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Conversionless efficient and broadband laser light
diffusers for high brightness illumination
applications
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Laser diodes are efficient light sources. However, state-of-the-art laser diode-based lighting
systems rely on light-converting inorganic phosphor materials, which strongly limit the
efficiency and lifetime, as well as achievable light output due to energy losses, saturation,
thermal degradation, and low irradiance levels. Here, we demonstrate a macroscopically
expanded, three-dimensional diffuser composed of interconnected hollow hexagonal boron
nitride microtubes with nanoscopic wall-thickness, acting as an artificial solid fog, capable of
withstanding ~10 times the irradiance level of remote phosphors. In contrast to phosphors, no
light conversion is required as the diffuser relies solely on strong broadband (full visible
range) lossless multiple light scattering events, enabled by a highly porous (>99.99%) non-
absorbing nanoarchitecture, resulting in efficiencies of ~98%. This can unleash the potential
of lasers for high-brightness lighting applications, such as automotive headlights, projection
technology or lighting for large spaces.
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olid-state lighting (SSL) is defined as light emitted by solid-

state electroluminescencel. Its current power efficiency, i.e.,

the optical output power of the SSL device per unit input
electrical power?, is ~70% and there is no fundamental physical
reason why efficiencies well beyond 70% could not be reached?-.
SSL is thus expected to replace all conventional light sources by
2035°, including halogen, xenon, incandescent, and fluorescent
lamps*6-8. At present, light emitting diodes (LEDs) are the most
efficient devices for white-light generation23°. Their adoption is
predicted to achieve a 75% reduction of energy consumption for
lighting by 2035° in the US alone, which would result in a total
energy saving of 6.75 x 1016 TJ (equivalent to nearly $630 billion
in avoided energy costs) and thus drastically reduce greenhouse
emission worldwide®. However, the so-called “efficiency droop”
still limits the operation of LEDs to very low input power den-
sities, with current densities ~0.01 kA cm~22?. Consequently, for
a higher light output the physical size of a LED has to be
increased. In contrast to LEDs, laser diodes (LDs) can be operated
at much higher current densities (>10 kA cm~—2), with peak effi-
ciencies close to that of LEDs2. This results in a higher light
output per unit area, e.g., a 0.1 mm? LD source can produce the
same amount of light as a 1 cm? LED. Hence, the target to gen-
erate more photons at high-power densities (kW cm~2) and
decrease the cost per lumen can only be satisfied by using
LDs?%8, State-of-the-art LD-based lighting devices exploit a blue
LD pumping, e.g., a yellow-light emitting phosphor, resulting in
white light (Fig. 1a)>%. However, the performance of such systems
is strongly limited by the properties of the phosphor. The effi-
ciency of state-of-the-art light emitting phosphors, such as doped
yttrium-aluminum-garnet, is mainly determined by two types of
energy losses, the stokes shift (~80% efficiency) and the photo-
luminescence quantum yield (~90%)10. Both these loss mechan-
isms scale with temperaturel? (e.g., as a result of illumination)
and therefore phosphor luminescence suffers from saturation!?,
aging!!, and thermal quenching!®, limiting the irradiance to
~5kW cm~2 and thus the overall light output. Even though new
concepts such as glass encapsulation!?13, phosphor monoliths!4,
or composite ceramic phosphors!>-17 can increase the irradiance
level up to ~10-20 kW cm™2, the true potential of lasers for high-
brightness lighting applications, with possible light outputs of
several MW c¢cm~2, still remains unemployed.

