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Radiation hardness of SiPM
scientific relevance 

SiPMs	is	the	photo-sensor	of	choice	in	many	upcoming	experiments	
						o7en	applied	in	radia:on	hard	environment		

Examples:		
Imaging	calorimeters	for	collider	experiments:	

Hadronic	calorimeter	for	ILC	(CALICE)	
						➔	ɸeq	~1010	cm-2	a7er	500	L-1	

Upgrade	of	CMS	hadronic	calorimeter	(HGCAL)		
						➔	ɸeq	=6·1013	cm-2	(a7er	300	L-1)	

New	CMS	MIP	:ming	detector	
						➔	ɸeq	=2·1014	cm-2	(a7er	300	L-1)	

Space	experiments:	
High	radia:on	expected	for	detectors	in	space	

												➔	ɸeq	=5·1010	cm-2,		AGILE	gamma	ray	detector	in	geosta:onary	orbit	
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CMS HGCAL 
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Radiation damage effects
a brief recap
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Two	types	of	radia:on	damage	in	silicon:	
Bulk	(Crystal)	damage	due	to	Non-Ionizing	Energy	Loss	(NIEL)	

							displacement	damage,	built	up	of	crystal	defects		

Surface	damage	due	to	Ionizing	Energy	Loss	(IEL)	
accumula:on	of	charge	in	the	oxide	(SiO2),	traps	at	Si-SiO2	interface	

Bulk	damage:		
Locally	distorted	Si	la\ce	with	new	
energy	states	

➔	Add	donor	and	acceptor	levels	
➔	Increase	DCR		
➔	Increase	aAer-pulsing	
➔	Change	in	charge	collecEon		

Surface	damage:	
Generate	traps	at	the	Si-SiO2	interface	
Fixed	posi:ve	oxide	charge	(Nox):	
➔	Change	in	the	electric	field	(Vbd)	
➔	Accumula:on	layers	
➔	Increase	in	leakage	current	by	
addi:onal	surface	current	(Jsurf)

X-rays	/electrons	
E	<	300	keV gamma/	electrons	E	>	300	keV	

protons	/	neutrons	

+ +
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Radiation damage effects
for SiPMs 
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Radia:on	damage	is	a	major	concern	when	opera:ng	SiPMs	in	harsh	radia:on	environment		

Main	effect:	
Increase	of	dark	current	(Idark)/	dark	count	rate	(DCR)	propor:onally	to	fluence	that	leads	to:		
loss	of	single	photoelectron	resolu:on		
decrease	in	response,	which	could	be	ahributed	to	either:		

decrease	of	gain	(G)		

decrease	of	photon	detec:on	efficiency	(PDE)		

Vbd	shi7	induced	by	change	in	E-field	and		
self-hea:ng	effect	due	to	high	power	dissipa:on		
(high	Idark)	

unclear	which	effect	dominates	or	if	all	three	are	relevant		

<latexit sha1_base64="gd830dXLea2/ZIKQIhgqvH1hq4g=">AAACIXicbZDNSgMxFIUz/tb6V3XpJlgERSgzUrQboVhF3UgFq0JnGDJpaoOZyZjcEcrQV3Hjq7hxoUh34suYtrPQ1gshH+fcS3JPEAuuwba/rKnpmdm5+dxCfnFpeWW1sLZ+o2WiKGtQKaS6C4hmgkesARwEu4sVI2Eg2G3wUBv4t09MaS6ja+jGzAvJfcTbnBIwkl+o4As/jTsSZA8f4Uffxi5tScBumGR0NrrqJ6cjYcfZq13uYr9QtEv2sPAkOBkUUVZ1v9B3W5ImIYuACqJ107Fj8FKigFPBenk30Swm9IHcs6bBiIRMe+lwwx7eNkoLt6UyJwI8VH9PpCTUuhsGpjMk0NHj3kD8z2sm0K54KY/iBFhERw+1E4FB4kFcuMUVoyC6BghV3PwV0w5RhIIJNW9CcMZXnoSb/ZJzUCpflYvV4yyOHNpEW2gHOegQVdE5qqMGougZvaJ39GG9WG/Wp9UftU5Z2cwG+lPW9w/x96Df</latexit>

Iphoto = q0 · µ ·G · PDE · (1 + CN)

