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Radiation damage is a major concern when operating SiPMs in harsh radiation environment 


Main effect: 
Increase of dark current (Idark)/ dark count rate (DCR) proportionally to fluence that leads to: 


loss of single photoelectron resolution  
decrease in response,  
which could be attributed to either: 


decrease of G (gain)


decrease of PDE (photon detection efficiency) 


Vbd shift induced by change in E-field and  
self-heating effect due to high power  
dissipation (high Idark)

Radiation damage effects
for SiPMs 
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PDE / (Vbias � Vbd)

CN: Correlated	Noise	

unclear	which	effect	dominates	
or	if	all	three	are	relevant		
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PDE / (Vbias � Vbd)

CN: Correlated	Noise	

Solution (this talk): 


study radiation effects on a dedicated 
test structure

gain and PDE of irradiated SiPM are 
best investigated on one single-cell 
readout separately from the others



/ 15Erika.Garutti@uni-hamburg.deApr 25 – 29, 2022

Device under test
Hamamatsu S14160-15UM-SMPTS 

After discussion with Hamamatsu special test structures  
were provided:


DUT on cut of silicon wafer in ceramic package 


Array of 11x11 cells with 15 μm pitch 


One cell in the centre of array disconnected from the others 


1 − common cathode 


2 − anode of 1 cell 


3 − anode of 120 cells 


Irradiated at Lubljana neutron reactor 
(with kind help of Y. Musienko and A. Heering)

4

Hamamatsu SiPM test structure of S14160 series 

11x11-cell array; !"disconnected cell ★ 
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Waveforms 
before and after irradiation
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Before irradiation: 


single photon pulses visible in 120 cells as well as 1 
cell


After ɸ = 2﹒1012 cm-2 :


baseline fluctuation in 120 cells larger than single 
photon pulse amplitude 


single photon pulses still visible in 1 cell 

ɸ = 2﹒1012 cm-2, T = 25 oC, ΔV = 4.1 V 

ɸ = 0, T = 25 oC, ΔV = 4.1 V 

dark
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Waveforms integrals
before and after irradiation
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ɸ = 2﹒1012 cm-2, T = 25 oC, ΔV = 4.1 V 

ɸ = 0, T = 25 oC, ΔV = 4.1 V 

dark

Integration time: 
tgate  = 60 ns ɸ = 2﹒1012 cm-2, T = 25 oC, ΔV = 4.1 V 

ɸ = 0, T = 25 oC, ΔV = 4.1 V 

tgate

tgate
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Gain
from single cell 
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First direct gain measurement of irradiated SiPMs  
with single-cell readout


For the highest fluence (ϕ = 5 1013 cm-2): 


gain reduction of 19% 


increase of                      by ~0.5 V 

Garutti et al. “Radiation hardness study using 
SiPMs with single-cell readout” (2021) 

https://doi.org/10.48550/arXiv.2111.00483

Hamamatsu S14160-15UM-SMPTS 

ΔV [V]
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V G
bd = Voff

https://doi.org/10.48550/arXiv.2111.00483


/ 15Erika.Garutti@uni-hamburg.deApr 25 – 29, 2022

Open questions 
from gain analysis

Does the increase in dark current induce self-heating in the DUT?  

Is the difference between         and            fluence dependent? 

                   : breakdown voltage from G-measurements, so called turn-off voltage,  
                     it indicates the voltage at which the Geiger discharge stops 

       :             breakdown voltage from IV-measurements,  
                     it indicates the voltage at which the Geiger discharge starts

in the following the overvoltage is 

Is the radiation damage uniform? Does 1 cell represent the 120 cells average?

