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Y I n'I'rod Clllio n Si Parameters Table
U Atomic 15 - 35 eV (direction

displacement dependent, 35 @ 111)

0.5 x 1023 at./cm?

Introduction  Silicon Lattice Overview pensity 233 gr/em’

Lattice constant 5.43 x10-1m

DOPING = Energy Level Shifting

\P-dopedmsilimﬂ

—

Crystallization -

rocess - 0 -

* Silicon 2" most abundant element Wafer level monocrystals Pure silicon lattice
* 28 % per weight of earths crust (100, 111 orientations ONLY)

Indirect Semiconductor — Band Structure

FCC derivative structure with L A T A X UK Z r 1170

2-atiom basis
tetrahedral arrangement

3

g

* Measurement performed
using optical excitation and
studying absorption
coefficient resonances

-+ Sample of p-type, FZ, 1012cm3

uzsl.  dopant concentration
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Energy (eV)
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—
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TEMPERATURE (K) —

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

Wave - Vectors
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Introduction

*Infroduction

Defect generation energy

Point Defect

Intfroduction to Lattice Defects

Interstitial (I): The presence of an

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

g
I
I . .
l 2. Acceptor re-introduction rate

1. Reduced primary charges induced in substrate

I 3. Reduced active implant through acceptor removal

;4. Reduced mobility within gain layer through trapping

B S

Cluster Defect <5 keV

<25-30eV

out-of-lattice atom at a
certain position
creating strain and
deformation

\
1/ —

o Yr=pxo TheROSE |
collaboration |
o Nacte. =gax® |
~

Gain Layer
—-cd \
o Ngg, =f X Nge I
Gain reduction larger than |
" anticipated from acceptor removal |
-

p-type silicon

® B

n-type silicon

1 1 | | | |
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| o

Temperature (K)
Defect distribution in the lattice can be

modified following three mechanisms:
v Diffusion

v" Annealing

v' Aggregation

0
g-“.\ee\'\“g Acceptor removal, Defect Kinetics (simplified © ) ae“s‘e" Vs Pomt De‘ects
En g vacancy e Integrated ' ' Simulations of radiation damage by M. Huhtinen®.
Radiatior 3 Substitutional B,C interstitial | Rad +Si. > Si.+ B. > EB +03BO 36824 vacancies 4145 vacancies
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©.© 4 _ — . ;:" ' Gain | | Charge 3
- ® o} =) ! ain layer ! 4 -
¢ ~0 ' : Oﬁ O ' ('f (j@ - ! de-activation ! trapping :
) ~_ Interstitial too many i Can be engineered
Face centered Interaction with Interstitial Substitutional B,C ! interstitials b ¢ . Lo x PV
Cubic Si (2-atom incoming Diffusion Replacement ! ¢ d:f ! y oxygen trapping 0.5 1
. ! cannot modi '
base) particle y 10 MeV proto?wsmﬂl) 24 GeV protons R ghm)
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Dark Matter detection via Recoils
arXiv:2002.03525v2 [physics.ins-det]

‘Intfroduction o sty

atjon iMe: 15 . .
D f _l_ T | . Ph . N time, "mszons / > PARCS simulation of 4096 atoms
0 E i d —={ .
Introduction SIeCls as 10015 In YSICS me=+1 e . » IeV =200 eV recoils
The Nitrogen - Vacancy center in Diamond ms® » Estimate defect generation energy
Zeeman — \\ Metastable Defect generation energy vs Nuclear Recoil

Magnetic Field Strain Effect m=0 — 109 |

—— C, Tersoff-Nordlund
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~ Electric Field
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* * J— — _|_ |0W hlg h Recoil Energy [eV]
spin triplet state (| m=0> [m=11 >) readout / For Si, highest
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. gy ' . . d/ g . d Emission of NV centers et /:
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. > =015 P
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Darf Matter
Skipper CCDs

‘Dark Matter & Skipper CCDs

What is Dark Mattere

» Dark matter Evidence

» (Galaxy rotation curves

* \elocity dispersions in binary star bound systems
» Galaxy cluster studies

Gravitational lensing

 Structures in the CMB angular maps

 Bullet cluster observations

« Barrion Acoustic oscillations.
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\ Ultralight scalar field | \ Gravitino \ WIMPZilla
| Dark photon ‘ Light DM ‘

Ciaran O'Hare
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‘Dark Matter & Skipper CCDs ;;5}é55i;;

o o . M Cta; on (S
autroduction  Challenges in Direct Detection Experiments " ed g Mterg )
Si Ulag;

» Essentially background counting experiments
* Require extremely good modeling of radiogenic / cosmogenic contributions
« Extremely low expected event rate event rate: p, = 0.3 GeV/cm?®* & M =5 Gev/c 60 k. particles /em?