<latexit sha1_base64="FifCw/pjmQ6jEy8y53O3IkkgMjo=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxCXVgSKepGKHahywr2Ak0Ik8mkHTq5ODMRS8hzuPFV3LhQxJ248W2ctFlo6w8DH/85hzPnd2NGhTSMb21hcWl5ZbW0Vl7f2Nza1nd2OyJKOCZtHLGI91wkCKMhaUsqGenFnKDAZaTrjpp5vXtPuKBReCvHMbEDNAipTzGSynJ0E17BC2j5HOHUzNI7x8hg00lj+pBZ2IskrHac1KVIZMc5eNmRo1eMmjERnAezgAoo1HL0T8uLcBKQUGKGhOibRiztFHFJMSNZ2UoEiREeoQHpKwxRQISdTk7L4KFyPOhHXL1Qwon7eyJFgRDjwFWdAZJDMVvLzf9q/UT653ZKwziRJMTTRX7CoIxgnhP0KCdYsrEChDlVf4V4iFRMUqVZViGYsyfPQ+ekZp7W6jf1SuOyiKME9sEBqAITnIEGuAYt0AYYPIJn8AretCftRXvXPqatC1oxswf+SPv6AZskoAk=</latexit>

G =
1

q0
Cpix · (Vbias � Vbd)

<latexit sha1_base64="yQM6RAjMp0d/22CMMEgjk4CNYho=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZEirosPsBlBfuANoTJZNIOnUzCzEQoITs3/oobF4q49Rfc+TdO2iy0emDgcM693DnHixmVyrK+jNLC4tLySnm1sra+sbllbu90ZJQITNo4YpHoeUgSRjlpK6oY6cWCoNBjpOuNL3O/e0+EpBG/U5OYOCEachpQjJSWXHO/dXUNB7GIYhVBWOu4qUeRzI5z4mdHrlm16tYU8C+xC1IFBVqu+TnwI5yEhCvMkJR924qVkyKhKGYkqwwSSWKEx2hI+ppyFBLppNMcGTzUig+DSOjHFZyqPzdSFEo5CT09GSI1kvNeLv7n9RMVnDsp5XGiCMezQ0HCoM6clwJ9KghWbKIJwoLqv0I8QgJhpaur6BLs+ch/Seekbp/WG7eNavOiqKMM9sABqAEbnIEmuAEt0AYYPIAn8AJejUfj2Xgz3mejJaPY2QW/YHx8A0xMmFY=</latexit>

PDE / (Vbias � Vbd)

CN: Correlated	Noise	
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Radiation damage
NIEL scaling

The	Non-Ionizing	Energy	Loss	(NIEL)	concept	is	used	for	predic:ng	radia:on	damage	of	silicon	to	radia:on	fields	
NIEL	concept	allows	to	scale	a	radia:on	field	to	an	equivalent	reference	value	
NIEL	hypothesis:	The	degrada:on	of	semiconductor	devices	in	a	radia:on	field	can	be	linearly	correlated	to	the	
NIEL	deposited	in	the	semiconductor	material.	
Fluences	o7en	quoted	in	1	MeV	neutron	equivalent	/	cm2	using		hardness	factor	to	scale	par:cles	and	energy

5

D(E):	Displacement	damage	func:on
D(1	MeV	neutron)	=	95	MeV	mb

Non-Ionizing	Energy	Loss	(NIEL)	processes	are	interac:ons	in	which	the	energy	imparted	by	the	
incoming	par:cle	results	in	atomic	displacements	or	in	collisions	where	the	knock-on	atom	does	not	
move	from	its	la\ce	loca:on	and	the	energy	is	dissipated	in	la\ce	vibra:ons	(phonons),	for	instance.	
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Radiation damage
NIEL scaling violation

NIEL	hypothesis	builds	on	the	assump:on	that	all	damage	scales	with	the	displacement	energy	…	but		
Different	par:cles	and	par:cle	energies	cause	different	distribu:on	of	damage	on	the	microscopic	level!	

