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Detection of physical quantities
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* Humidity
 Accelerations
* Temperature




Base design
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Base design
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R h i  Non conductive target + field
— . * A particle releases charge
._._.;....,._.. * The charge is drifted
A E Ve s - Amplified and acquired
i ‘ i y . v
* Leakage is the current with no particle
- Leakage << signal

INFN




Semiconductors
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 The band gap has to be
compared with the kT

" e conducti
. concuction— —1/40 eV at 300 K
- SilleV
= Fermuéneréy' band gap - Ge 06 eV
5 bord - Diamond 5.5 eV
 Typ. the band-gap o« -T
meatal semiconductor  insulator

— Increasing lattice spacing
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* Majority carriers diffusing

on the other side of the
junction recombine

- Depletion layer
e Capacitance

q N;N, 12 _ €A
W

C . =edl -
i = ¢ 2e(y — V) N+ N, |

— V=kgT/e In (nagd>

INFN

(3



{a)

)

: ﬁ'f—ﬂ: .F;}ﬂ

: o |t (firward bias)

ol M N x

ol i o8
== I

: ol

i ﬁf:}l

f - i) 3

L A= e

F | ¥

, f

i I

I

| K<l

I' {reverse bins)

l x

X

X |30y
el

Shockley equation

1
Reéverse bias

FIVY= e(f 4 Joeny (o VilgT _ 1y

[ j} ;:li','ﬂ- }-‘

Fm_-wa:d hbis=

b

= E{-u'l;lrm + _i;_g‘ﬂl]

The 1st INFN School on Underground Physics

2D
IT=1Is|e™m —1

ls = # minority carriers
< exp(-1/T) * 1/doping

INEN

LNGS




ENERGY (eV)

LIGHT AND
HE}VT HOLES

The 1st INFN School on Underground Physics

Band structure

Eev = 1.24/Lum
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SiI structure

(a) Band diagram of silicon.

https://doi.org/10.1063/1.356496
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Eev = 1.24/Lum
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Si Photodiodes - VIS Wavelengths A
Click Image — ~ C NS
| |for Details \a S % i@ N
ltem # FDS010 FD11A FDS10X10 FDS100 FDS1010 FDS015 FDS02 FDS025
High Speed, UV High Speed, Large | Highest Speed and | High Speed and Hinh Soeet and
Grade Fused Silica Lowest Dark Low Dark Current in High Speed, Active Area and Lowest Low Capacitance in ang(: I;citance in
Key Feature | Window to Provide | Currentin TO-18 10mmx 10 mm | Largest Sensorina| Mounted on an Capacitance in a a Direct Fiber- aTO —jiPCan withi=
Sensitivity Down to | Can with a Window | Ceramic Package TO-5 Can Insulating Ceramic | TO-46 Can with an Coupled FC/PC Ball Lens
200 nm Substrate AR-Coated Window Package
Info ﬂ 0 ﬂ 0 0 0 0 0
Wavelength | 559 . 1100 nm@ 320 - 1100 340 - 1100 350 - 1100 350 - 1100 400 - 1100 400 - 1100 400 - 1100
Range - nm - nm - nm - nm - nm - nm - nm - nm
Active Area 0.8 mm? 1.21 mm? 100 mm? 13 mm? 100 mm? 0.018 mm? 0.049 mm? 0.049 mm?
(@1.0 mm) (L.1mmx1.1mm) | (10mmx10mm) | (3.6 mmx 3.6 mm) | (10 mm x 10 mm) (@150 pm) (B0.25 mm) (@0.25 mm)
RiselFall i1ns/1ns 400 nsctd 150 ns / 150 nsd 10 ns / 10 nsd 65 ns / 65 nsd 35 ps/ 200 ps 47 ps | 246 ps A7 ps/ 246 ps
TimeP {@ 830 nm, 10 V @ 650 nm, 0V @5V {@ 632 nm, 20 V @ 632nm, 5V @ 850 nm, 5V @ 850 nm, 5V @ 850 nm, 5V
NEP 5.0 x 10-14 6.8 x 10-16 150 x 10-14 1.2x 1014 2.07 x 10-13 8.60 x 1013 9.29 x 10-15 9.29 x 10-15
[WJI-IILR] {@ 830 nm, 10V @ 960 nm, 0V @ 960 nm {@ 900 nm, 20 V @970 nm, 5V @ 850 nm, 5V @ 850 nm, 5V @ 850 nm, 5V
Dark 0.3 nA (Typ.) 2.0 pA (Max) 200 pA @ 5V 1.0 nA (Typ.) 600 nA (Max) 0.03 nA (Typ.) 35 pA (Typ.) 35 pA (Typ.)
Current @10V @ 10 mv @20V @5V @5V @5V @5V
Junction 140 pF (Typ.) 24 pF (Typ.) 375 pF (Typ.) 0.65 pF (Typ.) 0.94 pF (Typ.) 0.94 pF (Typ.)
Capacitance| & PF (TyP) @ 10V @0V 30 pF@ 5V @ 20V @5V @5V @5V @5V
. ; TO-46, FC/PC
Package TO-5 TO-18 Ceramic TO-5 Ceramic TO-46 Bulkhead TO-46
Compatible STO5S STO465 . STOSS . STO465 STO465 STO465
< Sockets STOSP STO46P Not Avallable STOSP ot Avallable STO46P STO46P STO46P
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Ge Photodiodes - NIR Wavelengths

