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Geiger-mode avalanche
photo diodes: status and
future

Dieter Renker
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Principle of operation
Gain and saturation
Dark count rate
Crosstalk
Afterpulses

Time resolution

Photon detection efficiency

Where do we stand ?

What can we expect in the near future ?

D. Renker ASPERA Technology Forum, Munich, Oct 215t 2310
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100 — 1600 cells
GM-APD

Quench
resistor

e Each cell is reverse biased above breakdown

» Selfquenching of the Geiger breakdown by
individual serial resistors

» Sensitive to single photons

: e High gain up to 107

Resistor
~1 MOhm

e ﬁ «  Number of cells 100 to 40,000 / mm?2

* Recovery of cells after breakdown 5 to 1000 ns

DepletionI
Region
2 um

NIM A 504 (2003) 48
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G-APDs produce a standard signal when any of the cells goes to breakdown. The amplitude A, is
proportional to the capacitance of the cell divided by the electron charge times the overvoltage.

A ~Clge(V-V,) (V -V,) we call “overvoltage”

V is the operating bias voltage and V, is the breakdown voltage.
When many cells are fired at the same time, the output is the sum of the standard pulses.

A=Y A The summing makes the device analog again.

1500~

@i 5.00mV-| M20.0ns A Chl \-220mv| o

{ 1.200% | 2 % ) 75 W0 1% 150 15 M0 25 0 45 W0 WS S0 W5 A 45 850 4% S0

Oscilloscope picture of the signal from a G-APD (Hamamatsu 1-53-1A-1) recorded without amplifier (a) and the
corresponding pulse height spectrum (b).

D. Renker ASPERA Technology Forum, Munich, Oct 215t 2010
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1000 1 o O g
o ] ol m B u |
- g’
2 1004 W m 576
& ] i o 1024
g ] @ & 4096
. . . = ] 9
The output signal is proportional to the 5 "3 9@3
number of fired cells as long as the number ;9“
[ [ 1 T T T T
of phOtOﬂS Ina pulse (Nphoton) times the 1 10 100 1000 10000
. . . . Number of photoelectrons
photo detection efficiency PDE is e : NIMA 540 (2005) 368
significantly smaller than the number of cells o —
Ntotal' ;:
a&.
Nphoton'PDE N
~ _ Niotas ’
A~ N firedcells — |\Itotal '(1_e o ) Y 00 1000 1500 2000
Ampltadefau] '
. 600 | MW-3 3x$lmm2 =173 pA
2 or more photons in 1 cell look exactly n il
like 1 single photon. 00/ | _."' \\E':mhﬂm
| ;
0 ] |; \‘1_ - ——. e S
0 50 100 150

When 50% of the cells fire the
deviation from linearity is 20%.

D. Renker

Amplitude (pC)

G-APD from CPTA/Photonique with ~400 cells/mm?
and from Zecotek with 15’000 cells/mm?Z.
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Saturation: solutions

Zecotek (Singapure) produces

devices with 15,000 and 40,000

cells/mm?.

The structure is different:

Al contact

Avalanche i
region SiO2

A\
p-Si epi. layer of
d~3-5p

D. Renker

Deep micro-well for
charge collection

Density~1 o* mni

2

G-APDs from Hamamatsu have
up to 4,500 cells/mm?2

_
P ; 20 um cells ‘

ASPERA Technology Forum, Munich, Oct 215t 2010
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A breakdown can be triggered by an incoming
photon or by any generation of free carriers. The
latter produces dark counts with a rate of 100 kHz to
several MHz per mm? at 25°C when the threshold is
set to half of the one photon amplitude.

Breakdown events initiated by thermally generated
free carriers can be reduced by cooling (factor 2

reduction of the dark counts every 8°C) and by a Hamamatsu 01-100-2
smaller electric field (lower gain). 100 ]
Field-assisted generation (tunneling) is a relative 101 !\_\

small effect. It can only be reduced by a smaller
electric field (lower gain).

\-\

0.1

Dark Counts [kHz]
=

0.01

The dark count rate falls rapidly with increasing
threshold with steps that depend on the crosstalk L 2 s 4 s e 1 s
probability (~12% for the G-APD shown) Threshold [Number of Photo-Eiectrons]
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Lotvstohifor Dark count rate reduction

Dark counts are in most cases no problem:

 When the threshold is set to a couple of photo electrons the rate is
low.

* InIACTs the rate only needs to be lower than the night sky
background which amounts to 20-40-10° photons/mm?-sr.