Here, we demonstrate a tunable, disordered, cubic centimetre-
sized ceramic nanoarchitecture as an efficient (> 98%) broadband
(> 450-640 nm) diffuser, that in combination with a RGB (red-
green-blue) laser system (Fig. 1b), is an alternative to the
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White light
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conventional used phosphors with a single laser (Fig. la). The
diffuser withstands ~10 times the irradiance level achievable by
state-of-the-art phosphors, enabling a lighting system whose effi-
ciency is mainly determined by that of the LDs used, due to the
lack of any conversion effects (Fig. 1c). The concept is based on a
highly porous (> 99.99), macroscopic, and translucent network of
randomly arranged and interconnected hexagonal boron nitride
(hBN) hollow microtubes, that we call Aero-BN. The material acts
like an artificial solid fog, but with a defined hierarchical internal
structure - a combination of well separated feature sizes greater
than, equal to, as well as below the magnitude of the impinging
wavelength. The Aero-BN diffuser enables an isotropic light dis-
tribution from a multitude of coherent laser light sources at the
same time, while simultaneously reducing speckle contrast to
values well below the detection limit of the human eye (< 4%)!8.
Especially the latter is a strict requirement for LD-based lighting,
that is not met by today’s commercially available diffuser systems
(Supplementary Note 1 and Supplementary Table 1). Even though
the current state of LD technology - with laser efficiencies < 20%
for green!'® and < 40% for blue>!” - is still limiting the application
of LD-based lighting systems, fast progress in the development of
more efficient laser diodes is expected in the near future2-%8.
Therefore, the development of new optical components, such as
the Aero-BN discussed here, is a necessity, indicating a way to
unlock the full potential of LDs for high-brightness illumination,
such as needed in projector technology, automotive headlights,
large room illumination, and sports lighting.

Results

Light diffuser based on interconnected hBN microtubes. The
laser light diffuser is based on a macroscopically (> mm?)
expanded nanoarchitecture consisting of interconnected nano-
scopic hBN films (thickness < 25 nm) in the form of hollow tubes,
see Fig. 2. hBN has a large band gap of up to 6.5eV20, ensuring
low (< 1%) absorption coefficients in the visible light regime.
Optical transmission up to 99% at 250-900 nm was reported for
thin (1-2 nm) hBN films2!. Our synthesis process (Supplementary
Fig. 1) is based on a ceramic template material (Supplementary
Fig. 2)?2, which offers, in contrast to the common Ni templates?3
used for the synthesis of hBN and graphene foams, fabrication
flexibility, as the template can be tailored?? in its density, micro-
structure (e.g., pore size and pore interconnectivity) as well as
geometry. It consists of randomly distributed, interconnected ZnO
microrods, with large (up to 100 um) voids and porosities up to
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Fig. 1 Schematics of laser-based lighting concepts. a White-light generation by employing a remote phosphor that converts a part of the blue laser light
into yellow light resulting in white light. b White-light generation based on an artificial solid fog in combination with an R+G+B laser system. A

macroscopically expanded porous (>99.99%) network of interconnected and hollow hBN microtubes with nanoscopic wall thickness is used to convert
directed laser light into an isotropic high-brightness white light source, exploiting multiple light scattering. ¢ Schematic comparison of efficiencies of both
systems. In the case of remote phosphor, light conversion results in a strong efficiency reduction, whereas the negligible absorption and conversionless

light-scattering properties of the hBN foam allow for almost zero losses in

light intensity.
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Fig. 2 Artificial solid fog. a Photographs of Aero-BN. A thin (< 25nm) hBN layer is grown by CVD using macroscopically expanded templates of
tetrapodal ZnO microparticles. The hBN layer encloses the entire template structure, while it is simultaneously removed by hydrogen etching, resulting in a
free-standing, low density (< 1mgcm=3) network, consisting of interconnected hollow hBN microtubes. b The structure resembles an artificial solid fog,
i.e., a highly optically disordered (completely randomised) photonic system with a combination of feature sizes greater than, equal to, or well below the
impinging light wavelength. ¢ Representative scanning electron microscopy (SEM) micrographs of the ZnO template consisting of interconnected
microrods. d-f SEM micrographs of the resulting Aero-BN after CVD. The microtubes have an average length ~25 pm, diameter between 300 and

3000 nm, and < 25 nm wall thickness.

