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SiPMs...

...usually are arrays of Geiger-mode avalanche photodiodes with
passive quenching made of doped silicon...
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|. Semiconductor Basics
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Structure of Semiconductors

S.M. Sze, K.K. Ng,

. Wiley, 2007 (; O L _
e Intrinsic properties
y ¥ (T = 300K) Si GaAs
L alA| 54 5.7
' | D apair/eV 3.6 4.4
. drift mobilit
_ @, 7z 5/\ 4
P o electrons / cm?/Vs | ~ 1450 | ~ 8800

« primitive cell has diamond holes / omiVs | ~ 800 | ~ 320

structure
 two intersecting fcc lattices
» tetrahedral covalent bonds

saturation velocity
electrons / cm/s | 1 x 107

holes / cm/s | 8.4 x 10° | 10’

(Si: [Ne] 3s? 3p? : [Ne] 3[sp’]*) e semiconductor devices are
« inner shells are full and do not built on the surface
contribute to the binding — orientation of crystal planes
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S.M. Sze, K.K. Ng,
Wiley, 2007
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= first Brillouin zone

k
.

primitive cell of a becce reciprocal
lattice for a direct fcc lattice
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 basis vectors of primitive cell
a,b,¢ > R=ma+nb+p¢c
» basis vectors of reciprocal lattice
a4 =2 bf“ ,
a-bxc
 helps to visualize energy band
structures along main directions
of the crystal
e points : I (0,0,0), X, L, K
e directions: <1,0,0>: A, <1,1,1>: A,
<1,1,0>: 5
* orientation of standard Si wafers
<1,0,0>0r<11,1>
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Energy Bands

Ibach, Liith, Springer

Interatomarer Abstand

WA
§ H. Gobel, Springer, 2008
\
\ p Leitungsband
2 Leitungsband W, = 1eV
;5 Valenzband
é Valenzband
g #) Zahl besetzbarer
Quantenzustande
pro Atom
Valenzband Metall Halbleiter

Leitungsband

A

Wy>3eV

Y

Valenzband

Isolator

« atoms have discrete energy levels « width of energy gap determines

» evolve into energy bands when nature of the material
- distance of atoms decreases » conduction band empty at T=0K
 number of atoms increases e at T>0K electrons can get Into
— valence band and conduction the conduction band by thermal
band with possible energy gap excitation
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Energy {eV)

i | ﬂ / Gaas

Energy (eV)
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Wave vector Wave veclor

X

Energy Bands and Band Gap

S.M. Sze, K.K. Ng,

EA Wiley, 2007

EQ® a f
V)  (€VIK) (K)

<
[¥]
o GaAs [.519 54x10* 204
£ 51 1.169 4.9x10* 655
& 1.2 <
=
g
= 1
11 (1.12) EAD = Eg(OJ‘;T};
1o Room
temp
0.9 1 H + | 1 : 1 |
i 240 404} 600 300
FiK)

« width of energy gap

» decreases with temperature
* reduces in highly doped materials

» complicated band structure: subbands (can be degenerate)
- indirect (Si) vs. direct (GaAs) semiconductors: E_(min) shifted w.r.t [
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Doping

Wlh N N
@@;;@@ @@@ » doping introduces energy levels
W greeseen | Inside the energy gap

e ee' o o(s)e W : : :
CZD @ i « impurity concentration

) e e - 12 18 -3
e@e o@)e o@E)o 0660060060 * Ny, N, ~10%-10"cm
¢ ? ¢ * dopants for silicon
H. Gébel, Springer, 2008 « donors: N, P, As, Sb, Bi (Gr. V)

. . . T>0K — donor levels: E_ - O(50meV)
o(she e(s)e e(s)e Wy  acceptors: B, Al, Ga, In, TI (Gr. Ill)
Z ? : | — acceptor levels: E  + O(50meV)

WC ] . ] .
JOLCERIOE e jonization energies comparable to
e S
A SR Wy 2 kT (~26 meV) — easy thermal
VI o002 00000 . . . . .
JOLIOLERIOLE ceeevee0ee | gxcitation, full ionization at 300K
@ @ ]
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Fermi Level

number of carriers in conduction :
band — integrate of number of states

N(E) and occupancy F(E) .

n= [ N(E)F(E)dE

C

Conduction
band

Valence % -

and

b

Conduction

calculation of carrier concentrations
requires knowledge of Fermi energy

|

electrons o
0= Neexp _EC_EF | = 2TrmjekT 312 C
kT h ,,
holes . <
b= N, exp _EF—EV) N, = 21Tm§hkT L] L
kT h 5 5>

S.M. Sze, K.K. Ng, Wiley, 2007
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Intrinsic Charge Carriers

