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Characterization of a new type of
CMOS Geiger mode pixel detector

_ _ G.Collazuol
1) Introduzione chip APIX E Fioretto

2) Misure e Strumenti R.Stroili



The Avalanche Pixel Sensor (APIX) concept

Innovative Silicon tracker based on
1) thin sensitive volumes (pixels)

2) producing large signals ‘

3) high timing resolution

reduced material budget

reduced power consumption
enhanced S/N - “simple” electronics
better radiation hardness

e high rate capability

Quenching Particle

% Discriminators x// fetecton
% I

particla l\

Coincidence
detector I_
LU |

Dark counts

Avalanche detector I

= Two Geiger-mode avalanche detectors in coincidence:
DCR =DCR, x DCR, x 2AT

= |n-pixel coincidence: integrated electronics is needed:
CMOS avalanche detectors
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The APIX2 Project

“"Development of an Avalanche Pixel Sensor for tracking applications”
Funded by INFN - CSN5

Project coordinator:
Pier Simone Marrocchesi, INFN Pisa and University of Siena

Collaboration:
P.Brogi¥), G.Collazuol?, G.F.Dalla Betta®, A.Ficorella®, P.S.Marrocchesi?,
F.Morsani!), L.Pancheri®, L.Ratti*, A.Savoy-Navarro>

1) University of Siena & INFN Pisa

2) University of Padova & INFN Padova

3) University of Trento & TIFPA

4) University of Pavia & INFN Pavia

5) Laboratoire APC, University Paris-Diderot/CNRS Paris
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Innovative silicon pixel sensor for charged particle
- tracking and imaging

Physics, technology, preliminary results and context
in the following talk

The status and the perspectives of
the silicon 3D and 4D pixel detectors

bY L.Pancheri (“father" of the APIX chips and...
.. author of almost all the following slides)

Lectures on Wed 23/10 and Thu 24/10 at 9:30
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APIX array prototype ot hp Top chi

T 50% fill factor

r’ £

*  Process: LFOUNDEY 150nm 3
CMOS b

« 2 different chips: APIXC1 (8mm”)
“father” and APTXC?2 (6mm?-) “son”

« Vertical interconnect: per-pixel

Jmm
OO000O0O0O0OO0O0O0OOo0

coincidence detection B o] (o ===°* O
* Chips can be tested independently - = - g g E
before vertical integration | g g g
* Chip-to-chip stacking (IZM bump - -
bonding) o o
+ Stacked sensor assembly: Banding
— Wire bonding on chip 1 T o
— Power supply and communication _@' — — ﬁ‘
with top chip handled by bottom Package
-‘.:]:Llp Side view
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Pixel layout

Single pixel Array arrangement

50um

25um

50um
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Pixel Gr'r'ay pr'OTO'l’ype " 16 rows: total width 16x75um = 1.2mm
" 48 SPADs per row: total length 48x50 = 2.4mm

= 16 x 48 pixel array
= Pixel size: 50pm x 75um Bump bonding pad
= Splittings in detector type and area

40pm | | 43pm
x X
40pm 45pm

Pixels with different detector area Pixels with shielded
(unshielded) detectors
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Array partitioning

SPAD
type 1 =%

SPAD
type 2
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Unshielded Shielded
A A
r v ™\
= 24 % 8
L |
ﬁ 24 % 8
o
Array size: 48 x 16 SPAD pairs size combinations
(Chip1 - Chip2)
SPAD active area sizes: A A A-B
A 45um
B: 40um D B-B A-C
C: 35um cC-C A-D
D: 30um -
@ oo




SPADs in 150nm CMOS process

= Standard CMOS process — no modifications
= Avalanche diodes in deep nwell: isolated from substrate

p+inwell

metal shield

Type 1:

= Shallow step junction
= Active thickness ~ 1um
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pwell/niso

melal shield
.

