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' Talk Overview
/1. (brief) motivation \

2. PDE model
a. input data
Fill Factor

b
c. Transmission
d. Absorption
e. Avalanche mechanism
f—TFemperature-dependance
Experimental apparatus (brief)
data and fitting: FBK VUV HD3 STD4
data and fitting: HPK VUV4 device
it works! extrapolation to VUV (

k . moving forward /

N oo osw

SiPM and a Cyclotron )
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' SiPMs and PhotoDetection Efficiency (PDE)

Why do we care
about PDE?

PhotoDetection Efficiency (PDE) impacts detector response
study PDE of your scintillator (128, 176, 420 nm, ...)

Why do we care about
PDE at all wavelengths?

/external cross-talk (eXT) — IR photons \
emitted during avalanche in SiPM
e important nuisance parameter
o  degrade energy resolution
(high occupancy)
o mimic low energy event/trigger
(low occupancy)
o ~1-5% effect for 40% coverage in LXe
detector (LoLX paper coming soon)

diagram of eXT between neighbouring SiPMs
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[2402.09634] Stimulated Secondary Emission

of Single Photon Avalanche Diodes



https://arxiv.org/abs/2402.09634
https://arxiv.org/abs/2402.09634

' SiPMs and PhotoDetection Efficiency (PDE)

PhotoDetection Efficiency (PDE) impacts detector response

Why do we care study PDE of your scintillator (128, 176, 420 nm, ...)

about PDE?

A0 T TNEP VUVADE (173 2 08 ) '
b s TR VUVHD3 (174 £ 1.7 [nm))

. . . 35F 5 STVUVHD1 #1 :
measuring absolute PDE is challenging . ST VUVHD1 #2 1

(Three groups making same measurement. 30 F nEXO Requirement =
A substantial effort)

25 | R . L p— o :
( ' . ' \ \\ E ‘ ! ‘+-.+ * ’ -+_ E
PDE is a function of 5 variables! 20 - T ﬁ + .

wavelength (120 - 1000 nm) 15 | *

PDE [%]

Just measure it!

[ J
e Angle of incidence ok T
e overvoltage (operation) [
e  temperature (4-274K) 5L L : - : . ; s :
s F ’ 0 1 2 3 4 5 6 7 8
® ?refractive index of medium? 2209.07765] Performance of novel over voltage [V]
\ j VUV-sensitive Silicon Photo-Multipliers for nEXQO

build a modell model — understanding — improve devices

model — simulation — detector response
model — new experiment — extrapolate PDE



https://arxiv.org/abs/2209.07765
https://arxiv.org/abs/2209.07765

, PN Junction/SiPM Parameters

/'t

oxide - thickness of single \
SiO, layer

(model surface as single thin-film SiO,
layer)

dp” - effective top of P region (high
field, e collected)

Xpn - middle of PN

QW* - effective bottom of N /

df
df
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field profile and avalanche triggering
probability (top), from [1904.05977]

Characterization of SiPM Avalanche Triggering
Probabilities
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https://arxiv.org/abs/1904.05977
https://arxiv.org/abs/1904.05977
https://arxiv.org/abs/1904.05977

, PDE model

Extends [1904.05977] Avalanche Triggering Probabilities

paper by including optics and the absorption explicitly

PDE has logical factorization:
1.  Fill Factor - sensitive surface
2. Transmission (optics)

3. internal PDE (absorption and avalanche)

5 experimental parameters
e wavelength: 4
e Angle of incidence: 6
e overvoltage: V
® temperature: T
\ e medium: n, k1 )

Optics Avalanche Production
oxide thickness, silicon n, k PN junction (E field)
exp: (4, 6,n, T) exp: (V, «oT)

f@EzFﬂT(MfR+WV&)

Sensitive Area
quenching resistors Absorption
exp:(«4, «0,) in PN junction, silicon k
cases .

exp: (4, T,«0))

VUV light, quantum yield n > 1
exp: 1n(4)

P,»51—(1-PR,)"