Answers from analysis of IV-measurements of the same test structures 
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IV-measurements 
before and after irradiation
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Measurements of IV-curves for 1 cell and 120 cells:  
• at T = -30 °C  
• with and without illumination  
• in a voltage range

Bychkova et al. “Radiation damage 
uniformity in a SiPM” (2022), proceeding to 
VCI2022, submitted to NIMA  



/ 15Erika.Garutti@uni-hamburg.deApr 25 – 29, 2022

Breakdown voltage 
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�V = Vbias � V IV
bd

Logarithmic Derivative method used to determine breakdown voltage:  
using of logarithmic derivative of Ilight

maximum approximated as mean from Gauss fit 
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V IV
bd       from 1 and 120 cells 

structure agree within  
errors

Musienko et al, “Radiation damage of 
prototype SiPMs for the CMS HCAL 
Barrel phase I upgrade”, NIMA 912, 21 
(2018) 359-362.
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Self-heating effect 
studied with non-irradiated structure
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Highest heat power observed in the irradiated structure:  
P = 1.9 mW (120 cells, ϕ = 5 1013 cm-2, T = -30 °C, ΔV= 4 V) 


Study self-heating effect by reproducing the same power 
by light intensity on a non-irradiated structure

(120 cells, ϕ = 0, T = +20 °C, ΔV = 1.5 V)

120 cells serve as a heater 

1 cell serves as a temperature sensor since 
strongly depends on SiPM temperature 
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V IV
bd

no shift in         observed up to 4.9 mW  
‣ self-heating effect is negligible in this study 
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Comparison of breakdown voltages
and fluence dependence

12

Observation for the highest fluence (ϕ = 5 1013 cm-2): 

<latexit sha1_base64="fN89UviNBd9Mp8uKdZeEkeSdzyk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FL3qrYNNCG8tms2mXbjZhdyOUkL/hxYMiXv0z3vw3btsctPXBwOO9GWbm+QlnStv2t1VaW9/Y3CpvV3Z29/YPqodHropTSWiHxDyWPR8rypmgHc00p71EUhz5nHb9yc3M7z5RqVgsHvQ0oV6ER4KFjGBtpIE7zPwgf8zu3BwNqzW7bs+BVolTkBoUaA+rX4MgJmlEhSYcK9V37ER7GZaaEU7zyiBVNMFkgke0b6jAEVVeNr85R2dGCVAYS1NCo7n6eyLDkVLTyDedEdZjtezNxP+8fqrDKy9jIkk1FWSxKEw50jGaBYACJinRfGoIJpKZWxEZY4mJNjFVTAjO8surxL2oO816475Ra10XcZThBE7hHBy4hBbcQhs6QCCBZ3iFNyu1Xqx362PRWrKKmWP4A+vzB8JUkYM=</latexit>

V IV
bd

<latexit sha1_base64="Sr1CYkCLq0cxwdQrvyIcAuXckVE=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuCqJFHUjFF3osoK9QBvDZDJph05mwsxELCGv4saFIm59EXe+jdM2C239YeDjP+dwzvxBwqjSjvNtlVZW19Y3ypuVre2d3T17v9pRIpWYtLFgQvYCpAijnLQ11Yz0EklQHDDSDcbX03r3kUhFBb/Xk4R4MRpyGlGMtLF8u9rxsyDMH27gJTQooij37ZpTd2aCy+AWUAOFWr79NQgFTmPCNWZIqb7rJNrLkNQUM5JXBqkiCcJjNCR9gxzFRHnZ7PYcHhsnhJGQ5nENZ+7viQzFSk3iwHTGSI/UYm1q/lfrpzq68DLKk1QTjueLopRBLeA0CBhSSbBmEwMIS2puhXiEJMLaxFUxIbiLX16GzmndPas37hq15lURRxkcgiNwAlxwDprgFrRAG2DwBJ7BK3izcuvFerc+5q0lq5g5AH9kff4AK+2T5Q==</latexit>

V G
bd = Voff

<latexit sha1_base64="SNF/3GxtE6i80xpQdLNVBRw2jkI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpJIUZdFF+qugk0LbQyTyaQdOpmEmYlQQnDjr7hxoYhbv8Kdf+O0jaCtBy6cOede5t7jJ4xKZVlfxtz8wuLScmmlvLq2vrFpbm07Mk4FJk0cs1i0fSQJo5w0FVWMtBNBUOQz0vIHFyO/dU+EpDG/VcOEuBHqcRpSjJSWPHPX8TI/yO+yayeHR/DndZlDz6xYVWsMOEvsglRAgYZnfnaDGKcR4QozJGXHthLlZkgoihnJy91UkgThAeqRjqYcRUS62fiEHB5oJYBhLHRxBcfq74kMRVIOI193Rkj15bQ3Ev/zOqkKz9yM8iRVhOPJR2HKoIrhKA8YUEGwYkNNEBZU7wpxHwmElU6trEOwp0+eJc5x1T6p1m5qlfp5EUcJ7IF9cAhscArq4Ao0QBNg8ACewAt4NR6NZ+PNeJ+0zhnFzA74A+PjGz7xlrM=</latexit>