Click Image \\@ e fg‘ ——
for Details “ - ) S
ftem # FDGO3 FDGO5# FDGEO FDG10X10
Key Feature Large Active Area in a TO-5 Can High SPEEUT] Ecrtl;la?ECeramm Large Active Area in a TO-8 Can Largest Active Area
Info O ] o o
Wavelength Range 800 - 1800 nm 800 - 1800 nm 800 - 1800 nm 800 - 1800 nm

. 7 2 v 100 mm?2
Active Area 7.1 mm= (@3 mm) 19.6 mm= (@5 mm) 19.6 mm= (@5 mm) (10 mm x 10 mm)
Rise/Fall TimeP 600ns/600Ns @ 3V 220ns/220ns @ 3V 220ns /220 ns (Typ.) @ 10V 10ps (Typ) @1V
NEP 26x 1012 WiHz12? @ 1550 nm | 4.0x 1012 WiHzl2 @ 1550 nm | 4.0x 10012 WiHzl2 @ 1550 nm | 4.0 x 1012 wyHz1? @ 1550 nm°©
Dark Current 4.0 pA (Max) @ 1V A0 pA (Max) @ 3V 60 pA(Max) @ 5 V 50 pA (Max) @ 0.3V

Junction Capacitance

6NF (Typ) @ LV

3000 pF (Typ.) @ 3V

1800 pF (Max) @ 5 V

a0 nF (Typ. )@ 1V

45nF (Typ) @ 3V 16000 pF (Max) @ 0V 135 nF (Typ) @ OV
Shunt Resistance 25 kO (Min) - 4 kQ (Typ.) 2 kC (Min)
Package TO-5 Ceramic TO-8 Ceramic
Compatible STO5S . STO8S :
Sockets STOSP Mot Available STORP Mot Available
V4 Illll f ‘ ‘ W
v ARl O T N J O T T O O O A O O INFN
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Responsivity

| | | 1 |
200 400 600 800 1000

wavelength [nm]

Click Image "‘xh
for Details
tem # FDS010 FDI11A
High Speed, UV
Grade Fused Silica Lowest Dark
Key Feature | Window to Provide | Current in TO-18
Sensitivity Down to | Can with a Window
200 nm

Info O O
Wavelength a
Range 200 - 1100 nm 320 - 1100 nm

5 0.8 mm? 1.21 mm?
Sl A @L0mm) | (L1mmx1.1mm)
Rise/Fall 1ns/1ns 400 nsctd
Timeb (@ 830 nm, 10 V @ 650 nm, 0V
NEP 5.0 x 10-14 6.8 x 10-16
(WiHzL1Z) @ 830 nm, 10V @ 960 nm, 0V
Dark 0.3 nA (Typ.) 2.0 pA (Max)
Current @ 10 v @ 10 mv
Junction 140 pF (Typ.)
Capacitance BRECHREE 10 @Oy
Package TO-5 TO-18
Compatible STOSS STO465
Sockets STOSP STO46P
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Dark Current & NEP

* Couples are generated spontaneously
lgen IN PN junction
* Then there is the leakage current
- Surface effects
- Bulk effects
 NEP = noise power density

— Minimum power that can be detected

— NEP > shot noise of the dark current
« ~J/(2e1BW)/R

~ If you want to see a signal at 10 kHz - P, =70 aW
= 0.2 Mph/s

Click Image
for Details

tem # FDS010 FD11A
High Speed, UV
Grade Fused Silica Lowest Dark l
Key Feature | Window to Provide | Curmrent in TO-18
Sensitivity Down to | Can with a Window
200 nm

Info O O
Wavelength i a B
Range 200 - 1100 nm 320 - 1100 nm

: 0.8 mm? 1.21 mm?
Active Area | G omm) | (L1mmx1.1mm)
Rise/Fall 1ns/lns 400 nsctd
Timeb @ 830 nm, 10V i R0 nm 0\
NEP 5.0 x 1014 6.8 x 10°16
(WiHz12) @ 830 nm, 10V @ 960 nm, 0 V
Dark 0.3 nA(Typ.) 2.0 pA (Max)
Current @ 10V @ 10 my
Junction 140 pF (Typ.)
Capacitance BREECTIRE 10 @ov
Package TO-5 TO-18
Compatible STOS5 STO465
Sockets STOSP STO46P




* Couples are genera
lgen IN PN junction
* Then there is the le:
- Surface effects
- Bulk effects
 NEP = noise power
— Minimum power th

