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Integrate the readout circuitry – or at least the front end – together 
with the detector in one piece of silicon 

The charge generated by ionizing particle is collected on a 
designated collection electrode  
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  Motivation :  

  Impact of power consumption on material in high energy physics experiments 

  The importance of Q/C for power consumption  

  Some examples of monolithic detectors 

  Device design & device simulations 

  Processing 

  Monolithic detectors in deep submicron CMOS : example LePIX 

  Q/C and segmentation 

  Device design 

  Some (analog front end) readout circuits 

  Status of first prototype submission & measurement setup 

  Digital part of the readout and power consumption 

  Radiation tolerance  
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  Represent a lot of work and a considerable fraction of the total 
budget  

  Subject to severe spatial constraints, limiting for future upgrades 
  Power often consumed at CMOS voltages, so kW means kA 

  Even if power for detector is low, 
voltage drop in the cables has to be 
minimized: example analog supply one 
TOTEM Roman Pot:  

 ~ 6A @ 2.5 V  
   ~100m 2x16mm2 cable: 0.1 ohm or 0.6 

V drop one way  
 8230kg*2*100*16E-6=26kg of Copper 

for ~ 15 W 

Services: cables, power supplies, cooling, etc… 
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Power and material budget 
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Power in CMS Tracker 

  Total # channels:  75,500 FE chips x 128 = ~10M 
  Power/FE:   ~ 2.9 mW/channel 
  Pwr/ch  data TX:  ~0.6 mW/channel 
  Supply all included:  2.5 V and 1.25  

          Ptot= ~33 kW 
  PSUs on balconies 
  # of service cables: 1,800 
  Power in the cables:  ~62 kW, as 4 Volts dropped on cables! 
  Services of PSUs: + 12 kW 
  Pixel total is 25 kW extra 
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CMS from LHC to SLHC 
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SIGNAL FORMATION 

+ 
+ 
+ 
+ 

- 
- 
- 
- 

  Minimum Ionizing Particle (MIP) creates ~80 e/h pairs per 
micron of silicon traversed 

  In a detector (for instance PIN diode): 

  bias applied to separate positive and negative charge  

  collect charge onto collection electrode 

  Charge read out from collection electrode by circuit 

  Signal charge ~ collection depth 

  Voltage developed on collection electrode ~ 1/C 

  In current generation typical detector thickness 300 microns 
for a charge of about 24 000 electrons (4 fC) 
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Signal-to-Noise ~ 
Charge collection depth 

~ 
Collection electrode capacitance 

Q 

C 
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  Motivation :  

  Impact of power consumption on material in high energy physics experiments 

  The importance of Q/C for power consumption  

  Some examples of monolithic detectors 

  Device design & device simulations 

  Processing 

  Monolithic detectors in deep submicron CMOS : example LePIX 

  Q/C and segmentation 

  Device design 

  Some (analog front end) readout circuits 

  Status of first prototype submission & measurement setup 

  Digital part of the readout and power consumption 

  Radiation tolerance  
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RESET 
COLUMN BUS 

ROW SELECT 

Example: three transistor cell 
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M. Winter et al. IHPC Strasbourg 
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M. Winter et al. IHPC Strasbourg 
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R. Ichimiya (KEK) SOI Pixel collaboration http://rd.kek.jp/project/soi/ 

  Buried oxide separates detector silicon from readout silicon 
  Example: OKI Fully depleted 0.2µm CMOS on , ~18 Ω-cm, p-type, ~40 nm, 700 Ω-

cm (n-type) detector material 
  Quite some experience developed 
  Working on issues: back gating effect at detector reverse bias, radiation tolerance 

difficult due to charge accumulation in the buried oxide 
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3D or vertically integrated detectors  
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3D or vertically integrated detectors  



Walter Snoeys – CERN – PH – ESE – ME-2011 28 

CMOS on lightly doped substrates ? 
  Several applications now demand more lightly doped substrates for 

reasons of isolation of blocks in the same substrate, reduction of 
losses for RF… This has lead to some experience and availability of 
advanced CMOS on higher resistivities. 

