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SPAD Working Principle and Applications

Single Photon Avalanche Diode (SPAD) internal high gain m) high timing resolution

Quenching circuit Dynamic behavior of a SPAD.
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SPAD Working Principle and Applications

* Single Photon Avalanche Diode (SPAD) internal high gain m) high timing resolution
* CMOS compatibility =) enable large array fabrication with integrated front-end electronics =) cost-effective

Quenching circuit Dynamic behavior of a SPAD. Carrier generation mechanisms [1]
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[1] Xu Y., Xiang P., Xie X., Solid-State Electronics, vol. 129, 2017, pp. 168-174.



Neutron damage and dual-layer configuration

Bottom layer

Neutron-induced Creation of a Vacancy and Interstitial in the Lattice.

Interstitial Top layer

g

Cross section of a dual-tier SPAD [3].
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I DESCRIPTION OF DEVICES UNDER TEST
(DUTS) AND IRRADIATION CAMPAIGN



DUTS Description

* Three chips fabricated in 150nm CMOS Technology:
* Two single-layer (F2 and S2)

* One dual-layer (D1) ) ¢

» The focus of this study is A1 and A3

Microphotograph of a single layer chip. m_
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Arrays Characteristic A2 >76 > aa% 47 %57
A3 1728 50 39% 44 x24 ™

A4 165 75 52% 44 x 24
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Simplified cross section of a SPAD layout employed in arrays Al and A3.



Irradiation Campaign

* The radiation source generates steady stream of neutrons
by bombarding a beryllium target with mono-energetic
protons (5 MeV).

* Proton current fluctuations is considered in neutron fluence
calculations

* DUTs are positioned 4.5 cm away from the neutron source.

* The neutron flux varies linearly with the proton current.

Test board (bias,
configuration, readout)

DUT

Proton beam pipe

Irradiation Steps

Fluences at the end of each step

(1 MeV neutron equivalent cm™2)

F2 5 2.94x108,1.12X10°% 3.91%10% 1.20X10'°, 4.15%10'0
s2 3 2.92x108, 1.13%10%, 3.90%10°
D1 3 2.92x108, 4.09%10°, 4.29%10'°

N
i

-
N

N

o
@

o
[}

0.4

0.2

Normalized Neutron Spectrum [MeV'1]

1 1.5 2 25 3 3.5

Energy [MeV]

Neutron source spectrum



I DCR MEASUREMENTS AND DCR
INCREASE MODELING



Fluence-Dependent DCR Measurements: Single-Layer
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DCR Measurements: Single and Dual-layer Comparison
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Cumulative DCR curves comparison for both array A1 embedded in chips F2 and D1
after exposure to similar fluences.



DCR Increase modeling
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DCR Increase modeling results

* In this modeling approach, the effect of annealing is also taken into account.
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I TEMPERATURE-DEPENDENT
MEASUREMENTS



Breakdown voltage Vs temperature

* Breakdown voltage increases with temperature.
* No visible degradation occurs in breakdown voltage after irradiation.
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Arrhenius plots

_Ea

« Arrhenius Equation =» DCR = Ae 57

Pre-irradiation O Pixel 1 3
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Arrhenius plots for two representative pixels: before
and after radiation

Pre-irradiation
Low temperatures:
 activation energy close to zerom) Band to Band Tunneling (BTBT)

 activation energy close to silicon midgap energy (i—g)»Shockley—

Read-Hall (SRH) & Trap Assisted Tunneling (TAT)
High temperatures:

. . . . E
* activation energies close to, but higher than 79# SRH

"2 SRH & TAT (the
lower E,, the greater the contribution of TAT)

* activation energies close to, but lower than

Post-irradiation
high and low temperatures:
* Low and high-temperature Ea are close to each other=)TAT as the
dominant generation mechanism.



Neutron damage effect on E, distribution

Post-Irradiation
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Mean Activation Energies for F2
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A3 -40<T<-10 0.2118 0.2309

F. Shojaei, “Neutron Irradiation Damage Analysis on Single and Dual Layer 150nm CMOS SPADs”



I RANDOM TELEGRAPH SIGNAL NOISE
(RTSN)



RTS: BEFORE IRRADIATION

* Random Telegraph Signal Noise (RTSN): random fluctuations between two or more discrete levels in DCR.
* The exact origin of this phenomenon is not fully understood. Pixel ID = 11722
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RTS: after irradiation

* Neutron damage increases the
number of pixels showing
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CONCLUSION AND OUTLOOK

* The investigation into the effects of neutron damage on CMOS SPADs has yielded the following results:

* DCR increases notably, characterized by a widespread DCR distribution. This increase exhibits a linear
dependency on the DDD and developed models align well with these observations.

* The adoption of a dual configuration improves the radiation tolerance, achieving a reduction in the DCR
by about two orders of magnitude compared to a single SPAD layer following exposure to a fluence of
nearly 4.20¢10 1 MeV neutron equivalent cm=2.

* While neutron damage leads to a decrease in activation energies due to an increase in TAT generation,
breakdown voltage remains unaffected.

* There is a significant increase in the number of pixels exhibiting RTS, alongside a rise in the number of
levels within the RTS.

* What to do next:

e Characterizing bulk and TID effects in 110nm CMOS SPADs in terms of DCR, afterpulsing, Photon
Detection Probability (PDP), timing jitter, and crosstalk.

* Identify the specific defects responsible for RTS by analyzing activation energies extracted from time
constants.
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