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The Problem Definition

Issue: Overcoming refractive index mismatch at dielectric interface

Isotropic Light
Emission

From Snell’s law

6 =sin
c .
scin

e Critical angle for scintillator with RI=1.82 coupled to RI=1.5: ~55°

* Alarge fraction of light hits the air/scintillator interface with angle > 6_

* Due to the mismatch in refractive index between high-RI scintillator and
low-RI window, light is lost due to total internal reflections.
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Light yield
Energy resolution
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What are the solutions?

To enable realization of the next-generation of high sensitivity, high performance detectors using
existing scintillation materials.

Grooves or gratings
Surface roughness

Reflector and Sealing
Photonic crystals (PhC) or gradient index nanostructures (GRIN)

PHOTO DETECTOR

Grooves or gratings Surface roughening Photonic crystals or nanostructures
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Photonic Crystals Fabrication Methods

Previously, we used e-beam lithography

— Made PhCs (2mmx2mm) in high refractive index Si;N,

— Demonstrated 35% improvement in light yield

— E-beam lithography is expensive, slow, and can’t be used for large areas

Now, we use nanoimprinting
— Low-cost technique

— Flexible (mold material, polymer curing)

— Repeatable
— Scalable

— Made large-area (1”%1” so far), low-cost PhC on scintillators
— Demonstrated superior performance
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Nanoimprinting Process

Conical PhC Master in Polymer

@ Mold Release Process

(@ CuringStep

Imprint System

Imprinted
features

UV light

Imprint resist

\ Substrate

J A

=20 I o e w2

SO0 000009OODOOVDOOOVDOOOOOYYY

OOOOOOOOOOQOOOQOOOCQOOOOOSQ
.ccc00000000900000000000009?
POOVO0000E0G00000B0GOOOOOOYY

i A A & & 3 B A % B 1 3 % % % L % ¥

P O00090S00OOBGOTBNVOBSOVDOSOBOBOSY
A A A B L A B B 3 0 L A L B X %R F R R L
AR LA L L L L AL LTI LA L T T EET Y
cO04\0000000000000000°°°°°°°v°
00900000000 OBOOOBSOSOBLOOOGCOODOSOVS Y
PO0S00090000BCOGOCOSOCOSOSYBBSOYOOSOSYYS
pPOGGO0000G0EG0G0000000OGG00I0
0080580900000 O0CGGVOSOBLSDOTOBOTOTBGOYY
-OOOOOCCCOQODOOOOOOaoooooooﬁo
POS90O000O000SBOSBOOSTOOBSOSGOBLOSOOOSYE]Y
POS90000000C0O0OTGBOGSOSTTSYOOBSOSQCTOSOSSDND
POGCOGOCOA0G0BGOGBVBBGOGBBGSBBOLOLOY
OcoocoOOOOOOOOOOOOGOQOOOO’L’
6660000000000 0000000000000»
pO0GOGOGOA0GLOOO0OBOGGOOBOGS
000800000000 OBOLBLBLABOOBLBLOLOOBOBOBLY
peOGOBOGBG0GOOGLOOOOGLGOGGBGS
pOOGOOOLLOLGOGOOBOGOBOGOGGOS
pO0460GOOOOOLEOOLOOOBGBGOGGY
pOGGOGOGOLOGLLOOOGGOGOGGGGLD
p6866000000000800600660000000D
pOoOGOOGOOOGGGGGGOGGGOGOGOGGLY

oy
o~
Q
+—
i
M
o
o
(]
-
v
=
Q.

Grating on a

Imprinted
Grating on a curved

glass vial surface

Optical grating (700 nm pitch)

Uniform, large-area coverage

cylindrical lens
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Template Designed for Light Extraction Enhancements

Optics Express, 23(17), (2015) 22730

Hexagonally close-packed array of nanocones, with a pitch-to-height aspect ratio of approx. 1:1.25.
Optimum gain is obtained for aspect ratio of 1:1.25 to 1:1.5, substantially easing fabrication process.
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SEM image of the silicon template. The nanocones
have a period of 800 nm, and a height of 1276 nm.

MEDAMI 2017 — V Mediterranean Workshop on Advanced Molecular Imaging, Orosei

A Dynasil Company




New New large molds —for 1 cm X 1 cm to 1”%1” GRINs

Master Mold Imprinted Replica

New large mold, for fabricating 1 cm — 1 inch GRINS.