  We have received feedback from foundry that advanced CMOS can be 
implemented on resistivities > 100 Ωcm needed to obtain several tens 
of microns depletion at 100 V 
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Can we exploit the features of very deep submicron CMOS processes to 
combine most of the advantages of the previous technologies ? 

  Good radiation hardness (charge collection by drift). 

  Take advantage of small feature size in advanced CMOS processes 

  Low power consumption: target 20 mW/cm2 in continuous operation. 

  Monolithic integration. 

  Use of CMOS technologies with high production rate (20 m2 per 
day…) and cost per unit area less than traditional detectors 

  Significant advantages beyond 130 nm (low K dielectrics in the metal 
stack) 

  Several approaches are in principle possible. As an example in the 
following the currently ongoing development of LePix will be described. 

  First have a more general look at some issues. 
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DESIGN ASPECTS and ISSUES 

  Device 
  One needs to design a device structure (a diode for instance) to 

collect generated charge onto a designated collection electrode 
without losing it in some other part of the readout circuit. 
Collection can be by drift (electric field) or diffusion 

  Need to guarantee uniform response across the sensitive area  
  Would like to minimize collection electrode capacitance 
  Need to avoid electric breakdown 

  Process  
  Standard or not ? 

  Readout circuitry 
  Would like to minimize power 20mW/cm2 or less 
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DEVICE DESIGN 

  Case study based on collection by drift in a depleted region 
  Use device simulation extensively to understand device behavior, 

operating margins etc… 
  We will see a number of issues: undepletion, punchthrough, etc… 
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  CMOS standard processing quite advanced now on 200 or 300 mm 
diameter wafers 

Processing very high resistivity silicon has some particularities: 
  High resistivity (detector grade) not easily found at larger diameter 
  Float-zone silicon contains much less impurities/defects than 

Czochralski. These defects pin down dislocations, rendering the 
material more robust. Float-zone material is MUCH MORE FRAGILE 

  Several process steps can introduce impurities which increase 
detector leakage 
  Can work at higher leakage current (might soon be dominated by 

radiation induced leakage) 
  Can try to make certain steps cleaner 
  Can use gettering techniques, which during processing render 

defects more mobile and provide traps for these where they are no 
longer harmful.  
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CMOS on lightly doped substrates ? 
  Several applications now demand more lightly doped substrates for 

reasons of isolation of blocks in the same substrate, reduction of 
losses for RF… This has lead to some experience and availability of 
advanced CMOS on higher resistivities. 

  We have received feedback from foundry that advanced CMOS can be 
implemented on resistivities > 100 Ωcm needed to obtain several tens 
of microns depletion at 100 V 
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Analog power 

300 µm  30 µm  3 µm  Collection depth  

Could fit both monolithic and non-monolithic approach ! 
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Analog power : low C is the key 

Thermal 
noise  

1

gm 

1

I m 
where m < 1/2 ~ Signal-to-Noise ~ 

Q x I  
C

m 

Weak dependence of the noise on current ! 

I     ~  
For constant signal to noise  

Current I per channel : 

Q 

C
-m or  I ~ (C/Q)  

2…4 

Segmentation 

Number of elements N, C~1/N: Total analog Power ~ N(C/Q)         ~ (1/N)  
1…3 2…4 

Higher segmentation is (very) good 

Decreased depletion layer thickness -> need to segment in proportion 

Xd ÷ 2 -> C ÷ 2  

Weak … Strong inversion 

~ 
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Device design: uniform depletion layer for a small collection electrode 

  Challenges: 

  Obtaining a uniform depletion layer for uniform response 

  Optimal geometry and segmentation of the read-out electrode (PUSH FOR MINIMUM C) 

  Effective charge resetting scheme: needs to be robust over a large range of leakage currents 

  Pattern density rules in very deep submicron technologies are very restrictive. 

