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Deep Diffused APDs (DD-APDs).

* Manufactured by RMD.

+ Amplification deep inside the bulk of the sensor.
+ Requires high voltage (1700 V - 1800 V).

+ Delivers high gain and fast response time
See M. Centis Vignali, 31st RD50 Workshop.

8 devices.

+ Sent to Ljubljana for neutron irradiation.

+ 2 samples per fluence.
+ 3x1013 n/cm?.
* 6x1013 n/cm?2.
* 3x104 n/cm?.

¢ 1x1015 n/cm?.
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Measurements

2

Before and after irradiation for all samples.

+ Transient Current Technique (TCT), |Redfront)| IR front
TCT TCT

<+ XY scans. '

Diffusion p-region

* Red and IR front illumination.

Depleted p-region

* Voltage scans.

* Red and IR front illumination. Diffusion n-region
* All TCT measurements were done at -20°C. 4|l[>2r'gt:a“lt
* CV at -20°C. =
+ IV at 20°C, 10°C, 0°C, -10°C, and -20°C. HV
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Transient Current Techmque (1CT)

TCT Measurements

+ Temperature -20°C. eTchon Té%n
+ 10 dB effective amplification. '

+ 40 dB CIVIDEC amplifier.

+ Linearity range: =1 V output.
+ 30 dB attenuator (before amplifier).
+ Laser intensities (peak power):
+ Red = 87 uW.
+ IR =129 uW.

+ Read-out and biasing from the back (cathode, i.e. n-side).

+ Customised bias T (C = 4.4 nF; R =1 MQ).
+ Compliance set to 10 pA.

Depleted p-region

Diffusion n-region

‘ | > Output
signal

——

HV
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Homogeneity Analysis

Charge collection XY scans



2

S0 XY scans at 1700V, -20°C [

Before irradiation After irradiation 3x1013 n/cm?2

charge [pC
charge [pC]

8.8 9 92 94 96 98 10 102 104 106
X [mm]

4/

62.2

62
61.8
61.6
61.4
61.2

61
60.8
60.6
60.4
60.2

- N WA O N 0 ©

charge [pC]
charge [pC]

60.5 61 : 60.2 604 606 608 61 612 614 616 618 62 622

x [mm]

Sample: APD_2B_1
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o XY scans at 1700V, -20°C [

Before irradiation After irradiation 3x1013 n/cm?2

charge [pC])

92 94 96 98 10 10.2 104 106 10.8
x [mm]

charge [pC]

6
%0.8 61 61.2 614 616 61.8 62 622 624 626 62.8

x [mm]

Sample: APD_2B_3
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o XY scans at 1700V, -20°C [

Before irradiation After irradiation 6x1013 n/cm?2

charge [pC
charge [pC]

9 92 94 96 98 10 102 104 106 [10.8| . 92 94 96 98 10 102 104 106
ximm

charge [pC
charge [pC]

606 608 61 612 614 616 61.8 62 622 624 62.6 " 606 608 61 612 61.4 616 61.8 62 622 624

x [mm] x [mm]

Sample: APD_2B_5
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S0 XY scans at 1700V, -20°C [

Before irradiation After irradiation 6x1013 n/cm?2

charge [pC]
charge [pC]

92 94 96 98 10 10.2 104 106 4 9 92 94 96 98 10 102 104 106
x [mml x [mm]

4/

E 62.2 E 3
7 62
61.8 =20
61.6
61.4
61.2 .
61
60.8
60.6 .
60.4 |

606 608 61 612 614 616 618 62 622 624 626 606 608 61 612 614 616 618 62 622

charge [pC]

x [mm] x [mm]

Sample: APD_2B_11
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o XY scans at 1700V, -20°C [

Before irradiation After irradiation 3x104 n/cm?2
.| IRTCT
E 12.8 6‘__;
= '50 s | |Impossible to perform the measurements.

— 40

+ Leakage current >1.5mAat7 V.

30

20

92 94 96 98 10 102 104 106

X [mml

61.5 62.5

x [mm]

Sample: APD_2B_6
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o XY scans at 1700V, -20°C [

Before irradiation After irradiation 3x104 n/cm?2

charge [pC]
charge [pC])

0.3
0.2
0.1

96 98 10 102 104 °

x [mm]

I0.8
0.7
0.6
0.5
0.4
0.3

0.2
0.1

charge [pC]

608 61 612 614 616 61.8 62 622 624 62.6 62.8 606 608 61 612 614 616 618 62 622

x [mm] x [mm]

Sample: APD_2B 4
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XY scans at -20°C )

After irradiation 1x10'® n/cm?
. IRTCT |—

charge [pC
y [mm

92 94 96 98 10 10.2 104 106 108
X [mm]

608 61 612 614 616 618 62 62.2 624 62.6
X [mm]

Sample: APD_2B_7 *Reached compliance at ~480 V.
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o XY scans 1700 V at-20°C. [

Before irradiation After irradiation 1x10'° n/cm?2

charge [pC])

92 94 96 98 10 102 104 106 10.8
X [mml]

62
61.8
61.6
61.4
61.2

61
60.8
60.6
60.4

60.2
608 61 61.2 614 616 61.8 62 622 624 626 62.8

X [mml]
Sample: APD_2B_9
21/11/2017  S. Otero Ugobono, Characterisation of Neutron-Irradiated DD-APDs, 3 1st RD50 Workshop, CERN, Geneve, Switzerland 13

charge [pC]




@y
\RD50 X

T'CT Voltage Scans

Charge collection vs. bias voltage

Only voltage scans with IR illumination will be shown.
Red illumination voltage scans can be found in the backup slides.




