SDR0 

16x16 matrix + smaller test structures. 
Intertrain sparsified readout   

25x25 µm pitch 

22T 
14T 

iF 

CF Vt 
Discriminator 

Preamplifier 

- 
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Intertrain Readout Architecture for 
“ILC” MAPS (SDR0 chip) 

X=1 X=1
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TS=Time_Stamp 
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T h e  n u m b e r  o f 
e l e m e n t s m a y b e 
i n c r e a s e d w i t h o u t 
changing the pixel logic 
(just larger X- and Y-
registers and serializer 
will be required) 
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0.2 s 
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Digital readout 

0.95 ms 
Suggested by FNAL IC design group, 
first implemented in the VIP chip 
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 Several issues had to be addressed to meet ILC Vertex Detector 
specifications (pixel pitch, detection efficiency): 

 
–  Binary readout: ILC VTX demands a pixel pitch < 20 µm to 

achieve required single point resolution < 5 µm. 
–  Detection efficiency does not meet requirements (> 99 %) 

because of competitive n-wells (PMOS) decreasing the fill factor 
–  Capability of handling multiple pixel hits has to be included 

without degrading efficiency and pitch 
 
A further problem:  
•  The performance of the SuperB sensor (APSEL) with continuous 

sparsified readout was impaired by digital-to-analog interferences 
(digital activity in the same substrate where the sensing electrode is 
located) 

 ⇒  3D integration as the technology leap to overcome these 
 problems and tackle the technical issues related to the 
 integration of large sensor matrices. 
   

DNW CMOS sensors: the way forward 

18 
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A “via first” process as an aggressive 
variant of 3D integration 

Through-Silicon Vias (TSV) are etched at early stages of a 130nm CMOS 
process (after transistor fabrication) at the silicon foundry. High density 
vertical interconnections are possible. High-density, low-mass bonding of 
CMOS layer is achieved by a Cu-Cu thermocompression process. 

Tezzaron 3D process (Fermilab 3D-IC Consortium) 

This is probably the best way to fabricate 3D integrated circuits for pixel 
readout with a large number of pixel-level interconnections, enabling advanced 
signal processing architectures, large memory size, digital calibration of analog 
circuits,… 

Tezzaron vias are very 
small: Φvia=1.2 µm, 
Φlanding_pad=1.7 µm, 
dmin=2.5 µm 
 
Wafer bonding pads are 
nominally on a 4 µm 
pitch 

19 
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From 2D to 3D CMOS pixel sensors 

Analog section Digital section 

DNW sensor 

P-well 
N-well NMOS 

PMOS 

Digital section 

DNW sensor 
Analog section 

Guideline: separate analog from digital section to minimize cross-talk 
between digital blocks and sensor/analog circuits 

Tier 1: collecting electrode (deep N-well/P-substrate junction) and analog 
front-end and discriminator 
Tier 2: digital front-end (2 latches for hit storage, pixel-level digital blocks for 
sparsification, 2 time stamp registers, kill mask) and digital back-end (X and Y 
registers, time stamp line drivers, serializer) 
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Token 
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FFDR 

Advantages of going 3D 

Pixel-level functionalities: a double-hit detection capability (two flip-
flops) is included 

Pixel pitch: reduced from 25 µm to 20 µm 

Pixel “fill factor”: increased by a sizable reduction of the area of PMOS 
N-wells in the sensor layer  
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13th Vienna Conference on Instrumentation, 11-15 February 2013, Vienna, Austria 

DNW sensor 

Competitive
N-well 

Inter-tier 
connections 

DNW sensor and 
preamplifier NMOS 

Digital front-end 

Inter-tier 
connections 

SDR1 prototype elementary cell: bottom and top tiers 

20 µm 20 µm 

2
0

 µ
m

 

Discriminator 
NMOS 

Discriminator 
PMOS 

Layout of the 2-tier pixel cell 

22 



Valerio Re – WE Heraeus Seminar – Bad Honnef - May 23, 2013 13th Vienna Conference on Instrumentation, 11-15 February 2013, Vienna, Austria 

Collecting electrode layout 

DNW (collecting 
electrode) 

NW (for PMOS) 

SDR1 cell (3D)  

(bottom/sensor tier) 
2

0
 µm

 

 Moving most of the PMOS transistors to the top (digital) tier may significantly improve 
the detector collection efficiency  

 The DNW covers about 35% of the cell area in the SDR0 chip, more than 50% in its 3D 
release 

SDR0 cell (2D)  

2
5

 µm
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The first 3D DNW CMOS sensors: 
experimental results 

The processing of 3D devices started about 3 years ago at Tezzaron/
GlobalFoundries and, after many technical problems, only recently 
(summer 2012) fully functional chips were delivered. This is a 
signature that advanced 3D technologies have not yet reached a full 
maturity.  