Darf Matter * Inthe 1 - 10 GeV range, once can approximate mainly with nuclear recoil interactions
Skipper CCDg « Energy transfer thresholds can be a few (~30 keV)
100
11072
Deep Level ! T —
p‘ 1 £ 10 §
Trangient S -
2]
Spectroscopy 3 | S - S
& Light DM Heavy DM 3 .§
[&]
5 o g lo® T
T 0.100} e 5 g
@ < Germanium
o ER.c;l;.mT""' " enen g 110710 g
Atgmic scale — Electron v X
0.010} Y A/ B velocty KE @ s
N A - = 012
0008 6016010~ G100 1 10 100 R T I i Eam——
my [GeV] Dark Matter Mass [GeV/c?]

4 /11 / 2024 E. L. Gkougkousis 7



—_—
T | 6

‘Dark Matter & Skipper CCDs

Skipper CCDs as Dark Matter Detectors

» DAMIC-M experiment (@ Modane
» 208 CCDs, total mass ~ 0.7 kg

Dar Matter » CCDs @ 130K, I kg yr exposure
Skipper CCDs

measure particle ionization with
exquusite spatial resolution

,,,,,
fir

= w -
e.f. copper

90 pixels = 750 pm

ancient lead

J

52 x 4-CCD modules in
centrally wrapped Array

o 100 200 300 400 500 6500

columns

To be installed at LSM, under 1700m of rock - ~300 dru
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‘Deep Level Transient Spectroscopy

Skipper CCDs as Dark Matter Detectors

Shift charges in one direction...

...from pixel to pixel _ %

Then shift them the other way...
(“Serial Register”)

...and measure the amount
of charge in each pixel!

 Floating gate design with multiple non-destructive reads of
accumulated charge

o 1 - -
/W reduction on readout noise

« Lorentz X Gaussian dark current distribution with single
electron centered peaks
« 15 um? pixel size with 4 amplifiers in matrix corners,

g e 1k x 6k pixels
P DELALES EEILEN BEEES LR :Stzi.‘lr)‘c\ g . . )
g wssi1as | o NO direct connection to ground for charge evacuation
l 0 = Norm 9656 £ 56.0
Deep levee 8 L2 ampllﬁer ¥ [ADU] —0.01111 £ 0.00468
o|ADU) 2.035 £ 0003
Trangient - e T ¢
sP ectros copy dark current: 0.001 e-/pix/img o Vot é
10° F readout noise: ~0.2 e- : Cs’g %
; ] H3 Vvideo _;
1 2 e- H2 2
10 F E H1 ﬂoatmg gate E
F ] Vdra\ﬂ T
- 3 <4 X
[ ] ﬁ—f g &
I E RPH ¥ (. - ¢ ot ‘?-Tffzi\
2 I 1 1 1 L1 l P G ol o e I Clocks are stopped ......A”"dl .......
-10 0 10 40 50 60
pixel charge [ADC]
e Resolution = 0.2e- (< 1eV) at 650 skips Nows
e Dark current = 3.0 x 103 e-/pixel/day
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Deep Level
Trangient
Spectroscopy

‘Deep Level Transient Spectroscopy

Principles and Methodology

Measurement cycle at fixed T

[1] reverse bias Vg

« junction under reverse bias
- defect states are not occupied

[2] injection pulse V,

« reduction of reverse bias
« injection of majority carriers
« occupation of defect levels

1 ‘Quiescenl reverse bias (VR)

ssssssssnse EC

NN Et
n

e

ey

Ev
2 Majority carrier pulse (Vp)

I .y..;,...z............. Ec

LN ) ODQOOOQQOOQOQE
: il
l EV
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‘Deep Level Transient Spectroscopy

o oo o NN

Implementation on Skipper CCDs

> Every CCD readout system needs four components:

[

» Bais circuits: on-chip preampliﬁer biasing

» Clock generation: timing and charge shift for readout o o @ @

» Singal digitization: ADC channels for sampling TR T =

o e ‘
» Control / connect logic: FPGA / microcontroller Sl u’i Fantin e

I LLELERLELEEpOnRnRRNRNY LLLULU )

DAMIC-M Acquisition / Control Module (ACM)

Issues with DLTS in CCDs

?eep ‘levted . No timing information available ,  Gettiming information at the source
rangien 9 by varying injection pulse length
Spectroscopy
« Transients inaccessible ,  Use phase displacement and scan over
all available values to compensate
* Pixelized structure »  Use Fourier deconvolution with pixel

information deducted by clock cycle

» Perform regular DLTS matrix scans in fixed intervals and corelate with recorded clusters to
identify new / annealed defect for noise control

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

4 /11 / 2024 E. L. Gkougkousis 11



‘Deep Level Transient Spectroscopy

Implementation on Skipper CCDs

Lock Clock for

readout

L

Clocking L L Signal line
— Infrastructure
Decoupling Box /
HF Relay
HV line
Deep Level
Trangient
Spectrosco _
? i Parametric Signal Cryostat (80 K— 170 K)
Generator
Trigger lines
Adjustable Fast control
Trigger lines Fast timing trigger
Trigger lines g8 delay g rigg

board (> 1MHz)

S

MFIA

Q-9 9
0.0 0.0 0.90'9 9.

MFIA (lock —in
amplifier mode)

Data readout path

One measures capture cryosections by leveraging injection and readout clock with fast triggering
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‘Experimental Setup &Results

Overview and Current Status Fpon
" e R P PKR 251 Gauge, § T £
Sensor e @ oal PT-10000
temperature
probes
k
Sample

attachment point

B | s 3-phase
MRC H=1 - 1 ) CCD structure
. : Poly gat
C l"y'0= Head = ('lgc)l/l%(‘lo(;

d.’# —K";\—f;:__ buried
. =P p channel
' ] —
Experimental ' e
hoto-
sat“p ‘ . = sgr}s?ltt?ve "y
volume
Birkert W29MA j’ﬁ: -~ T
Solenoid Valve e, - l

voltage

v
Bias
Transparent

rear window
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‘Experimental Setup &Resulis

Structures and substrate

1.4 mm

24 mm

(& g
or 8° anode ox 8
Al contact

n-type volume

High Purity, High Resistivity Silicon

Axial resistivity measured by the 2 and 4-point method as defined by SEMI MF43

26,9
25,9 a P a
. ¥ -~ . So

s
cathode SE e B - - ,(
= o
=4 23,9 \
£ -
o
= 22,9
= 298K : L. )
2.0 g
20,9
1.9
19,9
0 50 100 150 200 250 300 350
1.8 1 Distance from Seed End in mm
E'L‘ i + 2-Point = 4-Point
= 1.7
(@]
1.6
22
15 No,~7.24E11 cm® 107¢
1.4
10'2(1 ) ot =
13 T T T T T T T T Y b 2 =
-2.0 -15 -1.0 -05 0.0 N SRS
\ SR
V (V) \ ~.

* n-type Float zone square diodes
* 675 um high resistivity substrate
e 22 kOhmxcm high purity silicon

1.4 x 1.4 mm active surface

» Capacitance of 3.4 pF

10"

~—— Phosphorous
— Hydrogen
— Oxygen
—Silicon

lol(i

voncentration (aroms/cc)

o™

0 1 2 3 4 )
Depth from backside (um)

DAMIC-M Wafer

Small CCD (1022 x 682)

Pixel Area length:9.9 mm
Total length: 12.3 mm
Width: 16.92 mm
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Experimental
Setup

‘Experimental Setup &Results

Initial results on test structures — NON IRRAD

Minority & Minority
Injection (holes +
elections)

