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DETECTING SI OTONS
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Peak Quantum Efficiency (QE)
Cell Size

Effective number of pixels
Effective area

Readout noise (electrons)

coherent elastic scattering

§2 %@ 560 nm

18 x 16 Mpixels CCD 15 x 15 um2
Readout noise 2 e-

n,WIMP? T P

Diffusion
€ l limited

6.5 pym(H) x 6.5 pm(V)
2048(H) x 2048(V)

13.312 mm(H) x 13.312 mm (V)

0.9 imedian) /1.5 (rms)

I5 20 25 30
Energy measured by pixel / keV




SiPM can be
— Pixels can be
— SiPM typical size

— Several integrated chip structures

* For scientific applications a photo-multiplier tube replacement is desirable

— Aggregating the SiPM to a total surface of many cm?
* But given the high DCR this is typically interesting only at cryogenic temperature

* This talk will focus on FBK NUV-HD SiPM from FBK



Quenching erates in Geiger mode
Rmmm' —_— ———N AD is named C;

" \ e SPAD is named Ry

3sistance R, to stop the avalanche

parasitic capacitance C,

> avalanche is possible

RERRERINErEN,, = Viyioc - Vireakdown

A SiPM is a collection of N SPAD of typical size 20-50 um
e Asignal is generated when N; SPADs are triggered

Accurate electrical models exist to describe the signal and
overall electrical parameters of the SiPMs




2. HEg el - - PUSSIG DUBURRIIS» oo o e 2 o ode operates in Geiger mode
of the SPAD is named C,
ance of the SPAD is named R,
a quenching resistance R, to stop the avalanche
ching exhibits a parasitic capacitance C,
* At Vpiae > Vireakdown the avalanche is possible
* Withgain G=V,, C; whereV ,=V,...- Vireakdown

A SiPM is a collection of N SPAD of typical size 20-50 um
e Asignal is generated when N; SPADs are triggered

output

Accurate electrical models exist to describe the signal and
overall electrical parameters of the SiPMs



DCR [cps/mm®]

4 v,
5V,
6V,

Owar-Voltage
Low Field ——— 4 V¥V,
Low Field * 5 v,
Low Field v 8 v,

Std Field
Std Field
Std Field
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Owar-Voltage

4 Vv, Low Field —*—— 4 V, Std Field

5 Vv, Low Field ——=—— 5 ¥V, 5td Field

6 V, Low Field L 6 V, Std Field

DCR [cps/mm®]

Over-Voltage

* Increased afterpulse
* Lower gain operation

AP Probability
T I TT T[T [T [T TITT 1T

At a given temperature and overvoltage
higher Rq -> longer recharge time
-> lower triggering probability in
the same cell
-> |lower afterpulse probability
-> lower divergence probability

Current [A]




DCR [cps/mm®]

Amplitude [uA]
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perature

~——s—— 4 ¥V, Low Field —>—— 4 V, Std Field
5 Vv, Low Field ——»— 5 Vv, Std Field

6V, Low Field ——+— 6V, Std Field Dark noise reduction by more than 7
orders of magnitude

DCR [cps/mm®]

Over-Voltage

Increased afterpulse
* Lower gain operation

o

o
=
o

AP Probability

o
=

For poly-silicon based R,
* R, strongly dependson T
* Pulse shape changes

* longer recharge time

Smaller peak current

Amplitude [uA]

SO0 100D 1200 130 1650 1300 F. Acerbi et al., IEEE TED 64,2,17

Time [ns]
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LIGHT SENSO



* Transforme

Photo-sensors are

source capacitance Cy
* Plus an additional loac
device and/or quenching resis

Typical values for C4 are in the range of 0.1-100 pF

14



* Transforme

Photo-sensors are
source capacitance C
* Plus an additional loa
device and/or quenching resis

Typical values for C, are in the range of 0.1-100 pF
e % : 5 Simplified electrical model

15



Light sensors conve
* Transformed in ac

Photo-sensors are modeled
source capacitance Cg
* Plus an additional load resistor Rl (intrinsic leakage of the
device and/or quenching resistor)

Typical values for C4 are in the range of 0.1-100 pF

Several amplifier configurations are available for detecting
small currents
* The most common is the trans-impedance amplifier (TIA)
* An alternative design is provided by the charge amplifiers