98%?22. The synthesis of the final BN network involves a one-step
transformation of the ZnO microrod structure in which a thin
(< 25nm) hBN layer is formed by a chemical vapor deposition
(CVD) process, while the ZnO template is simultaneously
removed (Supplementary Figs. 3 and Supplementary Note 2). The
final semitransparent Aero-BN (porosity > 99.99%) microtube
network is shown in Fig. 2a. Calculations indicate that the specific
surface area of the hBN foams is in the order of 900 m? g~! (see
Supplementary Note 3). Energy dispersive X-ray spectroscopy
(EDX, Supplementary Fig. 5) show that the ZnO template is
completely removed during CVD. The process results in a dis-
ordered?* macroscopic network, Fig. 2b, consisting of inter-
connected hollow hBN microtubes, with individual features
varying in well-defined sizes and dimensions. The as-synthesized
hollow hBN microtubes have an average length ~25 pum, and their
diameter, dype, is between 300 and 3000 nm, depending on the
geometry of the used ZnO microrods (Fig. 2c) as shown in

Fig. 2d-f. Thus, diype is of the same order of magnitude as the
wavelength of visible light. The hBN CVD process results in wall-
thicknesses dy. <25nm. This is much smaller than the wave-
length of visible light, promoting light-matter interactions that are
dominated by Rayleigh-type scattering?”. As for Fig. 2f, the hBN
microtube walls consist of randomly arranged, interconnected
hBN nanoplates (see also Supplementary Fig. 6). The average
distance between the individual microtubes, dyr, is several um,
larger than the visible light wavelength. The resulting Aero-BN
network architecture leads thus to an optical system with micro-
scopic (optical) density fluctuations (volumes filled with air and
with hBN microtubes) throughout the macroscopic structure, as
indicated in Fig. 2b. The CVD process is similar to that used to
prepare macroscopically expanded nano architectures based on
interconnected ZnO microrod networks?®-28, with the main dif-
ference that the hBN is grown here by using the sacrificial ceramic
template.
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Fig. 3 Raman and EELS characterisation of the Aero-BN network. a Raman spectra of Aero-BN structure (blue) and ZnO template (red). b Low-loss EELS
spectra of bulk-hBN37 (dash-point), Aero-BN (solid), and double layer hBN37 (dashed). The positions and shapes of the n-plasmon at ~6 eV match. The
positions of the o-plasmon ~15 eV match, while shape and relative intensity differ slightly, whereas no peak ~26 eV (bulk-BN) is seen. Spectra are

normalized from the onset of the w-plasmon to its apex.

Figure 3a shows Raman spectra (A = 514 nm, 1.32 mW) of Aero-
BN (blue curve) and ZnO (red curve). The Aero-BN spectrum has a
characteristic single peak centred ~1366cm~12931, The ZnO
spectrum shows several resonances. The sharp peak ~439 cm™!
indicates the crystal quality of the sample32. The peak at ~335 cm™!
is assigned to the difference between Elz1lgh and Eov [Elzngh— Ev],
which corresponds to the high and low longitudinal optical
branches of ZnO, while the feature at 384 cm™~! is assigned to
A,(TO) mode?3. In addition, the black curve shows a peak at
~584 cm~! attributed to E,(LO) mode. The broad, intense peak at
1158 cm™!, which is found between the doubled frequencies
measured for the A;(LO) and E;(LO) modes, contains contribu-
tions of 2A;(LO) and 2E;(LO) modes at the I point of the
Brillouin zone, and possibly also of 2LO scattering’3. The weaker
peak ~1105 cm™! can be attributed to 2LO at H and K point of
the Brillouin zone®3, However, no peaks of ZnO are observed in
the Aero-BN spectrum, consistent with the removal of the
sacrificial ZnO template.

Transmission electron microscopy (TEM) investigations reveal,
that the atomic structure of Aero-BN resembles that of hBN
nanotubes (see Supplementary Note 4 and Supplementary Fig. 7)34.
Furthermore, high-resolution (HR) micrographs show the existence
of numerous point and triangle defects, potentially advantageous for
catalytic applications®> (Supplementary Fig. 8). The wall thickness
of the BN microtubes is determined via the electron energy-loss
spectroscopy (EELS) log-ratio method3® (Supplementary Fig. 9 and
discussion) to be 4-25 nm. The EEL spectra in the plasmon region
up to 40 eV are shown in Fig. 3b and compared with those of
double hBN layer3”. The positions of the -plasmon at 6 eV and the
o-plasmon at 15 eV match the double hBN layer reference 37. This
confirms the nanoscale thickness of Aero-BN microtube walls, as
bulk hBN shows o-plasmon resonance peaking ~26 eV37.