T>0K

Do c@eo@e  w MOTHIIRIE W o0 e w oy
e(se e(sde e(s)e A | 10! -. ; 70 X
e ~
freuas\@ 1018 =2
© Elektron . W o freies Elektron A
e@e e@e @@@ c H LY \-\
! o 1016 N\
W eerleeeeeee § NP
e@e e@e @@@ eeeeeeeeee‘ Sl ——
o ® e 2 1014 = ==
£ AW SN
. . . = - .
* thermal excitation in undoped - N
[ ] [ ] L[ ] L[ ] [ ] Q - N =
silicon — intrinsic charge : N
carrier density n. 3 X e —
y I é 104 GaAs = \g\‘
E.=FE = + In 8 R \\-
2 2 N 10 3
¢ \
A
yields - — :
E_F £ 05 T8 15 20 25 30,135 40
n,=N cexp| ———|=V NN, exp| ——= 1000/ (K-')  temp
kT 2kT S.M. Sze, K.K. Ng, Wiley, 2007
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Intrinsic Charge Carriers

e strong temperature
dependence of intrinsic carrier
density

o ~ factor 10 between room
temperature and 0°C

« Siis an isolator at liquid nitrogen
temperatures

» width of band gap (Si vs.
GaAs) plays an additional role

15. Mar. 2011

eXp|— EG(T)
n(T) _( T )3/2. TS,
n,(300K) 300  E4(300K)
=Pl T2k 300
Si GaAs
E_(300K) / eV 1.12 1.42
n(300K)/cm® 1.45x10°  1.79x10°
n(273K)/cm® 1.27x10°  7.91x10*
n(77K)/cm®  3.80x10*  9.51x10™*

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University
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Carrier Concentration

» concentration of ionized donors o “
and acceptors CEMTT | |
+ Np = — Si
—_ -~ nurinsic rangc = 15 =3
? 1+gDeXp[(EF_ED>/kT} ~ | Slope=E, Np= 107 em
] N, 1018 =
NA: - E
1+gAexp[(EA—EF)/kT} T F
» charge balance 510]5‘ ksmationrange
= ——_—
- + & =S
n+N 14— p+N D -g E lI Freeze-out range
2 N
N,—N E.—E g '
-
» mass-action law still applies tos L T N |
n’ n: 1000/T (K1)
ng=~Np = p,= N_D Po=N, = ny= N_A S.M. Sze, K.K. Ng, Wiley, 2007
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Carrier Mobility

104 S.M. Sze, K.K. Ng, Wiley 200:7
> ' Si T
E] 1“??
g 10° me— =2
: EEs
= Hy T
02 ‘ “‘\u \Hjl""'--
104 1015 1016 1017 1018 101
Impurity concentration {(cm=)
1065 — T - T T
; N AN=102cm --:
- 4xml3_\ .
107 hﬁ%i 242 7
= SN = ~1
P |0\;//T » 1 1
= - S - u = |(—+—
NE b
A 104: A = l’ll ui
2 E 1.3x10"7 \\ =
B [ ] .y
= [ I N ] total mobility
- 2x10V7 \\\
! = Si (low-field) \ \\ E
— i, AR -
L. -~ - =-=° [Llp \\ —]
]021 L1 I|J-II10 [ |1102_L_ | |I|||10}
Temperature {K)
15. Mar. 2011
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e drift velocity at low fields
v, =u k
e carrier mobility affected by

Interaction with

e acoustic phonons
1

*5/2 1~ 3/2
m. T

c

Hp o

 jonized impurities 732
H; oc

*1/2
N, m

— dependence on

 effective mass
» temperature
 impurity concentration
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Carrier Mobility

. _ o8 S.M. Sze, K.K. Ng, Wiley, 2007

» charge carriers emit and absorb E %
phonons ) i .

- at high electric fields (>10*V/cm) % . AT mali
phonon emission ist more likely = i M B s, = R
— drift velocity saturates at 5 B 11| N B N1 G e @

gié // . // T = (JaAs |
| 8E 2 105l b LY _
v, = 43|=—=2 ~ 10" cmls i e ] = Bletrrons
’ 3 1T m, 3 - - — - Holes |
// 1 ’ -
// ,/ Si

* (comparable to drift velocities in T L T !
gas detectors) Electric field  (V/cm)

e impact ionization only becomes (for high-purity semiconductors)

important at field strenghts larger
than 10° V/cm

15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 16



Impact lonization

S.M. Sze, K.K. Ng, Wiley, 2007

106

103

104

107

lonization rate (¢m™')

102

10!
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300 K
——— Electrons ¢,

Holes a,

T T77Tn

L L TLTTH]

[ LTI

SiC VS
(a,= ) \\(1.12 eV)
(2.99 eV) ¢

\
\

\

T TTTI

-1 GaN

!
-
et
lad
o
9"
<
S

| | | I |

0 2 4 6 8

1/ (1078 em/V)

at sufficiently high fields carriers gain

enough energy for secondary ionization
lonization rate a, e.g. for electrons
N = 1 dn _ 1 dn
" nd(tv,) nv, dt

electron ionization dominates in silicon
— device construction (breakdown at
lower electric fields)

generation rate at fixed
location

dn _ dp
dt  dt

= X,n vn+o<ppvp

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 17



Summary of Part |

* silicon is well suited for building semiconductor photodetectors

* band gap of 1.12 eV — good absorption for optical photons

 indirect semiconductor: transition needs additional phonon or larger photon
energy

 can sustain large electric fields — impact ionization, intrinsic amplification

e doping
« group lll elements: ,acceptors”, group V elements: ,donors”

 additional energy levels are only O(50meV) above valence band or below
conduction band — easy thermal excitation

* typical impurity concentrations: 10" to 10" cm™

« drawback: strong temperature dependence of all properties

15. Mar. 2011 M. Merschmeyer, Physics Institute I[IIA, RWTH Aachen University

18



RWTHAACHEN
UNIVERSITY

15. Mar. 2011

ll. p-n Junction

M. Merschmeyer, Physics Institute I[IIA, RWTH Aachen University
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* ideal/simple case: abrupt change from

p-n Junction —

donor to acceptor impurities

e semiconductor is electrically neutral in

thermal equilibrium

N 4 WDp =NyWp,
« Maximum electric field Em

qN A WDp

— qND WDn

m

» built-in (diffusion) potential ¥

¥, ~

15. Mar. 2011

€

N

In

€

NpN,

q

2

n.