H. Daudet (PerkinElmer) has an idea which will allow to reducte the
dark count rate by a factor of 10 to 100.

Let's see.

D. Renker ASPERA Technology Forum, Munich, Oct 215t 2010
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Hot-Carrier Luminescence:

10° carriers in an avalanche
breakdown emit in average 3 photons with ¥ P
an energy higher than 1.14 eV. (A. Lacaita
et al, IEEE TED (1993))

When these photons travel to a _ ) PR
neighboring cell they can trigger a E llaEaasanssasssssssan <
=8 IANEETEREENEENEGaENGNER 14 .
breakdown there. ~ oglamasiszEmaaasaziacn ™ £
- - R e nsmsaer . =
Optical crosstalk acts like avalanche oo[amaEsEnxnanzannnanan 10 =
fluctuations in a normal APD. It is a W H R %
stochastic process. We get an excess noise 0.4 1.';553 ‘ ;555 6 5
factor (F = 1 + crosstalk probability) HHHH ] P
(. AEEEEENERNANIERNEAEEE
Enssasssansassasuca (2
ﬂ-‘ﬂu?ﬂnﬂﬂﬂgﬂ?nﬂﬂ'ﬂﬂﬂﬂ? 0

0 02 04 0o 0.8 1
X [mml]

A. Tadday, 22.02.2010, SiPM Workshop DESY Hamburg
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Sappression by T, Additional suppression:
0.11'K, 1 q\-\h
g;gg;;;s;g;;;-ﬁﬂéﬁ“‘}v-  High doping concentration
B L "l ~10%° in between pixels - free
EE==s i i carrier absorption of OC light
| s 558 : (~1000 nm) (I.Reshet al. Optic
N B R O Express 16(12)2008)

Fi] 3
Time difference (pix1-pix2), ns

» Absorption of OC light (~1000
nm) in Si damaged by ion

x gi:i'lljictiou E—Onu}?.tl;ctiou Implantatlon (Patent pendlng)
3 v p n
e 'J' e P
.' é n” n" R. Mirzoyan, SiPM for CTA SST
v 100 pum
light,
pixel 1 pixel 2

Optical crosstalk between two separare pixels
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G-APD with cross-talk suppression: World record of ultra-fast light
sensors in amplitude resolution (R. Mirzoyan, SiPM for CTA SST)

R SRR Rsier
A AV P S P

0 0
140 150 180 170 180 190 200 210 220 230 240 150 160 170 180 190 200 210 220 230 240 250 280 270 280 280 200
QDC channel QDC channel
N=98J 15
Hlm
i3
- TI” !
<
o L.
? 1 L o L
T 2000
& 2000 1 = w
E I
5
= i 1 0.8
snon 1 I
000 H 1t it 0.7
1 0.6
0 } faar | 5
aon 650 OO FS0 8O 0 25 5 1000 1050 o o an 20
QDT channel Reverse bias, V'
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Prompt OC suppression using Si damaged
by ion implantation

No OC
suppression
F L A B L LR LR B | T rrrrrrr3 Gain=0!8'1ﬂ?
ELT-; A . { o N =4,29
; / No OC suppression
05 ‘.-" Gain 0.8"10"7
o] 7 [with oc
g 1 / :}: ] - suppression
2 p3l W ]
o OV/V=15% | - Gain = 1,62-10’
4 i
023 . 1 N =4,32
: OC suppression i e .
01 Gain 1.6*10%7 :
- T e SiPM 1x1 mm*2
0 1 2 3 4 sU.Vﬁ G 7 8
10-Jun-2010 B.Dolgoshein Silicon PM 27
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In the silicon volume, where a breakdown happened,
a plasma with high temperatures (few thousand
degree C) is formed and deep lying traps in the
silicon are filled. Carrier trapping and delayed release
causes afterpulses during a period of several 100
nanoseconds after a breakdown.

The probability for afterpuses increases with higher
overvoltage (higher gain).

A recovery time ~.5 us is needed for AP suppression
down to a level of ~1-2%. This can be achieved by a

proper choice of the quenching resistor (1=C_-R,).

Some devices (e.g. from Hamamatsu) have very
short recovery times (5 ns). This helps to increase the
dynamic range in calorimetry.

D. Renker

Afterpulses

M oomE r40Mnc A 52\ -SP0mE

2
=]
[=]
A il N

Counts
L=z) [=:3
(=] =2
(=} [=]
I

200
o -
T

T
0 200 400 OO0 @00 1000 1200 1400 1600
Time, ns

B. Dolgoshein, Imaging 2010, Stockholm
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Afterpulses appear with a decay time constant of about 100 ns at the one pe level
(only increased by cross talk).