= —

pesub

Type2.
= Deep graded junction

= Active thickness ~ 1.5um
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Pixel Schematics

~ Front end Comparator Monostable

Common to _<
Chip 1 and 2

r

|
fram prev. :
S A — to naxi I
U a o
T —

Onlyinchip1 =< E

|
|
|
|
1
out : R |
o i > R FIFO_TX T i
Coincidence IN o 1 '
~— from chip 2 |t MEM_RN FIFC_RN |
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Geiger mode avalanche detectors

SPAD

Vout
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Vout

1 primary generated electron-hole pair:
very large current pulse ~10° - 10°
electrons

time
evenis
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Signal propagation

High Voltage
bias -
= Vhskap
El A .
vervollage
Comparator Wrat ... \\
SPAD N\ P —

A out

out
Quenching Vg J_ -
transistor ’—I]IZM‘ \ oot lime

* High voltage V 5, applied at nwell

* Maximum voltage at node A: V,, = V,spap = Vip

* Small capacitance at node A

» Passive quenching with constant current recharge

L.Pancheri — VCI 2016
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Signal propagation

Vispan

TEST - Electrical test A
._4
A== |B ?
| R R biyﬂ Vit oo S U L 1.8V
Vg
»—[”:I'I.JH \ " out ]
Clamping to 1.8V -
time

'-._l__hw___,.-' '-.,____H___._.ﬂ'
3.3V transistors 1.8V transistors

* Front-end transistors: 3.3V - Maximum overvoltage 3.3V
* Digital circuitry: 1.8V compact — fast — low-power

L.Pancheri — VCI 2016
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Signal propagation

Vbsean Output passes
TESL! if enabled
yAN /
e s ek
| =14 out
i I
[25]
L Ve
EN
{0 ab—{[ me
b \
Enable = SPAD recharges
Register if enabled

Pixels can be individually disabled:

M-, disables recharge

» Qutput and gate blocks output pulses
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Signal propagation

v Vertical
Vbspan : :_:Tm::::mﬂn
| TESLI PP
A ';' B EN out2 -
[ L =N — outl _)_
W I i
b
'_I] |: M1 Vred Coincidence
detection
EN
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—=
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aut2
out
»
ime

= Coincidence with top-layer pixel

L.Pancheri — VCI 2016
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Signal propagation

".-fngl_h'-.n

TEST
VAN 3
A ==

H"r':'f'—|]|:|n.r11
- D Q iﬂ[m

v Vertical
Monostable E interconnection
for pulse to top pixel
shortening
PROG +
B e outs out
ﬂj ﬂ outi :}—
J_ Coincidence
Vret detection
outl ] I_I
out2 [ ] I_I
out [_
o
bme

= Pulse shortening: reduces the rate of accidental coincidence
= Programmable pulse width: 750ps, 1.5ns, 10ns
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Signal propagation

Vhspan
TEST
I
A % B
UL’,“_I] [ o Wret

e ﬂﬂ&u

= Global shutter operation:

=  Fast transfer from memory to output register
= Simultaneous accumulation and data output

L.Pancheri — VCI 2016
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1 bit Memory
PROG Hi
- 1' out2 i D Q
‘ ‘ outi -
I
MRES
TX
e D QpF—--
—=

CK |

RES
Output Register
Pixel in chip 2 (son) Pixel in chip 1 (father)
out
SPAD + coincidence SPAD +
frent end I frant end | |
Enable register Enable ragister
. 1-bit Memary and
Vertical — —D_ oulput register
interconnection -
In
coingidence



Output FIFO (Shift Register)

Monostable

I'""-

Common to _<

- e e m e e e E - —---—-———-- -

Chip 1and 2
"""""" SIS
. l
o Gt MmO tagenr
Onlyinchip1 =< : b ol
| > B
;:ﬂlmldem:ne IM FIFGT N “
o _
----------------- SHIFT

96 cells
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Timing diagram: enable register loading

TESTH

C2_TESTN

VER_REM

VSR_CK

C2_VSR_CK

EN_RN

EN CK i

EH_IH : 1 LorH

C2 EN_IN j | Lor

¥ 48

n 16
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Timing diagram: data readout

Initialization Transfer from mem Crata transfer and

(only at startup) To FIFO and mem Signal

reset accumulation
FIFO_ RN o : 5
MEM_RN : |
FIFO_SEL
FIFO_TX
1 : - |
FIFO_QUT=<i= : . | DAQ ; |
—
¥ O
S -
T
AD LIBITUM
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Additional readout mode: Row OR outputs

Fiasd row imchip 1

Pizsl 1 Finl 2 Pical M

How glodol R

SPAD - SPAL + SRAD + I ol ) B
Frgrd ed —I.b_ | | = trons s —Ibhil_m Fosignd [ .H | | s Lz ] x'\u 1_past_rome n
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EH_in_raw_n