1

N

- peregion

~— Depletion region —+

3

Depletion <:hz:u‘geJ
Np =Ny

PI-l'CgiOIL —-

@@@@é“_Donor
RN density (Np)
~Wp, OO E D .
EXEEID) Wy, -
eaga
54806

Acceptor
density (W,) |eeo

0

b Area = built-in

d Z, putential
S.M. Sze, K.K. Ng,
Wiley, 2007 ”

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University
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Depletion width W, (Lm)

Depletion Zone

102 ' : : ey ¥
— « APD ~ one-sided abrupt
wints | 1] \ =T e - I I *_ *_
o RN e S IS junction (p™-n or n"-p)
o PP e e - 8 2e
L V[ as " .L'""-—: ; - ..--’: N E .:?' WD — —NS( bi_V)
1/"._,..-){" LT ;:*’Ef_q'fz’;j-:’é_ﬁ 104§ | q
= = et & (with N=N_for N >>N_and
/.. — ,ﬂ";{- \,\-— _ I E g A D
e - -+ A= 2 .
Y] =t I Il = w12 A= 2  vice versa
T'i v i 31018 I = _ S
— T 1x10V bt W] -
== oon T2 =T condition s .
el | [P0 Al 1Tz, depletion zone
0.1 1 10 100 :
S.M. Sze, K.K. Ng, Netpotential, =¥ =24Tlg (V) (reverse bias) CapaCItance
Wiley, 2007
€, qge,N )
2¢ | N -+ N, C,= = \¥,—V| Flcm
Wp=Wp,+Wp, = (V,,—V) /" 2
qg \ N,Np

width of the depletion zone
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|-\ Characteristic

10%
e p-n junction under bias voltage 07
. forward bias (pn>n’?)
10¢
. reverse bias (pn<n’?)
e total current through ideal diode 10°
_ _ qV =10
J=J,+J,=Jyexp ﬁ)—ll 3
. . 103
« with saturation current
D n° gD n 2
JO — q pnz q nnl — J0<T) 10
LN, LN,
101
 60mV of voltage increase raise
forward current by one decade i
 important deviation: junction o
breakdown
15. Mar. 2011

S.M. Sze, KK.Ng, | -
Wilek 2007 K )
'
1/ /]
B {4
,’ (c) Junction !
/ breakdown |

(b

)

/ _Reverse
7 ¥ T

7
!

AN

=1

(e)

|

Ideal forward
L

¥

—+Ideal reverse

b))

10 15 2

0 25

q|VikT

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University
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Junction Breakdown |

breakdown mechanisms

» thermal instability

e tunneling breakdown

« avalanche breakdown
example: break down initiated
by hole current Ipo

dl ,=1,0,dx+1,0dx

tunneling

S.M. Sze, K.K. Ng,
Wiley, 2007

¥

hole multiplication factor
dx =1 M !

P

X

—f (ap—(xn) dx'
0
condition for hole-initiated breakdown

WDm
f o, eXp
0 po

]
Mp ~ o gt breakdown

WDm

— f (an—ap)dx’

X

1
M

P

dx =1 1— dx

>y

X, exp —f(ap—(xn)dx’
0

WDm
j X, €Xp
0

condition for electron-initiated breakdown
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Junction Breakdown ||

S.M. Sze, K.K. Ng, Wiley, 2007

10]8

« breakdown voltage WETTSRR R | TR
NN One-sided abrupt junctions
h N, I | |
2 NN GaAs (100) 7 '
v — EmWDm — Eslz’m v \\‘ N
BD 2 2QN 9 \\ . \‘*-\ GaP
e Sl \ Pl a
L& 100 2 e
i n \‘
5 ~ .
E NS .
: NN |
. . “"\ ™ q Ty
 (approximation) for 3 NI T
. . d 10 LSS
various semiconductorsz = =~
N J7 N | T
E 3/2 N —3/4 - P
Vo~ 60|75 | || ¥ 5
l1.1eV 1016cm 3 7 |
1 ‘ | - |
1014 1015 1016 Q17
Impurity concentration N (cm™3)
15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 24



Junction Breakdown |l|

1000

S.M. Sze, K.K. Ng, Wiley, 2007 -

. . = S ===stl g
° deplehon Iayer W|dth One-silded abrupt junctions E
has strong N NS ' | . T
= 100 | yip L 5 1 GuP 2T T s 2
dependence =SS e s 2
g | i E
. . g 10 -
« electric field at [ S ==l
breakdown only : 1 ‘\Gﬁd‘s
varies very slowly FEERE: 5SS
. g I
with N E N
g 0.1 [ Pon S !
g
5
En= 1—-(1/3)1 4X(11(\)7/1016 ) iem 107 1ot 107 1018
0810 cm Background doping N (cm™)
25
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Summary of Part Il

* ideal: abrupt p-n junctions (‘'simple' calculations, field properties)
 maximum electric field at the interface between the n- and p-doped
areas

» width of depletion zone depends on doping and bias voltage and
typically is about 0.1 — 10 ym

» depletion zone acts as capacitance which is inversely proportional
to the width of the zone

* p-n junction shows a breakdown at large reverse bias which can
be used for the amplification of the initiating charge carriers

15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 26
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[1l. Photodetectors
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107