Replica 1 Replica 2

4k

1inch
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High Refractive Index Polymer

Transmission (%)
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——CP5 (n=1.875])
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Transmission measured with UV-VIS

spectrometer.
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Wavelength (nm)

Refractive index of CP2, CP4, and CP5

polymers measured with an ellipsometer.

Polymer

Refractive Index

Wavelength Curing method

UV curing

UV curing
Thermal curing
Thermal curing

Refractive index, n
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Refractive index is stable up to 260°C.




Characterization of Nanoimprinted Layers

‘Width = 22.50 pm Mag = 13.36 K X Signal A = SE2 .

WD = 6.3 mm

Zero residual layer
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EHT = 5.00 kV

Residual layer of several
hundred nanometers.

SEM images of nanoimprinted PhC after removal
from scintillator.

Any layer of polymer between scintillator and PhC
increases light absorption (residual polymer
layer), and decreases light output.

Key: Develop a process to decrease residual layer.

Nanoimprinted PhC are quite flexible, and show
excellent uniformity (and strength!).

10
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Nanoimprinted GYGAG

CP2 polymer, RI=1.825 CP5 polymer, RI=1.875
PMT: R6233-100; -650V,4ps Shaping Time, Tcol=200s PMT: R6233-100; -650V,4us Shaping Time, Tcol=200s
0.10 — 1 r 1T r 1T 1 1T - 1T 1T * 1 1 EyF + 1.~ 1.+ 1 T 1 T T 1 T T
Normal GYGA . Normal GYGAG ]
Imprinted GYGAG | Cs Spectra Imprinted GYGAG]
0.08 -t 3, Gainin LY: +40% 01l AE~8.39% GaininLY: +50% _:
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Channel No. Channel No.

Custom RI GaininlY Gainin ER
Polymer

CP5 1.875 50%

Non-uniformity during imprinting.
This is a process engineering
issue, may be leading to
degradation of energy resolution.

CP2 1.825 40%
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Nanoimprinting on LYSO

PMT: R6233-100; -650V, 4us shaping time,100pF preamp, Tcol=100s
T T T T T T T T T T T
Normal LYSO AE~34% AE~23%

" Imprinted LYSO 34 '
rLY: +24%
0.8 FAE: +38%

1.0

0.6 |

*’Co Spectra

0.4

Normalized Counts

0.2

22 mm diameter, 10 mm tall LYSO imprinted with the
1”x1” mold into CP4 (RI=1.78).

0 100 200 300 400 500 600 700 800
Channel No.

e Imprinting in CP4 polymer (RI=1.78).
e 24% gain in light output.
* 38% improvement in ER.
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Stamp and Repeat

Top view mold

(a) TS

Pattern 1 Pattern 2

Pattern 3

=
‘F—

Side view mold
(b) Seam Protrusion

Pattern 2

Patter% 1 /

Stamp and repeat is challenging, but doable. Need larger molds.
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Imprinting large areas, hygroscopic scintillators

Imprinting on a window facilitates the PhC approach even on difficult to handle
hygroscopic scintillators.

Packaging can for
hygroscopic

scintillators. W | 3 Packaged, Teflon wrapped Srl,
\ ) scintillator with nanoimprinted
<TG I window.
Sl

Nanoimprinted 30 mm
diameter quartz window.
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Hygroscopic Scintillators: Srl, : Eu

PMT: R6233-100; -650V,3x-gain,6us shaping-time, 100pF preamp, Tcol = 600s

* Light Yield gain of +42%

0.40 T T T T T T T T T T T T
Srl,:Eu with Normal window
0.35 15 |_:Eu with Imprinted wi T : :
||| SrEu with Imprinted window | Srl,:Eu light output & energy resolution

o oso Il LY:+42% ., AE~3.3%
2 OO0 AE: +15% AE&S(-)M g55 |  Mmeasured through:
& ozl ﬂ 1+ aregular window;
153 . N e awindow with PhC imprinted in CP5 polymer
o ] ] _
N *'Cs Spectra (RI=1.88)
‘© 0.5 N
S
o
Z

* Energy resolution improvement of +15%

0 100 200 300 400 500 600 700 800 900
Channel No.
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Hygroscopic Scintillator: Srl,: Eu