Optical absorption measurements with an integrating sphere
(Supplementary Fig. 10) performed on a macroscopic Aero-BN
sample (pacro-pn ~ 0.68 mgcm™3) give absorption ~4.04, 0.85,
and 0.11% for blue (450 nm), green (520 nm), and red (638 nm)
laser lights, respectively. The slightly larger absorption at 450 nm
might be caused by traces of ZnO, however the amount is
too low to affect the measurements critically, as the measured
absorption is consistent with that of 1-2 nm thick hBN
structures?!. The low absorbtion in combination with the
structural feature sizes greater than, equal to, as well as below the
magnitude of the impinging wavelength, results in a disordered
system?4, in which the light transport properties are determined
by multiple light scattering.

4

Light-scattering characteristics. In order to analyze the light-
scattering properties and to determine the underlying mechan-
isms we fabricate Aero-BN with different densities paero-Bn
(0.17-0.68 mg cm—3) by changing the initial template density pr
between 0.3 and 1.2gcm™3 (see Supplementary Fig. 11). This
enables us to tune and control the internal light-scattering
properties, key to build the envisaged laser light diffuser. For
example, a template density pr ~300 mg cm™3 results in pacro-pn
as low as ~0.17 mgcm™3 (equal to a porosity > 99.99%), lower
than that of other reported macroscopically expanded BN
architectures3438-45 (see Supplementary Table 2).

The light-scattering properties are demonstrated by illuminat-
ing an Aero-BN sample from one side with a focused laser.
Figure 4a shows a photograph (perpendicular to the laser axis) of
a low density (ppero-pn Of ~0.17 mg cm—3) Aero-BN illuminated
at 520 nm. The resultant frontal photograph of the same sample
illuminated in the centre of a semitransparent glass bulb, Fig. 4b,
shows that most of the incident laser beam is transmitted through
the material. Figure 4c, d display the corresponding photographs
of a sample with a higher initial ppero-pn ~0.68 mg cm™ for 520
nm illumination at 100 mW. As shown in Fig. 4d, a nearly
homogeneous, isotropic light distribution, with no visible
transmitted primary beam, is seen at the semitransparent glass
bulb screen. The corresponding intensity plots, Supplementary
Fig. 12, obtained from Fig. 4a (highlighted areas) indicate that the
intensity of the incident laser beam decreases linearly through the
sample along x and y directions. This can be described by a
system in which the scattering mean free-path [* is much larger
than the sample dimensions*®, resulting in an overall low
scattering efficiency (most light is transmitted rather than
scattered), i.e., ratio of scattered to transmitted light, and a
dominating ballistic transmission. For the ZnO microrod
template used to prepare our Aero-BN, with the same micro-
structure (microrods instead of hollow microtubes), a pro-
nounced visible backscattering is observed (Supplementary
Figs. 13-15), indicating the fundamental role of the hollow
tubular geometry with multiple feature sizes. A more detailed
discussion on the influence of different ceramic microstructural
arrangements can be found in Supplementary Note 5 and
Supplementary Fig. 16.

The detailed light distribution produced by illuminating Aero-
BN samples is investigated with a photo-goniometer’ (a
photodiode movable around the illuminated specimen on a
spherical surface, see Supplementary Fig. 17) to characterise the
broadband light-scattering properties as a function of the angle
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(azimuthal and polar rotation) at 450, 520, and 638 nm, Fig. 4e, f.
We also consider a network of interconnected ZnO micro-
rods*49 as a comparison. A perfect 3D light diffuser exhibits
angle independent (isotropic) emission over the complete angular
range, so that the light is uniformly emitted in all directions.
Figure 4e, f show plots of both azimuthal and polar rotations,