108

10°

104

10°

102

Absorption coefficient (cm™)

101

1

Optical Properties of Silicon

N he _ 1240
1 AE  AE(eV)
fundamental
absorptioh edge e WY
(for Si) short wgvelength
/ cutoff (surface
/ 1)

1100 nm
/

recombi nal{io

e,
/,\/

N r g
{GaAs | - 400 hm
l/ / S
”
ﬂ 4
A
v 00 nm
/l
t
i — 300K
1] cm-- TTIK
L
R
2 T4 S5 6 7 8910

S.M. Sze, K.K. Ng, Wiley, 2007 Ay (eV)
15. Mar. 2011

 coefficient a determines
strength (and depth) of
absorption

« small A: absorption near
surface

 large A: light can penetrate
deeper into semiconductor

— determines quantum
efficiency
. thin devices (a*W_ 'not
large’)
* multiple reflections

— consider reflection and
transmission

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 28



» classification (gain & structure)

« photoconductor
gain : variable

Photodetectors

n

» photodiode (p-n, p-i-n, ...)

» quantum efficiency

1 N

phot — pe’ 17217(7\)

qg P N

phot y

gain : < 1 « photosensitivity / responsivity
» avalanche photodiode (APD)
gain : 10% - 10 S = L o — L ppor =n A(nm) AIW
« Geiger-mode APD P P hv 1240
gain :10°- 10° Intrinsic rEteric_]
* basic working principle ! N "
 carrier generation by incident light hy ™

e carrier transport in electric field

» photo current — output signal

15. Mar. 2011

|
Impurity
level

h -

Ny

S.M. Sze, K.K. Ng, Wiley, 2007

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University
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Photodiode |

—Vy
POD[ T Iph . . . . . .
B L i (or 1) n —}R * p-n junction or p-i-n type (intrinsic
opl | Wy

<" layer can be adjusted to optimize
quantum efficiency)

« separation of electron-hole pairs
generated by high electric field

 electron-hole generation rate
G,(x)=®,0exp(—ax)

e

e drift current

I
I
[
[
I
I
!
|
|
|

|
Lo .

g}%ﬁfﬂ;: brif :difli]‘fl)s]?on g, = —qf G,(x)dx = qcbo[l —exp(—« WD)]
I I 0
I I L} [}
GNP 1 By » quantum efficiency
4
: : n=(1—R) | o=l

¥
-

. 1+ L,
l/ex

S.M. Sze, K.K. Ng, Wiley, 2007
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Photodiode ||

Depletion width ¥, (um)

e internal quantum 1000 100 10 I

efficiency can be
optimized by
adjusting the width of
the depletion zone to
the wave length

 narrow widths are
desirable for
telecommunications

Quantum efficiency/(1 - R) (%)

(transit time of 200 §ipin

carriers introduces - 300K

phase shift between ol il I
phOtOﬂ flux and 3-dB frequency (GHz)

photocu rrent) S.M. Sze, K.K. Ng, Wiley, 2007
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Avalanche Photodiode |

— G
— v——
— — Gak
et Y e {33
- o o P
&, {Ge}
«, (Ge)
x - —
| s
X n
\ \ \{e As
% »
x % \a, (81
\ \«» s S.M. Sze, K.K. Ng,
wl ., Wiley2007

e operated at high

— electron ionization is dominant

reverse bias

 electron multiplication factor

(

M =

WD
1 — f X, eXp
0

\

 practical limit of photomultiplication

M

ph, max

o
—f (o, —x,)dx'

7

_ B

nl R

15. Mar. 2011

4

5 & 7

UE {19-8 emfV)

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University

8

V_: breakdown voltage
IIO . primary photocurrent
R: effective series resistance

-1

dx

J

n: constant depending on semiconductor

32



Avalanche Photodiode Il

e et = ™ 94 - electron-hole creation is statistical
"F A W process — excess noise factor
- $
- o o 2 2
K, b i&»h 9| S.M. Sze, F(M) — <M > — <M >
5 10F / . o] KK.Ng, — 2 2
2 r / "5 Wiley, 2007 (M) M
: t
oLy  describes increase of shot noise
- w.r.t. noiseless APD
1 ~ '

Ll i | L | § 111
1 10
Multiplication M

Noise fackor £

10}

o Iolke
& Eleciro

1 [ 1Ll

L « for electron injection (k=ap/an)

100 1000
1

F (M)~ kM+|2=—|(1-k)

(k=0 — F(M)=2, k=1 — F(M)=M)
p—— * high multiplication noise is bad for
e single photon counting...

!
1 10 100
Multiplication M

15. Mar. 2011

I
1000

M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University
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Avalanche Photodiode Il

Daping Doping
I e

» optimum wavelength range for /
silicon APDs: 600 — 800 nm ﬁ:ﬂ‘*] H r L F
* 100% QE can be reached . - -

- X el

* hole-to-electron ionization coeff.  mweme ... ] St
ratio k depends on E field g
- 0.1 (at 3x10° V/cm) to 0.5 (6x10° |\
V/c;m) Wb Wy 0

— control noise by ‘,
« keeping E field as low as possible K :

e initiate avalanche by electrons
* APD profiles

* large drift region (sat. velocity)
« small avalanche region

 use p-on-n (short wavelengths) or
n-on-p (long wavelengths) types S.M. Sze, K.K. Ng, Wiley, 2007

