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Introduction



Motivation

Semiconductors have been used in particle identification for many 
years: 

~1950: Discovery that pn-Junctions can be used to detect particles. 
Semiconductor detectors used for energy measurements 
(Germanium).

ZEUS MVD 2000
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DELPHI VFT 1996

Since ~ 45 years: Semiconductor detectors for precise 
position measurements 

precise position measurements possible  
through fine segmentation (10-100µm) 
multiplicities can be kept small (goal:<1%) 

Technological advancements in production technology 
developments for micro electronics 
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First HEP Application: NA11

After discovery of charm (1974), τ-lepton (1975) and beauty (1977) with lifetimes cτ ~100 µm: need fast 
(ns), and precise (µm) electronic tracking detectors

Strip detector for NA11 in 1981  
1200 strip-diodes 

20 µm pitch 

60 µm  readout pitch  
24 x 36 mm2 active area ~0.01m2 

position resolution ~5.4 µm 
8 layer at the start 

➔ precise track reconstruction   

• readout electronic: ~1m2
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CDF SVX IIa (2001-2012) 

~ 11m2 silicon area 

~ 750 000 readout channels

DELPHI  (1996) 

~ 1.8m2 silicon area 

~ 175 000 readout channels

Large Silicon Systems

CMS Silicon Tracker (2007-) 

~12,000 modules 

~ 223 m2  silicon area 

~25,000 silicon wafers 

~ 10M readout channels
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Semiconductors



Large gap: the solid is an insulator.   
No gap: it is a conductor. 
Small band gap: semiconductor

Semiconductor Basics

In free atoms electron energy levels are discrete.  
In a solid, energy levels split and form a nearly-continuous band.
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conduction band

valence band

For silicon, the band gap is 1.1 eV, but it takes 3.62 eV to ionise an atom  
Remaining energy goes to phonon excitations (heat).



Band Model for Elements IV (Example for Si)

Each atom has 4 closest neighbours, the 4 electrons in the outer shell are shared and 
form covalent bonds.  

At low temperature all electrons are bound  
At higher temperature, thermal vibrations break some of the bonds  
Free electrons cause conductivity (electron conduction)  
The remaining open bonds attract other e-  ➔ the “holes” change position (hole 
conduction) 
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Crystal structure

In ultra-pure silicon the 
intrinsic carrier concentration 
is 1.45·1010 cm-3 at room 
temperature.



Constructing a Detector 
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Si detector: 
Thickness: 0.3 mm  
Area: 1 cm2 

Proton in silicon 

Mean ionisation energy I0 = 3.62 eV 
Mean energy loss per flight path of a 
mip dE/dx = 3.87 MeV/cm 

Intrinsic charge carrier in a volume of same thickness and A=1cm2 (T = 300 K): 

Result: The number  
of thermal created e–h+-pairs 
(noise) is four orders of 
magnitude larger than the signal 

Signal of a mip in detector: 

PDB 
Bethe Bloch



Doping Silicon
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n type semiconductor:  
◎ Negative charge carriers (electrons) by adding 

impurities of donor ions (e.g. Phosphorus (type V)) 
◎ Donors introduce energy levels close to conduction 

band thus almost fully ionised (EF closest to CB) 

Electrons are the majority carriers.  

p type semiconductor:  

◎ Positive charge carriers (holes) by adding impurities 
of acceptor ions (e.g. Boron (type III)). 

◎ Acceptors introduce energy levels close to valence 
band thus ‘absorb’ electrons from VB, creating holes 
(EF closest to VB). 