Modelling PDE - PD 2024 - Austin de St Croix


https://arxiv.org/abs/1904.05977

, PDE model

Extends [1904.05977] Avalanche Triggering Probabilities

paper by including optics and the absorption explicitly

PDE has logical factorization:
1.  Fill Factor - sensitive surface
2. Transmission (optics)

3. internal PDE (absorption and avalanche)

5 experimental parameters
e wavelength: 4
e Angle of incidence: 6
e overvoltage: V
® temperature: T
\ e medium: n, k1 )

Optics

Avalanche Production

oxide thickness, silicon n, k PN junction (E field)
exp:  (4,0,n, <T)

exp: (V, oT)

PDE=FF-T-(W,-P.+W,-P,)

Sensitive Area
quenching resistors
exp:(«r4, ©20,) in
cases

Absorption
PN junction, silicon k
exp: (Aa Tl ('/391)

VUV light, quantum yield 7 > 1
exp:

n(4)

P,»51—(1-PR,)"

PDE(X,8,V, T,n; togide, dp*, Xpn, dw*, Ve, Vi) = FF - T(X, 0; toziae) [Wp(X; dp*, Xpn ) Pe(V; V) + Wa(X; Xpn, dw*) Pu(V; Vi)
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https://arxiv.org/abs/1904.05977

Describing the model

PDE =FF -T-(W,-P.+ Wy, - P)




PDE Model: Input optical data

mmmm silicon-database-crystalline-Aspnes.txt
mmmm silicon_database_Schinke_VIS-IR.csv
s silicon_crystalline-lithography.txt
§ 103 4
. . o absorption: assume Z
for silicon, silicon dioxide: _ p S g
. ) interband excitation only £ |
refractive index: n Ark() g
.. . m g
extinction coefficient: k a(A) = — 2
101 4
\
e literature survey 5o =n = = P o
avelength (nm)
e merge (best) datasets together to cover full e
110-1000 nm range PDE Modelling: Default Input data
e variance in silicon absorption around 450nm i
temperature also impacts absorption (more later) 61 ?5:
p—a -n
o === Si02-k
‘ www silicon-database-crystalline-Aspnes.txt i /)
5 == silicon_database_Schinke_VIS-IR.csv H
w==  silicon-database-amorphous-Pierce.txt 41 :
‘ == = silicon_crystalline-lithography.txt i
a 1 == silicon_amorphous-lithography.txt 5 ’/'
5 — /I ‘ ‘ : ] ,// R D_Ie_fﬂlﬂl data:ed Ac Middl
b - | \ S‘I‘ICOﬂ_ﬂ‘\el'g |_AspnesMi e.txt
=8 77 i various datasets for k in silicon | | | ki b
% /4 (some disagreement around 450nm) 2 \
g 2:71 7*l/7 \7 /I/ [
= 7 [ [ / \
// [ \ ‘ 41 1 \
/, | N ¥y 3
11— j N ‘ "‘\ o T
| \\ ‘ [ I T T R ——— SoEzsmmem ———
o = ey 1(I)0 260 360 460 560 660 760 860 960
o | e [ ER Wavelength (nm)
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Wavelength (nm)




' PDE Model: Fill Factor

Fill Factor: fraction of sensitive surface

provided by manufacturer

(dead space due to trenches, quenching resistors)

(

\_

~
FF typically between 0.5-0.9
resistor structure is ~um scale
for HPK, FBK devices

J

1.33 ym

0.39 ym

Y230 4,

afm of FBK device, taken
by Prabandha Nakarmi




PDE Model: Transmission

/Transmission (4,6,n,)

\

PDE = FF@(W,, - Pe+ Wy - Py)

Transmission calculation methods - comparison

Incident angle: 25.0 deg

Calculation Method:

Wave solution: oxide = 110 nm
= \Vave solution, oxide = 16.5 nm
=== Wave solution, oxide = 90 nm
—== Wave solution, high k_oxide
=== oxide = 1350 nm

- photons are refracted in (6, — 0, — 0,) 0.8
- T tij are fresnel coefficients
- PDE modified in media via n,/n, coupling g
- SiO,, thickness strongly impacts transmission %
curve, oscillatory behaviour (in 4 or 9) ) sha
0.2
b n, - medium
% <o. |, - OXide ot
‘ =—n, - silicon
“‘93 o
-

thin film

400 600 800 1000
Wavelength (nm)

