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HM[] CMOS Detectors .

& Development

oEticaI Ehotons, & scintillation

« CMOS APD Pixels
« CMOS GPD Pixels
« CMOS SSPM Detectors
 Applications:
— Dosimeter-on-a-chip
— PET

» APD: below breakdown — proportional
» GPD: above breakdown - Geiger

» CMOS Ubiquitous: basis of all digital ICs
— Integrated chips (readout)
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HM[] CMOS APD Pixels .h

& Development

» Internal gain reduces readout noise contribution
from integrated preamplifier
* Explore different
CMOS technologies &
different designs

AMIS CMOS Process
AMS CMOS Process
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CMOS APDs
Pixel Design 12

MO

Instrument Research
& Development

30um dia.

Performance

Quantum Efficiency (QE)
Gain & excess noise
Uniformity (small pixel effect)

Dark current and capacitance: 300um x 300um

— Important for integrated preamplifier
* 1.5 pA bulk, 0.15 pA Ohmic
« ~20 pF

HoNaTY

Pixel Design 12: Besse et al. (2003)
Stapels et al. (2006)
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RM[] QE vs. Wavelength .

& Development

CMOS PIX6| guard ring ~ + _
(Design 12) -
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A.S. Grove 1967
 Good Spectral Response
— Blue: Increased reflection and surface
recombination

— Red: Reduced absorption by thin pixel
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CMQOS APD
Characterization nstrument Researc

MO

30-um round & square CMOS APD pixels
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30 Design ® | :
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Bias (VO|tS) CMO_S APD Gain .
. F=Kegif G + (1-Kegf )(2 -=j
e Gains > 30 (632-nm photons) G

 ENF of round better than square (small pixel, edge effect)
i keff =~0.2

» Useful gain ~4
» Extracts signals from noise floor
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CMOS APDs
for SPECT Camera "scecomen

MO

* Integrated preamplifiers for each pixel

o Better Performance from larger pixels:
Gem e sy g3 aay  Less edge effects
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CMOS GPDs
Pixel Design 1

Instrument Research
& Development

Pixel operated above breakdown
« Count (digitize) optical photons
e (Geiger tube - Passive vs. Active Quenching

Performance
« Detection Efficiency

o Selection of Quenching resistor

 Dark Count Rate

« After Pulsing (multiplier in t — excess noise)
 Dynamic Range (improved w/ AQ)
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Instrument Research

(COva et al) & Development

MO

DE(LV,) = QE(2) P,(V,) Ps— Geiger Probability,
V. — Excess Bias

AV,
(DE)=QE(A)x [P,(V,)x B, dV,
0 P, — Excess Bias Distribution

Low count rate limit: ( V) ~V,;, P, ~a V
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Excess Bias (V) Excess Bias (V) Excess Bias (V)

(DE)~ QE(A)xa(Vy)  a~5% perV excess

» High count rates: ( V) < V_"“saturation effect”
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Selection of Q

MO

0 ()
0O 5 10 15 20 25
Applied Excess Bias, AV, (V)

» Count rate (thermal) affects (DE)

. Instrument Research
ReS I S t O r & Development
Saturation Effects: ( V_) #V; 0r————e— g
Prac(AV,) = 25{(DE)=QE(1-e™™a) , 110 T
(DE)~ QExa |1-¢ ") 5 20 Bk g
2 151 ek &
_ _ i 10 4k 3
» High Q-resistor—long recharge: ¢ 2k O
&) ©
o 5
2 ~

Passive quenching (PQ) failure at high biases

» Low Q-resistor—Limit Max. _ %o
Operating Bias 2 5501
- - S ¢ 40
- Limits Max operating bias & DE T @ g
. . 9]
¢ Quenching time —o0 E 820
- = z
« Smaller pixels, lower Vmax @ o 18- V. =0.4+0.1°R }

R-Quench, but faster recharge 0 150300 450 665 750
Resistor Value (kQ)

> Best Q-resistor depends on count rate (DCR)
 Valid for SSPM design
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RM[] Active Quenching .

& Development

MMMMEMT’M,E*DMI!“ . .
T i s 3X16 pixels, 30-um dia.