15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 34



Geiger-mode APD

P+

* in a GAPD the fieldis sO ! = | on
high that electrons AND T' 1] M

. - epitaxial layer
holes contribute to
avalanche breakdown

¢ holes

electrons

300

 positive feedback, requires
external 'quenching’

mechanism D. Renker, E. Lorenz, J.Inst.4 (2009), p04004

e gquenching: reduce electric

field by reducing V — SiPM: combination of a
op

number of small GAPD cells
e passive queching: resistor

 active quenching

15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 35



Summary of Part Il

« absorption properties of silicon are ideal for optical photons

 electron-hole pairs are generated in the depletion zone of a p-n
junction and separated by an electric field

e internal quantum efficiency is determined by the width of the
depletion zone and the absorption properties for the respective
wave lengths; antireflective coatings optimize the total quantum
efficiency

e avalanche photodiodes work at large reverse bias voltages
(several tens of volts) and multiply the initially produced carriers

* structure of APD (p-on-n, n-on-p) determines the sensitivity w.r.t.
the wave length and the noise properties

« GAPDs work at even higher voltages — higher multiplication, but
the avalanche breakdown has to be quenched externally

15. Mar. 2011 M. Merschmeyer, Physics Institute I[IIA, RWTH Aachen University
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Silicon Photomultipliers

 arrays of GAPDs are * SiPM pros
nowadays called SiPM, « high photo detection efficiency
MPPC, SSPM, ... » photon-number resolving

 low operating voltage

* insensitive to large B fields
 'low’ price

 'standard chip technology’

« SiPMs have positive and
negative aspects w.r.t.
photomultiplier tubes:

« SiPM cons

e dark count rate
« afterpulsing

« optical cross talk
e sensitive area

15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 38



SIPM Operation |

. operated at reverse bias Vop >V

(— overvoltage)
Vov — Vop_Vbd
« sum of multiple APD output pulses
results in large pulse
» charge from single APD cell
chll — Ccell X (Vop_ Vbd)
e linear gain
lm chll X Npe
WrC 7N o  a photon can fire more than one cell

| . (opt. crosstalk, afterpulsing) — real
>ese ain (= 10° to 10°)
V |1=G

50
I G real
15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 39
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SIPM Operation Il

{Ta=25"C)

J. Rennefeld, RWTH Aachen Hamamatsu Photonics

< 105 @T-30Cc | FITarerii] 5.0 10° 5.0 % 10°
'E' [T =25C el T 45 % 10°
o =I f fgg _ ] 3 ;._i-" 10 10° 40 %108 ""-\
@ 10°® .T:w"C — — 351 10° ] ™~
] S -
-E:: =I:zg . 30 10° // 90 % 108 \\
% 107 HlT=-5C {:. §2.5><105 /,/ § T M=275%10° \\\
% =I : ::2 20%10° /.—/ 2.0 % 10° ]
£ 10-85 1:0><105 1.0 % 10°
10'9 _ ) 701 703 705 707 709 1.1 F1.3 715 717 71.9 00 10 g 20 10
: Hamamatsu S$S10362-11
cell size: 50 x 50 ym? Reverse voltage (V) Ambient temperature {'C)
. {M=2.75 = 10%)
10 66 67 68 60 70 71 72 b
Sperrspannung [V] 72 //
» SIPM is very sensitive to operating conditions £ - -
- breakdown voltage V, (and other parameters) E //
depend on ambient temperature T ) @~
- overvoltage V_ needs adjustment s

-20 -10 0 10 20 30 40 50

Ambient temperature ("C}
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SIPM Operation Il

J. Schumacher, M Lauscher, RWTH Aachen

I -V, - diagram (T / °C = 19.1923 +0.0605 (stat.) +0.5 (syst.)) Breakdown Voltage V _ as a function of temperature of HAM. 510362-11-100C {Sno. 1203)
£l Z _F
< 1= “a 70— x2/ ndf 16.92 /12
£ 7 [ | Ve(0°C)/V 68.26 +0.0023
E L . : : . ‘ : - B’/ (mV/K) 56.73+0.171
o o 5 : 5 5 . 5 =
10" :,_ ..................... ..................... ..................... ____________ ____________ 69.5—
402 bbb W 69—
i 68.5
10-35_ .............................................................................................................................................. L
i i 68—
10-4| Ll 1 L1 ||||I||||| | I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
68 69 69.5 70 70.5 7 -5 0 5 10 15 20 25 30
bias voltage / V Temperature / °C

 at breakdown voltage — substantial change of dark current
« temperature coefficient of 56mV/K confirmed
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SiPM |-V Characteristic

IV Kennline eines Hamamatsu SiPMs (S10362-11-100C) 1x1mm’ @ 25°C

* SiPM is basically
. <L S L
a diode and a 000 _ _ T breakdown.