> Measurements before and after irradiation.

Fixed illumination position.

1 APD 2B 1-6=0cm? L L
] APD 2B 1 - ¢ =3E13 cm?
102 | —— APD 2B 3-¢=0cm?
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............ APD_2B 5- ¢ = 6E13 cm°2
——— APD_ 2B 11-¢=0cm?
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= | - - APD 2B 6-¢=0cm?
= APD 2B 4 - ¢ = 0cm?
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[ HHH‘

10 |
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o IR-TCT Voltage Scans at -20°C E A

* Up to ¢ = 6x1013 n/cm? charge collection can be recovered by
increasing the voltage.

* For ¢ = 1x10"° n/cm? a Vpias of ~8000 V would be needed to
recover the before-irradiation charge at 1700 V.

~1800 V
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2 | eeeeeeeneee APD 2B 1-¢=3E13cm? 1900 V
S 102~ | —— APD_ 2B 3-¢=0 cm? I
5 = | e APD 2B 3- ¢ =3E13 cm? |
< — | —— APD 2B 5-¢=0cm? /
o - -— p— ° e e
I [— APD_2B_5 - ¢ = 6E13 cm? Q(1700 V) before irradiation ‘ ,
jo L | = APD 2B 11 - ¢ = 6E13 cm? ) i
= APD 2B 6- ¢ =0cm® ,// Fi
= APD 2B 4- ¢ =0 cm? DA S
— ——— APD 2B 4-¢=3E14cm? ///’ Fiv.
| —— APD 2B 7-6=0cm? p &4
——— APD 2B 9-¢=0cm? Y 4 |
L Sl APD 2B 9- ¢ =1E15cm? I
— DS o ‘ ’ v |
- R
- I
I A Al \ A ~ ¥ ‘q?’ ’.:"s‘);';i"‘ ': Lo ~ :.'.?,‘1_?“ "1 ;gﬁ h}%‘i"-"
i A, ‘\, v!.f‘; ,"W ,;‘\2“.‘4 :4;\';. Q”; ‘r* 1 U ,“ 3 ) ¥g, ~ ' : 4t 35"."”'? - %f.
107 SN .~1‘-.éy‘;","i'f ;‘“'\'""t,)'-:‘i’!"x!f' At Ny | ‘V‘ o T v i
f” i b M- *\‘” Wi e K b :
R 2 TV s
! | ' i i ' 11700 :V
10—2 ’ﬂ I I/l‘l [ |‘|. Lo L [ R T B R | g

0 200 400 600 800 1000 1200 1400 1600 1800
bias voltage [V]

21/11/2017  S. Otero Ugobono, Characterisation of Neutron-Irradiated DD-APDs, 3 1st RD50 Workshop, CERN, Geneve, Switzerland 16



@y
> RD50 X

Capacitance vs. Fluence



Capacitance at 500V, —ZOOCE

* Measurements before and after irradiation for all samples.

+ Capacitance decreases with fluence.

+ Indicative of an increase in thickness of the depletion region.

I I llllll! I I llllll! I I llllll! I I IIIIIIJ:_

1204

Capacitance [pF]
=

Qo

Vbias = 500 V.
+ f=10 kHz. A

°T = -20°C.
i

Back biasing (n-side). E
21~
OT 1 1 lllllli | | lllllli | | lllllli | | llllllT

0 10'2 10" 10" 10"

2
Fluence [n/cm®]
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Leakage Current Measurements



D50 Measurement Conditions N

+ Measurements before and after irradiation for all samples.
* Temperatures:

+ 20°C, 10°C, 0°C, -10°C, and -20°C.
+ Back biasing (cathode, i.e. n-side).

* Compliance 10 pA.
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IV curves at -20°C.

+ Before irradiation all samples, but one, behave similarly.

