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Subwavelength diffraction gratings and MOW (micro optical waveguides) in
YAG (yttrium aluminum garnet) crystals. a) Image of a centimeter-long, 700 nm
pitch grating under visible light illumination. b) Experimental and calculated
absolute diffraction efficiencies of a subwavelength grating (700 nm pitch) with
1,070 nm wavelength. Efficiency is calculated as the diffracted power divided by
the power incident to the embedded grating. Error bars correspond to the
experimental standard deviation of ~0.07%. Inset: scanning electron microscopy
(SEM) close-up image of the fabricated grating. c) Optical waveguide with
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hexagonal structure, 500 nm horizontal pore-to-pore spacing, mean pore size of
166 × 386 nm^2 and 4 mm length. d) Simulated intensity mode profile at 1,550
nm with full-width at half maximums (FWHMs) of 862 nm (vertical) and 972
nm (horizontal). e) Diffraction- limited near-field image of the waveguide output
mode measured at 1,550 nm, with a FWHM of ~1.5 µm. Credit: Nature
Photonics, doi: https://doi.org/10.1038/s41566-018-0327-9

Optical properties of materials are based on their chemistry and the
inherent subwavelength architecture, although the latter remains to be
characterized in depth. Photonic crystals and metamaterials have proven
this by providing access through surface alterations to a new level of
light manipulation beyond the known natural optical properties of
materials. Yet, in the past three decades of research, technical methods
have been unable to reliably nanostructure hard optical crystals beyond
the material surface for in-depth optical characterization and related
applications.

For example, laser lithography developed by the semiconductor industry
is a surface-processing technique used for efficient etching of a range of
materials, including silicon, silica glass and polymers. The process can
produce high-quality two-dimensional (2-D) nanophotonic devices that
can be extended to 3-D, which was demonstrated two decades ago with 
infrared femtosecond laser direct writing. However, the
photopolymerized structures are impractical as they cannot be interfaced
with other photonic elements. While 3-D nanostructured optical fibres
have delivered functionalities well beyond those possible with ordinary
unstructured glass to revolutionize nonlinear optics and optical
communications, reliable manufacture of materials in crystalline media
has remained elusive.

Alternative methods include direct machining 3-D nanostructures with 
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laser-induced dielectric breakdown and micro-explosions triggered
inside transparent crystals to form voids and induce sub-micrometer
structures within them. But such methods occurred at the risk of
extended lattice damage and crack propagation. Therefore, despite
efforts, a standard method for large-scale, 3-D volume crystal
nanostructuring remains to be reported.

In a recent study published in Nature Photonics, Airán Ródenas and co-
workers at the Institute of Photonics and Nanotechnology and the
Department of Physics departed from existing methods of engineering
the crystal nanoarchitecture. Instead, they proposed a method whereby
the inner chemical reactivity of a crystal, given by its wet etch rate,
could be locally modified at the nanoscale to form dense nanopore
lattices using multiphoton 3-D laser writing (3DLW). The
interdisciplinary scientists showed that centimeter-long empty pore
lattices with arbitrary features at the 100 nm scale could be created
inside key crystals such as yttrium aluminum garnet (YAG) and
sapphire, typically used for practical applications. Ródenas et al.
performed direct laser writing before etching, creating the desired pore
architecture inside the solid-state laser crystal for photonic applications.
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Wet etching nanopore lattices engineered by 3DLW in YAG. a) Nanopore lattice
etched for 120 hours with average pore dimensions (257 ± 7 nm and 454 ± 13
nm) along x and y directions and 1 mm length along z. b) Vertically overlapping
nanopores after 2 h wet etching (average dimensions of 131 ± 5 nm and 1,300 ±
35 nm along x and y, and 1 mm lengths). c) Top optical microscope view of
nanopores along the z direction etched for 1 hour (129 ± 6.8 µm length). Credit:
Nature Photonics, doi: https://doi.org/10.1038/s41566-018-0327-9

In the experiments, the scientists used a standard 3DLW with an
ytterbium mode-locked ultrafast fiber laser (1030 nm wavelength and
350 fs pulse duration). A 1.4 numerical aperture (NA) oil-immersion
objective was used to tightly focus the laser pulses inside the crystals.
Ródenas et al. used computer-controlled XYZ linear stages for 3-D
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nanopositioning of the samples. After laser irradiation, they laterally
polished the crystals to expose the irradiated structures followed by wet
chemical etching. For this, the YAG crystals were etched in hot
phosphoric acid in deionized water. A key technical limitation of the
etching process was the difficulty in refreshing the exhausted acid inside
the nanopores fabricated using the method detailed.

The results showed an etching selectivity at a value larger than 1 x 105 at
the molecuar level between the modified and pristine crystalline states,
hitherto not observed in a photo-irradiated material. The observed value
was approximately two orders of magnitude higher than that of alumina
etch masks on silicon. Ródenas et al. determined the etching rate of
unmodified YAG at ~1 nm/hour. The proposed method allowed the
design and fabrication of nanophotonic elements inside a crystal that
could provide the desired optical responses, at the subwavelength
structure. The scientists were able to control the features of pore
direction, size, shape, filling fraction and length of nanopore lattices in
YAG crystals by combining 3DLW and wet etching.