N3 CoSs 03 ( tiota3 ) =

Ti3jiorL = ;
llor 1 — rogri2e=9/ |lorL

nq cos 6,

47 ’nztom'de COS 02

T




' PDE Model: Absorption PDE — FF-T. _ Pe+@Ph)

H

Wp - fraction of photons absorbed within ‘p’ region

W_ - fraction of photons absorbed within ‘n’ region 107
0.8 4
‘lensing in’ from snell’s law yields
weak angular dependance (vacuum) g
theta,= 80° — theta, = 20° 2 s
it Internal theta (deg) in Si i ‘§° 0.4 1
(5]
80 21 *
i ‘\\\ 0.2
70 \\\\\ i8
60 _
¥ g 0.0 1
VSU— 2 T T T ¥; T T
® 12 2 200 400 600 800 1000 1200
; 40 4 = Wavelength (nm)
E30 ° 3
1 . * — ,—pu-dp”’[cos ~u(Xpn-dp®))/cos
o i W,(4,01;dp*, Xpn) = e ¥ PL{eosOa] < g=XPN=dD )] )]
0] . Wald, 0i; Xon, dw®) = e HEBNIe08 03 (] _prit(dwi=XpN)/cos 83y
0 T T T T T T T 1 0
200 300 400 500 600 700 800 900
Wavelength




, PDE Model: Avalanching ppe=rr.7- (W, . Wi

4 )
no explicit impact ionization or avalanche mechanism
Pe - electron driven avalanche
Ph - hole driven avalanche
Parametrized as: P.(V; A, =1.0,V,) = A,(1 — e V/")

\_ J

o REP T T T T
S
_g_.) = P, - FEK-LF p—_C
<] P, - FBK-LF P -
< F—p, - H2017 A< 1
g 08 4 p,-Ho7 ,4—/ ]
8 A 7 PRBRCES
T 06 /) et Ledret T
o L R e
o 1 2 3 4 5 6 7 8

Characterization of SiPM Avalanche Triggering Probabilities over voltage [V]

(E%>Pw(moMMy€>> )

>

carrier concentration
[log scale]

space
charge
region
neutral region

neutral region

/N(—)‘

holes

electrons

p-doped n-doped

Charge

ET Electric field

i

(&

Justification for simple form: WpPe +W P,

e e in p region will drift to max E field

(vice versa for h)

e electron (almost) always experiences max(P,)

P, — max(P_(z position dependance) )

o\

)



https://arxiv.org/abs/1904.05977

' PDE Model: Temperature dependance

10° T
three effects occur with decreasing temp: To
. 2 o
e (all temperatures) - photoabsorption decreases 10° F - :
= 5
e (> ~60K?) increase in carrier mobility > o
(breakdown voltage vs T!) S10'F ] ;
pri
. z 4 nmtﬁnq%;.'é}.
e < ~100K carrier freezeout = %% o5
=Rl g %
(citing from Biroth-ICASIPM and Collazuol - Temp) °
102 o I 1 I2 3
10 10 10 10
Temperature 7 (K)

electron mobility vs temperature for different
doping concentrations. ioffe.ru



https://www.ioffe.ru/SVA/NSM/Semicond/Si/electric.html#Transport
https://indico.gsi.de/event/6990/contributions/31517/
https://www.sciencedirect.com/science/article/pii/S0168900210015500

, PDE Model: Temperature dependance

three effects occur with decreasing temp:

o (all temperatures) - photoabsorption dec@

(> ~60K?) increase in carrier mobility
(breakdown voltage vs T!)