This is different compared to the behaviour of PMs which produce large afterpulses
with amplitudes of tens of pe's at a well defined delay.

Afterpulse probability

High operating voltage (high gain)

0.12

increases the number of afterpulses.

0.

=

EIIIIH;IIII

0.08

IH[

0.08

Ill[il

0.04

I[ii

0.02

H. Otono, PDO7

Overvoltage [V]
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Stability LLL

The breakdown voltage and by this the gain varies with the temperature (phonon
interactions). With a large range of overvoltages the effect can be minimized.

Hamamatsu MPPC

200

180

140

== :T=25C
160 ; |— T=22C

120

100

80

&0
40

Amplitude [ADC ch.]

/

/]

20

655 87 87.5 La: 83.5 69

Bias [V]

685

S10382-11-050C HPK MPPC

AAcdAT 3

] 50.2 604 60.8 60.3
Bias [V]

Y. Musienko PoS(PD07)012

D. Renker

T0.4

KETEK 8_3

70.00

60.00
y=6.2686x - 202.92 (20 degree
50.00 =
y =6.3036x - 202.89 (10 degree)

40.00 -
30.00 - /
20.00 P

y=6.2328x - 199.42 (0 degree)

Gain [arb. units]

10.00

0.00
32 34 36 38 40 42

Bias Voltage [V]
KETEK 8_3
1.4

1.2 - -

-dMAT*/M [94]
.

>
”00..‘0

32 34 36 38 40 42 44
bias voltage [V]
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i Stability T

The problem of temperature dependence can easily be solved by regulating the
bias voltage even when G-APDs with a large coefficient are used.

[ wa
L

& F nl 3106+ 0.00291
The simplest way is to use a thermistor: L sec
3 :.si—
112: ’Wﬁ’%
V={(Rec*Rt)/(Rc+Rt)} o= Gain: +/- 0.1
= X(VO/Rt - Isi) E %/degree C
t R.B:—
(thermistor) l5i~4x107A R RN ST S S
. Time[min]
m > [ Time vs Temperature |
J' > I_I %va_—
- 500§ a2
MPPC array -m;_ H. Miyamoto,
C TIPPO9
Pttty ool
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Excellent time resolution can be achieved when the G-APDs are

operated at high overvoltage.

SiPM S
1200 . L
‘1 Dﬂn j n‘l S]ng]c Phn[gc|cc|rnn 250 | : ............................. ......... ...... _
200 \ ....... ................................. ........... ......... -
800+ - R A T
a2 I* L g : ' s :
S 600 - Al I BN I
= 4004 | 123 ps fwhm 100 | °‘ -
9 | H | | ’-. H
200 4 :# \L,H/w 50 b N LSRN SRS S w l ......... .
| H g Pl _ —_— _4
D —- - ¥ . x e A P S i . PR B
500 1000 1500 2000 0 I 2 3 4 5 6 7

Time (ps)

Includes the contribution of the laser (40 ps) and the
electronics (60 ps) = 100 ps FWHM for the SiPM
G-APD from MEPhI/Pulsar

NIMA 504 (2003) 48

D. Renker

over-voltage (V)

Time resolution for single photons with A=
400 nm ® and A=800 nm e as a function of
overvoltage. G-APD from FBK-irst

A show the contribution of electronic noise
NIMA 581 (2007) 461
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For the best timing we need with small parasitic capacitance (G-APD
design) and a low impedance amplifier (our problem)

1 P ¢ Imcx”(vams'VBD)/RQ

1=RsCp.
b =RyC
P o

100 — 1600 cells

I ™
D
GM-APD

Quench
resistor

- :

The usual interpretation of the pulse shape

S|mp|e equwa]ent circuit: load resistor 50 Ohm load resistor 5 Ohm
0.14 0.05
v 0.2 0.04 k
A 0.04
0.1 L
RO C S : E 0.03
|:| 2 0.08 1 » 23 0.03 N
S H] 4
[ —_— 2 g = 002
C e T — Cp = 0.06 4 s *
& § 0.02 -
<00 F ~10 pF | 0.04 . 001 : \
D 002 : \w 0oL .
‘ ‘ .‘ ad
0 T 0.00 T I ",
R C -2.00E-08 0.00E+00 2.00E-08 4.00E-08 6.00E-08 8.00E-08 1.00E-07 -2.00E-08 0.00E+00 2.00E-08 4.00E-08 6.00E-08 8.00E-08 1.00E-07
time [s] time [s]
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Time Resolution