;ﬁ it S S R on 150-um pitch

ymax 1x16, 30-um dia. pixels,
2 up/down counters & RAM

Real-time readout through
USB

0123456789 101112131415

» Active Quenching improves performance, but trade-offs
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MO

» Delayed release from traps charge — After pulsing
e Multiplier, M., (nu=M.n;) & Excess Noise, F (c?=F+lin)
* M, depends on PQ configuration (no short-lived)

After P u | S I n g Instrument ﬁiiearch

& Development
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Applied Bias (V) Applied Bias (V) After Pulse Multiplier (My)

geometric (probability distribution):
=M a9d +”d01%4a = nztl(ZMa _1)

» Easily calculate o estimates from n,; and M,
» After pulsing F on SNR: equiv. to decrease in DE by F
* For same SNR, increase collection/integration time by F

www.RMDinc.com 12 Radiation Monitoring Devices



MO

Performance

 DE =fill factor*DEgpp

e Gain, & Dark (thermal) Count Rate (DCR)
 Temperature dependence of breakdown V
 EXcess noise & Energy resolution

* Cross talk (optical) analogous to After Pulsing

C M O S S S P M S Instrument Research
Arrays Of G PD P|Xe|S & Development
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C M O S S S P M Instrument Research
P ro t 0 ty p e & Development

4 x 25,
20-um dia.
CMOS GPD
pixel array,
. | : 43-um pitch
e Signal from pulsed diode laser
10000 Relative 'I_igh't' 1 ——10 galooz """"""""""" ]
Intensity 2 20 9 g5] O]
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Number of Triggered GPD Pixels Relative Light Intensity

» Increased intensity triggers more GPD pixels
» Energy calibration
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SSPM Performance
CO nSIderatI OnS & Development

M

Early Prototype
o 28 x 28 (784)
& 30um dia.,

125 SSPM quad.

125 * 79% fill factor
(100um pitch)

d Ga|n NpixX q:Npix X CJn X Vx

B N
. Dark Signal: Ry = 2PCA" . ipery

Nt uncorrelated
 Temperature Dependences:

— Gain (fixed applied bias): Npix x Cjn x 0.025V/ °C x AT
— DE (fixed applied bias): QE x 0.05V-1x 0.025V/ ° C x AT
— Pixel DCR: ~doubles every 8° C (small affect on Ry)

» T-dependence of Gain largest

* Control applied bias for constant Vy
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RMB High-Density SSPM .

-5

Q1: Type 12 | i LR
Fill Factor = 19%
1020 pixels

02: Type 12
Fill Factor = 29%
700 pixels

~3.3
mm

03: Type 4
Fill Factor = 29%
700 pixels

Q4: Type 12

F%Fa}ctc:r =29% ., p1: Q1 pixels (12) P2: Q2 pixels (12)
576 pixels « P3: Q3 pixels (4) P4: Hyper-dense square pixel (12)

» Better fill factor, better SSPM DE
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RM[] Energy Resolution .

2
Alphas from “**Am

| —PMT Low-Density
| — High-Density | —High-Density:

o ] 29% fill factor | 706 vs. 299 |
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Alpha particles illuminating plastic scintillator (bc430)
SSPM DE (& fill factor) limit energy resolution
Equivalent performance to PMTs.

Radiation Monitoring Devices
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HM[] SSPM Excess Noise

& selection of operating bias

Instrument Research

& Development

Nominal, Hex,p2

- - - Hyper- dense Square, p4

Type 4 Diode, p3
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. Number of trlggered pixels often dominates oz

« SSPM excess noise: Opixel = SiNgle pixel resolution
— F=opixer+ 1 O.int = SCintillator resolution

— F >2 to appreciably affect oz
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C M O S S S P M Instrument Research
Prototype Dosimeter  «oeeommen

Photon Energy (keV)
0 200 400 600 800 1000

MO

107§ I.
6 1113-pixel noise threshold ~40 keV
1
101 — 137C5 (662 keV)
2 10% ——57Co (122 keV)
o ]
|_|>J 103';
1023
101+
: 100 "
* 100-pixel SSPM 0 10 20 30 40 50 60 70 80 90 100
& LSO crystal Number of Triggered Pixels

» Easily differentiates between low & high-energy events

* Low optical coupling combined with DE and fill factor
Is sampling the tail of the energy spectrum

e Small LSO crystal
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C I\/I O S S S P M S Instrument Research
for PET

1.5mmx1.5mmx3mm LYSO crystal
on gquad-2 of high-density SSPM

___Energy Timing
1.5k 300
| 250
1.0k w» 200
% § 150-;
© 0.5k © 1001
z 0.
0.0ki—e——"—""—"—""—"—"" Ol o e
0 EOO li.O\C;O 1500 10 5 0 5 10
nergy (keV) Time (ns)

* Energy resolution at 511keV ~16%
e Coincidence timing ~0.9 ns
e Promising: 1.5mmx1.5mm SSPM cells
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N 23
Th e E n d Instrument Research

& Development

MO

« Compact photodetector for dosimeter
e Neutron Detection & y-ray Spectroscopy
« Arrays for imaging:
— Position-sensitive SSPMs
 Integrated Active Quenching & Digital readouts

» DE & F useful for optimizing performance

Acknowledgements: NASA, DTRA, DOE, & NIH
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