NIEL	scaling	is	violated	

Examples:			
Oxygen	enrichment	improves	radia:on		
hardness	to	proton	/	but	not	to	neutrons	
Acceptor	(Boron)	removal		
in	p-type	epitaxial	&	FZ	sensors	
in	HV-CMOS	sensors	
loss	of	gain	in	LGAD	sensors

6

For	SiPM	no	dedicated	studies	to	dis:nguish	between	proton/neutron	effects
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Radiation damage
NIEL scaling violation
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Gamma	induced	damage	effects	are	linked	to	the	forma:on	of	point	defects,	do	not	follow	NIEL	scaling	concept	
Damage	effects	scaling	with	the	classical	NIEL	are	usually	origina:ng	from	intrinsic	defects,	i.e.	defects	that	
contain	only	silicon	vacancies	and	inters::als	such	as	V2I2,	..cluster	defects		
Cluster	defects	contribute	to	the	increase	of	genera:on	rate	and	therefore	of	leakage	current

Eg/2EC/Ev



/ 22Erika.Garutti@uni-hamburg.deApr 25 – 29, 2022

Radiation damage
NIEL scaling violation

Bulk	damage	in	silicon	detectors	without	gain	is	related	to	the	damage	factor

8

⍺	is	used	to	determine	the	hardness	factor	

instead	⍺G	should	be	studies:	

ha
rd
ne

ss
	fa
ct
or

For	devices	with	gain	(SiPM)	⍺	is	not	constant	with	fluence,	
but	depends	on	over	voltage

<latexit sha1_base64="8r0S4UH2FfPn/R+aZFxmq/v45Sw="></latexit>

↵G =
�I

V · �eq ·G · ECF
ECF:	excess	charge	factor

PDE
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Radiation damage studies on SiPMs 
an (incomplete) overview 
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Review	of	radia:on	damage	effects	on	SiPM	irradiated	with	
X-ray	(E	<	300	keV)	
gamma	/	electron	/	positrons		(E	>	300	keV)		
hadrons	(proton	/	neutrons):	

medium-low	fluences:					ɸeq	<	1012	cm-2		
high	fluences:																				ɸeq	>	1012	cm-2	

ParEcle Gamma/X-ray Electron Proton Neutron

Frenkel	pair 300	keV 255	keV 185	eV 185	eV

Cluster	defects - 8	MeV 35	keV 35	keV

Energy	threshold	for	bulk	defects	genera:on:		

Garu\,	Musienko			
”Radia:on	damage	of	SiPMs”
DOI:10.1016/j.nima.2018.10.191

Surface damage

Bulk damage

https://www.sciencedirect.com/science/article/abs/pii/S0168900218315055?via=ihub
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Irradiation with X-ray
surface damage

10

Xu,	Klanner,	Garu\,	Hellweg,		
“Influence	of	X-ray	Irradia:on	on	the	Proper:es	of	the	Hamamatsu	
Silicon	Photomul:plier	S10362-11-050C”	
NIM	A762,	p149-161	(2014),	doi:10.1016/j.nima.2014.05.112

Main	effects	observed:	

all	SiPM	were	opera:onal	a7er	irradia:on	
loss	of	single	photoelectron	resolu:on	for	dose	>	1	kGy		
factor	1000	increase	of	DCR	at	20	MGy	explained	as	
radia:on-induced	increase	in	surface	current	generated	
at	the	depleted	Si-SiO2	interface	
sta:c	parameters	not	affected	

Photon	irradia:on	is	probably	not	the	main	worry
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Irradiation with gamma & electrons
surface & bulk damage
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Y. Sudo, 
PoS (PD09) 005

T. Matsubara,  PoS 
(PD07) 032 

EG, NIM A762 (2014) p149-161 

Matsubara,	Tanaka,	Niha,	Kuze,	
"Radia:on	damage	of	MPPC	by	gamma-ray	irradia:on	with	Co-60”		
PoS,	PD07	p032	(2006)

Pagano,	Lombardo,	Palumbo,	Sanfilippo,	Valvo,	Fallica,	Liber:no,			
”Radia:on	hardness	of	silicon	photomul:pliers	under	60Co	γ-ray	irradia:on”,	
NIM	A767,	p347-352	(2014)	doi:10.1016/j.nima.2014.08.028

Infrared	pictures	of	a	non-irradia:on	sample	(le7)	
and	the	irradiated	sample	(right).		
Infrared	light	is	emihed	due	to	the	Joule	heat	cause	
by	passage	of	leakage	current	(red	points).