V IV
bd � V G

bd

According to:

Chmill, Garutti, Klanner, Nitschke and Schwandt, 
“Study of the breakdown voltage of SiPMs"     

doi:10.1016/j.nima.2016.04.047

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjRxtKb-af3AhU_QvEDHVXyAwUQFnoECAUQAQ&url=https://www.researchgate.net/publication/301920998_Study_of_the_breakdown_voltage_of_SiPMs&usg=AOvVaw1PO2WYbQiu2c0mIiCXzuSJ
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Radiation damage uniformity 

Radiation damage may produce local "hot spots"  
with size smaller than or similar to a cell. 


• the probability to find a hot spot in the single 
cell depends on the fluence and the cell size 


• our study is based on the measurements of 
four single cells → results could be subject 
to large fluctuations due to the presence of 
"hot spots” 


• one has to compare the 1 cell results to the 
average results of few cells 
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Technique described in: 

Engelmann, Popova, Vinogradov, Spatially resolved dark 
count rate of SiPMs (2018). arXiv:1807.04113 

Plot from Engelmann PhD thesis.

Light emission image of KETEK PM3350T STD, ΔV = 5.4 V


non-irradiated 
ɸeq = 1010 cm-2 
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Radiation damage uniformity 
comparison of dark and photocurrents 

Ratio of currents for 120 / 1 cell structures expected to equal 120


True for most samples except for Idark of samples at ϕ = 2 1012 cm-2

possible reasons: 
• radiation damage non-uniformity 
• limited accuracy of low current measurements 
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Radiation damage of single 
cell comparable to the 
average of 120 
‣ good damage uniformity 
in terms of effects on  
dark current, and on 
PDE*G*(1+CN) 

ϕ = 2 1012 cm-2
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Summary

• The radiation hardness study using SiPMs with single-cell readout is ongoing 


• First observations from waveform analysis: 


• gain reduction of 19% for ϕ = 5 1013 cm-2 


• increase of Voff by ~0.5 V for ϕ = 5 1013 cm-2 


• IV-measurements were carried out for the same test samples to address the questions: 


• self-heating effect  
‣ negligible in this study 


• fluence dependence of the difference between Voff  and  

‣ no visible dependence within the uncertainties for ϕ = [0.2, 1] 1013 cm-2  
‣ increase from 0.7 to 0.9 V for ϕ = 5 1013 cm-2 


• radiation damage uniformity  
‣ for most samples radiation damage of 1 and 120 cells is comparable  
‣ good damage uniformity on dark current change, and PDE*G*(1+CN) 
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<latexit sha1_base64="QndbAJqSlw1oTObZJ9MSWI/CHmQ=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZKmjXZXdKO7CjYtpLFMJpN26OTBzEQoIZ/hxoUibv0ad/6N04egogcuHM65l3vv8VNGhTSMD620srq2vlHerGxt7+zuVfcPHJFkHJMuTljC+z4ShNGYdCWVjPRTTlDkM9LzJ5czv3dPuKBJfCunKfEiNIppSDGSSnKdYe4HxV1+7RTDas3QjWajbtehoVt2yzYsReymbVktaOrGHDWwRGdYfR8ECc4iEkvMkBCuaaTSyxGXFDNSVAaZICnCEzQirqIxiojw8vnJBTxRSgDDhKuKJZyr3ydyFAkxjXzVGSE5Fr+9mfiX52YyPPdyGqeZJDFeLAozBmUCZ//DgHKCJZsqgjCn6laIx4gjLFVKFRXC16fwf+LUddPWGzeNWvtiGUcZHIFjcApMcAba4Ap0QBdgkIAH8ASeNak9ai/a66K1pC1nDsEPaG+f2OSRpw==</latexit>

V IV
bd
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BACKUP SLIDES
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Extraction of IV curves ratio 
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