Holes are the majority carriers. 

valence band

conduction band
EC

EF,i

EV

EF,p ionised 
acceptors

single occupied level (electron)
single empty level (hole)

valence band

conduction band
EC

EF,i

EV

EF,n
ionised 
donators

single occupied level (electron)
single empty level (hole)



Basis of Silicon Detector: PN Junction

At interface of p type and n type semiconductor diffusion of excessive carriers to the other material until 
thermal equilibrium  
Stable space charge region free of charge carriers: depletion zone. 
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Applying an external voltage V with the cathode to p and the anode to n 
(reverse biasing), e-h pairs are pulled out of the depletion zone. ➔ larger 
depletion zone ➔ suppress current across the junction 
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<latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit><latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit><latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit><latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit>

eV
<latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit><latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit><latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit><latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit>

pn-junction with reverse bias



Principle of Semiconductor Detectors

Passage of a charged particle: Electron-hole pairs  
formed in the depletion zone 

Drift under the influence of the electric field 
Signal depends on width of depletion zone 

Creation of electric field: voltage to deplete  
thickness d
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for                   : d = 300µm
<latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit><latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit><latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit><latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit>

Vdep ⇡ 160V
<latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit><latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit><latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit><latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit>

with

+ -
+ -
+ -
+ -
+ -
+ -
+ -
+ -
+ -

in “classical” 
HEP detectors 
d=100-300 µm

p+

n

n+

Typical numbers

nA ⇡ 1019cm�3
<latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit><latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit><latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit><latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit>

nD ⇡ 2 · 1012cm�3
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Doping concentration
Acceptors

Donators
The signal is induced by the motion of 
charge after incident radiation (not when 
the charge reaches the electrodes).



Elemental Semiconductors 

Germanium:    
Needs cooling due to small band gap of 0.66 eV (liquid N2 at 77 K) mainly used in nuclear physics: Very good energy 
resolution!    

Silicon: 
Can be operated at room temperature (band gap of 1.12 eV). Synergies with micro electronics industry. Standard 
material for detectors in high energy physics 

Diamond 
(CVD* or single crystal): Allotrope of carbon 
Large band gap of 5.5 eV (requires no depletion zone) 
Very radiation hard 
Disadvantages: low signal and high cost 
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Si Ge GaAs CdTe Diamond SiC

band gap 1.12 0.67 1.42 1.56 5.48 2.99

energy for e-p pair [eV] 3.6 2.9 4.2 4.7 13.1 6.9

e- for MIP (300µm) 24000 50000 35000 35000 9300 19000

Z 14 32 31+33 48+52 6 14+6

(*) CVD: Chemical Vapor Deposition
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Problem - Radiation Damages



Problem: Radiation Damage

Surface defects: Total Ionising Dose (TID) 
mainly affect electronic circuits 

Bulk Damages: Non Ionising Energy Loss (NIEL) 
mainly affect sensor like structures (pn junctions) 

Single Event Effects (SEE) 

Transient Radiation Effects in Electronics (TREE) 
associated with detonation of nuclear weapons
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NMOS leakage current increase with TID

Charge trapped in the STI oxide
o +Q charge à lateral parasitic transistors 

activate à Ileak increase
o Fast creation
o Annealing already at Troom

Interface states at STI-Silicon interface
o -Q for NMOS (+Q for PMOS) à

counterbalance +Q à Ileak decrease
o Slow creation
o Annealing starts at 80-100oC 
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NMOS leakage current vs. TID

Laura Gonella - 21/02/2017

V"
I"

Radiation sensitive materials:  
semi-conductors 
oxides 
heavy elements at interconnections (W, Ta, Au, Pb, Pt, …) 
but also all passive materials: glues, other important materials 
(not covered here) 

In a nutshell!



Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Donor&acceptor generation:  
Change of effective doping 
concentration (Neff) 

Increase of depletion voltage 
Under-depleted operation 

Vdep = d2Neff
q

e✏✏0
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Strips and Pixels 

Strips detector: charge sensed by long narrow strips  
1D information (typically 20 - 100µm) 

2D information by double sided processing or adding back to 
back second layer slightly rotated (stereo angle)  

In regions with higher track density one dimensional  
measurements can lead to ambiguities. 