The YAG lattice was etched for 120 hours to obtain average pore
dimensions in the x and y directions. The pore shape and size were
controlled by tailoring the laser power and polarization. The diameter of
etched nanopores depended on the laser power and could be studied for
both linear and circular laser beam polarizations. As limitations of the
technique, they found that 3-D photonic structures were
characteristically isolated in space, needed supporting walls, and
suffered shrinkage and a low optical damage threshold.
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(1). Evolution of pore size and cross-sectional aspect ratio as a function of laser
power for linear and circular polarizations in YAG. (A) Power dependence of
pore widths (in red) and heights (in blue) for linear (LP) and circular (CP)
polarizations, measured from pores etched for 1h. (B) Dependence of cross-
sectional pore aspect ratio (height divided by width) for linear and circular
polarizations. (2) Etching crisscrossed nanopores. (A) The large index contrast
between etched and un-etched pores is depicted in a raw bright-field
transmission image. (B) 3D sketch of 90º crossing pores at different vertical
offset positions. (C, D) SEM pictures of crossing pores at 90º and different
crossing heights. Ag sputtered nanoparticles are also visible on the main surface.
(E) Close-up view of the inner smooth surface of a pore. Credit: Nature
Photonics, doi: https://doi.org/10.1038/s41566-018-0327-9

The scientists engineered the photonic structures using circular
polarization to reproducibly create air pores in the nanoscale region
below 200 nm. The nanophotonic structures (air pore photonic lattices)
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created in the crystal maintained spatial resolution equivalent to that
obtained with state-of-the-art multiphoton polymerization lithography.

For practical applications, nanophotonic devices require robust and
efficient optical interconnections to form large, complex circuit designs
with other optical elements. To achieve this, Ródenas et al. controlled
the differential etch rate to maintain large pore lengths between the
photomodified volumes and the surrounding crystal. They used scanning
electron microscopy (SEM) to observe and prove the 3-D etching
process.

  
 

  

Etching nanopores in YAG along mm to cm scale lengths. (A) Optical
microscope side view of etched pores. (B) Optical microscope top view of
etched nanopores. (C) SEM side view of etched nanopores. Credit: Nature
Photonics, doi: https://doi.org/10.1038/s41566-018-0327-9.

Within 170 hours, the scientists achieved nanopores with cross-sections
of 368 x 726 nm2 and lengths of 3.1 mm; to show that nanopores with
millimeter-scale length could be engineered in a single etching step.
Nanophotonic devices typically require such lattice dimensions from the
micrometric to the centimeter scale, without brittle fracture of the
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crystal due to excessive stress. In this way, the scientists implemented a
scheme to homogenously etch nanostructures and microstructured
optical waveguides (MOWs), on the desired scale across the whole
sample.

To test if the observed selectivity of nanopore etching with YAG was
transferrable to other crystal types, the scientists conducted similar
experimental nanostructuring with sapphire. They found a parallel
nanopore etch rate of ~1 x 105 in sapphire, similar to YAG and higher
than the rate previously observed with microchannels etched in sapphire.
Ródenas and co-workers formed millimeter-long nanopores in sapphire
with cross-sections as small as ~120 nm and tested the feasibility of the
method by engineering nanopore lattices etched for 170 hours without
fracturing the crystal.
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(1) Scheme to achieve infinitely long and homogeneously etched nanopore
lattices by means of 3D-connecting etching pores. (A) 3D sketch of the vertical
etching channels architecture for etching microstructured optical waveguides
(MOWs). (B) SEM of a polished cut through a MOW partially revealing 3D
etching pores. (C) Microscope top view of an etched array of MOWs with
vertical etching channels every 80 µm. (2) Etching mm long pores in sapphire. a)
Dark-field image of three arrays of 1-mm-long pores after 170 h of total etching
time. Pores on each array were written at ~10 mW and at depths ranging from 4
to 30 µm. b) Example of pores written at medium power (9.4 mW) and 29 µm
depth, after 30 min etching. c) Example of two pores written at 24 µm depth and
at the photo-modification power threshold (~4 mW) for which no secondary
pores are observed. Credit: Nature Photonics, doi:
https://doi.org/10.1038/s41566-018-0327-9.

The capability to control lattice formation down to the nanometer scale
will be useful in practical photonic applications. For instance, photonic
bandgap lattices can be designed with stopbands in the visible to mid-
infrared range in solid-state laser crystals for photonic information
technology. To further expand the potential of the 3-D nanolithography
technique, Ródenas et al. engineered MOW (microstructured optical
waveguides) with different lattice spacings and cavity sizes. They
obtained dimensions in the range of a centimeter in length, with 700 nm
pitch grating observed under visible light illumination.

Ródenas et al. conducted theoretical and simulation methods of the
subwavelength gratings prior to their material fabrication. For the
numerical simulations, they used the finite element method (FEM) in 
COMSOL Multiphysics 4.2 software. The scientists used the same FEM
software and method to model YAG MOWs prior to fabrication.

This ability to create controlled 3-D nanostructures of crystals opens up
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new routes to design compact, monolithic solid-state lasers. The resulting
crystals can incorporate traditional cavity elements (gratings, fibres,
microfluidic cooling channels) or novel microresonators inside the
crystal. The prospect of engineering large, nanostructured laser crystals
will provide a new basis for precision technology in metrological
applications and allow for potentially new applications with ultra-strong 
deformable laser nanofibers in microelectronics and for drug delivery in
medicine.

  More information: Airán Ródenas et al. Three-dimensional
femtosecond laser nanolithography of crystals, Nature Photonics (2018). 
DOI: 10.1038/s41566-018-0327-9 
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