_ _ 000 -
series resistor -

— typical I-V 5.,.,_ ..................... .................... ____________________ _____________________ ____________________ ______________
characteristics

e gquenching
resistors limit the 500
forward current

Z unench

cell

H H H H =
: : : : -

tot

forward

) aso0 | 3l

2000 .l.+..| current T o S

—|-III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III—|-

0 10 20 30 40 50 _ 60 70
M. Lauscher, RWTH Aachen reverse bias voltage Vg /' V
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“SIPM -V Characterlstlc Zoom

I-¥ Kennline eines Hamamatsu SiPMs (S10: -100C) 1V Kennline eines Hamamatsu SiPMs (S10362-11-100C) 1x1mm  ? @ 25°C

2I!IIIIl|'|IIIlIIIIIIIII.IIIIIIII;I

e forward bias g FrTTTITTI TR
region shows = TF < -
expected 10—1; : ......... A ......... foréwartf:l N
behavior B 0 T WS O SO S T 18 voltage i i
(diode+series I R VA 3 T R B
resistor)

* reverse bias 5
region has 107
'Initeresting’ 10

I /mA

fe atu res E | Constant 407201785 |
10—75.. P . T -,
1043;___ Slope  -5.716 + 0.002568 _____________
10—9 | Ll I [ | [ | [ I [ | ] ‘| | | 0 ] I L1l |% |"|"|"|"."|"|"|"|" "|"|"|"|"|"|"|"|"|"I"l"l"|"|" 1l
72 -1 -0 -89 -68 67 -66 0 05 1 1.5 2 25 3
Vg/V Vg/V

M. Lauscher, RWTH Aachen
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SIPM |-V Characterlstlc Re3|st|V|ty

Differentiedler Widerstand eines Hamamatsu SiPMs (S10362-11-100C) 1x1m)

« SiPM exhibits
approximate
ohmic behavior
at large reverse
bias as well as
for a sufficient
forward voltage

-R,....~ R
quench

15. Mar. 2011

|IIIIIIIIIIIIIIIIIIJ.

LJlJ.lLJI_lJ

=72 =71 =70 -69 -68 -67 -66

Vg/V

SiPMs {510362-11100C) 1x1mm  * @ 2

v ko

IIIIIIIII.IIIIIIII¥I

IIIIiIIIIiIIIIiIIIIiIIIIiI

0 0.5 1 1.5 2 2.5 3

M. Lauscher, RWTH Aachen
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|PMutput

e intensity spectrum of the
SiPM signal shows
......................................... discrete and equidistant
0.5 photoelectron

threshold peaks
1.5 photoelectron N cleanliness depends on
threshold SiPM type V , T and the

e discrete peak heights —
discrete charge spectrum

 resolution depends on
charge integration time
window

15. Mar. 2011 M. Merschmeyer, Physics Institute I[IIA, RWTH Aachen University




SiPM Output

Off

Charge Spectrum - L.E.D. On

Entries 50000

96.42

14.85

Charge Spectrum - L.E.D. Off
q:2.:00_||||!|||I!IIII!IIII!IIII!IIII!III
ool | pedestal |

. |ipeak: i
160-— ...... ..... ........ ........ ........................ RMS
140} ----- ----------------- ---------------------------------
PSS N O O O SO O :
100[ b :
g0 :
U O W O WO W ;
P 1 p.e.
40-_ ...... :. ..... i [ | S i..p.e:ak ........................... _-
SEEE (T ]
0-||||i|1J|i|||

0 50 100 150 200 250 300 350 400

QDC Charge / pC

M. Lauscher, RWTH Aachen

15. Mar.

2011

On

200 TTT T[T T[T T [ TITT[TTTT[TTTT[TTT |Entries 50000
#® L : : : : :

SN RS S S NS N S M)
160-— ...... ........ ........ ........ ........ ...... RMS  67.06

100
80—
60:‘— ...... _ ..... :

s R EM X

i T

gl

120f- ﬁ ........ -

0 50 100 150 200 250 300 350 400
QDC Charge / pC

e charge integration
yields 'finger spectra’
* pedestal peak
» photoelectron peaks
e good pixel uniformity:
SiPM — quasi-analog
photon detector
e gain (incl. amplifier)
can be extracted
e get average number
of photoelectrons

from pedestal: i
() = e Do)
P k!

(N,.)=—In[p(0)]
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Dark Count Rate

Noise Rate vs. Threshold [VOV =1.40 £ 0.05V, HAM. S103612-11-100C SN.1203)

« SiPMs are noisy: typical
DCR at 0.5 p.e. threshold
s 0.1 — 1 MHz (per mm?)

» thermal generation of
carriers and contributions  "F
from afterpulses and B _mem o
optical cross talk _ ................ . ' x

* two-cell noise for SiPM 10
with Sing|e cell noise R1 ~ 1 B e | | .
kHz, time window 1< 100 _ - ...................... .............. .'::;
nﬁZ :2 T R12 — 0.2 S_l 1 — o ---1----[----|----1----:---1'"'1'"]""|""l""]""["'1 k|

00 -150 100 50 0
R, ~ Nceﬂ) R,~N> -01s"

J. Schumacher, RWTH Aachen  Threshold /mV
2, tot 2

—_
o
w
1

2913+ 001 1412001
24182002 139001
21.71£ 005 1432 0.01
18742005 139001
12902004 135001
13.09£003 1412001
10382005 136001

Noise rate / kHz

cell
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Photo Detection Efficiency (PDE)

PDE(A,VOP,T) = QE(A,T) X FF X Pav(VOP,T)
o2 B2 2« PDE = probability to detect a

o single photon at a threshold of

f_’ % S10362-11-100U abOUt 05 pe

& 70 N\

5 /I X e depends on

O 60 . .