- NEP > shot noise
« ~J/(2e1BW)/R
~ If you want to see

Click Image
for Details
ltem # FDS010 FDS10X10
High Speed, UV
Grade Fused Silica Lowest Dark Low Dark Current in
Key Feature | Window to Provide | Current in TO-18 10mmx10mm |[P# FDS010 FD11A
Sensitivity Down to | Can with a Window | Ceramic Package High Speed, UV
200 nm Grade Fused Silica Lowest Dark |
r Feature | Window to Provide | Current in TO-18
i ° ° ° Sensitivity Down to | Can with a Window
E::gée“gt" 200-1100nm?® | 320-1100nm | 340-1100nm 200 nm
D
Aok K 0.8 mm? 1.21 mm? 100 mm? o °
(@1.0 mm) (Limmx1.1mm) | (10 mmx 10 mm) ‘:’T“gth 200 - 1100 nmé 320 - 1100 nm
RiselFall 1ns/1ns 400 nsctd 150 ns /150 ns? |9 5 .
Timel @ 830 nm, 10 V @ REO nm 0 P AT i Avca 0.8 mm 1.21 mm
NEP 5.0x 104 6.8 x 1016 150x 104 || ool R St o cl d’"m}
(WIHz12) @ 830 nm, 10 V @ 960 nm, 0 V @ 960 nm elFall lns/1lns 400 nsc™
pe? @ 830 nm, 10 V @ 650 nm, 0 V
Dark 0.3 nA (Typ.) 2.0 pA (Max) 200 pA@ 5V 1 15
Current @10V @ 10 mV E 5.0x 10 6.8 x 10
i T 0] z1/2) @ 830 nm, 10 V @ 960 nm, 0 V
Capacitance| ° PP (Typ) @ 10V @0V BOpF@SV Ik 0.3 nA (Typ.) 2.0 pA (Max)
rent @ 10V @ 10 mV
Package TC-5 T0O-18 Ceramic hction 140 pE ;
pacitance BREECTIRE 10 é’ '{Jt:n.r"!IIIp :
Compatible STOSS STO465 Not Available
Sockets STOSP STO46P kage TO-5 TO-18
N FI'FIF'I“
Compatible STOSS STO48S
Sockets STOSP STO46P




Linearity & Speed
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* PN/PIN photo-diodes are the most linear device we know

- From pWto W
e Just remember to keep the temperature constant

* In telecommunication and for many particle detector
speed Is important

- Up to sub-ps

INFN




Read-out — DC circuit

The 1st INFN School on Underground Physics

RC Filter External
Protection Diode Photodetector fﬂ‘?_\
/1 Hal;u?gtf)r 1ka i .
oot | ~
witch ! “ R
o
Capacitor —— 0.1 pF
+ | :
Battery | GND
| | Very low noise DC
. i amplifiers < lock-in
— ampllflers

GND

L/N LNGS



Read-out — DC circuit

The 1st INFN School on Underground Physics

RC Filter External
Ligght Cretector « Ampliber « Demodulator ]
On/Off
n i, Chopper M e P —
<= |7 - e T ;
Light A =
Battery ~ —OATEE A Attervuating Optical Sample GND
Chopping v noise DC
Seurce 'S « lock-in
pllflers
GND

L/N LNGS



Read-out — DC circuit SO€
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RC Filter External
Protection Diode Photodetector fﬂ‘?_\
N Vo | voitage Resistor V Bias
> Hgglttl?gtﬂr 1KQ < —._|_
On/Off | AN S
Switch : R
¢ BW = 1 / 2 Tt Cdet * Rload ‘ )
(6.28 * 6 pF * 50 ohm)* = .3 GHz
e Risetime = 0.35/BW = 0.6 ns
Battery GND

V = 0O(nA) * 50 ohm

5
GND

Charge Amplifier for AC ? ‘ N
lNGS
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R - e The standard for telecommunication

e Can be very very fast

- Used for > 100 gbit/s optical

transmissions
Vout

L, e Simpler idea than charge amp

— At first view the design is the same
- - - But the implications and the problems

are very different
INFN
LNGS

* Except for detector capacitance
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1§ TEXAS
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A Tools & Support &

Dacurnents # % Software Community

OPABS5
SBOSE224 —JULY 2018-REVISED OCTOBER 2018

OPA855 8-GHz Gain Bandwidth Product, Gain of 7-VIV Stable, Bipolar Input Amplifier

Features

High Gain Bandwidth Product: 8 GHz
Decompensated, Gain = 7 V/V (Stable)
Low Input Voltage Noise: 0.98 nv/+Hz
Slew Rate: 2750 Wps

Low Input Capacitance:

- Common-Mode: 0.6 pF

— Differential: 0.2 pF

Wide Input Common-Mode Range:

— 0.4V from Positive Supply

— 1.1 V from Negative Supply

3 Vpp Total Output Swing

Supply Voltage Range: 3.3V 1t0o 525V
Quiescent Current: 17.8 mA

Package: 8-Pin WSON

Temperature Range: —40 to +125°C

Applications

High-Speed Transimpedance Amplifier
Laser Distance Measurement

CCD Output Buffer

High-Speed Buffer

Optical Time Domain Reflectometry (OTDR)

High-Speed Active Filter
3D Scanner

silican Photomultiplier (SiPM) Buffer Amplifier

Photomultiplier Tube Post Amplifier

3 Description

The OPABSS is a wideband, low-noise operational
amplifier with  bipolar inputs for wideband
transimpedance and wvoltage amplifier applications.
When the device is configured as a transimpedance
amplifier (TIA), the B-GHz gain bandwidth product
(GBWP) enables high closed-loop bandwidths at
transimpedance gains of up to tens of ks,

The graph below shows the bandwidth and noise
performance of the OPABS5 as a function of the
photodiode capacitance when the amplifier is
configured as a TIA. The total noise is calculated
along a bandwidth range extending from dc to the
calculated frequency, f, on the lefi-hand scale. The
OPAB55 package has a feedback pin (FB) that
simplifies the feedback network connection between
the input and the output.