  Insulation of the low-voltage transistors from the high voltage substrate. 
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Device design: uniform depletion layer even with small collection electrode 
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Small collection electrode 
  Most of the collection electrode capacitance to ground (or at least not 

to the neighboring pixel) 
  No issue with pixel-to-pixel capacitive cross-talk 
  We could consider open loop amplifier (like MAPS), but need time 

tagging at the 25ns level  
  Distributing the clock to every pixel will cost significant much power 

10fF*10000 elements in one square cm at 40MHz 1V swing = 4mW 
per square cm already 

  Therefore try to use analog power to send signal to the periphery 
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Approach 
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Simulations started: 
~ 900 nA for integrated 
amplifier – shaper with 
comparator 

Note: compared to current 
pixel detectors important 
savings in power, but less S/N 
(maybe some of this can be 
recovered, depends on Q/C 
finally achieved) 

Front end for monolithic in 90nm 

Iout 

Comp in 

Comp out 

After inverter 
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Matrix of 32x32 pixels – Pixel 50x50µm² 
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ElectroStatic Discharge (ESD) protection 
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The bad news: short due to mask generation issue 
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The good news: circuitry of first matrix 1 operational 

  4 zones of 8 columns with different input 
transistor clearly visible 
  Difference between active and diode reset 
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The good news : Breakdown > 30 V … on standard 
substrate, close to expected value for planar junction  
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Test setup (P. Giubilato, D. Pantano (INFN Padova) et al) 

Very promising, about to submit correction  
Measurement setup prepared 
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VFAT sends 
digital data to 
GOH hybrid, 

which serializes 
and optically 
transmits this 

data 

Digital power consumption:  
TOTEM VFAT chip 

CERN C4i 

P. Aspell et al. 
TWEPP 2007 
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NMOS TRANSISTOR LEAKAGE 
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NMOS TRANSISTOR LEAKAGE 
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Total ionizing irradiation dose problem in 
commercial CMOS 

  Vt - shift 

  weak inversion 
slope change 

  LEAKAGE in 
NMOS transistors 
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Gate enclosed NMOS devices 
  Special layout eliminates 

radiation induced leakage 
  modelling issue 
  density impact but much finer 

linewidth 
  CAD tools 
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MOS Flatband voltage shift versus gate oxide thickness after 1MRad(Si) 
@ 80oK 

After N.S. Saks, M.G. Ancona, and J.A. Modolo,  
IEEE Trans.Nucl.Sci., Vol. NS-31 (1984) 1249 

  Tunneling to 
eliminate trapped 
charge in thin oxides 

  DVT ~ 1/tox2  for tox 
> 10nm  

  DVT ~ 1/tox3 for tox < 
10 nm 
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Even deeper submicron CMOS 

  Enclosed layout might no longer be necessary… 

Example in 90nm no enclosed layout (measurements L. Pierobon) 
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DETECTOR RADIATION TOLERANCE 

  Charge collection by drift 
essential (see MAPS in the 
beginning) 

Data in the plot (N-type) 

  Doping of 50 and 75 micron 
thick material is 50 Ωcm 

  Doping of 150 micron thick 
epi is 400 Ωcm  

  Higher resistivity clearly 
degrades faster 

  Therefore expect better 
radiation tolerance but 
need more measurements 
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Conclusions (I) 
  In general lower power will be the key to reduce the material 

 Monolithic offers several advantages, including low capacitance 
offering very favorable analog power consumption for a given S/N 

  Several aspects : device design, processing, circuit design 

  Availability of more lightly doped substrates opens perspective for 
monolithic detectors in 90nm deep submicron CMOS. LePIX project is 
trying to exploit this 

  Analog power can be reduced by segmentation and device design 

  Need work on digital (and the analog !), would like to exploit having all 
bits at the bottom of the matrix 

  Is very much work in progress, need to implement some corrections 
and resubmit, looks quite promising. 
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Conclusions II 
  Radiation tolerance:  

  going to very deep submicron is an advantage, may not need 
special layout 

  need charge collection by drift in the detector, so need bias to 
create an electric field 
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THANK YOU 


