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Å Tracking & timing performance of SNSPDs under 160 GeV SPS pion beams

https://indico.cern.ch/event/1580512/#preview:5623765 

Å Defect Assisted Research for Dark Matter Applications (D.A.R.M.A.)

https://indico.cern.ch/event/1587343/contributions/6751134/ 

Å SPS test-beam infrastructure extension for low temperature applications

https://indico.cern.ch/event/1492202/contributions/6287583/attachments/3

062408/5427458/Gkougkousis_AIDA_2025.pdf 
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Si Parameters Table

Atomic 
displacement

15 ς 35 eV (direction 
dependent, 35 @ 111)

Density
2.33 gr/cm3

0.5 x 1023 at./cm3

Lattice constant 5.43 x 10-10 m
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Silicon Lattice Overview

FCC derivative structure with 
2-atom basis

tetrahedral arrangement

Wafer level monocrystals
(100, 111 orientations ONLY)

Pure silicon lattice

FZ, CZ, MCz

ÅSilicon 2nd most abundant element
Å28 % per weight of earths crust 

Crystallization 
process

Wave - Vectors
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ÅMeasurement performed 
using optical excitation and 
studying absorption 
coefficient resonances

ÅSample of p-type, FZ, 1012 cm-3 
dopant concentration

Indirect Semiconductor ς Band Structure

At 0 K theoretical maximum of 1.1701 eV, 
drops to 1.1249 eV at 300 K

2p1/2

2p3/2

DOPING = Energy Level Shifting
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Introduction to Lattice Defects 

Defect distribution in the lattice can be 
modified following three mechanisms:

V Diffusion

V Annealing

V Aggregation

Cluster vs Point Defects

Vacancy (V): Loss of an atom 
from normal 
lattice structure 
leaving a gap

Interstitial (I): The presence of an 
out-of-lattice atom at a 
certain position 
creating strain and 
deformation

Defect generation energy

Point Defect < 25 ς 30 eV

Cluster Defect < 5 keV

31 / 10 / 2025
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Introduction to Lattice Defects 
ü Defects are not static; several common reeditions exits with defined capture radii and probabilities 
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Defects as Tools in Physics
The Nitrogen - Vacancy center in Diamond

ü Nitrogen coupled with vacancy, 1 free e- with 

spin triplet state (|ms=0> | ms=±1>)

ü Energy transition between exited/ground states 

spin preserving, intermediate transitions non-

spin preserving

ü Using laser to excite (532 nm) ð non spin 

dependent, one can observe red-light (637 nm) 

emission intensity

ü  If  external magnetic/electric field or strain 

alters spin distribution, intensity of emission 

light modified

Zero-splitting tern 
(2.87 GHz ~ 0.12 meV)

Zeeman ς 
Magnetic Field

Starck ς

Electric Field

Strain Effect
Defect generation energy vs Nuclear Recoil

ü PARACS simulation of 4096 atoms

ü 1eV ð 200 eV recoils

ü Estimate defect generation energy

Dark Matter detection via Recoils

For Si, highest 
sensitivity  ~ 0.7 GeV

arXiv:2002.03525v2  [physics.ins-det]

DFT Calculations

31 / 10 / 2025
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What is Dark Matter?
ÅDark matter Evidence

Å Galaxy rotation curves

Å Velocity dispersions in binary star bound systems

Å Galaxy cluster studies 

Å Gravitational lensing

Å Structures in the CMB angular maps

Å Bullet cluster observations

Å Barrion Acoustic oscillations.

Åéé

31 / 10 / 2025
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Ionizing vs non -Ionizing energy loss
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e-scattering

(electron recoil)
R. E., Mardon, Volanski

Nuclear scattering
(Nuclear recoil, Migdal)

Migdal, Vegados & Ejiri, 
.ŜǊƴŀōŜƛΣ LōŜΧΦ

Lattice Scattering
(Phono generation)
Knapen, Lin, Pyle, Zurek
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Incident Energy
Target Atomic 

Number
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Å Essentially background counting experiments

Å Require extremely good modeling of radiogenic / cosmogenic contributions

Å Extremely low expected event rate event rate: ɟ0 = 0.3 GeV/cm3 & M = 0.7 Gev/c2

Å In the 1 ï 10 GeV range, once can approximate mainly with nuclear recoil interactions

Å Energy transfer thresholds can be a few (~30) keV

430 particles / m3

Several production scenarios, minimal benchmarks:
ω άIŜŀǾȅέ ƳŜŘƛŀǘƻǊ όƳ˔ ғ Ƴ!ΩύΥ ǘƘŜǊƳŀƭ ŦǊŜŜȊŜ-out
ω ά¦ƭǘǊŀ-ƭƛƎƘǘέ ƳŜŘƛŀǘƻǊ όƳ˔ ҔҔ Ƴ!ΩύΥ ŦǊŜŜȊŜ-in 

31 / 10 / 2025
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ω wŜǎƻƭǳǘƛƻƴ Ґ лΦнŜ- (< 1eV) at 650 skips
ω 5ŀǊƪ ŎǳǊǊŜƴǘ Ґ оΦл Ĭ 10-3 e-/pixel/day

Janesick et al.