< ~100K carrier freezeout

See

a(Ey) =

i,

5, au|
=1,2

- Eg.j(T) - Ep.i)2+

eEpalkT _ |

(Ey — Eg j(T) + Ep ;)?
—E,./kT

l1-e

l + Ad"E}, = Egd(T)




Measuring and Fitting PDE
VERA apparatus at TRIUMF

3. Manual slits

1. Light source

12. Cold plate (sample stage) and LN lines

13. Liquid Nitrogen cooler
14. Turbo vacuum pump >,

15. Pressure gauge

see [2410.13033] Measurements of the Quantum Yield of Silicon using Geiger-mode Avalanching Photodetectors

[VERA: 350-830 nm calibrated flux LN, cooling AOI scanning ]

2. Monochromator


https://arxiv.org/abs/2410.13033

' Constraining fit parameters

PDE(M,0,V, T, n1; togide, dp*, Xpn, dw*, Ve, Vi) = FF - T(X, 0; togiae) [Wp(X; dp*, Xpn) Po(V; Vo) + Wa(X; Xpw, dw*) Pa(V; Vi)]

separating/constraining 6 free parameters: Y 'R

1. separate P and N geometry PDE=FF-T -@/p - P, H{W,, - P@
2. Internal PDE — no angular dependance PDE =FF @ (W, - P - B)
3. highvoltage, P, — 1.0 PDE = FF-T- (W, R+ Wa - P

4. Angular scans, Reflectivity — t____only Risors 4, 0102) = I 72 ::fjf:alﬁm

Modelling PDE - PD 2024 - Austin de St Croix



, FBK VUV HD3 STD4 - Relative PDE - angular scans

( 4ot ,pige COS O
angularscans — 5= 2 z}f’ 2
fit relative PDE — ppp= _PPEO) _ _T6)

PDE(6=0)  T(0=0)
monochromator FWHM smears oscillations

(gaussian smoothing included)

Dataset 2: PDE vs Angle
14+ —— v=6, WL=399.975
—— V=6, WL=599.952
1.3 1
1.2 1
L
()
B 11
)
=
©
FJ 1.0 1
—
0.9 ?};‘
/
Yor# \\ \\_,//
St
0.8 L T T T T T T T T
-10 0 10 20 30 40 50 60

AOQI (degrees)

relative PDE

1.5 1

14

1.3 A

1.2 4

1.1

1.0 4

0.9

0.8 1

Dataset 2: PDE vs Angle

; D, Q;.\
—}— Vv=32.63, WL=399.975 §
—}— Vv=32.63, WL=434.953

0.7

- :
—— V=32.63, WL=599.981 —-_—

0 1'0 20 30 40 50 60
AOI (degrees)

U

fdataset 1:
dataset 2: t

~ 1390 nm
W 1340 nm

discrepancy under investigation

oxide

no evidence for shadowing (see HPK section)

J




' FBK STD4 - absolute PDE - wlen scans

absolute PDE

(" ) High res (HR) PDE
Data taken at 160K igh res (HR)
Overvoltage (V) EEI II
high res and low res data fit together A ast— %1 i iﬁfg j igi
i I
global fit (float all 6 parameters) performs slightly /. sl % Z; ¥¥I¥§r | I“I% e I%%I IIi
better than sequential fit (which requires fine-tuning) Q// T 6 ¥T¥;§§§§¥¥i¥§11111 zr% I;¥IIIIIIII :
i T 7 ¥ L Sy b o R s 2 =
Low res (LR) PDE and fit /0 g i ¥ e et TR Tyee II:
027X (XIT 3| == = ¥ 1 -
0.5 1 IIIIIII TExE Izsz :t*tIIIIIII - III
0.1 ‘I”Ixx
0.4 360 380 400 420 440 460 480 500
Wavelength
0.3 - fit t e dp* Xon dw* Pe-max
nm) (nm) (nm) (nm)
el HR + asg | 125 | 294 | 3121 | 689
LR 0.04 3 28 Can!
0.1 o
global | EOT% 1 i39 | 119 | x08% @ +o48%
0.0 1

400 500

600

700
wlen (nm)

800

disagreementin t_., between wlen, AOI data =)

Modelling PDE - PD 2024 - Austin de St Croix




, HPKVUV4 -t from Reflectivity
oxide

nEXO (guofu) Reflectivity at fixed angles

-

-

Cannot constrain t .. using visible PDE data

require VUV calibrated light flux

(current calibration limited to 350 nm)
from physics, implies oxide is very thin
fit VUV reflectivity data to extract t