Fig. 4 Light-scattering characterisation. a Photograph of paerosn ~0.17 mg
cm—3 illuminated with 100 mW (spot size ~1 mm) at 520 nm. b Photograph of
the same sample shown in a when illuminated in the centre of a semitrans-
parent glass bulb (front view). ¢, d Photograph of paero-an ~0.68 mgcm—3
illuminated with 100 mW at 520 nm, and resultant light scattering imaged
using a semitransparent glass bulb (front view). e Angular photocurrent
dependence for Aero-BN with different paero-sn COmpared with an
interconnected microrod structure (t-ZnO; pr ~300 mg cm—3) for 520 nm at
100 mW. The photodiode is polar rotated over the sample, as illustrated in the
schematics. The graphs represent the photocurrent produced by scattered
light only. f Corresponding normalised photocurrent with respect to the
azimuthal rotation of the photodiode. For details of measurements see
Supplementary Figs. 17-20.

extracted from the polar plots of the goniometer measurements of
the laser illuminated ZnO and Aero-BN networks (see Supple-
mentary Figs. 18-20). In both cases, the photodiode is pivoted,
while the sample and the LD are stationary. These graphs provide
quantitative data for the amount of scattered, reflected, and
transmitted light. Figure 4e depicts the photocurrent for different
samples as a function of polar angle. This represents the
photocurrent produced by scattered light only, while no reflected
and transmitted light reaches the detector. In contrast, Fig. 4f
shows the normalised photocurrent as a function of azimuthal
angle. In this case, the photocurrent detected for 90° < y < 180° is
caused by scattering only. The value at y=90° represents
transmission (T) and forward scattering. For y>180° the
photocurrent is a result of reflection and scattering. As depicted
in Fig. 4e, the ZnO network with pz,0 ~300 mg cm—3 shows only
a small but homogeneous photocurrent (~1.5 pA) caused mainly
by back-scattered light. Thus, nearly no light is transmitted
through the structure, Fig. 4f. Aero-BN, on the other hand, shows
a much stronger emission and more uniform light distribution of
the laser beam. The measured photocurrent caused by azimuth-
ally scattered light from the Aero-BN (Fig. 4e) is ~2.5-4 pA and
6-7 PA for pacro-an ~0.17 and ~0.68 mg cm 3, respectively. Thus,
for the higher density sample, the amount of scattered light is
~4.6 times higher than for the ZnO network, even though the
density of the network structure is reduced by a factor of ~440. As
illustrated in Fig. 4f, the amount of light transmitted (y = 90°)
through paero.any ~0.68 mgem™3 is ~4 times higher than the
reflected (and scattered) light (y>180°). The ratio between
transmitted and scattered light (ideal value of 1 for an isotropic
diffuser) decreases with increasing network density. For paero-sn
~0.17 mgcm ™3 this is ~200, whereas it is ~3.7 for paero-n
~0.68 mgcm 3. A value of 1 might be achieved by increasing
Paero-pn further. The average scattering intensity S is calculated
by averaging the photocurrent intensities of the polar plots for
105° <y < 170° and 100° < § <230°. The relative deviation of S
with respect to T (y = 90°) is illustrated in Supplementary Fig. 21
as a function of the optical areal density, i.e., the density times the
sample length, for three wavelengths. By increasing the optical
areal density (paero-pn X L), the ratio (T-S)/S by over three orders
of magnitude, irrespective of the wavelength. Light with a shorter
wavelength is scattered more effectively, as for Rayleigh
scattering®®! (see Supplementary Fig. 22). Further details on
the light-scattering properties are in Supplementary Note 6 and
Supplementary Figs. 23-27, showing that the multiple light
scattering observed in Aero-BN is a result of the combination of
negligible absorption losses and a control of density of scattering
centres over several orders of magnitude. Furthermore, we show
independent tunability of the density in all three dimensions
(given the almost null equivalent Poisson’s ratio of such low-
density foam materials®?, see also Supplementary Fig. 24). This
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Fig. 5 Speckle contrast reduction. Objective speckle pattern at 450, 520,
and 638 nm for two Aero-BN samples with high (paero-an ~0.68 mg cm—3)
and low (paero-sn ~0.17 mg cm—3) density, a porous ZnO microrod network
(pr ~300 mg cm—3) and a commercial plate diffuser. Values for speckle
contrast are in %.

enables control of light diffusion and a nearly constant density of
photons close the surface, with at most a linear decay in one
dimension.