Å Floating gate design with multiple non-destructive reads of  

accumulated charge (Janesick et al.)

Å  reduction on readout noise

Å Lorentz X Gaussian dark current distribution with single 

electron centered peaks

Å15 ɛm2 pixel size with 4 amplifiers in matrix corners, 

1k x 6k pixels @ 675 ɛm thickness, 3.3g, 9 M.Pixel

Å No direct connection to ground for charge evacuation

Skipper CCDs as Dark Matter DetectorsIntroduction
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Setup

Conclusion
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DAMIC -M Experiment

üDAMIC-M experiment @ Modane

ü208 CCDs, total mass ~ 0.31 kg

üCCDs @ 130 K, 1 kg yr exposure

26 x 4-CCD modules in 
centrally wrapped Array

To be installed at LSM, under 1700 m of rock
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Latest DAMIC -M LBC limits

Å DAMIC-M prototype detector (1.3 kg-Řŀȅύ ŜȄŎƭǳŘŜǎ ŦƻǊ ǘƘŜ ŬǊǎǘ ǘƛƳŜ ōŜƴŎƘƳŀǊƪ ƳƻŘŜƭǎ ƻŦ 
hidden-sector DM over wide range of sub-GeV masses. 

Å{ƛƎƴƛŬŎŀƴǘ ƳƛƭŜǎǘƻƴŜ ŦƻǊ ƭƻǿ-threshold detector technology and the search for DM!

arXiv:2503.14617 (2025)

Accepted to: PRL 130, 171003, PRL 132, 101006
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ÅDeep Level Transient Spectroscopy

Principle

31 / 10 / 2025
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Principles and Methodology

Temperature scan while injecting

31 / 10 / 2025
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Principles and Methodology

Trap emission rates
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Linearization:
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Emission rates

Capture Cros section

Thermal Velocities

Effective Concertation

Activation Energy

Carrier Capture rates

ὧ Ὕ „ Ὕ ὺ Ὕ ὲ

Capture rates Capture 
cross-section

Thermal 
Velocities

Carrier 
Concentration

†
ρ

„

Slope corresponds to 
activation energy

Intercept corresponds 
to cross-section
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ÅDeep Level Transient Spectroscopy

Implementation on Skipper CCDs

ü Every CCD readout system needs four components:

ü Bias circuits: on-chip preamplifier biasing

ü Clock generation: timing and charge shift for readout

ü Singal digitization: ADC channels for sampling

ü Control / connect logic: FPGA / microcontroller

DAMIC -M Acquisition / Control Module (ACM)

Å No timing information available

Å Transients inaccessible

Å Pixelized structure

Get timing information at the source 
by varying injection pulse length

Issues with DLTS in CCDs

Use phase displacement and scan over 
all available values to compensate

Use Fourier deconvolution with pixel 
information deducted by clock cycle

Å Perform regular DLTS matrix scans in fixed intervals and corelate with recorded clusters to 

identify new / annealed defect for noise  control

Å Perform comparative matrix assessment as a handle to increase dark mater sensitivity

31 / 10 / 2025
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ÅDeep Level Transient Spectroscopy

Implementation on Skipper CCDs

Parametric Signal 
Generator

Decoupling Box / 
HF Relay

HV line

Trigger lines

Clocking 
Infrastructure

Lock Clock for 
readout

Signal line

Cryostat (80 K ς 170 K)

Fast timing trigger 
board (> 1MHz)

MFIA (lock ςin 
amplifier mode)

Trigger lines

Trigger lines

D
a
ta

 r
e

a
d

o
u
t 
p

a
th

Fast control 
path

One measures capture cryosections by leveraging injection and readout clock with fast triggering  

Adjustable 
delay

31 / 10 / 2025
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Overview and Current Status

PKR 251 Gauge 

Sensor

Bürkert W29MA 

Solenoid Valve

MRCH-1 

Cryo-Head

DB50 Pass-through

Opening

PT-10000 

temperature 

probes

Sample 

attachment point

31 / 10 / 2025
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Structures and substrate 

s
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 298K

Ns0~7.24E11 cm-3

Å n-type Float zone square diodes
Å 675 ˃ m high resistivity substrate
Å 22 kOhm×cm high purity silicon
Å 1.4 x1.4 mm active surface
Å Capacitance of 3.4 pF

 

Small CCD (1022 x 682)

DAMIC-M Wafer

Pixel Area length:9.9 mm
Total length: 12.3 mm
Width: 16.92 mm 
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Initial  results on test structures
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 1: Ec-Et=0.206 eV; s~1.11E-12 cm-2;Nt~6.48E8 cm-3

 2: Ec-Et=0.341 eV; s~8.91E-13 cm-2;Nt~1.26E9 cm-3

 3: Ec-Et=0.891 eV; s~1.77E1 cm-2;Nt~3.28E9 cm-3

 4: Ec-Et=0.268 eV; s~5.45E-19 cm-2;Nt~1.45E9 cm-
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N/cm3 