However, eventually very good test results on fully working 3D 
chips provide a demonstration of the potential of 3D integration, 
and stimulate further work.  

Logic 
blocks

An example of 
what can go 
wrong: 
misalignment in 
inter-tier 
connection pads 
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3D processing and MOSFET performance 
Processing steps associated to 3D integration involve TSV etching and 
filling (with mechanical stress on surrounding regions of the silicon bulk), 
wafer bonding at relatively high temperatures, wafer thinning (12 µm), …  

These steps do not appear to degrade performance of transistors in the 
thinned layer, with respect to standard CMOS devices in the same 130nm 
technology node 
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3D processing and MOSFET radiation hardness 
3D processing does not appear to degrade MOSFET behavior after 
exposure to ionizing radiation. On the contrary, the smaller sensitivity 
(smaller 1/f noise increase in irradiated devices) of 3D-IC NMOSFET 
could be related to favorable CMOS processing details related to lateral 
isolation oxides and to bulk doping levels close to STI. 
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3D enclosed NMOSFETs 
The enclosed layout geometry has been successfully used since the 250 nm 
node to achieve a large tolerance to very high total doses of ionizing 
radiation, by removing lateral leakage paths along lateral thick oxides. As 
expected, this technique works also in 3D-IC 130 nm MOSFETs in the 
Tezzaron/GlobalFoundries process.  

S D

G
Leakage path 

Standard 

SD

G

Enclosed 
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A. Manazza, “CMOS MAPS in a Homogeneous 3D Process for Charged Particle Tracking”, NSS2012,  Oct.29 – Nov. 3, 2012 

7 

o Tests on SDR1 digital circuits 
show the full functionality of 
vertically integrated chips 

MASTER RESET  
(when it is low, it reset the FF) 

CELL ENABLE (when it is low, it enables the FIRST-HIT FF) 

PA OUTPUT 

OUTPUT SIGNAL  
of the FIRST-HIT FF 

VTH 

Reset Hit 

0
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Threshold voltage [mV] 

1st FF 

2nd FF 

Pixel (2,5) 
of a 8x8 
matrix 

SDR1 chip (Sparsified Digital Readout 1) 
 

DETECTOR 

FIRST HIT-FF 

Tests on digital and analog section  
of 3D DNW sensors 
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3D DNW MAPS: analog front-end characterization 

•  Charge sensitivity: 250 mV/fC 
•  Input dynamic range: 1500 electrons 

•  ENC: 40 electrons rms 

•  Power dissipation: 5 µW/pixel 
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➡ tested with a 55Fe source:

‣ 5.9 keV !, 1640 e– ≃ 2xMIP

‣ measured gain ≃ 320 mV/fC (half the 
expected value) and  quite dispersed

March 27th 2013 Giulia Casarosa

Apsel3D_TC – analog-tier only

14

7xENC

➡ tested on beam (2011):

‣ 3x3 cluster signal MPV ≃ 1000 e–

‣ S/N ≃ 23

‣ efficiency ≃ 98% at thresholds up to 7xENC

differential spectrum of the 3x3 pixels (55Fe):

๏ feedback capacitance of the preamplifier 

realized exploiting parasitic capacitance of 

two tracks 

๏ value estimated from post-layout simulations:  

not reliable (→ low gain) and quite dispersed 

(→ dispersed gain)

PH seed cut (e–)

3D integration improves efficiency of DNW CMOS sensors 
In the first 3D-IC run, besides “ILC-like” devices, we had also DNW CMOS 
sensors with continuous sparsified readout (originally developed for SuperB, 
which was then cancelled), called APSEL. 

2D 3D 

Beam test results on these 3D APSEL prototypes confirm the advantage in 
charge collection efficiency with respect to previous 2D versions, because 
of the reduction of the area of competitive PMOS N-wells. S. Bettarini, G. Casarosa, 

F. Morsani, A. Perez, G. 
Rizzo, VIPIX meeting, 
March 2013 
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3D integration reduces digital-to-analog interferences 
In the APSEL chips, the digital readout is always up and running (50 MHz 
clock), sending out data from hit pixels. In 2D versions, coupling of digital 
signals to the analog front-end was not negligible.  
In the 3D version, thanks to the separation of the analog and digital 
substrates, digital-to-analog interferences are drowned in the electronic 
noise and do not give spurious signals. 