The OPABSS is optimized to operate in optical time-
of-flight (ToF) systems where the OPABS5 is used
with time-to-digital converters, such as the TDCT201.
Use the OPABSS to drive a high-speed analog-to-
digital converter (ADC) in high-resolution LIDAR
systems with a differential output amplifier, such as
the THS4541 or LMH5401.

Device Information
PART NUMBER PACKAGE BODY SIZE (NOM)
OPASSS WSON (8) 2.00 mm » 2.00 mm

(1) For all available packages, see the package option addendum
at the end of the data sheet.

The 1st INFN School on Underground Physics

INEN

- LNGS




Product
Faolder

1§ TEXAS
INSTRUMENTS

"',I! Order

s & MNow Documents

A Tools &
# % Software

Support &
Community

OPABS5
SBOSE224 —JULY 2018-REVISED OCTOBER 2018

OPA855 8-GHz Gain Bandwidth Product, Gain of 7-VIV Stable, Bipolar Input Amplifier

So

Features

High Gain Bandwidth Product: 8 GHz
Decompensated, Gain = 7 \V/\V (Stable)
Low Input Voltage Noise: 0.98 nv/+Hz
Slew Rate: 2750 Wps

Low Input Capacitance:

- Common-Mode: 0.6 pF

— Differential: 0.2 pF

Wide Input Common-Mode Range:

— 0.4V from Positive Supply

— 1.1 V from Negative Supply

3 Vpp Total Output Swing

Supply Voltage Range: 3.3 Vo 5.25V
Quiescent Current: 17.8 mA

Package: 8-Pin WSON

Temperature Range: —40 to +125°C

Applications

High-Speed Transimpedance Amplifier
Laser Distance Measurement

CCD Output Buffer

High-Speed Buffer

Optical Time Domain Reflectometry (OTDR)

High-Speed Active Filter
3D Scanner

Silicon Photomultiplier (SiPM) Buffer Amplifier

Photomultiplier Tube Post Amplifier

3 Description

amplifier  with
transimpedance
When the devic
amplifier (TIA),
(GBWP) enabl
transimpedance

The graph belc
performance of
photodiode ca
configured as ¢
along a bandwi
calculated frequ
OPABB5 packa
simplifies the fe
the input and the

The OPASSS is
of-flight (ToF) =
with time-to-digi
Use the OPAS!
digital converte
systems with a
the THS4541 or

PART NUMBER
OPABSS

(1) For all availabl
at the end of th

2021
The 1st INFN School on Underground Physics
The OPABSE is a widehand. low-nnise nneratinnal
Photodiode Capacitance vs Bandwidth and MNoise
450 160 -5
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& 100 — . e b
50 o =
2 4 6 8 1o 12 14 16 18 20 S
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Product "\ ww Order Technical Tools & Support &
Folder s & Now Documents #% Software Community
i3 TEXAS
INSTRUMENTS ORARSS
SBOSE22A —JULY 2018-REVISED OCTOBER 2018
stable, Bipolar Input Amplifier 2021
Click Image _-_:-.:-._: a_:;‘_‘- 0 tion The 1st INFN School on Underground Physics
for Details = ‘ ﬁ is a widehand. low-nnise aneratinonal
th
ce & = " =
item # FDS010 FD11A Fosioxio i Photodiode Capacitance vs Bandwidth and Noise
High Speed, UV .
Grade Fused Silica Lowest Dark Low Dark Current in E: 450 160 -5
Key Feature | Window to Provide | Currentin TO-18 | 10 mmx 10 mm faam, RF = 6 kil :%
Sensitivity Down to | Can with a Window | Ceramic Package |elc ™ 400 fasm Rp=12 k2 1140 2
200 nm of o ‘I‘l lgn. Re = 6 ki2 =
Info o O O ?B; = 350 — lpn, RF=12 K} |12p &
Wavelength = hwi ..E \. ﬁ
Range 200 - 1100 nm 320 - 1100 nm 340 - 1100 nm !.q; = 300 "n,l 100 2
: 0.8 mm2 1.21 mm? 100 mm? v
fe
B M @L0mm) | (LlmmxL1lmm)| (10 mmx10mm) |y g 250 \ 80 E
Rise/Fall 1ns/1lns 400 nsctd 150ns/150ns? | ;o 3 \ 4
TimeP @ 830 nm, 10V @ 650 nm, 0 V @sVv P 20 5 ‘1.."'-. g1
NEP 5.0 x 10-14 6.8 x 10-16 150x 1014 |igi E b §
(WiHz12) @ 830 nm, 10 V @ 960 nm, 0V @ 960 nm \B! 150 —— a =
Dark 0.3 nA (Typ.) 2.0 pA (Max) e E _---""---_.__ =
i g an i 2 a0 200 pA@ 5V 8 8 100 e Y i e e [P %
——
Junction 140 pF (Typ.)
Capacitanje| 6 PF (TYP) @ 10V @0V 3B0pF @5V i 0o E
Package TO5 To18 Ceramic = 2 4 6 8 1 12 14 1 18 20 '3
- Fhotodiode capacitance (pF)
Compatible STO5S STO465 ; by
Sockets STO5P STO46P L q
SUUNT FTIUULITILIUEED (20N D2Uen S