20Ingrid-Maria Gregor -  Introduction to Silicon Detectors

Hybrid pixel detector

Sensor

Front-end chip 
Pixel detector: charge sensed by small pixels on one side 
of sensor 

Hybrid pixels: sensors and readout joined via bump bonds 
Monolithic pixels: sensor and readout on one substrate  

Sensor Front-end chip
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Silicon Strip Detectors



Example: Current ATLAS Silicon Detector

Current tracking detector “the first meter”: 
Silicon pixel detector 

4 layers, 8 disks  
Pixel size: 50 x 400µm2 (IBL: 50 x 250µm2) 
2000 modules with 140M channels 

SemiConductor Tracker (SCT)  
Strips width: 70µm  
4088 modules with  6.3M channels, 62m2
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TRT

SCT

Pixels

ATLAS Inner Detector



Silicon Strip Detector

Segmented p-n diode with applied bias voltage 
Particle creates charges 

81 e- per um. 
Charges drift to contacts 
Signal is read out - typically connected with wire-bonds 
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ATLAS Strip  
Module

ATLASATLASATLASATLAS
Radiation Hard Sensors

• n+strip in ptype substrate (ninp)

– Collects electrons like current ninn pixels

• Faster signal, reduced charge trapping

– Always depletes from the segmented side

• Good signal even underdepleted

– Singlesided process 

• ~50% cheaper than ninn

• More foundries and available capacity   

worldwide

– Easier handling/testing due to lack of 

patterned backside implant

• Collaboration of ATLAS with     

Hamamatsu Photonics (HPK) to develop         

9.75x9.75 cm2 devices (6 inch wafers)
– 4 segments (2 axial, 2 stereo), 1280 strip each,        

74.5 m pitch, ~320 m thick

– FZ1 <100> and FZ2 <100>material studied

– Miniature sensors (1x1 cm2) for irradiation studies

A. Affolder – TIPP 2011, 9th14th June 2011, Chicago, IL 4
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Miniatures
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Guard Ring
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Undepleted

See N. Unno, et. al., Nucl. Inst. Meth. A, Vol. 636 (2011) S24S30 for details

Cross-section through sensor 



ATLAS SCT Barrel Section
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ATLAS SCT Endcap - Beauty Shot
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1 m



Silicon Tracker (SCT)
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Insertion of the 3rd cylinder (out of the four) into the barrel SCT



SCT Barrel
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CMS Tracker - Beauty Shot
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CMS Si-Tracker

Si-Strip-Detector: 
~ 205 m2 Silicon 

25 000 Sensors, 9.6 M channels 
10 barrel layers, 2x 9 discs 
The largest ever built silicon tracker
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Silicon Strip Sensor 

CMS-Microstrip-Detektor:  
View of a corner with polysilicon  
resistors, probe pads, strip ends
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SI MICROSTRIP SENSORS

Manfred Krammer IPM school, Tehran, May 21-23, 2011 63

CMS-Microstrip-Detektor
View of a corner with polysilicon
 resistors, probe pads, strip ends:

AC pads

DC pads

Guard ringBias ring
Bias resistors

SI MICROSTRIP SENSORS  
Electronics integration

Manfred Krammer IPM school, Tehran, May 21-23, 2011 64

  Strip readout using costume designed VLSI chips with up to 128 readout 
    channels. Chips containing preamplifier, shaper, pipeline, multiplexer, etc.
  Connection to the strips on the sensors using thin pitch wire bonding

Detail from the DELPHI Vertex detector Detail from the CMS tracker

SI MICROSTRIP SENSORS  
Electronics integration

Manfred Krammer IPM school, Tehran, May 21-23, 2011 64

  Strip readout using costume designed VLSI chips with up to 128 readout 
    channels. Chips containing preamplifier, shaper, pipeline, multiplexer, etc.
  Connection to the strips on the sensors using thin pitch wire bonding

Detail from the DELPHI Vertex detector Detail from the CMS tracker



Strip Module CMS
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ZEUS MVD 2000

Strip Detectors 
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PAMELA satellite experiment AMS-02 silicon strip tracking detector

STAR Strip Tracker 

SVX-2 CDF Strip Detector
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Silicon Pixel Detectors



Limits of Strip Detectors

In case of high hit density ambiguities give difficulties for the track reconstruction

Deriving the point resolution from just one coordinate is not 
enough information to reconstruct a secondary vertex

Pixel detectors allow track reconstruction at high particle rate without ambiguities 
Good resolution with two coordinates (depending on pixel size and charge sharing between pixels) 
Very high channel number: complex read-out 
Readout in active area a detector