Speckle contrast reduction. The scattering behaviour
also enables us to use Aero-BN for laser illumination without
recognizable speckle patterns, thus solving one of the main
challenges of using LDs as a light source!®>3>4. Speckle is the
result of interference of light beams with the same frequency, but
different phase and amplitude, resulting in a wave with random
amplitude variations®®. The most promising approach to avoid
speckle is to use an optical downstream component that super-
imposes multiple speckle patterns at oncel®°3°6, so that on
average no pattern is visible to the human eye, for an exposure
time ~1/60 s*”. In our Aero-BN, the primary laser beam is scat-
tered multiple times. Thereby it is split into a large number of
independent beams, causing multiple overlapping speckle pat-
terns. This reduces the objective speckle contrast y (i.e., the mean
intensity of the speckle pattern divided by the standard deviation
of the intensity) down to ~2%, lower than that for the human eye
(4%)'8. Figure 5 plots the objective speckle pattern for different
wavelengths as a function of material and Aero-BN density (paero-
pn). For high-density Aero-BN (paerosn ~0.68 mg cm—3) the
speckle contrast is lowest, with minimal values ~2.96%, 1.52%,
and 5.52% for 450, 520, and 638 nm (each at 100 mW), respec-
tively. Therefore, nearly no speckle can be observed by the human
eye. Even lower speckle contrast could be achieved by using
higher pacro.pn. Our Aero-BN outperforms commercially avail-
able plate diffusers like DG10-220 (Thorlabs) in terms of speckle
contrast, since these have >5 times higher speckle contrasts
(16%). It also surpasses that of the interconnected ZnO microrod
networks, as no pure light diffusion can be reached there (see also
Supplementary Fig. 15), due to missing Rayleigh-type scattering
centres at the nanoscale. The lower speckle contrast for Aero-BN
at lower wavelengths is a direct effect of the wavelength depen-
dence (A~%) of Rayleigh scattering®®>!. Due to continuous beam
splitting by multiple light-scattering processes, the low speckle
contrast might also be related to small (< 50 nm) thermally
activated movements of the hollow microtubes with wall

thicknesses < 25 nm, resulting in a time-varying speckle pattern
(see also Supplementary Note 7 and Supplementary Table 4).
This is similar to the speckle contrast reduction obtained by using
colloidal dispersions, with values as low as 3% due to particles
Brownian motion!8. In comparison with other methods to reduce
speckle contrast, e.g., by random lasing®®, using small moving
diffusers3, rotating ground glass diffusers®® or nonmoving
Hadamard matrix diffusers®® our approach does not require
complex micromechanical devices, making it easier to use and
less prone to failure (see also Supplementary Note 1 and Sup-
plementary Table 1).

Tunable RGB laser light illumination. The viability of our Aero-
BN in combination with an RGB laser system as an illumination
source, as an alternative to remote phosphors, is demonstrated by
illuminating the pacro-px ~ 0.68 mg cm—3 sample at different laser
intensities under a translucent glass sphere screen. The resulting
images are presented in Fig. 6a together with the respective
International Commission on Illumination (CIE) colour space
values marked in the colour map of Fig. 6b. An all-primary RGB
laser wavelength mixing approach, i.e., a combination of three
(red, green, and blue) or even four (red, yellow, green, and blue)
laser wavelengths is known to outperform the efficiency of any
other known white-light source?~#8. Furthermore, the possible
colour gamut (i.e., the subset of colours which can be accurately
represented) of such a system is on par to that of LEDs or
LCDs®l. By tuning the individual intensities of our RGB laser
source, all colours in the resultant RGB triangle (Fig. 6b) can be
produced. For the maximum intensity of all lasers, white light is
produced, close to the CIE standard white illuminant D652, The
corresponding photographs of paero-en ~0.68 mgcm—3 illumi-
nated at 450, 520, and 638 nm are in Fig. 6¢c, together with a
photograph of the same sample illuminated with all wavelengths
at once, resulting in a diffuse white-light illumination. Thus, our
Aero-BN is an ideal broadband diffuser (see also Supplementary
Movie 1) and can be used to fabricate tunable RGB laser light
sources with a large colour gamut, depending only on char-
acteristics of the actual laser system used, rather than on light
conversion effects such as in the case of remote phosphors.

