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FIGURE 1.32. Ionized charge concentration versus temperature for silicon (73).
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FIGURE 1.16. Calculated electron mobility due to phonon and ionized impur-
ity scattering mechanisms. The five plots correspond to T = 300, 77, 50, 30, and
42K. ;
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FIGURE 1.14. Calculated electrical resistance of a silicon slab of (W/L) = 20/
50 um and depth of 1 um for different doping concentration levels.

SILICON PROPERTIES AT LOW T: HIGHER CARRIER MOBILITY

:

Electron mobility, p [cm?/Vs]
" o
g 8

6 —
10 : 107
Electric field, E [V/cm]
FIGURE 1.17. Calculated electron mobility, due to phonon, ionized impurities,

and velocity saturation effects, as a function of the electric field for five
temperatures; Nj; = 10" cm ™3,

* Carrier mobility = avalanche
development, time development

* Temperature variation depends on
doping profiles and electric fields =»
effect onSiPM performance may

depend on the details of the SiPM
design




SILICON PROPERTIES AT LOW T: IONIZATION COEFFICIENTS
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FIGURE 1.42. The impact ionization rate o for electrons as a function of the
temperature T, with the electric field E as a parameter, calculated from Suther-
land’s (82) model.

Ionization Coefficient (1/um)
Ratio of Ionization Coeff. B/a

1.0
0 100 200 300 400 500

/

Temperature (K)

FIGURE 6.73. The ionization coefficients for electrons and holes and their ratio
under the condition of breakdown as a function of temperature [after (249)
Bandyopadhyay et al.].

Impact ionization coefficient = avalanche
development, time development,
breakdown voltage

Electron/hole variation =» Wavelength
dependence of PDE

Temperature variation depends on doping
profiles and electric fields = effect onSiPM

performance may depend on the detais of
the SiPM design




AVALANCHE BREAKDOWN: TEMPERATURE VARIATION

Si ABRUPT JUNCTIONS
Ge ABRUPT JUNCTIONS
LINEARLY —GRADED JUNCTIONS

BACKGROUND DOPING (cm™3) 10

2
8
28
>

si{ex108cm—4)

300 400 $00 600
T(*K)

Fig. 4. Breakdown voltage vs temperature for Si and Ge
p-n junctions. ¥;(300°K) is 2000, 330, and 60 V for Si and 950,
150, and 25 V for Ge for dopings of 10'%, 10", and 10'¢ cm?
respectively. The linear-graded junctions have V;(300°K) the
same as those for doping of 10’ cm™.

Avalanche breakdown V is expected to show a
non linear dependence on T (depending of the

junction type and doping concentration)

Breakdown V decreasing with T due to increasing
mobility

NOTE: in freeze-out regime Zener (tunnel)
breakdown could be relevant.

- negative Temperature coefficient
(increasing with decreasing T)

Crowell and Sze

More recent model by
Crowell and Okuto after Shockley, Wolff,
Baraff, Sze and Ridley.




Absorption coefficient, & [cm™!]

K SILICON ABSORPTION LENGTH AT LOW TEMPERATURES

O T=415K
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A T=77K
X T=20K

0.6 03 ! - ' * Variation of the
Wavelength, A [um)]
wavelength-dependence
FIGURE 1.53. Experimental (symbols) and fitted (lines) absorption coefficient .
 of silicon at T = 415, 300, 77, and 20K [replotted from Rajkanan et al. (109)]. of PDE with temperature
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FIGURE 1.54. Measured absorption coefficient o (M) (107) and fitted « (solid
line) versus temperature T. On the right axis the fitted penetration depth (1/2)

is also shown.
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\) IN ADDITION: QUENCHING RESISTOR

X i Imm sq, STO-MPPC (50ump)
/] 1 .

O 200 250

time (sec) temperature (K)

fall time (nsec)

The quenching resistor value increases as environmental
temperature decreases. The larger resistor makes the
pulse amplitude lower and the tail longer.

Temperature dependence Temperature dependence
of the sheet resistance of the pulse fall time

3

nm sa MPRC S0umo

@ poly-Si resistor o
W metal resistor 80 | 4 poly-Si resistor
: l: metal resistor

N
I AN
AN

8

sheet resistance ( kohm/sa.)
8 & 8 8

Temperature (K)

Metal quenching resistor achieved 1/5 temperature dependence
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PULSE SHAPE: DEPENDENCE ON TEMPERATURE
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high pass filter / shaping
- recover fast signals

o
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Fig. 2. (a) Output signals from the MPPC when no high-pass filter is used. and (b) output signals
from the high-pass filter when two pulses were generated successively. . .
)  J ¢
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Reverse |-V characteristics at fixed T Dark current decreases rapidly with T
at rate ~ x2 / 10K

K\) REVERSE BIAS I-V CURVES — DARK CURRENT AND V,,

O

Breakdown Voltage vs T

FBK devices

Breakdown voltage decreases
at low T due to larger carriers mobility

— larger ionization rate (electric E field fixed)

G.C. et al NIM A628 (2011) 389
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Vep VS T — TEMPERAURE COEFFICIENT (AV STABILITY)

Breakdown Voltage

Vbr measured by fitting single P

p.e. charge vs bias voltage //“80 mV/K
- (pulsed mode) ~_+" (above 240K)

.