+  Photomultiplier Tube Post Amplifier



TIA equations

The 1st INFN School on Underground Physics

* BW =+/GBP/(4 n R; Cy)

- GBP is the BW at gain 1 for the amplifier
* can be 10 GHz

e The noise:

. 2 , s BW
y = J(e,fﬂﬂ RP1+4AbTRP}v01FOEQ[1+ =

« A/ C4

https://www.jensign.com/inoutnoise I N !;sl\l

} + (iR >+ 4K, TR, NOJFO 20




TIA equations

The 1st INFN School on Underground Physics

Output Spectral Noise nVISqrt(Hz)

60 GBW=19MHz Rf=50!( Cf=26pF Ci=20pF |
WONIENINE, Rl https://www.jensign.com/noisegain/index.html
50 /\ ol
I\
£t 40
(=2
% // \ re
s 30 . —Bf Thermal
2 in 2 - T
S \ e ]HAK,IR,NOJFO 20
£ 20
[ 5]
W)
) g \&

D . I SN B | . I S S R | . e e |
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Charge to Voltage
Conversion Amplifer

Pixel Select b 4
2 & Switch The 1st INFN School unndergrnundP ics
Row ’O\:.\ ’O\;\:.\ -’o\l‘“r;\ @L@ Reset/Sampl "
Seled * Each pixel is few um
- Capacitance ~ fF
P o7 o > * Resolution ~ sub-e-
Y -T - -T | « Modern sensors are back-illuminated
ol | el | e | 1. Back-side illumination
cz L /T | g\ LT\ | micr0|ens
_j_H_/colour filter
o | B | B | I —photodiode
o LM LM LM I Gain Substrate

| [ A k —metal wiring =\

Column Select Amplifier ~—e— NGS



Avalanches

Electric _
field

+

DC voltage
SOUrCe

—— Congrnal dafeiplai il

-

The 1st INFN School on Underground Physics

In semi-conductors
Impurities act as scattering
centers

- If a carrier is hot enough it
lonizes further the impurity

— New carriers drift until a
new scattering center is
hit

Exponential progression
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APD

I=P*M*R
- M - 10-100
ENF

- Gain noise
Small size

- Few mm?

With pre-amplifier

:;.‘ij-

i ——

Wileiplic adion
:I'L::il'.'.

I* [absor slsnn mogien

e

Fleciric Field

LL\I LNGS



Gain Characteristics
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- o
e |=P M = IL S 60°C
1000 |- ; / -
— M Ip /
 ENF /
100 |-
- Ga
* Small . Typ: M > 10 to 100___
0 - = e :
- Fe ! 2 B
_ g |- [ | e— Opg__:_'?tmg—-;
* With | / region
~ | | | | | | | | =
s 100 200 300 400 -

Fleciric Field

-
ors . )
Reverse voltage (V)
INFN
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== Electrical and optical characteristics (Typ. Ta=25 °C, unlt

Photo- | Quantum
rséspm1 I*eak'“i sensitivity | efficiency Breakdown | Temgp
panse | sensitivity 5 QF vo\l&;e ef:ccre
Typeno, | ™09 [wavdenghl yoy M=1
P G M |5=800 nm|3=800 nm | [P=100 pA | of VB
Typ. | Max.
(nm) | (nm) | (A/W) (%) ) | (M) | e
512023-02
512023-05
512051
512086
5120310 | ‘0| 800 | o5 75 | 150 | 200 | o0.65
512023-10A%°
53884
52384 |
52385

*5: Values measured at a gain listed in the characteristics table

Mote: Breakdown voltage can be specified by using the suffix of type number a

512023-02-01: 80 to 120 V
§12023-02-02: 120 to 160 V
512023-02-03: 160 to 200 V

=- Spectral response == Quan
o (Typ. Ta=25 °C, A=800 nm) 1
50 " B &0

= M=100 / \ =

£ 40 / \ =

= 7 \ g 60

= o

B ¥ 7 5

& M=30 \ E a0

£ _\Z ,/ _-\ E

o //y \\ o -
mf//// \

0 ] ]

700 800 00 1000

g

GO0

Wavelength (nm)

e 4

400

== Dark current vs. reverse voltage

Typ. Ta=25 *
100 nA {0 2

52384

1na& \._.',
=
o
5
L%
+=
]
=]

f— LY
%r' \ 512023-05, 512051
10 pA = To03307 == o 12086 =
1
5 0 50 100 150
Reverse voltage (V)
/,-""" iy
yd \
D il \

7z A\

500 600 700 BOO 00 1000

Wavelength (nm)

== Gain vs. reverse voltage

{Typ. A=800 nm)

10000
20 °C
N
0 °C A
1000 E#=;¥ —
— -20 °C I I i
Y I I il I i
N [ [ ' X
S / 7 /
c {
3 100
i i T | i
— .r"r LY
a2
P (. S " =t Ya0°C
e i e
-
" # =60 oL
1
80 100 120 140 160 180