Main	effects	observed:	

all	SiPM	were	opera:onal	a7er	irradia:on	
loss	of	single	photoelectron	resolu:on	for	dose	>	1	kGy	
significant	increase	of	dark	count	/	current	
point-like	defects	along	readout	lines	
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} 20%

Irradiation with hadrons
ɸeq < 1012 cm-2 
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Main	effects	observed:	

all	SiPM	were	opera:onal	a7er	irradia:on	
loss	of	single	photoelectron	resolu:on	for	ɸeq	>	1010	cm-2	@	-30oC	
no	change	in	sta:c	parameters	(Rq, Cpix, Vbd)	
small	changes	in	G,	PDE,	CN	(~10%)			
significant	increase	in	DCR	/	DC	

small	cells	(small	Cpix	/	
fast	recovery	:me	/		
small	G)	are	favourite		

Y.	Musienko

Musienko	et	al.		
NIM	A	610	(2009)	87–92	

Cen:s	Vignali,	Garu\,	Klanner,	Lomidze,	Schwandt	
“Neutron	irradia:on	effect	on	SiPMs	up	to	ɸeq	=5·1014	cm-2“	
hhps://doi.org/10.1016/j.nima.2017.11.003

decreasing 
cell size

https://www.dora.lib4ri.ch/psi/islandora/object/psi:17660
https://doi.org/10.1016/j.nima.2017.11.003
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Irradiation with hadrons
ɸeq > 1012 cm-2 
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Determine	Cpix	and	Rq	from	C-V	measurements	
Inves:gate	temperature	(T)	and	fluence	(ɸ)	dependence	

SiPM:	KETEK	MP15	with	4384	pixels	15x15	μm2

Upper	limit	Cq<	5	fF	(~1	fF-pulse	shape)	
Significant	differences	for	SiPM	samples

Rq	increases	with	decreasing	T	(poly-Si)	
Rq	appears	to	increase	for	ɸeq	>1013	cm-2		

Cpix	not	influenced	by	T	and	ɸ	

No	significant	change	in	Gain	expected:
<latexit sha1_base64="D6yzF7WxJG09J0zWFRbhbZfBG8o="></latexit>

G =
1

q0
(Cpix + Cq) · (Vbias � Vbd)
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Irradiation with hadrons
ɸeq > 1012 cm-2 
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x(V ) =
✏0✏SiA

C(V )
, Nd(x) =

2

q0✏0✏SiA2
· 1

d(1/C2)/dV
, E(x) =

Z x

xmax

q0Nd(x)

✏0✏Si
dx, A = Npix · pitch2

Determine	doping	concentra:on	Nd(x)	and	electric	field	E(x)	as	func:on	of	ɸ	

Minor	decrease	of		for	Nd(x)	for	ɸeq	=5·1014	cm-2	
(expected	from	radia:on-induced	donor	removal)

SiPM:	KETEK	MP15	with	4384	pixels	15x15	μm2
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Irradiation with hadrons
ɸeq > 1012 cm-2 

15

DCR · (1 + CN) =
Idark
q0 ·G
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Huge	increase	of	dark	current	with	irrad:		
10	kHz	before	irrad,	2	GHz	at	ɸeq	=1·1013		
increase	in	pixel	occupancy	η	>	1%		
self-hea:ng	effect	=	increase	of		Vbd		

=	reduc:on	of	G	at	fix	Vop

1110 1210 1310 1410 -2 cmneqΦ

3−10

2−10

1−10

η

Vex: +2V, T: -30C

T=-30°C

⌘ =
Idark
Vex

· Rq

Npix
=

Idark
Imax

Vex = 2 V

Cen:s	Vignali,	Garu\,	Klanner,	Lomidze,	Schwandt	
“Neutron	irradia:on	effect	on	SiPMs	up	to	ɸeq	=5·1014	cm-2“	
hhps://doi.org/10.1016/j.nima.2017.11.003

<latexit sha1_base64="D6yzF7WxJG09J0zWFRbhbZfBG8o="></latexit>

G =
1

q0
(Cpix + Cq) · (Vbias � Vbd)

pixel	occupancy	
due	to	dark	rate

https://doi.org/10.1016/j.nima.2017.11.003
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Irradiation with hadrons
ɸeq > 1012 cm-2 

16

ɸeq	<1013	cm-2:																PDE	essen:ally	unaffected	by	irradia:on	
ɸeq	~1013	-	5·1013	cm-2:		irradia:on	affects	PDE	(low	V-Vbd	s:ll	ok)	
ɸeq	=	5·1014	cm-2:												SiPM	not	a	useful	photo-detector

µ =
Mean

G · ESF
/ PDE

ESF =
Mean

MeanPoisson

µN.	of	photons	ini:a:ng	a	Geiger	avalanche:		

tgate	op:misa:on:		
short	tgate	reduces	
DCR	but	also	G	 {

frac:on	of	signal	
inside	the	gate

G =
1

q0
(Cpix + Cq) · (V � Voff ) · fgate

SiPM:	KETEK	MP15	with	4384	pixels	15x15	μm2

with	LED	light	illumina:on	~100	pe	

Excess	Signal	
Factor
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Irradiation with hadrons
ɸeq > 1012 cm-2 
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!!	for	ɸeq	=	5·1014	cm-2		pedestal	RMS	decreases	=	satura:on	!!