—=— Tw=20 ms
—e— Tw=200 ms

! 2.0x10‘4—_ 2 ~—+— Tw=2000 ms
Maj%réty Traps scan e Tw=20ms 0.0
t.=100ms 1
Up=-0.5v — w20 | e Measurement at 1 MHz! 20410 ]
oy 3+4 - . . . -4.0x107
e b Estimated carrier concentration: -]
vy - —~ g o104 ]
Nyo~7.24 x 10t em™3 g 800
0+ o —1.0x107% H
n N type sample 2 1210
o _ _14x10-3] Majority & Minority Traps scan '
- Area=1.96 * 1072 cm? T 100ms *%
100 ms integration wind rpags] VO ‘
X ms integration window tea0ty 7Ly w
- - . -2.0x1073 o 3
-“mhr\ - 0.5V / +1 Vinjection pulses B
T T T T T T T . 0 50 100 150 200 250 300
0 50 100 150 200 250 300 -0.5 V Bias VOltage Electron traps T (K)
T (K)
, | W 3:Ec-Et=0.398 eV; 6~1.5E-6 cm%Nts=2.49E11 cm®
|| W 4: Ec-Et=0.268 eV o~5.45E-19 cm %Nt~ L4SES o Level (eV) N/cm3 section (cm'z) 1 3:23/
60 - “ 60 - .
oA . 0.206 6.48 x108 1.109 x1012 .
9 - . = =
’ ~4 < . £ | 0341 1.262x108  8912x1073 | ©%- - .
O v n S ® n
£ R { - g 0.891 3.284 x108 1.773 x10° = " w
= ] * [ ]
o W * oy " ) -19 g o
2 v . - 0.268 1.446 x10 5.451 x10 g L
£ v : £ 574
S  Majority Traps scan 3 5 0239 8.165 x108 2.11 x10°15 _'-' .
55 S t‘j:ioc??\j - €5 029 9.871 x108  1.361 x10-16 %7 e
] _ n £ = n
54- Up=0V S22 0947 2.45 x1011 3.274 x107 55 ™
4 5 & 7 8 9 1 1 1 13 37 38 39 40 41 42 43
1000/ (1/K) 1000/T (1/K)

Repulsive center - Charged Donor ??
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Conclusions

* First presentation of concrete defect-based method for dark matter detection
* Expected increase in sensitivity and better noise mitigation

* Target implementation at CCD based Dark Matter experiments (DAMIC-M,
DAMIC@SNOLAB, OSCURA) with minimal hardware intervention

* Phase displacement and Fourier deconvolution for pixel-level analysis

* Current Status

* Initial measurements prove sufficient sensitivity
e Test structures available at high numbers

e Setup implemented with necessary hardware

* Next Steps

* First injection on CCDs though HV line for electronic state pumping
* Implementation of clock-synchronized lock-in amplifier
Conclusion * 2D mapping of defects of several matrices to verofy consistency

4 /11 / 2024 E. L. Gkougkousis
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‘Deep Level Transient Spectroscopy

Principle

Measurement cycle at fixed T

[1] reverse bias V
« junction under reverse bias

- defect states are not occupied

[2] injection pulse V,

Deep Level  reduction of reverse bias
Trangient « injection of majority carriers
Spectroscopy « occupation of defect levels

[3] reverse bias Vi

« junction under reverse bias

« thermal emission of carriers
- expansion of depletion zone
- decrease of capacitance

1 Quiescent reverse bias (VR)

FIT 200000000 EC
l N Et

f"] n

B Ev

2 Majority carrier pulse (Vp)

q a.[.oyooo]o.onnn.n.n.n. EC

ERE N L E

: :
LY 13\1

'3 | Thermal emission of carriers (VR)

L
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‘DAMIC-M System - Electronics Rack

Vacuum - Temperature

i) 1
P 2

- -t

B
Pfeiffer Vacuum TPG 361, Single
Gauge + PKR 251 Gauge Sensor

Lakeshore 335
cryogenic temperature controller

Low and High Voltage

Keithley 2470 High Voltage Source Meter,
10 fA resolution, 2 uV Noise RMS

O A ety e
|

5508 Y m”n ‘"I
VOBV 25PBR wee

R&S HMP2030 3-channel low voltage
power supply (5 A, 32V, 80 W per channel)

stryy,
» Compact transportable system enfat,'o

]
» Lan only control/data connections /
» Fully protected internal network (NAT/ router)

Power Management

Safety rack-mounted (19”) power
distribution block

NETIO PowerPDU 4PS
(4 input LAN programmable mains )

DAQ System / Control

CAEN VME8004X
2U 4 Slot VMEG4X Mini Crate

Asus RS300-E7/PS4
1U Server with Quad LAN
4 x 4TB HotSwap Drives on RAID 10

NETGEAR ProSAFE GS108
8 port Gigabit Switch
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Slow Contirol and Data bus