EFHIS

16



e Both TIA & charge ampli
* V.=V, implies that the a - Virtual GND
feedback path
* At high frequency the noise gain is defined by C,,/C:

 C,, directly impact the rise time of the amplifier

For transimpedance amplifiers R < 10 kQ

* The output signal is =, - R¢
* The CF capacitor is required to maintain the circuit stable

e Can be as small al 0.1 pF
For charge amplifiers Rf > 100 MQ
* The output signal is —Qg, / C¢
The two circuits seem similar but are very different
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the low-noise low-power charge preamplifier
designed in 0.35 CMOS technology.
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5.2 O Measured ENC -
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Fig. 5. Measured equivalent noise charge as function of the shaping times
for the prototype preamplifier. No detector is connected at the input so
that this is the intrinsic noise of the preamplifier. A minimum noise of 3.9
electrons r.m.s. at 12 ps has been measured.

G.Bertuccio, S.Caccia, NIM A579, 2007
G.Bertuccio, Jinst 2015



LOW NOISE A



* 10 fA/VHz
ay not be the best

20



r— PHOTOHODE —y

ay not be the best

. . cholce . . .
* Most producers are distributing heterojunction BJT based amplifiers
— For high bandwidth applications GHz
— For very low noise applications sub-nV/VHz

* HBTs are great signal amplifiers at cryogenic temperature
— They are BJT ->very low e,
— Low 1/f noise
— Noise and BW are better at cryogenic temperature

pA



LM

| % compensation: e on & off Supply: # 3 Ve d4VvVesvV

Temperature:
-+ 300 K
77 K

15
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10 , )| * Works down to 40 K
_ | { - Stable for |Av| > 10
’ * Very high bandwidth
C * Increasing atlow T
e ~0.2 pFin Fb path
* \Very low noise
* Max bias 5V
* 60-80 mW
e P .1dB =16 dBm

out
150 200

Temperature [K] (3'8 Vpp)

GBP [GHz)

15+
-4 v

-5 v

Gain Bandwidth Product [GH=z]

Input Bias Current [uR]

150 200
Temperature [K]




Fit results:
3g=-3.4t0.8 %
e,=20+10
i,=3.5£0.6UA -

—

constant

* R,y accounts for all resistors

* e _is modeled as a Johnson source

* i is modeled as Shotky noise of |i | + |i,]|
* N is the output noise density @ 1MHz

Output noise density [j.l\.-',f-.l'[—{'-‘.-_]

The fit reproduces the data at better than

150 200
Temparature [K] 2 . 5 %

The voltage noise density of the LMH6629 is equivalent to a 20 Q resistor

M D’Incecco et al., IEEE TNS 65,4,18 P




SINGLE SIPM
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Frequency

10kH=
100kHz
200kHz
00 kHz
1 MHz
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SiPM seen by a RLC bridge

R oK 0K H-'I-'T!\
Freguency e
[£2em”|
10kHz
100kHz
200kHz
500kHz
1 MHz
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g Cq) ~ 20- 30 MHz

10kHz
100kHz

le-01 1le+00 1le+01 1le+02 1le+03 1le+04 200kHz
F [Hz]

O o 0o 0 00 0 Qo oK
oWl U o e o

500kHz
1 MHz
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input load

—%} -
Cd M

* A transition hap +=1/(2 mRq Cq) ~ 20- 30 MHz
— But at cryogenic temperature Rq increases

1

SiPM seen by a RLC bridge

RTTK
eq

[Qem?]  [nF J.-"cm"j' ]

10kHz

O o 0o 0 00 0 Qo oK
oWl U o e o

100kHz
le-01 1le+00 1le+01 1le+02 1le+03 1le+04 200kHz

500kHz

29




O o 0o 0 00 0 Qo oK

oWl U o e o

N Cq

le-01 1le+00 1le+01 1le+02 1le+03 1le+04
F [Hz]

A simplifi

— Valid if N;j<< N
A transition happens at F; = 1/(2 mt Rq Cq) ~ 20- 30 MHz

— But at cryogenic temperature Rq increases

This transition is important because it affects the noise gain:

— The capacitance decreases

— The series resistance (Rq/N) vanishes
SiPM seen by a RLC bridge

RODOK

Frequency R
[£2em”|

10kHz

100kHz

200kHz

500kHz

1 MHz

+300

[n F.,-'crnz]

6.3
6.2
6.2
6.1

5.9

R'}' TH

eq

[ em?)