H"GC:J " \ 510362-11-050U * quantum efficiency (QE)

g iy ] « cell geometry (fill factor FF)

© * / N e . avalanche trigger probability (P )

c 30 N . . av

) B e N \Q\  determination:

T \_._Szx\ e average amount of incoming photons
0 — in given time interval (fixed A): <N >
300 400 500 600 700 800 900 4

. get <Npe> from pedestal fraction

Wavelength (nm)

* Photon detection efficiency includes effects of crosstalk PDE ( A ) — <Npe> / <N)/>

and afterpulses.
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Quantum Efficiency

S.M. Sze, K.K. Ng, Wiley, 2007

« absorption of optical photons in silicon o
has strong wavelength dependence 10¢ 7—;?‘"‘*#
T /
3 ey
I(x)~ exp(—xx) s | A
. . . g 10 GaAs I"' ,/;X\
« dimensions of depletion zones ~ O(1 ym) 5 .| s
* a=10"cm” — 63% of light absorbed within & !
z

1 um (99.995% within 10 pm)

102 }
tH! — 300K
fFl1 -=-=« 77K

|

I

« a=10°cm™” — 63% of light absorbed within 10! -
0.01 um (~100% within 1 um) 1 {: {
. . . . . 3 4 s 6 7 8 910
» device optimization must consider | T e

« wave length of incoming light
 width of depletion zone
 antireflective coatings at the surface
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A ONVERSITY
SiPM Geometry: Fill Factor

=l :  cell separation and quenching
~ - resistor cause insensitive space
between cells

— geometrical fill factor

active area
total cell area
» depends on cell size (e.g. for
Hamamatsu S10362 series)
 about 80% for 100 x 100 pm?
* about 30% for 25 x 25 ym?
 solutions

 integrate quenching resistor into
silicon bulk material

FF =

M. Yokoyama et al.,
NIM A610 (2009) 362

Hamamatsu Enman
Photonics h

15. Mar. 2011 M. Merschmeyer, Physics Institute I[IIA, RWTH Aachen University



Ionization rate (¢cm ')

108

104

103

10!

15.

Avalanche Probabillity

EXPERIMENTAL . a

= A o 170.3%m A
- S Elggt{:o}fls a, 1.0 & A=10%m A
B -—=- Holes a, — o R (W) THECRY
B = 08+
7o :
i W. Oldham etal., & W

IEEE Tr. El. Dev. 19 '
H (1972) 1056 g 04~ ~P.(0) THEORY
= x
B Q02
= =
= 00— T T
w o ! 2 3 4 5 6 7 8
"I EXCESS BIAS (VOLTS)
N \ * avalanche can be started by electrons or
1 G386V holes, depending on A and location of pair
- .‘,_l%(mi - ——  creation

S.M. Sze, K.K. Ng, * jonization rate is larger for electrons, those
Wiley, 2007 | . k I . I h
are more likely to trigger an avalanche

Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 51



Optical Cross Talk |

Emission from SiPM

R. Newman, PR100, 1955, 700 |

%10~
60—
50 %_ rIJ J,.II'“M-W"][[LF]]-J,_“ .}'
I C ? ][M,Liw
RADIATING | JUNCTION £ a0 ot (L M‘
I1 I-‘.ll hfh]ll ed fro kedl %302_ ,.
S L LR S 0f \
« photons from visible and infrared  * " . . ,]
: _ o - 10° carriers generate 2-3
spectrum can be emitted during E photons below 1um |
breakdown in a cell T L 13

— can trigger breakdowns in
neighbouring cells SiPM B

| R. Mirzoyan, NDIP08, Aix-les-Bains

 remedied by trenches between
cells (— limits fill factor)

[

Wavelength[nm]

T ¥X=+3 mm

Nk

T ¥=-3 mm

4 -2 J;([mm] E
H. Chagani et al., NP B197 (2009) 283
15. Mar. 2011 M. Merschmeyer, Physics Institute IIIA, RWTH Aix-la-Chapelle
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Optical Cross Talk Il

Crosstalk Probability for HAM. S10362-11-100C (Sno. 1203) (Errors are Systematic)

M. Lauscher, RWTH Aachen

2 Bl 1-(30.2 +- 0.1)°C
S 35| mEEm T=(27.9 + 0.2°C
o T=(25.1 +- 0.1)°C
o B T=(22.6 + 0.1°C # f
> 30 T=(20.0 +- 0.1°C f
g B T=(17.3 +- 0.1)°C | ﬁ‘*
@ o5 T=(14.7 +- 0.0)°C gl
o T=(12.1 +- 0.1)°C jit
o EEEE T=(9.5 +- 0.1)°C it
20 T=(6.9 +- 0.1)°C g
T=(4.4 +- 0.1)°C i o
T=(1.8 +- 0.0)°C ; il dN /d d
15 T=(-0.8 +- 0.1)°C > f
et i (dN/dq)dq
— gt _ >lpe
10 :— i l a i p ct 00
s | i it f(dN/dq)dq
= i 0
0 T [ I 1 1 1 I 1 1 | I 1 1 1 | 1 [ 1 I 1 1 [ I 1 1 1 I
0.4 0.6 0.8 1 1.2 1.4 1.6 v ‘}\8,
ov

 derive cross talk probability from QDC spectrum
 cross talk independent on temperature (at proper overvoltage)
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Afterpulsing |

e carriers can be trapped
during avalanche
breakdown and released
later on

— can trigger a new
avalanche several 100ns §
afterwards

e increase the noise for
large charge integration
windows
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Afterpulsing I