March 27th 2013 Giulia Casarosa

Tests on Inductions

17

data valid

BC

MLE

analog output
‣ small induction, order of 

the noise (2 mV) due to the 

clk, on chip? testboard?

‣ 1/4 MIP (10mV) ≃ 5 x noise

‣ safe operations 

readout running:

➡ No significant inductions visible at the analog output of pixel (31,7):

tested at very high clk rates:

๏ rdclk = 50 MHz (20ns)

๏ BC ≃ 2.5 µs

๏ checked that pixels 
beloning to the same 
MP as pixel 31,7 are 
fired

2µs

5mV

MIP ≃ 40 mV

S. Bettarini, G. Casarosa, 
F. Morsani, A. Perez, G. 
Rizzo, VIPIX meeting, 
March 2013 
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A new generation of 3D chips 
The yield, reliability and turnaround time of the aggressive 3D process 
we used so far still seem to be an issue. 
 
Since an experimental proof of 3D-related performance advantages 
was provided by the first 3D-IC run, there are plans for submitting two 
new 3D chips, whenever a viable access is provided to the technology.  

Both chips share a new 
flexible readout architecture: 
data push & triggered version 
 

1)   Large-scale 3D deep N-
well MAPS (3D APSEL)  

 
 
2)   3D readout chip for high 

resistivity pixel sensors 
(SUPERPIX1) 

Main analog features  3D APSEL SUPERPIX1 
Charge sensitivity [mV/
fC]  @ DAC out 

700 50 

peaking time [ns] 300 250 
ENC [e rms] 40 

@ CD=300 fF  
180 

@ CD=150 fF 

Threshold dispersion 
before/after correction 
[e rms] 

106/15 560/65 

Pitch [µm] 50 50 
Matrix size 128x100 128x32 
Power/pixel [µW] 36 13.5 
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3D readout integrated circuits interconnected to 
high resistivity sensors:  

standard bump bonding vs vertical integration 

Analog 
section 

Digital 
section 

detector layer       

Bump 
bonding 

1st layer 

2nd layer 

Analog 
section 

Digital 
section 

Wafer 
bonding  

1st layer 

2nd layer 

detector layer       

  
  

 
 Conventional solder bumps or more advanced, 
low pitch CuSn bonding may still pose a 
problem for low mass assemblies 

 
 Low-mass bonding of sensors to readout 
circuits is possible with advanced high-
density interconnection technologies 

 

 

CuSn 
bond  
cross  
section 
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Exploiting 3D integration: the analog section of a 3D 
readout chip for high resistivity pixels (50 µm pitch) 

C1 

C2 
CF 

CD Qδ(t) 

Preamplifier Shaper 

, AVDD IF 
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VTH 

Polarity 
selector 

PS 

ANALOG 
LAYER 

DIGITAL 
LAYER 
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HIT 

VFBK1 

VFBK2 

Shift register Q D 

B1 
Q D 

B2 
Q D 

B3 
Q D 

MASK 

In-pixel 
logic 

DATA_IN 

DATA_CK 

MASK 

Pulser 

INJ_EN 

AVDD AGND 

INJ_CK 
HIGH_GAIN 

Q D 

INJ 
Q D 

B0 

Digital 
Threshold 
Correction 

+ 
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Exploiting 3D integration: pixel-level logic with time-stamp 
latch and comparator for a time-ordered readout 
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Laboratorio di Strumentazione ElettronicaAnnual Report of Activities – a.a. 2009/2010 – October 15, 2010VIPIX/SuperB Phone Meeting, November 27th, 2012 7

Analog Layer Layout

DAC, decoder and 
shift register

Preamplifier, 
polarity selector 
and shaper blocks

Discriminator

3 connections
PA input – bump 

bond pad
(Supercontact)

DRC

LVS

Routing

Laboratorio di Strumentazione ElettronicaAnnual Report of Activities – a.a. 2009/2010 – October 15, 2010VIPIX/SuperB Phone Meeting, November 27th, 2012 11

Superpix1 Digital Layer Layout

poly
resistors

Pulser circuit

In-pixel logic

HIT

AGND

MASK

AVDD

INJ

DRC

LVS

Routing

Integration 
with digital 
front-end 
(Fabio)