First pixels (CCDs)  
in NA11/NA32: ~1983
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Hybrid Pixels – “classical” Choice 

The read-out chip is mounted directly on top of the pixels 
(bump-bonding) 
Each pixel has its own read-out amplifier 
Can choose proper process for sensor and read-out separately 
Fast read-out and radiation-tolerant 

… but: 
Pixel area defined by the size of the read-out chip  
High material budget and high power dissipation

Hybrid Pixel 
(CMS)

CMS Pixels: ~65 M channels 
150 µm x 150 µm 
ATLAS Pixels: ~80 M channels 
50 µm x 400 µm (long in z or r) 
Alice: 50 µm x 425 µm  
LHCb 
Phenix@RHIC 
….
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Sensor

Front-end chip

-
-

-



Pixel Sensor
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P. Riedler Different sensor materials can be 
used: Si, CdTe, GaAs, … 

Depending on application (tracking, 
single photon counting, ..) 

Usually several readout chips are 
connected to one sensor.

Pixel cell (50µm x 425µm)

FE chip

sensor



Sensors for Hybrid Pixels

Planar Sensor 
Silicon diode (on-junction) 
Current LHC sensors mostly n-in-n planar sensor 
For HL-LHC different concepts were studied (n-in-n; n-in-p ….) 
Radiation hardness proven up to 5 x1016 p/cm2 

Problem: HV might need to exceed 1000V  
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FE chip

sensor

3D Silicon 
Both electrode types are processed inside the detector bulk 
instead of being implanted on the wafer's surface. 
Max. drift and depletion distance set by electrode spacing 
Reduced collection time and depletion voltage 
Intrinsically higher radiation tolerance  
Low charge sharing 
In current detectors only in ATLAS IBL @high eta

Typ
ica

l



Example: ATLAS-Pixels
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A pixel module contains: 
1 sensor (2x6cm) 
  ~40000 pixels (50x500 mm) 
16 front end (FE) chips  
  2x8 array 
  bump bonded to sensor 
Flex-hybrid 
1 module control chip (MCC) 
There are ~1700 modules

50 um

P
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PHENIX pixel detector

Hybrid Pixel Detectors

39Ingrid-Maria Gregor -  Introduction to Silicon Detectors

DELPHI VFT 1996 CMS Phase1 Pixel Detector

ATLAS Insertable B-Layer

LHCb Velo

A
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C
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Next Generation Silicon-
Detectors



LHC High Luminosity → High Precision

Much better precision for 
Higgs coupling strengths 
and measurements like  
Bs0 → µ+µ-  

B → µµ measurements are 
expected to achieve 6.8σ 
precision
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LHC, 20 - 55 pile-up events 

HL-LHC, 140 - 200 pile-up events 

HL-LHC implies significant scaling of design parameters:  
Peak luminosity: 5-7 x 1034 1/cm2s                   
Integrated luminosity: 4000 fb-1                      
Fluences up to 2x1016MeV neq /cm2   

Average pile-up: up to ~200                           

➡ x 5-7 
➡ x10 
➡ x10 
➡ x 8

New sensor & readout require more 
radiation hardness

Exploit full 
potential of 
LHC

At LHC New Tracker Needed … Why ? 



Silicon Strips Sensors

Sensor parameters defined: n-in-p with p-stop isolation 
Collects electrons  
-> faster signal, reduced charge trapping 
Always depletes from the segmented side:  
good signal even under-depleted 

Single-sided process  
Cheaper than n-in-n 
More foundries and available capacity world-wide 

Radiation damage most important issue
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ATLASATLASATLASATLAS
Radiation Hard Sensors

• n+strip in ptype substrate (ninp)

– Collects electrons like current ninn pixels

• Faster signal, reduced charge trapping

– Always depletes from the segmented side

• Good signal even underdepleted

– Singlesided process 

• ~50% cheaper than ninn

• More foundries and available capacity   

worldwide

– Easier handling/testing due to lack of 

patterned backside implant

• Collaboration of ATLAS with     

Hamamatsu Photonics (HPK) to develop         

9.75x9.75 cm2 devices (6 inch wafers)
– 4 segments (2 axial, 2 stereo), 1280 strip each,        