3
(=]

Connecting each individual cell

T
0 .
to a readout electronic chain s
. E Ce
should co.nseq.uently resu.lt in the Sl | e
best possible time resolution ER
ol
2 F O\
PHILIPS F e gt
Digital SiPM — The Concept oF |
Analog Silicon Photomultiplier Detector i :
Vbias i T I D D A I
Readout ASIC 0 10 20 a0 40 50 &0
Number of Photons N
ZlDS % % Discriminator HTDCH# Time
Shaper |—| I HADCI—-D- Energy
SPM * Sensor triggered by attenuated laser pulses at first photon level
' + Laser pulse width: 36ps FWHM, A = 410nm
Digital Silicon Photomultiplier Detector * Contribution to time resolution (FWHM):
V. V. . : . .
bias bias Detector + Readout SPAD: 54ps, trigger network: 110ps, TDC: 20ps
Elocionics Elocionics ASIC * Trigger network skew currently limits the timing resolution
5 Recharge - » Manual fine-tuning of the trigger network will reduce the skew
| Noteork | TOC = Time
> Eoer > Energy
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TUTI

The photon detection efficiency (PDE) is the product of quantum efficiency of the active area
(QE), a geometric factor (g, ratio of sensitiv to total area) and the probability that an incoming

photon triggers a breakdown (P

PDE=QE -¢-P

tﬂgger)

trigger

The QE is maximal 80 to 90% depending on the wavelength.

g, the geometric factor
has not been optimized
by all producers. Best is
now Hamamatsu with
~80% for the device
S10362-33-100C

D. Renker

3600

y (um)

3400
3200
3000
. 00
4 8 2600

2400

2200

0 0 20 30 40 50 60 70
X (um)

P. Krizan, Light07 SSPM_0606BG4MM from Photonique/CPTA
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geometric factor ~75 % - no resistor on the surface —» PDE ~ 60 %
free entrance window for light, no metal necessary within the array
allows engineering of the entrance window

iImproved radiation hardness — no lateral high field regions on the surface

sensor wafer
S - -

Photon
high field region }

common
cathode

nondepleted | . )
resisl:t)or | isolation n \
\ non depleted \

/ i / i

biss

Industry: TraciT Grenoble, ICEMOS ... “
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FDE, %

Test-product of PerkinElmer, to become soon commercial product

Photon detection efficiency

PDE ,SiPM p on n,3x3 mm”"2,
OV/V=12% +0C suppression

SiPM 3x3 mm® Pon N (pixel size 100x100 pm, geom. eff. =0,6) T =-50 °C

] ® @
50 Overvoliage AU = 4V
1 Relative overvoltage AU /U _=0,12
40 A L]
30 o
50 systematic bias = 15%
] o
10 .
o L L L L L L L
350 400 450 500 550 500 650

Wavelength &, nm

R. Mirzoyan, SiPM for CTA SST

D. Renker

PD efficiency &, %

SiPM P on N, size 3x3mm’ (pixel size 100x100 ym, geom. eff. =0,6) T=-50 "C
60 d T g T T T o T T T T

F Y
A A 405 nm

v 470 nm

b 4
40 - g

30 ~

20 4 el

660 nm

Overvoltage AU,V (current corrected)

PDE = QE(~85%) - £(60%) - Pyigger
= P =1

trigger
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Hamamatsu devices don’t reach unity breakdown probability:

20
25
_ 18 ?
s
5 o 5 16
£
/ 14
z 5 12 dark counts
5 15 o dark current /
2 s 10 A
8 s / /
o =
e 1 /! ¥ 8 L A
a = / /
s / g ° -
> &
05 3 4 —
E cndl /
3 2 *
=] ’/‘/’//
0 . . . . 0 " T T
69.8 70 70.2 70.4 70.6 70.8 71 71.2 69.8 70 70.2 704 70.6 70.8 71 712
bias voltage [V] bias

The PDE is therefore well below the limit of PDE = QE(~85%) - £(80%) ~ 65%
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Cherenkov spectrum, 50 GeV gammas, 30° Zenith, at 2200 m asl