74

CTTE
el

[nF ,-'c.rn?' ]

6.7
6.6
6.5
5.8

4.2

Noise @ain [dB]

on the input load

GOOD

10°

wdd 3
10° 10'°
Fregquency [Hz]




mpedance design except:
weaks for stabilization
°R,,R,C

* C;is due to parasitic effects (~0.2 pF)
* The series resistor Rs

31



Charge Spectrum

Gain: 0.948 nVs
Baseline Std.Dewv:
SNR: 27.6

0.034 nVs

1PE Std.Dev: 0.04 nvs
1PE resclution: 0.043

5x5 mm @ 300K
SNR=27.7 @ 5 VoV
(1.3 10°)

iz 14 16
Charge [nVs]
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TIA desig
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wfhafhy
R

=l
LMH&G24

;luI:

e SIPMs

Charge Spectrum

300

Count s

250

200

150

100

SHR:

. *gé@ﬂwﬂ_

Gain:
Baseline

1PE Std.Dev:
1PE resclution:

0.948 nVs
5td.Dewv:
27.6

0.034 nVs

0.04 nvs
0.043

5x5 mm @ 300K
SNR=27.7 @ 5 VoV
(1.3 10°)

SNR =18
1PE resolution: 0.06

20

1x1 c_m2 @ 77K

10

20

40

Integral Peak [a.u.]

Algorithm:
-+ Peak
~+ Charge
+ Filter

- T
—— .




Temperature: Fit results:
oo ¥ Fat 300 K: T" = 6 nAs,
77 K M 77 K: T° = B ns, T

-y
]
Kl
Fil
w
-
E

“. Unfiltered 1 P

2018-01-30
3:43:37

1000

Timea [n=s] [S"Meas R...1[EN)[ x ]

[CTT— 351.07 m¥

Matched filter is the optimal linear filter to extract a signal of
know shape in the presence of additive stochastic noise.

The filtered signal is obtained by cross-correlating the raw
waveform for the signal template

The output is symmetric around the peak, giving a better
identification of the timing.

We successfully tested an online FPGA based implementation
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Gain 106

Amplitude [a.u]
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4000

50

Filtered Peak [a.u.]

4500
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5000

5500
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6000
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300

Using matched filter
Gain 10°

Amplitude [a.u]

‘3%00 3000 3500 4000 4500 5000 5500 6000 6500 )
Time [ns]

SNR =18
1PE resolution: 0.06

1500 -

Counts

1000 -

PR N R I ]

g

0 ! 50 ! 100 ) 150
Filtered Peak [a.u.]

30 40 50
Integral Peak [a.u.]



300

250

200

Using
Gain 106

150

100

Amplitude [a.u]

50

Counts: “300 3000 3500 4000 4500 5000 5500 6000 6500

Time [ns]

75
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Filtered Peak [a.u.]
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111

S S x
1 T

! Req + Rq

/AKBT (Req + Rs + Rn)

4"~ LMHE629
*ydd




10% of noise

1cm? @ 77 K:
R =20 Q :
R,=20 O :
Re, =60 Q 3
Rf=3.9kQ

n, = -141 dBm 8

Fregquency [MHzZ]

M D’Incecco et al., IEEE TNS 65,4,18




MULTIPLE SIP



th the same amplifier a

on is used

“reases the capacitance seen by
y DYy 50%

* For cryogenic use a precision voltage divider is

required

* Otherwise the voltage division will be defined by the
leakage current

41



smax
gmax

"'\-,.f"'lilf‘i'BT{ {EREq + Rb};} + Rﬂ}

(2R.q + Rs)/3

Tl T =

Sqlfl / iﬁ'vr ¢
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7 Type:
1 —6 cm? output
{4 - Adder input

6cm2 @ 77 K:

R,=20 Q
R, =60 Q  VAKBT((2Req + R)/3+ Rn) _
Req = 60 Q +R,)/3 ~
R=10k Q -

n, =-127 dBm v TR
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Gain: B0 dB (V/A)
Gain flatness: 0.6 dB (<10 MHz)