V, (TWV, (300K)

> ©
Co O

o
N

AVbr/Vbr/AT
___________________ “025//K#

the line iis for
FBK device eye guide .

S
[

150 200 250 300 350 LB Lol ot lew S e < e
T(K) ' atlow T : : :

G.C. et al NIM A628 (2011) 389

Avbr /Vbr /AT

P ~0.20 %/K

BreakdownVoltage [V]
w w [=2] (=]
[=2] -] o N
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Temperature [K]  J.Csathy et al NIM A 654

Fig. 6. Breakdown voltage as a function of temperature of the MPPC with 400 pixels.
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PULSE SHAPE VS T

The exponential tail of the single cell response (SCR) becomes almost

negligible at cryogenic temperature.
The fast peak

500 ns integration ,
IS preserved

<4 time T = 40K
—T = 120K
—T = 200K
T = 260K

ac —T = 300K
J Decreasing

l Temperature
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FBK devices

DARK CURRENT VS T
\] whole dpletin regio)

/]

O

constant AV

® AV=5V

® AV=3V

® AV=1V

A PARA G COIIA7LIO - CRYOGCGENIC RFHAVIOX IR OF Sl ICON PAMS
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assisted

tunneling
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center
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\3 DARK COUNT RATE VS TEMPERATURE (CONSTANT AV)

Measurement of
counting rate of 21p.e.

at fixed AV=1.5V
(= constant gain)

Dark Rate (Hz)

-
17
T

Yy
=
89
=
Q

Activation energy Eact~0.36eV

??? onset of carriers freeze-out

(carrier losses at very low T
due to ionized impurities acting
as shallow traps)

Under investigation

|
12 14

T (K*')x10°

4
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OPTIMIZE SIPM FOR CRYOGENIC OPERATION: FBK

1.E+06 Alberto Gola — IEEE NSS5-MIC 2015
@ Std. field-0OV=4V
1.E+05 | Std. field-OV=5V | B
@ Std. field -OV=6V g8
1.E+04 @ Low field-0V =4V - I.
@ Low field-0OV =5V . |
—~1LE+03 - o Lowfield-OV=6V - e > 7 orders of

=
o8 magnitude |
1.E+02 I' |
8
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o O
8. g.84 ¢
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A 10x10 cm? SiPM array would have .a total DCR < 100 Hz!




\\3 AFTER-PULSES VS T (CONSTANT DV)

Measurement by waveform analysis:
- trigger on single carrier pulses (with no precedi

within At=5pus), count subsequent pulses within

(find the after-pulsing rate rap)

- Subtract dark count contribution

- extract after-pulsing probability Par
corrected for after-pulsing cascade

e ~Yconstant

AP ”trainfs”

* several % below 100K

100K: additional trapping centers activated

A PARA G COIIA7LIO - CRYOGCGENIC RFHAVIOX IR OF Sl ICON PAMS

T decreasi
time cons

250
T(K)

The growth of micro-cell r¢
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\QUICK GUIDE: DARK RATE, AFTERPULSES, CROSS TALK

e 06K = 123Kk s 163Kk~ 217k Dark Noise Rate After-Pulsing swift
— - e, dUMped at low T increase below 100K

4
- m$

0.3

Par ~ independent
of T above 100K

0.2

11 SRH vs Tunneling

different slope 6DR/SAV
(cfr PDE vs AV)

2

(slight reduction expected due to
~ lower PDE for

large A at low T)

Cross-Tulk (%)




SPECTRAL SENSITIVITY

PDE w.u.

PDE vs A (AV constant)

PDE spectrum

at low T peaks at
shorter A

>
)

)
)

PDE (absolute

PDE (u.u.)

3

Pulsed laser (405nm)

Data




Timing resolution improves
O with decreasing T
* Lower jitter at low T due to
higher mobility:
a) avalanche process is
faster

b) reduced fluctuations
\ NOTE:

 Ultimate timing resolution
not likely to be a major

factor for LXe/LAr
experiments

A PARA G COIIA7LIO - CRYOGCGENIC RFHAVIOX IR OF Sl ICON PAMS

K\) TIMING AT LOW TEMPERATURE

& AV =42V
® AV =44V

single photon

timing resolution FBK

devices

75 100 125 150 175 200 225 250 275 300
T (K)

G.C. (2011, unpublished)




ay not be

well corre neasured at room
temperatures =2 need for dlicated cryogenic testing setups.

r