(data: Reflectance of Silicon Photomultipliers at VUV Wavelengths)

Rl3,|lor.L (4,0515x) = |

)
riz + r23e' 2
1+ r12r23e"5 llorL

4 various fits to reflectivity data:

t =16.8 nm +/- 0.9 nm

oxide

consistent with datasheet PDE

and LXe 175nm reflectivity A

(Reflectivity of VUV-sensitive SiPMs in LXe)

\

0.30 A
N\ 0.25
0.20 A
2
s
g 0.15 - _
E 8deg
Reflectivity function:
0.10 - FF=0.6, h = 4.6um, p=50um,
scaleDown = 0.24
j —— 18deg
0.054 “ —— 38deg
e —— 48deg
M_ 57deg
0'00 - T T T T T T T T
125 150 175 200 225 250 275 300

LXe Reflectivity comparison

0.35 1

0.30 1

o
N
v

Reflectivity

\g

e
=
7]

®  LXe (Munster)
—— Reflectivity fit
—— Reflectivity fit, air

T T T T T T
20 30 40 50 60 70
Wavelength (nm)

Wavelength (nm)



https://arxiv.org/abs/1912.01841
https://arxiv.org/abs/2104.07997

' HPK VUV4 - Wavelength scans PDE vs wavelength - Global fit

0.35 A

uset .. from reflectivity data _—

data taken at 160K
perform global fit (all 6 parameters over all data) 0.25 -

(also include optics for VUV4 quartz window) w
2 0.20
/0 0.15 -
Avalanche Probability vs Overvoltage /'Q
1.0 A //’ 0.10
&
/OQ 0.05
0'8 1 T T T T T
s /} 400 500 600 700 800
= Wavelength (nm)
©
BB fit t  em | dp* X dw* v v
a oxide PN e h
P (from N (nm) (nm) (nm) (V) (V)
g Reflectivity)
2 0.4+
g Fit Strategy
= -~~~ —— QY method, 380nm fixed, 160K grrt:#etr' o 16.8 1.5 1627 7524 1.61 13.9
Pe - global, parametrized 1z
iz B P - global, parametrized P..P, +0.9 +0.2 +38 +260 | +0.02 | +0.8
—== Pe - unconstrained
~=- Ph - unconstrained success! Larger junction than FBK

1 2 3 4 5 6 7 8 9
Overvoltage (V) smaller junction, larger P, values

(not pictured) global fit with non-parametrized P, gives slightly




' HPK VUV4 - Angular scans

4 )

1. Factor transmission out of PDE(6)
(and normalize by FF_=0.6)
2. fit FF(0) with shadowing function

3. gives resistor height of 2.7 um

(agrees with AFM)
\ J
-
Measure FF for all wavelengths h
e FF is complex function of AOI (few %)
e increase in IR: hypothesis is ‘half-plane
diffraction’ around resistor edges
. J

‘difference’ from FF = 0.6

increases monotonically with wavelength

Shoulder offset [a.u.]

Relative, optics normalized PDE

Measured FF(8) from PDE data

1.10 —
.77 T}
7 | 800
,, ol |
1.05 1 o
700
1=
1.00 v aos E
- £
s
0.95 1 500 g
]
1.02 &
0.90 1 400 =
1.00
0.85 1498 ’ | w == March5 (warm) 300
! < June (cold)
-10 10 20 ~« MidMarch (pinhole+)
0.80 ; . M 200
-10 0 10 30 40 50 60
Angle [deg]
FF-1 (25 deg) vs Wavelength
1 \
0.06 ‘ - - ‘
0.04 1 ‘ - + 2 ‘
0.02 ‘ X }I( + | * ; *
| | | xj * * * ? * ‘
0.00 @
ki i’ |
-0.02 - - —@~ Feb data (cold)
+ ~> March5 (warm)
-0.04 T =i~ June (cold)
~{~ MidMarch (pinhole+
-0.06 ' ; (p; dl
200 300 400 500 600 700 800

Wavelength [nm]