Fiaa®: 16 MHz

FlI'%: 30 MHz

ide*

1
Frequency [MHz]

Temperature:

10
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Counts

6 cm? (

5 VoV =1.5 10°

i} 1 2
1000 - ! g .
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50

' 100
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50
J‘-J‘-J\_ﬂt
LMH&E24
or OPA838

4 x 6 cm? quadrants
are aggregated by
an active cryogenic
adder
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time_amplitude_ccf

Low £

Extended Gain SiPM for Cryoge
from FBK

24 cm? @ 77 K8 VoV

PRELIMINA

@ -
2 -
ﬁ 1200_—
i
1000_—

na ! SNR = 24.1

600:—

400:—

200:— rf,

W10, ff‘
0 MY & | | M
0 50 100 150 200 250 300

Amplitude [Arb.Units]

|IIII|]III]IIIl|I!I\|III

RY

Entries
Mean x
Mean y
Std Dev x
Std Dev y

183587
63.29
54.19
3.505
5.074

Time = 3.5 ns

25

20

15

10




Silicon d
— Many
— Each a

* SiPM develop
— Better SiPM
— Integrated digit ible readout)
— Integrated electron -compatible readout)
— Aggregated analog rea

* Large SiPM arrays O(25 cm?) can be re and timing performances
— SNR >> 10 & timing down to few ns

— The main contribution to the noise is from the thermal noise of the quenching resistors itself (noise limit)

48






previous model is broken

The presence of Rs limits the
noise gain up to the natural
bandwidth of the amplifier

Output noise power density [dBm]

The result is an increased SNR

50



)r some application it is better to
remove the recharge tail

This can be achieved with zero-pole
cancellation

This solution does not avoid
saturation of the front-end

51



Fgut
LMH6624

5x
@ 300 |

The resolution is
affected by the DCR

Inductors can not be
used in cryogenic

VoV =3.5 SNR = 10%

VoV =4.5

VoV =6.5

M
oM

Peak [mV]




6 x 1 cm? independent readout
— (with analog sum)

J’ 1lu G
I S/ V6\/AKET(Req + Jo + Ry)

6/V6 ~ 2 times better

6cm? @ 77 K:
R.=20 Q
R,=60 O ~ VAKBT((2Req + Ry)/3+ Rn) _
Req =60 Q ! (2R., + R.)/3 B
Rr=10k Q -

5 N x ~
N, =-127 dBm 9 x 3y/AKT((2Req + Rs)/3 + Rn)  6\/AKpT(Req + Rn)

AKBT (Req + Ry)
RE
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6 x 1 cm? independent readout
(with analog sum)

| G
;S‘,«'fl *,7\‘-' o —— e —————
V6\/AKET(Req + Jo + Ry)

6/V6 ~ 2 times better

6cm2 @ 77 K:
R,=20 Q
R.=60 Q
Req =60 Q
R,=10kQ

n,=-127 dBm

54



100 1k

24 cm? (@ Rl

ia 2

5VoV <=>1.5 10°

LB
LMH6624
0 1 2 3 : s
l — dd
1 ¢ SNR =13
R i . \ 4 x 6 cm? quadrants
P . ; 3 h are aggregated by
g ‘ . "‘ an active cryogenic
500 - :,. : 1 adder
IO I N
: e \'J V ¥
0- J U
' 100 ' 150

0 ' 50
Filtered Peak [a.u.]




24 cm? (

1507 counts:

150

5VoV = 1.5 10°

4 100

T T T T

50 100 150
Filtered Peak [a.u.]

PE ;100: ."50
- Mo
|
woo: b SNR=13 i =
- : _
W . e . & J
E :E : ‘ L
§ 500- .3 % ‘ \ﬁ
IR R
L ! v
D~ J U
0

M D’Incecco et al., IEEE TNS 65,1,18




Over-Voltage

- =5F x3 doped

- -LF x1 doped
=5F x1 doped

Extended Gain SiPM for Cryogenic
from FBK

AP probability [%]

Low afterpulse

Current [A]

Extended Overvoltage at 77 K
ouble dose

riple dose > 14V

lines: TTK
Solid Line: 300K

Normalized OverVoltage [V]
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— & cm? SiPM
— Dummy load

Noise spectrum with 6 cm?
versus a dummy load

1
Frequency [MHz]