Time after Initial-Pulse - Distribution (T = 32°C, VB =71.4V) o evaluate tl me
o e e Y Entries 167333 difference between
= : | | 5 o g2 (ndf 518.8 / 475 successive peaks

| Gmem 478322311 o request 'quiet’ time
U TnemltS] 3184268 | qtaryg] of 300Ns

e Chpsiow 1752+ 149.9 bef tri |
T efore trigger pulse

e gt Cprg 453642737 | @ VArIOUS components
10° :::::::::::é:::::: ‘::;E:::::::::::::::é::::: ::::é:::::.i ”::'3333233311311'11311. TApFasf[nS] _36'231'1-66 e 'dead time' effects

e « thermal contributions
(~3MHz)
 fast and slow

afterpulsing effects

Events

10°

1 0 E_ ZZZZZZZZZ;ZZZZZZZZZZZZZZ;ZZZZZZZZZZZZZZZ;ZZZZZZZZZZZZZZZ;ZZZZZZZZZZZZZZlélZZZZZZZZZZZZZ;ZZZZZZZZZZZZZZ?ZZZZZZZZZZZZZZZ;ZJZZZZZZZZZZZZ;ZZZZEEEEEET

i...I.:i::i:::l::,I...I.::I::i:::lz:.I..,I.::I:::i:::I::,I.,.I.::I:::i:::I::.I...I.::I:::'f::I:::I.,.I.::I:::i::I::.I...I.,:I:::'i::lz::i,.I..:i::i:::I::i...I,::I::i:::l:..l,..l...I
0 100 200 300 400 500 600 700 800 900
M. Lauscher, RWTH Aachen Time difference / ns
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R\NTH |
Dynamic Range / Recovery Time

[Pulse length: 50 ns Max. {1/560 ns=20 MHz)]

100 {100-pixel MPE:. theoretical values)
r///’_——_ i
0 / / [iF]
?:E / / E) 50 ns (20 MHz) .1 \
= / = 1 | e
EC \ N A
% \/<‘PDE—20 % Time : T
HE 40 | i :
g !/ - | ' 100 MHz
2 wlff e ol
D!/ = . |
0 Nﬁred R Ncell . 1 —€ —100kH|z
° o0 1000 1500 Hamamatsu Photonics
Mumber of simultaneously input photons
* number of cells determines « fired cells need time to fully
dynamic range recover (V_ — Vop)

. good linearity only for NY << N
 valid for ideal SiPM...

o ~ 20 to 200 ns for pixel sizes from
2510 100 ym

* dd

cell
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Summary Part IV

* SiPM operation requires fine control of the operating conditions — it
IS very sensitive to even small changes of operating voltage
(overvoltage) and ambient temperature

 SiPM is 'a collection' of diodes and series resistors — well known
|-V characteristics and features (breakdown voltage, diffusion
voltage, ohmic behaviour, dark current)

« SiPM output: discrete pulses — integrated yields a 'finger spectrum’
— count photons

« SiPMs have a high dark count rate which can be controlled by Vop

and T but requires the application of thresholds for noise reduction

 the photodetection efficiency depends on the material properties,
the cell geometry and the operating conditions (overvoltage, T)

« phenomena like afterpulsing and optical cross talk produce a
substantial noise of the device (w.r.t. thermal noise)
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SiPM Quenching Mechanism

. . . . - V.N. Grebenyuk et al., arxiv:0903.1161
* detailed numerical simulation **
of the avalanche process
e during avalanche e
capacitance voltage of
depletion layer decreases = s
« avalanche stops when the

e s n o W0

voltage drops below the 244
breakdown voltage i

. . . Y Unin
— avalanche is first 4.2 e A
quench ed by the d iSCharge 0.0e+000 2.5e+003 T fr_l;zl;ls;l 7.5e+003 1.0e+004
of the diode capacity o

. Fig. 1. Photodiode voltage V as a function of time at the operation voltage

— current q uenCh l ng Eov=25 V and diode capacitance 0.25 pF for Rq =2, 4, 6, 8, and 10 kQ, labeled by numbers
reS|St0rS are tOO |arge and 1, 2, 3, 4, and 5 respectively. U, is the threshold voltage.

result in long recovery times
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Electrical Model of an SIiPM

! Quenching |
E Corsi §R —i— | Diode Resistor |
NIM AS72 (2007) 416 3 Cq | —\NN—
V out | | % | RS %
—1 [ . ‘ @ | 1
|
<4+—r
g Rq = Cq V4 | Cq | <E
) |
(N-1)Cq == H. Otono, a Vop
] Rg/(N-1) cq - NIM A610 (2009) 397
J_ * model includes generation of
av(L) Cd = (N-1)Cd carriers by avalanche process
'[ — time dependence of
J_ 0 multiplied photocurrent
V bias . .
. model of one active bixel blus  dedicated waveform analysis
P P for dead time determination

(N-1) 'silent’ pixels
0=(C,+C, )AV

15. Mar. 2011 M. Merschmeyer, Physics Institute [IIA, RWTH Aachen University 60



Summary

 building a good SiPM requires a lot of 'fine tuning' and a lot of
knowledge about solid state physics (‘which particle physicists
mostly try to avoid...")

* SiPM exhibits all facets of a silicon photodetector — nice toy

* SiPMs nowadays are used in certain niches (where the noise is
not a big issue)

 large-scale usage in HEP experiments is starting now but still
requires a lot of R&D and testing

15. Mar. 2011 M. Merschmeyer, Physics Institute I[IIA, RWTH Aachen University
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Outlook

» we will see various SiPMs for special needs (low noise, timing
properties, UV-enhanced, high dynamic range, high PDE, digital
SiPMs, ...)

* medical physics

 astroparticle physics

 HEP experiments

 (...and whatever else they can be used for...)
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