, HPK VUV4 - Angular scans
4 )
For UV light see decrease in FF(6) — shadowing
1. fit FF(0) with shadowing function
2. gives resistor height h = 2.7 um (agrees
with AFM)
\_ J
FF(O) - F, - (1 _ 2W)Htan9 UV data: FF(6) shadowing fit
1.01 4 i | : ‘, ! !
W = ff/pand H = h/p, + * [Fitted height: 2.73 +/- 0.20 urr]
| p = pitch 1.00 1~ | ‘ Lo 1 1s i ( . \
| T ‘ for VUV light we measure
: g 0994 { _~ R shadowing from
: QO | microstructure (~% effect)
T 7] _, FF is function of AOI
ol ff 0\0\1\:\\ 0.97 | | (U J
B e 5 6 3 1
Angle [deg]

shadowed area



, CO m pa riSO n to Data S h eet Hamamatsu datasheet PDE vs VERA data, model

9:381 H+ ____ \Vera parameters, room Temp
[H PK datasheet PDE \ } V = 4.0, score = 46.1
0.30 - —— Vera parameters, T = 160
e  full VUV-IR spectrum | Hamamatsu datasheet
t \Veradata,V=4,T=163K
e taken near room temperature 0-25] I
e to compare our model to datasheet (VUV) 0.20 I||||
. w
Include quantum yield for VUV photons: & 15
Measurements of the Quantum Yield of Silicon using SiPMs
\ AN j 0.10 A |
|
& WE 0051 |
o T ' ®  Hamamatsu VUV4, 163 K
2 1604 ®  Hamamatsu VUV4, 213K | I
e TF ! 4 Hamamatsu VUV4, 233 K |
‘é 3 +  FBKVUV-HD3, 163K 0.00 -
S 15f | : , : : : : : :
o - a 200 300 400 500 600 700 800 900
1.4 i Wavelength (nm)
" (" Success!? (* UV region is not a fit!) )
E . T e temperature dependent photoabsorption seems accurate
1.1 .
: B e VUV shape is good!
- l
1 o - . .
N e falloff at 160 nm likely due inaccurate k for SiO, window
150 200 250 300 0 & J

35
Wavelength [nm]

Recipe for VUV PDE: Vis PDE, VUV quantum vyield (& VUV reflectivity if oxide < 500 nm)



https://arxiv.org/abs/2410.13033

' Moving forward and takeaways

Takeaways
e validated assumptions: avalanche model, oxide thin film
e  model flexible for evaluating, understanding PDE
e Transmission and PDE are independent (simulation!)
e optimize new devices: maximize T, FF—0.99, Wp =1.0
e extrapolate PDE

\

PDE vs Wavelength, 0 deg, 8V

—o— Fit

—&— Fit-RT

—&— Halfbox diffusion
0301 —— pata-8v

0.32

0.28 A

PDE

0.24 |
0221 4

0.20

0.26 - | << /

T T T T T T T
350 360 370 380 390 400 410
Wavelength (nm)

T
420



https://www.sciencedirect.com/science/article/pii/S0169433217303720?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900210015500

Moving forward and takeaways

Takeaways ) ) ) o
HPK VUV4 Estimated PDE - different media: 17nm oxide, include temperature and n; effect

e  extrapolate PDE 0.40
~——— vacuum, -20C

—— argon
37 —— xenon
7 o |  Hamamatsu datasheet
0.30 1 . /”TTH H_H ]\]
0.25 H,H /l/llll \ |
A /l N\
/ |11 pEnA ;
g 0.20 || H |’H\f| ||| \

|||| v 0.300 ; \
0.15 | N : | -=- 176nm ;

