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 SIPM radiation damage is a major concern when operating in harsh radiation environment
* main effect — increase of dark current/dark count rate proportionally to fluence that leads to:
* |oss of single photoelectron resolution
e decrease in response, which could be attributed to either:
e decrease of gain (G)
» decrease of photon detection efficiency (PDE)
e SiPM self-heating effect due to high power dissipation (see talk C. Villalba)

e unclear which effect dominates or if all three are relevant

Solution:
e study separately the effects on the dedicated test structures

e gain and PDE of irradiated SiPM are best investigated on the test structure that enables the readout
of one single-cell separately from the others in a SiPM

I NI e e e e b b e |
VCI 2022 oksana.bychkova@cern.ch 2 /14


mailto:oksana.bychkova@cern.ch

UH
Universitat Hamburg HamamatSU 81 41 60'1 5UM'SMPTS @Ephl

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Device under test (DUT) - test structure Hamamatsu S14160-15UM-
SMPTS in the ceramic package

e array of 11x11 cells with 15 um pitch

* one cell in the centre of array disconnected from the others
e 1 — common cathode
e 2 — anode of 1 cell

Hamamatsu SiPM test structure of
e 3 — anode of 120 cells 314160 series
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1200 X2 I ndf 2.80876
First results of radiation hardness study using SiPMs with single-cell s wiim
readout are presented in [1]. __8005 n_ e H41 4
- po -0.001022 *+ 0.1396
For fluence ¢ = 5e13 cm-2 we observed: S e T
56001 pr > 0.8 5 2472

e gain reduction of 19% ,%“’400: b 00000400 o]

. — ® ©=2.00e+12 [cm?]

* increase of V. by ~0.5 V O T B ©-100e113 o]

200—_ —4A— ®=5.00e+13 [cm™]

Open questions: N S S S S

oV V'
e self-heating effect

» fluence dependence of the difference between V. and V;;, where

* V=V, — breakdown voltage from G-measurements, so called turn-off voltage that
indicates voltage at which Geiger discharge stops

o VIV — breakdown voltage from 1V-measurements
e in this talk the overvoltageis vV, =V, — V})
e radiation damage uniformity of 1 cell and 120 cells
To address these questions |V-measurements were carried out on the same test structure.

Gain vs VOV for the studied test structures [1]

[1] E.Garutti et al. Radiation hardness study using SiPMs with single-cell readout. (2021) arXiv:2111.00483
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Bias and readout board

@Ephl

The dedicated board was produced:
e gspecially for IV-measurements
e with independent bias and readout for 1 cell and 120 cells

e channels are identical

Keithley 2450

Test structure

1 cell 120 cells

Circuit schematic

Keithley 6517b
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Experimental setup for [V-measurements consists of:
e stabilised broadband light source SLS201L/M
e SourceMeters: Light source feseesesesnarantnnetereinnerensnanans

Climate chamber

e Keithley 2450 (for currents > 0.1 nA)* :
e Keithley 6517B (for currents > 1 nA)* Keithley 6517b & 650 nm
e climate chamber '
e at +20 °C £ 0.1 °C
e at -30 °C £ 0.7 °C
 Pt100 attached to the side of ceramic package

Keithley 2450

120 cells Pt-100

*The setup has accuracy limitations on low current
measurements. Schematic drawing of experimental setup
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lV-measurements
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Measurements of IV-curves for 1 cell and 120 cells:

at temperature T = -30 °C
with and without illumination

in a voltage range V}) -2V < V,. < V/" + 2V

Ncell=1, T=-30

1, ., — dark current

L., — Photocurrent

Ilight =1, .+ Iphom — light current

Ncell=120, T=-30

38.0

10-7 —o— 0e+00 cm™2, ljight ]
1 —o— 2e+12 cm™2, ljgnt 10_5';
| —o— le+13 cm™2, ljgnt _
| —@— 5e+13 cm™2, ljgne 107° 4
10‘8-E — 2e+12 cm~2, lgarc _ ]
< 1 —— le+13 cm™2, lgank < 10_7_;
re 1 —— 5e+13 cm™2, lgark v ]
O v _ —e— 0e+00 cm™2, ljight
8 107 5 5 1078 ; : —o— 2e+12 cm™2, ljgn
m —o— le+13 cm™2, lygn
10-2 _Q —0— 5e+13 cm™?, ljight
10710 - —— 2e+12 cm™?, lgark
— = le+13 cm™2, lgan
1072 —— 5e+13 cm™?, lgark
35.0 35I.5 361.0 36I.5 37I.0 37I.5 38.0 35I.0 351.5 36.0 36.5 37l.0 37l.5
Voltage [V] Voltage [V]
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Breakdown voltage VY
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LD method [2] was used to determine breakdown voltage:

1 dI

. as a maximum of logarithmic derivative LD = — -

I dv

e approximated with mean from Gauss fit

Ncell=1, T=-30

Ncell=120, T=-30

9 9
—«— 0e+00 cm—? —>— 0e+00 cm™?
81 —%— 2e+12 cm2 87 —x— 2e+12 cm2
7 4 ) —#— le+13 cm™? 7 4 —#— le+13 cm~2 DUT VIVbd [V] at -30C
/| ™\ —+— 5e+13 cm-2 —+— 5e+13 cm™2
6 - \ \ 6 - $ [cm2] 1 cell 120 cells
S5 Rt 55 | OE+00  35.98 +0.03  35.94 = 0.03
=" EERVAN b -_ 2E+12 3593 £0.02 35.91 +0.03
3 . 3 - X
2 / N > {E+13  36.16 £0.03 36.13 = 0.03
T e 1§ SE+13  36.62 £0.02 36.58 + 0.03
%5.0 35|.5 36I.0 36I.5 37I.O 371.5 %5.0 35I.5 36I.O 36l.5 37|.0 37I.5 38.0
Voltage [V] Voltage [V]
» Vv of 1 cell = VY of 120 cells within the errors
[2] R. Klanner, Characterisation of SiPMs, Nucl. Instrum. Methods Phys. Res. A 926 (2019) 36-56
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non-irradiated, Ncell=1, T=+20C

1074 —— Pphear = 0.3 MW

The highest heat power we observed in our study — P,,,, = 1.9 mW for: | Dot

e 120 cells, ¢ =5e13cm2, T=-30°Cand V,, = +4 V 0w
To check if the measurements are affected by self-heating effect the 5 o
following test was carried out:

Pheat = 3.5 mW

_ Pheat = 4.9 mW
e operate 120 cells at the fixed voltage above the breakdown (V,. = 10-2-
39.1V, V = +1.5V) :

e change light intensity to generate different heat power _
> 120 cells serve as a heater 0 s a0 IS

=
9
co

Current [A]

38.0 38.5 39.0

* measure IV-curve of 1 cell and calculate V) o s
> 1 cell serves as a temperature sensor since V,, strongly j naluibedid N

depends on SiPM temperature N i Y

Result: S50 35

* no shift in v/} is observed up to 4.9 mW S 4T P = 4O mW
» self-heating effect is negligible in this study -
.-

For more information about self-heating effect in SiIPMs see dedicated talk by C. Villalba. 0 A L o0 aas .0

Voltage [V]
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V. and V;; vs fluence

* Is the value of V,, changing with fluence, and if so, is the change correlated to that of v, ;?

DUT Voit [V] VWpq [V]
For fluence ¢ = 5e13 cm2 we observed: ’
. ¢ [cm-2] 1 cell at -30C
* increase of V . by ~0.5 V
. 1V OE+00 35.25 + 0.04 35.98 + 0.03
* increase of V,; by ~0.6 V
: 2E+12 35.26 = 0.04 35.93 + 0.02
» difference between Vj; and v, ~0.9 V
1E+13 35.41 +0.04 36.16 £0.03
5E+13 35.74 +0.05  36.62 + 0.02
36.0
--= non-irradiated --=non-irradiated --=non-irradiated
—#— 2el2 cm™? —— 2el2 cm™? —— 2el2 cm™?
35.8 4 —— lel3 cm™? 64 —— lel3 cm™? L 94 —— lel3 cm™?
—— 5el3 cm? —— 5el3 cm? —— 5el3 cm?
3561 . 36.41 > 0.8- |
2, 2, 5
&= NT >
N | X0 'b """""""""""""""""""""""""""
35.4 - “ 36.2 - E>Q 0.7
[
______ S
35.2 - 36.0 1 L C DL IIIIIIIIIIoo= 0.6 -
0
35.0 - : ——r 35.8 - . 0.5 . .
1012 1013 1014 1012 1013 1014 1012 1013 1014
Fluence [cm™2] Fluence [cm™2] Fluence [cm™2]
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Radiation damage may produce local "hot spots” with size smaller than or similar to a cell [3].
e the probability to find a hot spot in the single cell depends on the fluence and the cell size

e our study is based on the measurements of four single cells — results could be subject to large
fluctuations due to the presence of "hot spots”

 one has to compare the 1 cell results to the average results of few cells

To check radiation damage uniformity, we calculate the ratio of:

e ], .,of 120 cellsto 1, , of 1 cell

* Lo Of 120 cells to 7, Of 1 cell

e for non-irradiated sample 1,,,, could not be measured — only ratio of /,;,,, were calculated

o for all IV-curves V., was corrected as shown on the slide #13

[3] E. Engelmann, E. Popova, S. Vinogradov, Spatially resolved dark count rate of SiPMs (2018). arXiv:1807.04113
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Ratio of photo currents