Reverse voltage (V)
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== Electrical and optical characteristics (Typ. Ta=25 °C, unlt

Photo- | Quantum
rséspm1 I*eak'“i sensitivity | efficiency Breakdown | Temgp
panse | sensitivity 5 QF vo\l&;e ef:ccre
Typeno, | ™09 [wavdenghl yoy M=1
P G M |5=800 nm|3=800 nm | [P=100 pA | of VB
Typ. | Max.
(nm) | (nm) | (A/W) (%) ) | (M) | e
512023-02
512023-05
512051
512086
5120310 | ‘0| 800 | o5 75 | 150 | 200 | o0.65
512023-10A%°
53884
52384 |
52385

*5: Values measured at a gain listed in the characteristics table

Mote: Breakdown voltage can be specified by using the suffix of type number a

512023-02-01: 80 to 120 V
§12023-02-02: 120 to 160 V
512023-02-03: 160 to 200 V

=- Spectral response

o (Typ. Ta=25 *C, A=800 nm)

50 P B

el T
S/ \
1
1V Y
2z ‘

GO0 700 800 00 1000

Photo sensitivity (A/W)

(=]

g
g

Wavelength (nm)

e 4

== Quan

i)

&0
£

[
@
ol
T

E
£
g
&

20

]

400 500 600 700 BOO 00

== Dark current vs. reverse voltage

10 nA —

. !
F =k, "H"'{l'"k.r.u {2 ‘”]

1nA

E
E
5
L%
=
]
=
f— LY
%r' \ 512023-05, 512051
10 pA = To03307 == o 12086 =
1
5 0 50 100
Reverse voltage (V)
/,-""" iy
yd \
N \

7z A\

1000

Wavelength (nm)

150

== Gain vs. reverse voltage

{Typ. A=800 nm)

10000
20 °C
i
0 °C A
1000 ‘ﬁl==\]| —
—-20 °C y f : ;i
Y i i | |
i I /
c {
E 100
i i T | i
Ir.-"' LY
[
-
" # =60 oL
1
80 100 120 140 160 180

Reverse voltage (V)
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ENF

== Excess noise factor vs. gain

The 1st INFN School on Underground Physics

(Typ. Ta=25 °C, f=10 kHz, B=1 Hz)

" |
Me.s ; F o kper M4(1 =k, {: ]

M

10

K = Pn/Pe

Excess noise factor

100

(5 INFN

LNGS




Geiger mode

The 1st INFN School on Underground Physics

Spread of avalanches in a Geiger-Muller tube

Tube wall (- ve)

* The avalanche is self-sustaining
:::ri::feradiation / Original ionisation event ° Uﬂtl' an external process
stops it
* Passive or active quenching
* The signal is no more
proportional to the initial event

{¥ lonisation event

lonising electron path

Liberated electron path

Spread of avalanches

]
_.W_E% UV photon path & collision! ———

Not to scale I N I N

LNGS




Geiger mode
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Regions of baseous lonization Detectors

recomhbination limited b The avalanChe |S Se|f-SUStalnlng

region . . . . . Geiger - Mueller Detector of lonizing Radiation .
Y + Until an external process
i i i .-):‘e—.u;"--l-llﬂ-i-' :CEI[ItiIJI]IJS StOpS. It - -
o | | 4  discharge = * Passive or active quenching
= ! ! I : : :
= : : A | | * The signal is no more
0 ! ! I : et . .
k= : | R | T proportional to the initial event
B ' ' RN | ! v
=E i i ........... ! ,,4' ’I i : _;'l
2, ! Lo A i I
= ke PR : i
= , ............ 'Q—"' ) ( / | :
& ’,i:' """" ’T’ - - 1% i i i high penetrating gamma ,"‘
g ,f: - —_——— - | | : rays can enter via the
Pt . o | | E | E | | outer wall ! a 8

v

low penetrating alpha and
beta rays can enter via an

e INFN

LNGS

voltage applied - linear scale




Geiger mode

recombination

Regions of baseous lonization Detectors

. [imited g el
region . . . . . faep -
N 900 onization proportional proportional U€!9€T ~ MUBlier
. . . region
! region : region 'oregion :
1 1 1
1 1 1 1 . .
' ' ! -)"*"'5—-“” i contivous
. 1
1 1 o .
: ' ! S ' discharge
L ] 1 N
I R 1
E 1 1 \ oy \
7] ! ! 1 Y I
o 1 1 \ L \
o ! ! 1 ) I
— 1 1 I .
1 | | I L |
= 1 1 Lo 'I !
— 1 1 N
=] 1 1 . ‘, 7
= ! ! A A |
=] 1 1 ot !
(=] 1 1 Wt V, /
a 1 1 ot
E‘l 1 1 a ““““ ’;': !
o 1 [T P | 7
= 1 Lo - 1
b S 1 - 7
" ! B" «
1 ! - ~
! - <
1 [ - |
- | T - -
.‘ '—
& Ty
R
R 1
B Ll I
9 ¢ 1! | | | ! [ -
>

voltage applied - linear scale

Detector of lonizing Radiation
hasic scheme

HV

high penetrating
rays can enter
outer wall

* |

inert
gas

Gamma rays [

Y

Ve "-Ir’ Ll

i e P T e

particles v, |
N

The 1st INFN School on Underground Physics

The avalanche is self-sustaining
e Until an external process
stops it
* Passive or active quenching
The signal is no more
proportional to the initial event
GM Tube