dark

light

SiPM:	KETEK	MP15	with	4384	pixels	15x15	μm2

Heering	et	al.,	NIM	A824	(2016)	111

FBK	SiPM,	12	μm	pitch

pedestal	RMS	~	70	pe	

signal	reduc:on	by	60%		

Need	to	look	at	combined	effect	of	S/N	to	decide	if	an	operable	SiPM	is	s:ll	good	for	physics
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Thermal annealing
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Remarkable	effect	of	thermal	annealing	with	forward	bias	
Single	p.e.	resolu:on	possible	a7er	ɸeq	∼1012	cm-2	with	cooling

room T 84 oK 

annealing	at	250	oC	
forward	bias		+10mA			

300 oC

ɸeq ~109 cm-2

ɸeq ~1012 cm-2

-53 oC

T.	Tsang	(BNL),	
ICASIPM	workshop	
Schwetzingen	
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Thermal annealing

19

annealing	at	250	oC	
forward	bias		+10mA			

300 oC

ɸeq ~109 cm-2

ɸeq ~1012 cm-2

-53 oC
Remarkable	effect	of	thermal	annealing	with	forward	bias	
Single	p.e.	resolu:on	possible	a7er	ɸeq	∼1012	cm-2	with	cooling

T.	Tsang	(BNL),	
ICASIPM	workshop	
Schwetzingen	

annealing: 250 oC, bias  +8mA   annealing: 230 oC, bias  +10mA   

Thermal	annealing	takes	:me	
Dark	current	par:ally	recovered	
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ɸeq = 0 cm-2 

ɸeq = 1010 cm-2 

Temperature dependence of Idark

20

Idark	(before)	drops	1-decade	/	80	oK	
Idark	(neutron)	drops	1-decade	/	57	oK	

Idark	(neutron)	has	a	fundamentally	
different	ac:va:on	energy

E. Engelmann (KETEK), PhD thesis

inves:gate	ac:va:on	energy	of	defects
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Conclusion 
Radiation damage effects on SiPMs

21

AAer	irradiaEon	SiPMs	are	mostly	operable	but:		
Significant	increase	of	dark	current	(DCR)	
Loss	of	single	photon	resolving	capability	

ɸeq	<	1012	cm-2	generally	no	significant	change	in	Vbd,	Gain,	PDE,	Cpix,	Rq	
ɸeq	>	1012	cm-2,	increased	occupancy,	decrease	of	PDE,	shi7	of	Vbd	

Degrada:on	of	energy	resolu:on	
Timing	performance	degraded	mostly	due	to	poor	S/N	
High	dark	current	➔	self	hea:ng	/	increase	of	power	consump:on

RadiaEon	damage	in	SiPM	does	not	scale	with	NIEL:		
Require	further	inves:ga:on	on	scaling	with	fluence	for	different	par:cle	types	and	energies	
Requires	detailed	annealing	studies		
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Radiation hard SiPM
a wish list

22

Dark	noise	reducEon	
1. start	with	low	DCR	before	irradia:on	(pure	material/low	impurity	process)		
2. minimise	thickness	of	the	depleted	region		
3. reduce	trap-assisted	tunnelling	by	reducing	peak	electric	field	in	the	p-n-junc:on		
				2.	and	3.	are	contradic:ng	➔	find	op:mum	between	the	two		

Cell	occupancy	reducEon	
reducing	the	cell	ac:ve	volume	(small	cell	size)	and	cell	recovery	:me	

small	cells	=	small	Cpix	/	fast	recovery	:me	/	small	G	
small	cells	=	reduced	PDE	➔	use	very	thin	tranches	and	metal	film	resistors	with	high	transparency	to	visible	light	

Breakdown	voltage	increase	minimisaEon		
minimise	thickness	of	the	depleted	region	
op:misa:on	of	ini:al	doping	concentra:on	for	the	expected	donor	removal	

ReducEon	of	the	damage	in	SiPM	entrance	window	
use	Si3N4		for	the	entrance	window	instead	of	SiO2
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BACKUP SLIDES
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Surface damage effects
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Schema:c	picture	of	
surface	damage	induced	
effects	on	a	pixel	detector		