74.5 m pitch, ~320 m thick

– FZ1 <100> and FZ2 <100>material studied

– Miniature sensors (1x1 cm2) for irradiation studies

A. Affolder – TIPP 2011, 9th14th June 2011, Chicago, IL 4

Axial

Stereo

Miniatures

n+

p bulk 

Al

SiO2

Guard Ring
Bias Ring

pspray/stop 

p+

e

Undepleted

See N. Unno, et. al., Nucl. Inst. Meth. A, Vol. 636 (2011) S24S30 for details

Cross-section through sensor 

Collected charge versus irradiation

Sensor 
specifications

 
Substrate material p type FZ
Thickness 300-320 µm
Resistance > 3k   cm
Collected charge 
after 1x1015 neq /
cm2

> 7500 e- per MIP

⌦
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“Outer” Tracker for ATLAS&CMS

CMS:  
modules discriminate low-pT tracks in the FE electronics 

hybrid is key element: Wire-bonds from the sensors to the hybrid on the 
two sides 

ATLAS: 
stave concept where silicon is directly glued onto carbon fibre  

CMS 
2S module

ATLAS&CMS each plan for ~150 m2 silicon strip detector 
Commonalities: 

20000 modules to be produced 
choice of sensor technology (n-in-p)  
radiation level (1015 neq/cm2) 

ATLAS Prototype for barrel strip stave
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End-cap strips module



ATLAS and CMS chose Hybrid Pixels

Pixel sensors needed with radiation hardness  
up to 2x1016MeV neq /cm2   

Both collaborations: combination of 
Planar sensors similar as in current experiments (n-in-p) 
3D sensors for the innermost layers 
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Hybrid pixel detector

Sensor

Front-end chip 



RD53 Front-End Chip

Developed by RD53 Community 
The Chip building blocks are in common by 
CMS and ATLAS, with slight differences 
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Main features:  
65 nm CMOS, 2x2cm2 area  
384 x 400 pixels (50 x 50 µm2)  
Power: 0.56 W/cm2 

Rad-hard> 1 Grad  
Threshold: 1000e (σ = 30e)  
Noise: 40e  
40 MHz clock with 780ps phase adj.  
4 data links per chip at 1.28 Gb/s,  
Digital readout with Time over Threshold 

ITkPixV2 wafer Assembled Single Chip Cards



Both collaborations have to build in the next ~4 years thousands of modules and assemble the detectors

The Initial PlanThe Complication
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Module 
Production

Support Structure 
Construction

Commissioning

Done!

Detector Integrationtime

Parts
Parts

Parts
Parts

Parts
Parts

Parts
Parts

Parts
Parts

Parts
Parts

Parts
Parts

Parts

Parts

TestsTests

Tests Tests

Tests
Tests

Tests
Tests

Tests
Tests

Tests
Tests

Tests

Tests

Tests

Tests
Tests Tests

Tests
Tests

Tests Tests

TestsTests

Tests

Tests

Tests
Tests
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Alternative Approaches



Next Generation Tracking Detectors

All in one impossible with existing sensors. We need to  
Lower the power budget 
Compress the data on chip to compensate channel 
density 
Higher in-pixel intelligence 
Further understand radiation damage effects 

…while keeping the costs/m2 reasonable 
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Hybrid pixel detector

Sensor

Front-end chip 
Sensor

Front-end chip

Microstrips detector

Perfect pixels and strips for next 
generation tracking detectors:  

very small pitch (~20 µm) 
very thin material (~50 µm) 
high readout speed 
ultra fast timing     
possibly super radiation hard  
smart readout capabilities 

thinnersmaller  
pixel

finer 
strips

no bump-bonds

no wire-bonds

Extremely precise and efficient detectors to detect charged particles are needed for many application from 
particle physics to medical application. 

=> CMOS is an option!! 