Leach Read-out System
-5V e TR

+5V

Clock / Biés Crate

Solenoid Valve

I

X
S
e
©
=
(]
O
o

HMP 2030 t

S N Power Supply _ _ _ _ _ _ _ _ _ _ Datatransmittingboard -
CCD Data —

LTA Read-out Board Internet Uplink gt

, Power Line —

| Ethernet —

l Vacuum Gauge Low Voltage =

: | ' Serial RS285

. High Voltage —

_IHMP 2030

15V -30v i
Distribution Unit

-_— e o oy,

Temp. .
Controller | ,
: Heater Temperature

Sensor — PT 1000
(RTD)
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‘DAMIC Experiment

—— | Sub-GeV DM searches PRL 130 (2023) 17, 171003

0.5 1.0 1.5 2.0 3.5 4.0 4.5 R
. 5 5 <102

E‘:‘eégfg(f;g :_EJ, Fou=(a mg/q)’ = DAMIC-M, this work E Fom =1 —— DAMIC-M, this work
7 — i Z ééi 303 ;39‘/99 m‘” = = = DAMIC-SNOLAB (2019) SENSEI (2020, recasted) m‘“»] 0-27 = = = DAMIC-SNOLAB (2019) SENSEI (2020, recasted)
6 . Backgrﬂundfor'liy hypothesis 10-29 EDELWEISS (2020) SuperCDMS (2019) EDELWEISS (2020) SuperCDMS (2019)
,—‘4 + Bulk Clusters = DarkSide-50 (2022) = = = XENON1T (2022) 10-29 = DarkSide-50 (2022) = = = XENON1T (2018, 2022)
;5 e PandaX-ll (2021) ==+ XENON10 (2017) e PandaX-Il (2021)
z, o Light mediator 10°% .
p \ 5.40 excess Heavy mediator
53 10°%
S . ,
2 10°% N "_‘ ‘\:"'-.,ﬁ . Ceen _.-‘:: S A N
! R '-T‘Z.T.ff._".ffﬂ::;:':1’.“::::':‘-“?'-'
PO tiniainil nil il i ===ttt 11 N el SN 10°%
%o 02 0.4 06 08 1.0 (e S o 2 —
Energy (keVee) 10730
2023: DAMIC@SNOLAB observes low-mass Lo e
. . . . 10737 bl il il * 3 1074 =+ e SE— * 3
5.4 Sigma excess using skipper CCDs confirms 1 10 10° . (MGWC;)O 1 10 10 _ (Mevmg)ﬂ
previous 3.4 ¢ excess (PRL. 125 (2020) 241803) DAMIC-M 2023 world-leading searches for DM-electron scattering
; - Energy [keV, ]
5 fzzz_ UZH group pioneering new k: G A = 200
= = . . ope . 14
§ -mod- technique of using silicon lattice 5 -  — noreneroyrecois
a - H . . g b low-energy recoils
B - DAM'SS'S%F;‘Z CCDs defects (radiation damage) to & Tl
1200 = U - . . . s I
ook Energy threshold: 5 eV identify DM nuclear recoils 5 o8-
8oof— 0=0.07 e- % o5t
s00f- Gives CCDs capability to % 04 Nuclear-recoil
400" distinguish nuclear and S o2 efficiency vs. energy
200— . . E
b d NS | ™ electronic recoils ! 0 , T ———
-0.5 0 0.5 1 1.5 Ciarge . Energy [keV_]
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Silicon Leakage Current Temperature dependence

Origin: Relative position shift of conduction-valence bands

— —

v' Temperature dependent electron-lattice ~ v* Thermal-related lattice dilatation

1170

1160 Interaction > Linear at high temperatures
» Equivalent to the “Brownian effect”, but
in a band structure » Only accounts for 25 % of the
1150t - » Accounts for the major contribution to total bandgap variation
the change

1140f - » Non-linear at low temperatures

» Temperature dependence:

SILICON ENERGY GAP (eV)

.8_

AEy;~T? for T<<® & AE ~T for T>>0

1125 0 for Si: 645 K (Debye Température)

1 | l | | I ; i .
85 >t5 500 Sources of dark current in semiconductors:

1mTEIWF'E,BJ"CI'Uﬁ'zEO((Ji*'.) —>
v’ Generation current (I,)