B 45: Quanium Efficiency " - I.. R
§ 3s5f- :&Tﬂlﬂ"&lﬁﬂfﬁ;ﬂ?ﬁ?ﬁ?ﬂé ml .oy |
e E Cher.Spec. for Z=0° 100GeV, a.u. 0’.
% 30:— ‘. |
é 252— . °0.
20? 25 | ’,.. _
15;_ 2 ..’0.’ .
102— 15 = "... -
5?— M
o- — R R T T . |
Wavelength, nm os Lu Ly L Ly Ly L
QE of state of the art PMTs . PDE MPPC S10362-11-050€ | Uover=2.1V
[m] —
R. Mirzoyan, SiPM for CTA SST S ]““[HH]
0.3
I
G-APDs have at long wavelength F }I|]{£
still a good PDE E *H}}{
E ty
i *i}
. 0.1 i
What counts is [ChI(A)-PDE()) S I
°3:t'Jo —300 " Boo o0 700 800 900 T'..;;J'od

Wavelength [nm]
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L S— for TeV Gamma Astronomy

TU Dortmund, EPF Lausanne,
U Wirzburg, ETH Zurich

. . s TCRw,
41 MRyte
> — - FAD —— .E.:fé?." q_..nllu -
Preamp DRS4
Dugitirer
4 A
[ ]
| |
j |
L ) Bias |
s Sapply ha e
O-APD i T T e
FTU — ETM ~——% FFC
A i TrigQes Trigger —.p..}r Fast
. v Uit H Masiet ———p Signal
. et o Dustrib
—_— - T T
&b + b g T T
£ I
Fas)
$ : - hratio
§3°.' N Entries 357
[ Mean  1.792
25 | RMS  1.099
20
. |
15}
'III:
P
prelia it sl 8 7
o 5 10 15 20 25 %E#
scaled PMT signal [phe]
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There are more features which are not mentioned yet:

G-APDs work at low bias voltage (~50 V),

have low power consumption (< 50 pW/mm?),

are insensitive to magnetic fieldsupto 7 T,

are compact, rugged and show no aging,

tolerate accidental illumination,

cheap because they are produced in a standard MOS process — not yet!

D. Renker ASPERA Technology Forum, Munich, Oct 215t 2010



3

List of producers (incomplete) TuTI

Lehrstuhl fir
Biomedizinische Physik

Since 1989 many G-APD structures were developed by different developers:
CPTA/Photonique (Moscow/Geneva)
Zecotek (Singapore)
MEPhHI/Pulsar (Moscow)
PerkinElmer (Montreal, Canada)
Amplification Technologies (Orlando, USA)
Hamamatsu Photonics (Hamamatsu, Japan)
SensL (Cork, Ireland)
RMD (Boston, USA)
MPI Semiconductor Laboratory (Munich, Germany)
KETEK (Munich, Germany)
FBK-irst (Trento, Italy)
STMicroelectronics (Italy)
Every producer uses its own name for this type of device: MRS APD, MAPD, SiPM, SSPM, SPM,
DAPD, PPD, G-APD
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Significant progress in the development of G-APDs over the last
2-3 years:

High PDE of 30-50% for blue light (PerkinElmer, Hamamatsu, Zecotek, KETEK)

Reduction of dark count at room temperature to <300 kHz/mm? (PerkinElmer,
Hamamastu, Zecotek)

Low crosstalk <1-3% (PerkinElmer, CPTA/Photonique, STMicroelectronics)

Low temperature coefficient of <0.3%/C (PerkinElmer, CPTA/Photonique, KETEK)
Fast timing ~50 ps (RMS) for single photons (all)

Large dynamic range with 5 000 — 40 000 cells/mm? (Hamamatsu, Zecotek)

Large area of 3x3 mm? (PerkinElmer, CPTA/Photonique, Hamamatsu, FBK, SensL,
Zecotek, KETEK, STMicroelectronics...)
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The development of G-APDs is ongoing. What can we expect in
the next 2 to 3 years?

PDE >60% for 350-650 nm light

dark count rate <100 kHz/mm? at room temperature

optical crosstalk <1%

active area >100mm?

high DUV light sensitivity (PDE@128 nm ~20-40%)

G-APD arrays.6x6, 8x8 ...

very fast position sensitive detectors operated in Geiger mode

radiation hard G-APDs -up to 104 +10%° n/cm? (new materials: diamond?,
GaAs?, SIC?, GaN? ...)

production cost ~1$/mm?
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combination of drift diode and G-APD

small capacitance of the amplification structure
simple CMOS process

294 um

, NN
Collecting electrode ] \
D.82 um
1.
[ N substrate \
Back electrode
CH1 50.0mV M 10.0ns CH1\

G. Wu et al., Demonstration of an avalanche drift
detector with front illumination, NIMA

D. Renker ASPERA Technology Forum, Munich, Oct 215t 2010
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