* Leakage current increases with fluence.
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oGurrent vs. Fluence at —ZOOCE

. x10°®
* Leakage current at 200 V (no gain). ° 4 1@00V) ‘
S 06 Linear fit of the data
% 4 d 1 2 ] 3 Expected | vs. fluehce dependence for a
* Estimated aver age annealing time: 0.PiN (6E-4cm3 @ -20°2; 73 min annealing @-21°C)
o ) 0.4
* 73 min at 21°C. o i
+ Dimensions assumed: 6x10-4 cm3. -
0.1

e s wd —50im: <10
800 1000
< ; : S —————— : g - Fluence [n/cm?)
£ N
- -
- J
S c v Nl
107" : be].langes umeis;}!
; o o lng' are
- Damage coefficient:” Cong;, R0t
| derey
0® -+ From fitting DD-APD data:
' A 1(200 V) Afit = 8.66X10'19 A/Cm
— Linear fit of the data | :
Expected | vs. fluence dependence fora | * For a PiN of equal volume and
- 1Y - - - (o) H 1 o | -
1079 P,LN (6E-4cm3 @ 201?, 73 mmManneaImg @ 21 C){s annealmg:
2x10 10 2x10 10 =
Fluence [n/cm?] apin = 17.5x10"° A/cm

21/11/2017  S. Otero Ugobono, Characterisation of Neutron-Irradiated DD-APDs, 3 1st RD50 Workshop, CERN, Geneve, Switzerland 22



+ QObjective: produce an Arrhenius plot, calculate the effective energy and
compare it with the expected value.

2
¢ =3E13 noq/c
go ¢ :—0 S AR SSLARLANANAIN! IRLASLINANIN NII0S00000 DEANANAN ‘2 / ndf 1.019/3
: Constant 10.87 + 0.4431
5 - Slope 0.6263 + 0.01048
107 — —
TP T A T T B T, . T
39 40 41 42 43 44 45
1T [eV)
o =3E14 n_/cm?
— Yy L YTy O'Q" Y lzlwf 01567,3
<ot T T T T
z - - Constant 13.83 + 0.4574
5 C Slope 0.6407 + 0.01082
10°¢
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1111

T

¢ =6E13 noq/c

o Leakage Currentvs. Temperature )

+ IV curves were measured at 5 different temperatures.

2
£ ndf 0.2641/3
Constant 11.59 £+ 0.4529
06277 + &01071

Slope

L L L Ll

1T [eV)
2
7 [ nalf 1.308/2
Constant 11.75 £ 0.5819
Slope 0.5679 + 0.01349

el
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Effective energy )

* Fit to: I(T) oc T?exp ( lgzgf) with E ¢ = E, + 2A

2 EXpeCted value: Ectr= 1.21 eV. 1013, A. chitingaroy, JINST 8 P10003 ]

* Average and SD over fit results: Eegfit = (1.22 + 0.07) eV.

i IEEEEE : : I I I

3x10" 10" 2x10'" 10"
Fluence [n/cm?]
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Conclusions )

+ XY scans seemingly show a reduction of the active area with fluence.

+ Red-TCT XY scans: central inhomogeneity appears for ¢ = 6x10"° n/cm?.
+ This has yet to be understood.

+ TCT voltage scans show a decrease in charge collection with fluence.
* For ¢ = 6x10% n/cm? charge collection can be recovered by increasing Vipias.

* For ¢ > 3x10'* n/cm? the bias voltage required to recover before-irradiation
charge collection levels is beyond reasonable values.

+ From [(200 V) vs. ¢, a was estimated: 8.66x10'°A/cm (expected order of
magnitude).

+ Effective energy calculation: Eg't = (1.22 + 0.07) eV.
+ C vs. ¢ data show an increase in the depletion region thickness with fluence.

* Further studies must be performed for 6x10"° < ¢ < 7x10™* n/cm?.
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Backup Slides



Deep Diftused APDs R

+ Manutactured by RMD.

0.

¢ Structure: Previous study of neutron-irradiated DD-APDs:

+ n-type NTD-doped silicon (Topsil).| S. Otero Ugobono, Characterisation of HFS
+ Grooving wafer. Detectors, 29th RD50 Workshop, CERN,
November 2016

+ Deep diftusion of p-type dopants.

+ Gallium used as dopant.
[2006, McClish et al., IEEE TNS, 53, 3049 ]

vvvvvvvvvvvv

X/
A X4

Etching of surface layer.

107 * measured data |

best fit

Grooved Wafer
10!0

Deep Diffusion—
into S1 wafer,
p-n-p

'ols

I

1 S1 Removal 1o

Dopant concentration (minus background of 1.5 x 10"¢ cm™) (cm?)

GND ]-,, \r o
— HV
: RS oo s 20
[2004 McClish et al. . IEEE TNSjlzvafa. ched Distance from the silicon surface (um)
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e APD 2B 1-9=0cm?
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Leakage Current vs. Temperature
Plots for all Fluences and Devices



Sample: APD_2B_1 )
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Sample: APD_2B_35 [
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¢ =6E13 n_/cm?
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Sample: APD_2B_11

i

¢ =6E13 n_/cm?
q

'E [ ] 1 1 I T ] 1 1 1 T [ 1 1 1 1 [ T ol 1 Xz , ndf 0'5147 / 3
= Constant 11.71+ 0.4523
e Slope -0. 6295 + 0 0107
31076 : ; ;

07

I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | 1 1 | 1 1 1 | I 1 1 1 | I 1 1 1 1 1
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