* Measurement performed using optical excitation and
studying absorption coefficient resonances
* Sample of p-type, FZ, 1012 cm3 dopant concentration

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

v Field Assisted tunneling (Pool-Frenkel emission)

-

BullOEggécts

v Impact ionization (E> 15V / um)
At O K theoretical maximum of 1.1701 eV,

drops to 1.1249 ev at 300 K Effects reducing dark current:

k v Recombination
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Radiation Effects |

G. Lindstrom et al., NIM A 466(2001) 308-326
“Radiation damage in silicon detectors”

The Hamburg Neﬁc Model

Radiation damage modeling

(7)) dNCOTl.(t)

£ Acceptor Introduction | 4<% +7 _

E P dt gCA X (Deq (t)

) N con-

g Donor Introduction ddc‘i’—’;'(t) = gcp X Pegq (t)

©

D Nrem t

= Acceptor Removal %() = —cc, X Peq(t) X NGETH(T)

©

Z ANTE™ (1)

S Donor Removal + —Cep X @oq (B) X NIEM™ (1)
Short term . dANShort. (1)
annealing Acceptor Reduction g = ga X Ppoq () — ka(T) x NShort. (1)

yMax.1
Max Introducible Acceptors dNgee, " (t ) y X Do (©) — ky (T) X NMax. long. )
Long term dt eq Y acc.
annealing dN‘ong )
i acc. _ Max.long.
Acceptor Introduction o = ky(T) x NJ2& (t)
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https://inspirehep.net/literature/604346

Acceptor removal, Defect Kinetics (simplified © )

p-type silicon B.B. = Incident particle hits silicon atom and created Vacancy (V)
™ and Interstitial Silicon (Si;)
— = Si; Propagates and can transform substitutional Boron/Carbon
T to B;/C; (interstitial),
e 0=V 4 = B,/C,can form several defects, but the most prominent in high
resistivity silicon is:
| . Ch t f final
co. 1| o Si; + B> B;+ 0 3 B0, defects but not
i7s . t of acti
C, cpl+i r Siij+Cy > Ci+ 0> GO T mplant
n-type silicon —
Lath « Since B; and C, both compete for the same Si;, if we introduce
more Carbon we would expect to from less B,;O, defects and
| | | | |
100 200 300 400 500 600 700 more C;O; _ _ _
Temperature (K) « |If we exchange Boron with a less mobile (_heawer) atom (Ga),
then we should also enhance C,O; defects instead of Ga,0;
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* Mobility & Trapping

Nt — Dynamic Model

Radiation damage modeling

%) t

£ Acceptor Introduction Ngelt(t) = gc, X f Dpq (T)0T

Q

= 0

s t

& Donor Introduction Ngon () = gcp, X f Py (T)0T

a 0 t

E Acceptor Removal NGEM™ () = fe, X Negr.(0) (1 — e Ccalo %q.(r)ar)

c t

S Donor Removal NZE™(£) = for X Nsr (0) (1 — e~ %p o %q.(r)ar)

t.
Short term , ! ¢%q(f)a:/ 1 — e~ka(TDxst |
annealing Acceptor Reduction NG (8) = ga % "F st % ( e (T)) ) + NSRS (1) X e Ka(Tx0t
t.
] i (p (T)BT/ (1 _ e—ky(Ti)XtSt)
Max.long. fri_ eq. Max.long. - :
Max Introducible Acceptors N g (t) = gy X 1 5t % D) + NMa g (tiiq) X e ky(T;) %8t
long. long.
Long term Naoed'(£) = Ngee? (ti—;) +
annealing I, qu(r)Bi/
Acceptor Introduction -
P gy(T) X Ot o (ky(T) x t + e kMt — 1) 4
ky (T)
.long. _
Nacer "9(t1) % (1 = e 7o)
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Sources of Dark Current

( Sources of dark current in semiconductors:

v Generation current (I.)

v’ Trap Assisted tunneling (TAP), Fowler - Nordheim formula
v’ Field Assisted tunneling (Pool-Frenkel emission)

v Impact ionization (E > 15V / um)

BullOEggéctfs
A

Effects reducing dark current:
\ v" Recombination

» Field assisted interface emission (Schottky effect)

OEggécts

ésgaceé

Iny

£

Cathode

Dielectric

Anode
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‘DAMIC-M Design

IR shield
CCD modules

| —— Internal shield

- Teflon legs
Cryocooler
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