W LNGS



SIPM

The 1st INFN School on Underground Physics

e Silicon PM are a collection of SPADs

Section of KETEK 5iPM Microcell Single-Photon

 SPAD 5-50 Mm Avalanche Diode

Quenching mune
Resistar - _ A . ' '
H - Operating in geiger mode

ﬁ' - Include a quenching resistor

 SiPMs can be found between 1x1 mm?
e to 10x10 mm?

e The PDE of SIPMs ~ 30-60 %

* Aset of noises is present
INFN
LNGS




Geiger mode

The 1st INFN School on Underground Physics

I
A \
APD SPAD Current defined by the (thermally)

generated couples

- 7 Amplified by G ~ 10°

Since SPAD are sensitive to single
carriers we speak of dark rate

linear | Gelger-mode
amplifher i itrgger)

INEN
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SPAD

£U pm photan
[&———> n++ shallow n++ isolation Vi
Anode Cathode ¥

wrl g°g
£
A
o]

!
=
-
o
~

,

m‘-

T

X

=

1. # recharge

s e e

T n+ substrate T - '
4
L avalanche

qusnchng
| | "

Which is the maximum SPAD size? 3 ot
kel

wr gos
P
—
S
>
O
e
-
1




ZU Jm " _
——> n4+ shallow n++ isolation Vi I:__:::;#; G=0VvV*C
¥
- Ve el A =
g ffrﬁannuﬁ:,ﬁi. v
£ R, Rqg ~100 k | “SPAD
E % 7 ~  recharge

wrl pos

F"-l l'n-"'CSPAD Vo,

T n+ substrate T
L

s e e

The dead-time is dominated by the recharge time
Ry * Cspap = 50 ns — 500 ns
DCR ~ 1 Mcps/mm?2

500 ns *1 MHz = 50% of dead-time
PDE <= dead time

4
avalanche
qusnchng

. —

0 (P |

INEN
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2 pm o Which is the gain?
=——> n++ shallow n++ isolation G — J‘I dt
_ F-:*.:- 30 :
: K Rq~100k °
f X £ 10l
7’ n+ substrate T S Fﬂl lll"'CSPAD :é, ot
5 &

-10

The dead-time is dominated by the recharge time
Rq * Cspap = 50 ns — 500 ns 200 0 100 200 300 400

time [ns]

DCR ~ 1 Mcps/mm?2
500 ns * 1 MHz = 50% of dead-time | N F N
PDE <= dead time LNGS
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We are depleting Cspap

£U pm
[&———> n++ shallow n++ isolation G — OV * CSPAD
_ V., 30
|
& 20
m b
z M= Rqg~100k
[ X E 10
g s
T n+ substrate T o Fﬂ-l l|.I'|I(:SPAD 8
': E 0'
3 <
¥

-10

The dead-time is dominated by the recharge time
Rq * Cspap = 50 ns — 500 ns 2000 0 100 200 300 400

time [ns]

DCR ~ 1 Mcps/mm?2
500 ns * 1 MHz = 50% of dead-time | N F N
PDE <= dead time LNGS




DCR [cps fmm’)

10"

10"

107
167

16

167?

14

1”’1 z
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LT =W L LA :jpj
- d vV, Low Flald —=—— & ¥, #Hed Fiakd ___:_._J'J___.-
5 V. Low Fisld " 5 V. Skd Fisld L
& V., Low Fisld - E V., Skd Fiald # -
"
i ] :_ — _:-'-:_'::..
I
_'_—l—‘l'-.- -.__.-"
-'.-F-
= o
- _—'
P [ — i i 0L i i
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INFN

The 1st INFN School on Underground Physics

Building SIPMs




Cross-talk

Encapsulation

Device Backside




Cross-talk

The 1st INFN School on Underground Physics

.
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Trenches

active layear




N « — 2 =
&’ L ™S Y == 3 r'l S
o ;,' i m’;”‘im_@lmi -—O g{ej‘

i 24x 1 cm2 SiPMs — 2.4 10° SPAD
o On a radio-pure PCB
H e With electronics on the back

: ‘ Nt (40 mW)
JEg— mm— sy i e DCR ~ 10 cpstiile




Finger plot
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SNR = gain / noise

0
9]
' in = <Pp — Pn.1>
Baseline 15t photo-electron Gain = <P — Pna
400 ~
2" photo-electron
3" photo-electron o
200 -
0_

0 15 30 45 60 75 90 105
Filtered Amplitude [A.U.]
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Bias [V]
2.9 39 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8
4 - -20
3 -15
) s
= E
= =
® 2 - -10 ©
U] )
1 4
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ICT & AP factor

