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Outline

Goal
Fabricating sawtooth profiles on curved Silicon substrates for x-ray diffraction gratings

Grayscale lithography
* Dosegradientshapes - anewdesign elementfor height varying resist exposures
* Through-mask oxidation - transfer technique from resist to Si substrate

Variable line spacing (VLS) gratings

 Curved substrates > important for focusing x-ray optics

* Mainfield scaling > high precision placement changing the grid ever so slightly
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Blazed x-ray diffraction gratings y PSI

Blaze angle is optimized for a specific wavelength and diffraction order
* Highly efficient > as much light into the desired order

Application at Synchrotrons and XFELs in the soft and tender x-ray range
* Monochromators

* Analyzers for inelastic scattering

* Self-seeding and pulse compression

Issue: Long lead times and shortage of supply

« Commonly used manufacturing method is mechanical ruling
* Higher line densities 2> longer manufacturing times

* Highly specialized equipment (one in Europe)

LEAPS Innov proposed solution is electron beam lithography
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Our e-beam machine and location

EBPG 5000+ with UPG (Universal Pattern Generator)
Beyond trapezoid fracturing

* Nanometer placement (<1 nm)

Sufficient throughput at exposure rates of 1 cm?/hr
* Evenfor higher line densities
Substrates up to 140 x 30 x 10 mm?3
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Grayscale lithography - concept

New developments

Grayscale = thickness/height variations
1. Dose gradient primitive shape

Target design 2. Efficient exposure

3. Through-mask oxidation using HSQ resist

Thickness

Position

Let’s go through an example
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y PSI

Grayscale lithography - example

Target: Grayscale 16bit map Data prep: 46 MB tor 35 doses

34.8 um

BEAMER w/ 3D Surface PEC
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Grayscale lithography - results

So why doesn’t this method work for the gratings?
Swissmap has 16 million shapes > exposure in 10 sec
Grating is 12 million times larger
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PSI

Grayscale data preparation - fracturing

Current methods of fracturing

ZL eeel l

X e
e
e
1 k
J

Each change in dose needs another new shape
Amount of shapes explodes!
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Dose mapping

Dose gradient cube Basic shapes

Dose N\
€
\/ Rectangle (with rotation)
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N Y
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0 1 J X Circle (ellipse not yet)

BSS 2 1nm

Partial circle

Result: Efficient grayscale lithography data preparation
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Large area VLS gratings

—

Comparing old vs new method ‘ —

—

Old method New method

146 GB gtx (ascii) 30 MB gtx (ascii)

11 GB gpf (binary) 9 MB gpf (binary)
38 billion shapes 950 million shapes

Result: Storing the dose information inside the shape reduces
the file size drastically, and is easier to program/debug
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Grayscale EBL and through-mask oxidation

Spln Coating HSQ resist ~¥300 nm

Si substrate
e HSQ asresist, Thickness ~300 nm

Grayscale exposure

resist spinning

* Exposed areais converted to SiO,,

Development
grayscale exposure

« NaOH based developer
Thermal oxidation

* Dry oxidation, Different SiO, thickness > different oxidation speed
Oxide removal development

* Wet chemical oxide removal with HF > reduces the roughness

thermal oxidation

OSSARANAAT,

wrdzg Ak

oxide removal
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PSI

Grayscale EBL and through-mask oxidation

Result: Smooth surface due to
height feature reduction (10x)

development

oxide removal
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Thick curved substrates

Radius of curvatureis 28 mor12m

* Maximum height difference: 100 pm to 200 pm (tool limit)

In the near future: Z-stage in 2025 with up to 10 mm range

Combined with a new feature for tilt corrections > even curvier substrates
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High-precision placement y PSI

Example: Write lines with a pitch of 100.4 nm Mainfield =1 mm
e Grid=1nm (20 bits > min 0.07 nm)

Problem: Grid snapping
Solution: Mainfield scaling
e Stretching or compressing the mainfield

e Maximum scaling +1%

How about VLS gratings where pitch is continuously
changing?

® 0 0 0 050 0 0 0 0
3

Zoomin
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Continuous high-precision placement y PSI
DenSity (lineS/mm) =aptax+ 82X2 + a3X3 Parameter Specified

Settings Grating Period (a,) 800

* Mainfield =80 pm 1st Coefficient (a,)  2.81 mm™

e Grid=0.5nm
Scaling each mainfield goes as follows

2nd Coefficient (a,) 2.2e-3 mm~>

3rd Coefficient (a;)  6.4e-6 mm™

Pitch (nm) Nom. Pitch (nm) Scaling factor Advantages
Field 1: 1346.804249 1347 -14532 * Multipass averages out the errors at
Step 40 pm the edges of the mainfields
Field 2: 1346.738446  1346.5 17708 * Each mainfield writes 60 lines
Step 40 um reducing stage movements (time
Field 3: 1346.672648 1346.5 12821 saving) o
otc * Accuracy better than addressing grid
#3202: 1152.851544 1153 -12875
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VLS gratings — early results

Variable line spacing using cont. scaling of the grid Parameter

Density (lines/mm) = a,+ a,x + a,x2 + a,x> Grating Period (a,)

1st Coefficient (a,)

Pattern pltch [n m] 2nd Coefficient (82)
1400 3rd Coefficient (ay)

1350

e

1250™, .
Y Design
1200 g

1150 [ »

1100
-80000 -60000 -40000 -20000 O 20000 40000 60000 80000

Stage position x [pm]

Max. residual in pattern pitch
< 80 picometers
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Latest X-ray results - ESRF  PSI

Beamline ID 32 XES spectrometer

Mainfield settings show up, /\/\ 25 10 28.6 mm-
e Mainfield = 80 x 860 pm? = ~ 40 pm
MP=2s0~40um History of EHT Levels -
H : 2024-03-29 00:00:55
B, ~ [ 0.000426
6 Steps visible by naked eye [ 0.000424
Period = 18.6 mm . 0.000422
Amplitude=0.2/0.3 nm - 0.00042 0
N -
- 0.000418 3
-~ n.unu415§
L 0.000414 & T
- 0.000412
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Time [day]
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5 PSI

Conclusion

VLS gratings in thick curved Silicon
e Upto140x30x 10 mm?3

* Picometer precision pitches

* Tests ongoing at the beamline(s)

* Soon commercially available at
XRnanotech

* Through-mask oxidation process for
smooth structures

Future developments:
* Newtoolin 2025

 Expanding applications to metalenses and
photonic devices
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5 PSI

Conclusion

VLS gratings in thick curved Silicon
e Upto140x30x 10 mm?3

* Picometer precision pitches

* Tests ongoing at the beamline(s)

* Soon commercially available at
XRnanotech

* Through-mask oxidation process for
smooth structures

Future developments:
* Newtoolin 2025
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E-beam tools - move and acquisition PSI

Park Innovaare
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Through-mask oxidation for metalenses (preliminary results)

PSI

Contrast curves

Benchmarking tests (ongoing) 7001

600 -

e Smoothly varying structures 500 |

400 H

e Abrupt changingis possible

300 A

Height (nm)

Silicon structuring
100 - —4— 90 s development
- Metalenses . I o
e Photonic devices 0 000 000 000 000 5000

e Pushing the limits for gratings
e High line densities, Kinoform, sharper/larger angles
End goal: Stacking metasurfaces with high precision
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Going from one MF to the next (MP=2)

Polynomial polynomial
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