Flam ros Inchilp 3

Mowy giodgl OH

a1 Pl 3 Ticsid
(Thl
—_— [T
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Tt onel I | | T o el I —I_ — omend [0 . | | 1
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only on Chip 1

OR_out_row1 OR_out_row1
Row 1 Row 1 OR_out

OR_out

Row N

Row N

OR_out_rowN OR _out2

OR_out_rowN
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Timing diagram: row selection

Optional: use only if row and coincidence output need to be observed.
Qutput setting:

- OR_out (row n of Chip1)

- C2_OR_out (row m of Chip2)

- CO_out (row coincidence between row n and row k)

VSR_RN L]

VSR CK [ ]

G2 VSR CK L]

VSR2_CK L ama

£n X m Xk
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Laboratory: measurements & tools

1. pixels Dark Rate measurement - breakdown voltage
- Oscilloscope / scalers

2. Cross-talk measurement
both horizontal (bottom chip) and vertical (Top-Bottom)
- Coincidence circuits (on-chip/external)

3. Timing resolution
- pulsed laser (30ps, 375nm)
- TAC (5ps) / Waveform digitizer (5GSs)

4. Afterpulsing
- Waveform digitizer / TDC

5. absolute Photo-Detection Efficiency (unshielded cells)
- pulsed laser (30ps, 375nm) / pulsed diodes
- calibrated photo-diode

- 2
1/r> method (5'. Optional) relative PDE

- halogen lamp

6. Sensitivity to a and B sources _ monochromator

SNR: coiv  cuna ns.g\alers



Reference - DCR

Type 1

10°

4345 um

——— 4 (x40 um
A5x35 um

e

Vey = 3.3V

10°

40 60 80 100

“o Devices

a

10°

20 40 64 i 100
“ Devices

* Cumulative distribution, combined measurements on 3 chips
* 600 devices for largest size, 72 for smaller ones
* Median DCR = 2.2kHz for largest cell size of both types
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Reference - Vbd extraction method

WiEtmEan
5::;’" Ve Comparator
[ 1 +
Fi3

wore "0 O

Enabie ,_”[,,..1

Vgp extraction from |-V curves:
not possible

Vgp extracted from the dark
count rate vs. voltage curve
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Counts [cps]

L. Pancheri et al., Proc. IEEE ICMTS, 2014
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Reference - Horizontal cross-talk

Count rate in coincidence between 12 3 4 5 6 7
) . I OH m = N
two pixels in the same column 1O L N
. ] B O O n
Normalized rate: CRyeas ] 1 H n
2-CRy{-CR,-AT - 4 H H .
T 1 Type 2
8 ype Ji yp
—&— Vax 1V —B— oy 1Y
g’ sl 2N Crosstak e
E 6 w6
e 5 I".
=5 550
Z =
=gl Cross-talk 54
(i [
T3 / o3l
5 5
224 £ ot
5 I~ =
L4 T - N 5 ] B < 4t 5 2 2
0 : 0 : :
1 Z 3 4 5 5] [ 1 2 3 i | 5 f T
Pixel n® Pixel n®
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Reference - SPAD timing

Measured on 10-pm devices, with blue laser (470nm), 7Ops F\WHM

Type 1: 60ps FWHM Type 2: 170ps FWHM
100000 100000
FWHM = 92ps FWHM = 134[35
FW(M/100) = 1060 ps FW(M/100) = 1170 ps
10000 - 10000 -

1000 - 1000 -

Counts
Counts

100 - 100 -

10 -+ 10 -

0 1 . 3 4

Time [ns] Time [ns]
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Reference - SPAD PDE

Type 1: p+/nwell

40
—VE=
33 —VE =4y
— —VE=
¥ _ . ;
£ 2
2
&
e
f= 8
= 15 1§
g
9
o
350 450 550 650 750

Wavelength [nm]

Shallower junction:
better NUV — Blue efficiency

Lid
|3
1

Fed
L

[
LA

=
=

Detection probability [%]
&

Type 2: pwell/niso

=——WE = 3V
—VE = W
m—E = 5V
=—E = BV

Wavelength [nm)

750

Wider depletion region:
Better red-IR efficiency

L. Pancheri et al., J. Selected Topics in Quantum Electron, 2015
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Enjoy the "APIX" SNRT Lab. 1 !l

Lab. NUCLEX - Sala 3 - LNL

SNRI 2016 - Lab1l APIX



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29

