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Emerging optical/x-ray based methods

e Zone plate arrays

* Harnessing diffraction at mask edges
— Near-field lithography, and roll-to-roll photolith
* Interference lithography
3D lithography
— Projection-based
— Holographic methods
— Grayscale optical lithography
* Device-integrated lithography

— Integrated lenses
— Stop-flow and continuous-flow lithography



X-ray zone plate array lithography

Uranium proposed as zone plate material

First-order focus efficiency @ A = 4.5 nm.
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Zone plate array lithography with light
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Zone plate arrays

* Applicable to X-rays and photons

 Advantages: parallelizable and customizable
pattern transfer

* Disadvantage: still slow compared to full
mask-based processes



Near-field techniques

“Contact” lithography with rigid masks does
not really involve perfect contact (because of
particles and mask/wafer non-planarity)

Why not make the optical mask conformable?
Pattern curved substrates
Exploit predictable near-field diffraction
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Intensity “dip”
near each phase
edge is ~ 0.25
times the
wavelength of
illumination in
the resist — hence
sub-100 nm for
UV light
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Embossed resist as its own optical element

Adevelopgd

Adevdoyed i

500 nm

FIG. 3. Features generated using rectangular topographies. All samples
were developed for 1 min. The black arrow at the left of the images indi-
cates the photoresist/substrate interface. (A, poseq) : lines with 2-um width
and 4-pum periodicity embossed on a 0.50 um layer of photoresist.
(Ageveloped) : €Xposed (Agppossed) (3 8); width of features is ~75 nm.
(B.mbossea) - lines (150-nm wide, with periodicity 800 nm) embossed on a

~200 nm layer of photoresist. (Bgeveloped): €Xposed (Bempossed) (0.85 s);
features are —50-nm wide.

Paul et al., Appl. Phys. Lett., Vol. 73, No. 20, 1998 ’



Roll-to-roll photolithography

Photoresist Coating “Rolling Mask” Lithography Development Rinse

Rolith.com



Roll-to-roll photolithography
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Roll-to-roll photolithography

* Claimed by Rolith:
— Cost down to $2/m?
— Throughout up to 3 m?/min
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Frequency multiplication based on
EUV near-field imaging

 EUV propagates laterally, as an evanescent wave,

within the IMaging Iayer TE wave with TaN absorber and hard

mask (absorber CD 10 nm; gap 50 nm;
imaging layer 10 nm thick)

EUV Light ] —— CD=10nm, z=0nm
CD=10nm, z=2 5nm
CD=10nm, z=5nm
CD=10nm, z=10nm

. Patterned TaN absorber

Near-field regime - = .. .
~ CVD/Inorganic imaging layer

Arbitrary Units
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" Hard-mask (A-C, TiN, or TaN)

Chen et al., Proc SPIE vol. 9049, 90490D, 2014



Printing color at the nanoscale
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Printing color at the nanoscale
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Kumar et al., Nature Nanotech, vol. 7, p. 557, 2012



12 pm

Printing color at the nanoscale

i
*

(W of1-0%) d

g (30-120 nm)

16
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Beam
splitter

Interference lithography
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Regular patterns over
wafer-sized areas with
extremely simple
optics — no mask
Requires spatially and
temporally coherent
light

Small 8: no upper limit
to period of pattern
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2D arrays are possible by interfering multiple beams

* Three beams: honeycomb structure
 Four beams: square array of, e.g., contact holes
* High intensity illumination: can directly pattern the substrate

[017] e [011]

Direct patterned
Si0,/GaAs
~640 nm pitch structure

(a) (b)
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Tan et al., Nanotechnology 20 (2009) 125303



Sequential exposures
with a single beam pair
and substrate rotation
between steps

FIG. 4. (Color online) (a) AFM images of a tenfold symmetry silicon mater
(the size is 12X 12 ,umz). (b) SEM zoom in small features on (a) silicon
master, (¢) AFM images of the pure silica replica after sintering.

Letailleur et al. J. Appl. Phys. 109,
016104 2011
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FIG. 2. (Color online) First row: SEM pictures of different silicon masters.
Depth of the structures: (a) and (b) 150 nm (c) 450 nm. Symmetry order: (a)
3, (b) 6. (c) 5. Second row: corresponding directions of the interference
patterns during the n exposures. Third row: simulated exposure dose on each
point of the surface, obtained by summing up the intensity of the n interfer-
ences patterns. Fourth row: simulated resist height profiles. The results were
obtained using the simulated doses and initial layer thicknesses. Pentagons
and hexagons are guide for the eyes.
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Interference lithography for EUV
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Printing arbitrary patterns
by interference lithography

* Sweep angle of s, 18, (&
incidence of two
beams Y /
* Vary intensity and :
relative phase as

angle varies b)
* Build up arbitrary 1D
intensity history / \ ©)
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* Resist integrates I(z) ©) i
illumination history AW W W pattern || D,
 Cannot achieve zero * _J o L """" ‘a'[ Bur
illumination history o . e ’ |
in arbitrary locations T (0,0) D, X
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Printing arbitrary patterns
by interference lithography

Single interfering beam pair:
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3D projection lithography approaches
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Controlling focal point in projection lithography to

form enclosed microchannels
& I T RTICT T OO
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Mask ens Resist film Wafer

Larramendy et al., Lab Chip 2011, DOI: 10.1039/c11c20810a



Controlling focal
point in
projection
lithography to
form enclosed
microchannels

Larramendy et al., Lab Chip 2011, DOI: 10.1039/c11c20810a
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Photolithography on optical fibers
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Lu et al., J. Micromech. Microeng. 20 (2010) 125013