PMT: R6233-100; 650V,3x-gain, 6us shaping-time, 100pF preamp, Tcol=600s

—r—Tr—TrTrTr T T T Transmission of Imprinted Layer
Srl5:Eu with Normal window 80
Srly:Eu with Imprinted window ' 2
> o3| GaninlY:+28% AE-3.7% AE~3.2%1 _ &
8 Gain in AE: +16% 690 884 é -
8 ﬂ ‘._’_-‘- =10
= E
B o2} i 5
N - 7 30 Cut-off 390 nm or 3.18 eV
T Cs Spectra =
c O 20
S o1 1 . .
Z ’ Emission of Srl,:Eu
’ 25N AND ATy SN0 Ay 6500 3000 — Eu?*
T o) e .
0.0 P TP TN T TR . Wavelength (nm) B — undoged ORNL)érystal
0O 100 200 300 400 500 600 700 800 900 1000 8 oo
Channel No. 1000
o o o 500
* Light Yield gain of +28% )
* Energy resolution improvement of +16% = = memmam
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Imprinting using the new 1”x1” Mold

30 mm diameter fused silica optical window imprinted
using the new 1 inch mold into CP4 polymer
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Srl, latest results using new mold

PMT: R6233-100, -600V, 3x-gain, ST=4ys, 100pF preamp, T_=300s SMIERESSS 00D ESxgainis L ns N0 preamplastis

0 4 ' 1 ' 1 L 0 4 M 1 T 1 1 1 1 1 1
m Srl, —— RMD30, new imprint Srl, — Blank window
I 137 —— RMD27, old imprint |1 I - h
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Channel No. Channel No.
ER: ~28% improvement ER: “8% improvement
ER: ~¥19% improvement LY: ~15% improvement
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Timing Resolution Measurement

005 ) . . . ) ' ) PMT: RE‘.’i’.:-‘IW_ .EDD"J’.IEEHJ Sweeps
(c)
0.04 | t=42ns(Before imprinting) 1
S t=42ns (After imprinting)
o 003} -
pe]
2
E‘
E oozt .
8
()]
» 001} i
0.00 —WJ
-100 ‘ 0 | 100 I 200 . 300 I 400
1 x 1 x 1 cm3 LYSO scintillator, with the Time (ns)
imprinted nanostructured surface Preliminary timing tests do not show any change
displaying optical interference effects. in performance. Needs further experimentation.

Coincidence timing resolution (measurements done at U. Penn, courtesy Joel Karp):
* Before imprinting: 333 ps
* After imprinting: 335 ps
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Increasing the refractive index

Gain vs. ALD Layer Thickness

1.5 T T T
210 nm TiO, n=2.6
14§ -
1.3F -
c
©
O 42} ]
[ for 210 nm ALD
Alumina Al,O 1.7 - 1.1 @® Gain vs. Thickness -
23 CP4a polymern=1.78 Sain vs. Thick
Hafnia HfO, 2.2 [ Parabolic Fit '
10 . ] a [] a [ ] -
Titania TiO, 2.6 0.0 0.1 0.2 0.3 0.4

Thickness (um)

* Simulations show the gain as a function of layer thickness for ALD-grown thin films of high-RI TiO,.
* Potential gains of 44% for a 210 nm thick film
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TiO, RI=2.46, film thickness 34 nm

ALD Thin Films

100 Percent Transmission of ALD0O09

RMD 013 Transmission Spectra

) : (_/\—\_ 80 - {\_\/—/-
7 Not "V" side 604 -
r\/\g_’"\’" side

40-

TiO, on the platter of ™| 20 j
the growth chamber
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Percent Transmission
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200 400 800 800 1000 200 400 600 800 1000

Wavelength (nm)

Wavelength (nm)
50 nm thick ALD TiO, 50 nm thick ALD TiO,
on LYSO on fused silica

(a)

Silicon sample after ‘
removing from chamber
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75 nm thick ALD TiO,
on fused silica
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Summary

 Demonstrated large-area nanoimprinting of photonic crystals.
* Overcome cost and size limitations of e-beam fabrication.

* PhCs demonstrated 40%-50% improvements in light yield and energy resolution even in
highly hygroscopic crystals like Srl,.

* PhCs enable current scintillators to perform in the realm of new materials = cost savings!

What is planned?
 Demonstrate improvements in timing resolution.

* Polymer development: Lower cost, higher refractive index, lower cut-off wavelength.
* Roll-to-roll process: Fabricate master template on a roller.

* Implement in commercial instruments for customer evaluations.

» RMD .

A Dynasil Company MEDAMI 2017 — V Mediterranean Workshop on Advanced Molecular Imaging, Orosei