N
o
o

Result:
e expected value of the current ratio was obtained for:

* I, fOr all fluences and I, of non-irradiated sample
e [, . of d =[1e13, 5e13] cm=
* ratio does not reach a plateau and exceeds the value of 120 for

[
~
Ul

=
Ul
o

7
I
I

100 A

~
92}
]

— 0e+00 cm~2 (Ilight)

lphoto(120 cells) / lpnoto(1 cell) [a.u.]

| — 2e+12 cm™?
1, of ® =2e12 cm=2, the reason could be: 5" le+13 cm-2
T . . 25 - —— 5e+13 cm™?
e radiation damage non-uniformity ~ = ratio = 120
. . ° O.IOO O.|25 O.ISO 0.|75 1.IOO 1.I25 1.|50
e |imited accuracy of low current measurements Overvoltage [V]

500 Ratio of dark currents

» for most of the studied samples the radiation damage of the single
cell is comparable to the average of the surrounding 120 cells,
indicating good damage uniformity both in terms of dark current
change, and of PDE*G*(1+CN) change

175 A

150 A

125 A

100 A

~
Ul

—— 2e+12 cm™?
le+13 cm™?

—— 5e+13 cm~?

== = ratio = 120

(O)]
o
]

lgark (120 cells) / lyar(1 cell) [a.u.]
N
Ul

o

0.00 0.25 0.50 0.75 1.00 1.25 1.50
Overvoltage [V]
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5e+13 cm~2, T=-30C

o determine breakdown voltage for each IV curve o i
: 107°; :
e scale IV curves x-axis to overvoltage j |
: : : 107 5 :
e perform spline interpolation . ;
: — 1077 '3
e compute the ratio £ 5
. . 5 10785 |
 evaluate the effect of V., uncertainty (x 50-60 mV) on the ratio: S i
. 1072 5 : —— lgark, Ncenn=1
o for 120 cells curve — fix V/) value — f oo New=120
_ o 10-10- ! -—— VIV (1 cell) = 36.62V (ILD)
o for 1 cell curve — vary V/} with 10 mV step within the errors — ; ; V) (120 cells) = 36.58V (ILD)
VIV = [36.57..36.67] V 0 s wo w5 mo s
Voltage [V]
» take the ratios and evaluate the result 200- Vi (1 cell) = 36.57V

VY, (1 cell) = 36.58V
VY, (1 cell) = 36.59V

( )

( )

180 - (1 cell
VY, (1 cell) = 36.6V

( )

( )

 plateau is expected above the breakdown — violet curve V) =
36.63 V (10 mV difference with measured one)

e extrema at V, = 0 V mean that the IV-curves are inconsistent —
yellow and greenish curves

160 - VY, (1 cell) = 36.61V

VY (1 cell) = 36.62V (ILD)

* @ 0 o

140 A

120 A

lgark(120 cells) / 14a1(1 cell) [a.u.]

® VY (1cell) =36.63V

e ® VY (1cell) = 36.64V

® VY (1cell) =36.65V

. ® VY (1cell)=36.66V

60 - o VY (1cel)=36.6V
-0.5 0.0 0.5 1.0 1.5 2.0

Overvoltage [V]
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 The radiation hardness study using SiPMs with single-cell readout is ongoing.
* First observations from waveform measurements and analysis:
e gain reduction of 19% for ¢ = 513 cm-=2
* increase of V. by ~0.5 V for ¢ = 5e13 cm
e |V-measurements were carried out for the same test samples to address the questions:
» self-heating effect
> negligible in this study
» fluence dependence of the difference between v, and Vj;
» no visible dependence within the uncertainties for ¢ = [2e12, 1e13] cm=2
» ~0.9 V for ¢ = 5e13 cm™2
e radiation damage uniformity of 1 cell and 120 cells

» for most of the studied samples the radiation damage of the single cell is comparable to the average of

the surrounding 120 cells, indicating good damage uniformity both in terms of dark current change,
and of PDE*G*(1+CN) change

e method for extraction of |V-curves ratio was proposed
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