Alternative Approach Pixels 
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Hybrid pixel detector

Sensor

Front-end chip 

sensor
FE chip

Monolithic = front-end electronics 
on same substrate as active 
sensor

FE chip
sensor

Idea:  
Use of commercial technologies for replacement of sensor or even full hybrid 
(monolithic)  

Currently in three experiments monolithic:  
DEPFET in Belle-II  
MiMOSA in STAR (only for moderate radiation suited) 
ALICE ITS  
…



DEPFET

Depleted p-channel FET on high resistivity substrate: 
Each pixel is a p-channel FET integrated in a fully depleted bulk 

Deep n-implant creates potenNal minimum under FET gate 
(internal gate) 

Internal gate capacitively coupled to FET gate 
Drain current is proporNonal to number of electrons collected in 
internal gate 

Charge collection in “off-state”, readout on demand  
Clear process to remove stored charges 
Used in the BELLE II pixel detector upgrade
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• Detection and internal amplification 
• Small intrinsic noise 
• Low power consumption



Belle II Pixel Detector at SuperKEKB

Pixel detector based on DEPFET sensors 
2 barrel layers (r=1.4 cm and 2.2 cm) 
Pixel size 50 µm x 75 µm 
Row-wise read-out (rolling shutter), 20 µs/frame 
Special thinning of the matrix area to reduce material budget 
(75 µm thick)
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S. Tanaka, HSTD9, 2013

Radiation environment: 
~ 1.9 Mrad / year 
~ 1.2 1013 1MeV neq/cm2 per year 

Material budget: 
0.21 % X0 per layer



Full Silicon Tracker for BELLE-2
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Drawback: very special technology which is not easily accessible
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Going for CMOS!!



The “Classic” MAPS: MIMOSA

Developments lead by IPHC created a number of 
monolithic pixel sensors of the MIMOSA family: 

First use of CMOS imaging process (CIS) for particle 
detection 
Epitaxial wafers with collection diode and few 
transistors per cell (size ~ 20 x 20 µm2), limited to 
NMOS transistors 
0.35 µm CMOS technology with only one type of 
transistor 
Rolling shutter architecture (readout time O(100 µs)) 
Limited radiation tolerance (< 1013 neq cm-2)
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ULTIMATE chip for 
STAR HFT (IPHC 
Strasbourg)

sensor
FE chip

Monolithic = front-end electronics 
on same substrate as active 
sensor

FE chip
sensor

Drift 

Diffusion
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Depleted MAPS (DMAPS)

Monolithic active pixel sensors (MAPS): in-pixel collection electrodes plus 
readout circuitry  
Depletion of sensitive area either through  

high voltage (HV) with deep n-well isolating the electronics  
high resistivity substrate (HR)  
or both  

Charge is collected by drift, good for signal size and radiation tolerance 
But: risk of coupling circuit signals into input -> careful design required 
Being followed up by many groups working on next generation silicon 
detectors 

Give only very few examples
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A technology which could be 
used to build a dream tracker: 

fully monolithic 
high resolution 
thin material  
cost effective 
intelligent pixels  
possibly radiation hard 



MAPS Evolution
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ALICE Inner Tracking System Upgrade

7 layers of CMOS Monolithic Active Pixel Sensors (MAPS):  
Inner Barrel: 3 layers, 22–42 mm from IP, 0.35% X0 per layer  

Outer Barrel: 4 layers, 194–395 mm from IP, 1.1% X0 per layer  

10 m2 of MAPS with about 12.5 GPix  
50 kHz readout rate for Pb–Pb collisions 
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ALICE ITS Upgrade TDR 
CERN-LHCC-2013-024 

ALPIDE sensor:  
180 nm CMOS imaging process by TowerJazz 
3 cm x 1.5 cm (1024 x 512 pixels) with thickness 50 µm 
for IB  
Size of pixel pitch: 29 µm x 27 µm  

Power consumption less than 40 mW/cm2 
 

TowerJazz 180nm CMOS imaging process 



InnoPool Project Tangerine 

Goal: develop next-generation low-material high-precision pixel detectors  
Development & system integration for these technologies  
Integrate hardware-based approaches for data reduction / AI on-chip 
Foster expertise by networking & training next generation of detector physicists
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Towards Next GeneraJon Silicon detectors 