Capture Cross-

section (cm-2) 
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0.206 6.48 ×108 1.109  ×10 -12

0.341 1.262 ×108 8.912  ×10 -13

0.891 3.284 ×108 1.773  ×101

0.268 1.446  ×109 5.451  ×10 -19
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0.239 8.165  ×108 2.11 ×10 -15

0.296 9.871  ×108 1.361  ×10 -16

0.947 2.45 ×1011 3.274  ×10 -7

Minority & Minority 
Injection (holes + 

elections)

Å Measurement at 1 MHz!
Å Estimated carrier concentration:

ὔ χͯȢςτzρπὧά
Å N type sample
Å Area=ρȢωφzρπ ὧά
Å 100 ms integration window
Å - 0.5 V / +1 V injection pulses
Å -0.5 V Bias Voltage Electron traps

Repulsive center - Charged Donor ??
(upper bandgap part)

0 50 100 150 200 250 300

ī2.2×10ī3

ī2.0×10ī3

ī1.8×10ī3

ī1.6×10ī3

ī1.4×10ī3

ī1.2×10ī3

ī1.0×10ī3

ī8.0×10ī4

ī6.0×10ī4

ī4.0×10ī4

ī2.0×10ī4

0.0

2.0×10ī4

b
1
 (

fF
)

T (K)

 Tw=20 ms

 Tw=200 ms

 Tw=2000 ms

Majority & Minority Traps scan

tp=100ms

UR=-0.5V

UP=-+1V

1 2

3

31 / 10 / 2025



ÅConclusions

22E. L. Gkougkousis

Introduction

Dark Matter

Skipper CCDs

Deep Level 

Transient 

Spectroscopy

Experimental 

Setup

Conclusion

ÅCurrent Status

Å Initial measurements prove sufficient sensitivity 

ÅTest structures available at high numbers 

ÅSetup implemented with necessary hardware 

ÅNext Steps

ÅFirst injection on CCDs though HV line for electronic state pumping

Å Implementation of clock-synchronized lock-in amplifier

Å2D mapping of defects of several matrices to verify consistency

ÅFirst presentation of concrete defect-based method for dark matter detection

ÅExpected increase in sensitivity and better noise mitigation

ÅTarget implementation at CCD based Dark Matter experiments (DAMIC-M) with minimal 
hardware intervention

ÅExploring synergies with DANAE collaboration under the PNDR-DEPFET technology 
implementation

31 / 10 / 2025
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ÅSilicon Leakage Current Temperature dependence

Å Measurement performed using optical excitation and 
studying absorption coefficient resonances

Å Sample of p-type, FZ, 1012 cm3 dopant concentration

Origin: Relative position shift of conduction-valence bands

V Thermal-related lattice dilatation

ü Linear at high temperatures 

ü Only accounts for 25 % of the 

total bandgap variation

ü Non-linear at low temperatures

V Temperature dependent electron-lattice 

interaction 

ü 9ǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ ά.Ǌƻǿƴƛŀƴ ŜŦŦŜŎǘέΣ ōǳǘ 
in a band structure

ü Accounts for the major contribution to 
the change

ü Temperature dependence:

ɝὉ 4ͯ  for T<<ɸ   & ɝὉ Ὕͯfor T>>ɸ 

At 0 K theoretical maximum of 1.1701 eV, 
drops to 1.1249 ev at 300 K

f̒or Si: 645 K (Debye Température)

Sources of dark current in semiconductors:

V Generation current (Ig)

V Trap Assisted tunneling (TAP), Fowler - Nordheim formula

V Field Assisted tunneling (Pool-Frenkel emission)

V Impact ionization ( E > 15 V / ˃m)

Effects reducing dark current:

V Recombination

:
ǋ
Ɓ
ż
Ϋ
F
ř
ř
ł
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ǅ
Ƽ
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Sources of dark current in semiconductors:

V Generation current (Ig)

V Trap Assisted tunneling (TAP)

V Field Assisted tunneling (Pool-Frenkel emission)

V Impact ionization ( E > 15 V / ˃m)

Effects reducing dark current:

V Recombination
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ü Field assisted interface emission (Schottky effect)

ü Non-localized tunneling (Fowler - Nordheim formula)

ü Band-to- Band tunneling

25E. L. Gkougkousis
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Acceptor removal, Defect Kinetics (simplified J )

Á Incident particle hits silicon atom and created Vacancy (V) 

and Interstitial Silicon (Sii)

ÁSii Propagates and can transform substitutional Boron/Carbon 

to Bi/Ci (interstitial), 

ÁBi/Ci can form several defects, but the most prominent in high 

resistivity silicon is:

  Sii + Bs Ҧ Bi + O Ҧ BiOi  

  Sii + Cs Ҧ Ci + O Ҧ CiOi

ÅSince Bi and Ci both compete for the same Sii, if we introduce 

more Carbon we would expect to from less BiOi defects and 

more CiOi 

ÅIf we exchange Boron with a less mobile (heavier) atom (Ga), 

then we should also enhance CiOi defects instead of GaiOi

Incident 
particle

o
r

Change type of final 
defects but not 

amount of active 
implant
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