I
I
N\ 0.275 i
N : | —— \\
0.250 i A\
13
I
1

A | 02251 4 L - AL N |
0.10 / o — |
—— |
| 0.200 /—: |
1
1
)
I
1
1
1
I

i V4% ||
0.175 :
0.05 I — / \a/ / \I\UJ
| 0.125 |

v

0.00 4 | 0.100 T T
150 175 200 225 250 275 300 325 350

260 360 4(30 560 660 760 B(I)O 960
Wavelength (nm)

decrease in VUV: destructive interference

increase in Vis: refractive index coupling
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, PDE Model: Temperature dependance — photo-absorption

fMuItipIe bandgaps contributing to
PE absorption in Silicon:
e twoindirect: 1.13 eV, ~2.4eV

e direct: 3.2 eV
\_

~\

/Temperature dependance
e phonon statistics (indirect gap)

e modifies bandgap energy

Stanford - PE in silicon, references within:

add temperature dependance to

photoabsorption calculated from k **

J
~N

_ _ BT
Ey(T) = E,(0) T+
E,-E, ;(T)-E,,)?
a(y) = 3, oy pEn =t

i,j=1,2

(E'y i Eg,j (T) o Ep,i)2

absorption coeff (1/cm)

108 A

106 4

104 4

102 4

100 A

1072 4

1074 4

1076

Energy

300K Eg:1 12eV

<111>

/ Wave vector
E; \\\\‘\Heavy holes
j Light holes

Split-off band

Direct Bandgap (3.20 eV)
—— Bandgap 1 (1.13 eV)
—— Bandgap 2 (2.50 eV)
—— Total absorption
——— Total absorption, T = 77K

|

1.0 A

0.8 1

Absorption weight

0.2 1

0.0 1

Absorption vs wlen, temperature

o
o
L

o
IS
L

—— Wp, RT
~—- Wn,RT
— Wp, 160K
-=- Wn, 160K

_____

r r T T T T T
400 500 600 700 800 900 1000
wavelength (nm)

stronger temperature effect at longer wavelengths

(more phonon contribution)

400

1 — e—EpalkT

600 800 1000 1200
wavelength (nm)

] + Adw’Ey = Egd(T)

** this assumes some 1:1 correspondence between

alpha(k), alpha(bandgap). non e/h* absorption channel
(with a temperature dependance) would be an issue


https://arxiv.org/abs/2010.15844

, MC FWHM effect on oscillations
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' PDE: Refraction in (Snell’s law)

Refraction is quite strong
- reduces angular dependance of W _, W_
(minimal theta, dependance)

Internal theta (deg) in Si
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Photon paths in a PN Junction
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eXT analysis: use PDE model ‘backwards’

take PDE framework, swap variables:

n :vacuum — LXe

n,: silicon

swap n, <> n,

(photons are going Si — SiO, — LXe)

theta, is internal angle

theta3 is external in LXe

df T

Xon

W

Modelling PDE - PD 2024 - Austin de St Croix

Si

il

6,
62 S i0a
Depd
“"93 LXe p+
N

31



Transmitance for eXT photons, 18nm Oxide thickness, transformed

90
80

Snell's law for eXT photons

a0 =708 0.680
5 70 70 _ g 0.608
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S 60 60 5 e 0.536 &
] = > _ | g
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2 € y
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-~ x -
€2 20" 5 20§ external angle 0.248
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Transmission for eXT photons, 18nm Oxide thickness 0,792 Relative intensity for eXT photons, 18nm Oxide thickness, transformed and convolved
: 0.792
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Relative yield for eXT photons

, So I id a ngl e’ si n (t h eta 1) sca I i ng transformed to external angle, convolved with linear yield, sin(thetal) scaled, 18nm oxide

— 500 nm
07 ~=- sin(thetal) scaled
. . . —— 600 nm
simplest explanation | can give: B —-- sin(theta) scaled
. . . g — 750 nm
uniform sphere requires uniform cos(theta) gos S L
H g —— 950 nm
Sampllng % 0.4 1 ~==- sin(thetal) scaled
cos_theta_values = rand(0,1) 5
theta_values = arccos(cos_theta values) g | ————————————
g 0.2 i
g e
hist(theta_values) have sin(theta) curve 1 e —— A
0.0 P e e it =

dS) = sinfd@dy, ; 20 % P %
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° ° Relative yield for eXT photons in Air
eXT I n a I r a n d LXe transformed to external angle, convolved with linear yield, sin(thetal) scaled, 18nm oxide

Relative yield for eXT photons in Air vs LXe

transformed to external angle, convolved with linear yield, sin(thetal) scaled, 18nm oxide
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