Performance goals for MAPS 
Position resolution    < 3um 
Timing resolution      ~ 1-10 ns 
Material budget        ~ 50um  
Charge measurement for interpolation

DESY - Monolithic pixel detectors in novel CMOS imaging technology 
Formed international collaboration for common submissions to  
foundry  
Common design effort for prototypes & test structures  

Transistor test structures  
Analog test pixels  
Rolling shutter matrices  
Front-end amplifiers 



Ongoing

Extensive simulations now being validated with testbeam data 
from first prototypes
New prototypes H2M, D-I, D-II back from dicing and currently 
being investigated 
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Really Cool Stuff



Going Bent 

Perfect detector layer: 
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ALICE upgrades LS2 arXiv:2302.01238 ITS3 Letter of intent CERN-LHCC-2019-018 

Stay tuned! 

Or better: join the fun in silicon detectors

Best approximation (as of now):  half-cylinders of bent, ultra-thin Si sensors 
ALICE collaboration for ITS3: 

 MAPS sensor based on 65 nm technology  
Wafer-scale chips (up to 28 x 10 cm), fabricated using stitching  

Sensor thickness 20–40 µm  
Open-cell carbon foam spacers 
Air cooling  
Extremely low material budget: 0.07% X0 per layer 



Summary

Tracking Detectors   
Precise measurement of track and momentum of charged particles due to magnetic field. 
Mostly based on ionisation 
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Semiconductor Detectors 
In particle physics mostly based on silicon  
Pixel and strip detectors for innermost regions of experiments 

ATLASATLASATLASATLAS
Radiation Hard Sensors

• n+strip in ptype substrate (ninp)

– Collects electrons like current ninn pixels

• Faster signal, reduced charge trapping

– Always depletes from the segmented side

• Good signal even underdepleted

– Singlesided process 

• ~50% cheaper than ninn

• More foundries and available capacity   

worldwide

– Easier handling/testing due to lack of 

patterned backside implant

• Collaboration of ATLAS with     

Hamamatsu Photonics (HPK) to develop         

9.75x9.75 cm2 devices (6 inch wafers)
– 4 segments (2 axial, 2 stereo), 1280 strip each,        

74.5 m pitch, ~320 m thick

– FZ1 <100> and FZ2 <100>material studied

– Miniature sensors (1x1 cm2) for irradiation studies

A. Affolder – TIPP 2011, 9th14th June 2011, Chicago, IL 4
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See N. Unno, et. al., Nucl. Inst. Meth. A, Vol. 636 (2011) S24S30 for details



What is CMOS?

Integration of n-channel (NMOS) and p-channel 
(PMOS) field-effect transistors on a silicon chip 
Semiconductor process for the cost-effective 
production of integrated digital, analogue and mixed-
signal circuits 
Production in the wafer process
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Simple Example:  
NOT-Gatter

➡ One of the transistors is 
always disabled 

➡ Low power consumption 
➡ Hardly any current flow 

through both transistors

A Y

Lithography: process used to transfer patterns to each 
layer of the IC

Designer: 
Drawing the layer patterns on a layout editor 

Silicon Foundry:
Masks generation from the layer patterns in the 
design data base
Printing: transfer the mask pattern to the wafer 
surface
Process the wafer to physically pattern each layer 
of the IC

Complementary Metal Oxide Semiconductor



Strips - Passive CMOS

How to address large area silicon detectors in future ? CMOS, fully monolithic ? 
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First stitched strip sensors produced on 8" wafer by a commercial 
high volume foundry 

overcomes the exposure-field limitation by merging multiple 
design structures 

L-Foundry 150 nm process (deep N-well/P-well) 
Wafer Resistivity: > 2 kΩ·cm 
Float-Zone silicon  
Backside passivation  

4 cm

Very promising results for IV, CV, source 
measurements and test beam. 
Also after irradiation looks good … 

Stitching works!



What is Reticle Stitching ?

Stitching merges multiple design structures on  
a wafer during the photolithographic process  
-> creates large sensors/chips 
Requires that design can be subdivided into smaller blocks 
(e.g. corner, edge and centre region) which can be separately 
implemented on a reticle
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“Classic” Stitching