Layout and electronic functions in a 2-tier pixel 
readout cell (50 x 50 µm2) 

Analog tier 

 

Digital tier 
(includes a pulser for 
an accurate calibration 
of the pixel cell) 
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ApselVI front-end architecture 

 -

Vth

Cf,pa
DAC

+

-

{b0,b1,b2,b3}

 - A(s)
Cs1

Gf
Vref

Cs2

Vfbk,pa

+

AVDD

AGND

4

IN_PIXEL
logic

Shift
register

KILL_bit
DATA_OUT, CLK_OUT

tier1, analog tier2, digital

PIXEL_HIT

DATA_IN, CLK_IN

 

Thanks to 3D integration, the addition of a shaping stage in the 
analog tier makes it possible to independently optimize noise and 
threshold dispersion (also with a DAC for local threshold adjustment), 
achieving a high charge sensitivity in a reliable way  
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Voltage drop on analog VDD/GND lines 

ΔVd=15/20 mV (typ/max) 

Voltage drop on the AVDD and AGND lines causes changes in some pixel current sources, 
in particular in the shaper input branch and in the transconductor. These current 
changes lead to a degradation of the front-end performance (i.e. charge sensitivity and 
peaking time). 

 This problem is overcome by distributing a reference voltage to each pixel 
according to the schematic above. 

3D Apsel  features:  
Ianalog_cell=25 µA 

128x100 pixels matrix for 
the next run 

Considering the case of a 
larger matrix, supplied 
from both sides, we 
obtain the following 
voltage drop on AVDD and 
AGND:  

M. Manghisoni, E. Quartieri et al.,“High Accuracy Injection Circuit for Pixel-Level 
Calibration of Readout Electronics” presented at the 2010 IEEE Nuclear Science 
Symposium Conference, Knoxville, USA, October 30 - November 6 2010. 

 

AVDDperipheral AVDDpixel 

AGNDpixel AGNDperipheral 

I=120 nA 

Isib≈120 nA Itransc ≈ 2.5 nA 

Compensation of power supply voltage 
drops in a large matrix 
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Perspectives and support to 3D integration in the 
semiconductor detector community 

3D integrated circuits based on homogeneous layers (same CMOS technology) 
and high density TSVs and interconnections are a very promising approach to 
advanced pixel detector readout and other applications. 

Vertex 2012, Jeju, Korea, Hans-Günther Moser 

Advantages for Module Design 

 
Contact pixels through vias: 
-> 4-side buttable. 
->  No  “cantilever”  needed. 
 
Larger module with minimal dead space. 
 
Less support structures & services. 
Substantial material savings. 
 
Large pitch of I/O connections allows use of large 
diameter/low aspect ration vias  
=> Rather mature technology, several vendors 

11 

Low-density peripheral TSVs can be used to reach 
backside bonding pads for external connection. 
The interconnection technology can be chosen 
according to the pixel pitch. 

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 

A high-resistivity, fully depleted sensor can be combined in a low-mass assembly 
with a readout chip designed in an aggressively scaled CMOS generation (usually 
not available in the typical MAPS “Opto”processes), both with excellent 
radiation hardness (among other properties). 

The AIDA WP3 project is supporting the less aggressive 
“via last” variant of 3D integration, where low-density 
TSVs are etched in fully processed CMOS wafers. It is a 
mature technology, presently available at various vendors. 

This technique makes it possible to use heterogeneous 
layers ( different technologies) for sensors and front-end 
electronics and to fabricate four-side buttable devices 
with minimal dead area. 
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The diversity of 3D integration 
approaches: “via first” vs “via last” 

Different approaches to 3D integration differ in terms of the minimum 
allowed pitch of bonding pads between different layers and of vertical 
Through-Silicon Vias (TSVs) across the silicon substrate.  

Even with not so aggressive 3D technologies (the so-called “via last” 
ones, where TSVs are fabricated on fully processed CMOS wafers), a 
significant advantage can be gained by designing a 2-tier readout chip 
(for example, analog layer + digital layer) 

In most cases, only one or two connections are needed between the 
analog and digital blocks of a single pixel cell, and the digital layer can 
use low-density peripheral TSVs (pitch > 50 µm) to reach backside 
bonding pads for external connection. 

The “via last” approach was successfully tested by AIDA groups, both 
for HEP and imaging applications, and may open the way to new design 
ideas.   
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At INFN, we are developing plans for a new project, with the goal of 
developing new detector systems for X-ray imaging applications.   