0.75
E "~
g o
< ~
0 Q
8 Q,
0.50- -
E
© 0.1 7
0.25

=

0-00- T T T T T T T T T I_O-0
4 5 6 7 8 9 10 1

Overvoltage [V] LNGS




Going cold

21
18 Lrrerrpreea 1 ]
e I (b) :
d—— PN 1T i I — : :
RA = = 18 :
SRR LN
A — C 1
i R"\\ % mE IZE f \3\
X A 106 g “F :
a; S - ]
gm: }}: \\ -: § 9E ‘"b E
i k o - ]
- 5 3 E ooe | 2 6l
3 % 3 8 g Of T ]
z P-TYPE\ X{J—TYPE = z mA
E 1 “Q b 1014 L 1 L 1[_-: 3:
gtoi \ 0 5 10 15 M0 (| P A P PR PP PP PR
i e 0 50 100 150 200 250 300 350
k 2 1000/T (1000/K) Temperature [K]
A
\
b
i R =1/(e- 4 Ni)> %2 MQ/cm
102

10 20 40 60 100 200 400 600 1000
TEMPERATURE IN DEGREES KELVIN
£

INEN

LNGS




DarkSide pre-amplifier

104

] A Compensation: ® on & off

Supply: ®# 3 Ve 4vVes5vVv

LMH6629 from Texas Instrumen
GBP reach 18 GHz at 60 K
v, behaves like a 20 Q resi

The 1st INFN School on Underground Physics

154

Gain Bandwidth Product [GHz]

104

Output noise density [j.lVHHz]

50

7] B [©2] Fit Vn=0.3 nV/.\/ Hz @ 77 K

1l =10 LY
1 - 200 a,=20110

i,=3.5+0.6uA

.150. — IZ(‘JU. —

Temperature [K]

Temparature [K]
DOI 10.1109/TNS.2018.2799325<60 I-N-F-Rl

LNGS



DarkSide

Charge Spectrum

Inderground Physics

E 3005_ Gain: 0.948 nVs
g = Baseline Std.Dev: 0.034 nvs
— SHNR: 27.86
Fal 10k Ic af 2“5 1PE Std.Dev: 0.04 nvs
- kT T e Sk TATAT o znn:— 1PE resolution: 0.043
EDES —| - .
150_—
SiPM cf -
J__ ;,.f-EE o
Rd - = [ i
j: - -H—J_—ﬂ./w— Jw*l - dd o~ e “ i
= no
Cd e 13:‘ . I“-w.l*E\.l"'Elu"'" Fut D:Mﬁgil"ﬁi" m“' v T
—I_ :[CI 2 o 2 4 & 8 10 12 14 [1: '
P LMHE529 charse (e
T A
—_— —_— dd FE
[i] 1 2 ? a4
30004 l
2800 SNR =18
n 1PE resolution: 0.06
20004 ﬁ
% 1 Ix1cm? @ 77K
1500 "
L G = 10¢
10004
500 J
Noise = 50 nA(rms) o1 S

o 10 20

30 40 50 &0 T0 80
Integral Peak

[a.um.]
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~ 300 e- resolution
e 60 MW

e Using radio-clean components

COpper

signal cable HY cable
Gy =0.35pF Veer= 5V
Rp = 4.7k{} Rp Vit = 1.5V
Rp =500M0 | WW\eVeer Vee, = =15V
Gp = 0.35pF Vep, = =6.5Y

vc: = LEV

7502

VFE G | cc3




SNJ450L109_0.6 (campione

3 r r .

;e(‘ =25 LA, V=01V
I5g=50 1A, V_ =01V

25K £ 1,5=500 uA, V=05V

E Ipe=1 mA V=TV

White Noise (nVAHz)

118.4 806

X)

156.3

%9 (13 1k oo~ 194.1

10kg 5 269 82319 1emp %500 125 150 1T';'5 200 225 250 270

INEN

LNGS




CMOS electronics
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3 300 K 3 77 K
10° frrrrm— e 10* T rrT T
L=180nm, W=1mm (20um x 50) : : L=180nm, W=1mm (20um x 50)
N V__=400mV, T=300K 1 ) ki V__=400mV, T=77K
E Os %
= 10 . = 10° 4
S : 1 1 E ‘ 14 " 3
= —— NMOS = b gl
2 I,=3.2mA (IC=1) % I,=3.2mA (IC=3)
% ,.“-]1 B o 1[]1 B 4
e E < PMOS © —— PMOS :
2 I,=0.7mA (IC=1) ‘i |_=0.7mA (IC=0.3)
w — fit curve W — fit curve
E "|ﬂﬂ e [RLEECETTPRER O e $ o
E white S 10°F i
R . 1 . MMM (575
‘g [ 15 ‘é [ 1/
= 1 | CMOS018 = : | CMOS018
s 10" 10* 10° 10* 10° 10° 10" 10° 10 W W w W W W 1
{: Frequency [Hz] Frequency [Hz] -
¥ iN|




Lifetime

Gate

Source o——

|
v

P-Substrate

Strong electric
field @ drain

1 JW (s*Afum)

1E9

1E7

100000

1000

1.8V 1.7V
Lifetime ~ 3200 yrs at Vds=1.8V, 77K E
i
]
1
]
'
i
L}
1
"
]
32,31,30,28V
H
f T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6

1V, (V)

For NMOS:
L=180nm,
W=10um;
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