New ideas for 3D integration  
in photon science 

>  Potential benefits from 3D vertical integration 
 

§ Reduction of pixel size (presently limited by the need of 
complex electronic functions in the pixel cell) 

 
§ Larger memory capacity (store more images) 

§ Advanced pixel-level processing 

§ 4-side buttable tiles 
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Conclusions 

R&D activities in these technologies have to be supported by our 
community, since they enable new concepts for detector 
systems. AIDA WP3 is doing this  job of testing diverse 
approaches to 3D. 

3D integration is progressing in the microelectronic industry, and 
we have to be ready to exploit it. Ultimately, it may allow 
designers to avoid using sub-50 nm processes for analog and 
digital circuits in very small pixel readout cells.  

Technology watch for novel devices and processes (including 3D 
integration) has to continue, since the evolution of 
microelectronics is not going to end soon. 

The first 3D-IC run provided demonstrators of 3D CMOS chips, 
and confirmed potential advantages of 3D integration. The 
problems associated with this run do not have to prevent us to 
continue pursuing 3D as a way of devising advanced pixel detectors.  
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3D Technology Advantages for pixel sensors  

•  Aggressive thinning leads to low mass circuits 
resulting in low particle scattering applications. 

•  New bonding technologies for 3D lead to alternatives 
to conventional bump bonding that can provide lower 
mass, finer pitch, and enhanced mechanical robustness 
for additional mechanical processing (thinning without 
destroying the connections) 

•  Via formation allows for increased circuit density with 
multiple tiers, and/or allows for 4 side buttable 
circuits. 

•  3D via formation allows for mixed circuit technology 
design and independent analog and digital substrates. 
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ü  Several groups from US and Europe 
have been involved in the first 3D MPW 
for HEP (pixel and strip readout chips 
for ATLAS, CMS, B-factory, ILC) and 
photon science applications (X-ray 
imaging)  

ü  Single set of masks used for both tiers 
to save money 

ü  identical wafers produced by Chartered 
(now GlobalFoundries) and face-to-face 
bonded by Tezzaron 

ü  backside metallization by Tezzaron 

First MPW run of the 3D-IC consortium 
 

symmetry line 

TXL TXRTYL TYR

AL BL BR AR

CL DL DR CR

EL FL FR ER

GL HL HR GR

JL JRIL IR

E1 F1 E2 F2 

E1 F1 E2 F2 

Bottom layer Top layer flipped over 
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Tezzaron vertical integration (3D) process 

Step 5: stack wafer 3, thin 
wafer 3 to expose TSV, add final 
passivation and metal for bond 
pads.  

Step 4: thin the wafer 2 to about 
12um to expose TSV. Add Cu to back 
of wafer 2 to bond wafer 2 to wafer 
3 OR add metallization on back of 
wafer 2 for bump bonding or wire 
bonding 

Step 3: bond wafer 2 to wafer 
1 (Cu-Cu thermo-compression 
bond) 

Step 1: On all wafer to be stacked 
complete transistor fabrication,  
form TSV, passivation and fill TSV at 
same time connections are made to 
transistors  

Tezzaron uses a “v ia 
middle” approach for the 
fabrication of 3D chip 

Step 2: Complete back end of line 
(BEOL) process by adding Al 
metal layers and top Cu metal 
(0.7um) 
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Voltage drop is simulated as a symmetrical voltage variation in the 
analog power (AVDD) and ground (AGND) lines. 

 AVDD=1.5 V-ΔVd, AGND=ΔVd 
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Requirements of pixel sensors in future  
High Energy Physics experiments 

 Depending on the application, some (or all!) of the following 
requirements must be taken into account: 

 
•  Pixel pitch < 20 µm  
•  Timing resolution ~ 25 ns 
•  High radiation tolerance: total ionizing dose > 100 Mrad,  1016 

neutrons/cm2 
•  Sensor thickness < 50 µm (0.1% X0 per layer at ILC) 
•  Noise: 10 – 100 electrons rms 

 S/N adequate to detection of small signals (few hundreds – few thousands 
electrons); signal ÷ thickness of active sensing layer; depends also on 
radiation-induced damage  

•  Low power dissipation (~ 100 µW/cm2 average, may require power 
cycling) 

•  Processing of events with very high rate 
 even with zero suppression, chip architectures with output data rates of 320 
MHz; 
 detector modules require data links with rate capability ~ 5 Gbps 