Laser damage threshold. To demonstrate that Aero-BN can
overcome the irradiance levels of state-of-the-art phosphors
needed for high-brightness illumination applications, such as
automotive headlights or projectors, we characterised its thermal
decomposition and laser damage threshold. Thermogravimetric
analysis (TGA) under nitrogen atmosphere indicates nearly no
change in weight (£2wt% up to 1000°C). In an oxygen-
containing atmosphere (nitrogen/oxygen ~1/4) the material is
stable up to 700 °C, where the formation of B,O; starts® (Sup-
plementary Fig. 28). The chemical reaction also confirms the
presence of hBN over other crystalline forms of BN such as
wurtzite boron nitride (WBN) and cubic boron nitride (cBN)®4.
To determine the laser damage threshold we use a focused (spot
diameter ~8.4 um) high-power (3 W) continuous wave laser at
450 nm. The threshold is determined by moving the focused laser
beam over an individual tube and simultaneously recording the
microtube with a charge-coupled device (CCD) camera. After
each passage, the laser power is increased until the laser induces
morphological damage (e.g., microtube destruction, see Supple-
mentary Fig. 29). However, even at the highest power (~650 kW
cm~2) the Aero-BN network remains intact, whereas a com-
mercially available state-of-the-art phosphor shows degradation
at ~80kW cm~2 (see Supplementary Fig. 30). In contrast to
Aero-BN, the phosphor actively converts the incident laser light
into energy, which leads to increased heat accumulation. To
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Fig. 6 Colour mixing. a Light distribution of a high paero-sn Sample illuminated in the middle of a translucent glass bulb under different intensities for the
each wavelength (450, 520, and 638 nm). White light is produced when all lasers (R + G + B) are at the maximum power (100 mW). b CIE colour map
with marked values for the pictures in a. The value obtained for mixing R + G + B is close to the CIE standard white illuminant D6562 (yellow circle). ¢
Photographs of a sample with paero-sn ~0.68 mg cm=3 illuminated at 450, 520, and 638 nm (100 mW each, T mm spot size), respectively, as well as the
resultant white light produced if all lasers are used at once. The arrows mark the direction of the incident laser beam.

achieve even higher power densities we use a highly focused
pulsed laser (spot diameter ~1 pm) at 355nm, with 100-Hz
repetition rate ~7-ns pulse duration (see Supplementary Fig. 29).
In this configuration the Aero-BN shows a high laser damage
threshold ~430 MW cm~2 (~2.65Jcm~2), ~10 times higher
than commercially available phosphor (see Supplementary
Fig. 31)!121317. This is directly related to the microscopic
structure of the Aero-BN. The nanoscopic wall thickness leads
to high transmittance of the individual tubes, meaning that only
a small portion of the laser light interacts with a single tube.
Furthermore, the low hBN absorption in the visible spectrum?21,
implies that a minimal amount of energy is transformed into
heat. The high heat conductivity (~400 W m—1 K—1)23 of hBN
helps to quickly transport thermal energy away from the illu-
minated spot®>. The high porosity (> 99.99%), the small wall
thickness < 25 nm, as well as the micrometre-sized voids enable
efficient heat management, similar to that reported for other
foam-like nanostructures, such graphene foams®%¢7, since heat
can be easily transported to the surrounding air. Further-
more, the volumetric heat capacity of our Aero-BN foam is
comparable with that of the surrounding air, as both have
similar densities (p,;, ~ 1.2mgem %;0.17mgem > <p, . py <
1 mgcm—2). Therefore, the damage threshold is only an estimate
for the lower destruction limit. The macroscopic destruction
threshold of Aero-BN is potentially much higher when a mac-
roscopic laser beam is used, not focused to such a small spot.

Discussion

We demonstrated a concept for high-brightness and broadband
laser illumination based on a diffuser consisting of a network of
interconnected hollow hBN microtubes, overcoming the pro-
blems associated with inorganic phosphor materials. Their

structurally disordered arrangement, combined with the nano-
scopic wall thickness, and low absorption are key to enable
homogeneous light diffusion through the cm3-sized networks and
promote light-scattering properties suitable for laser illumination
applications. Our Aero-BN has efficient Rayleigh-type scattering
centres arranged in thinly spread and controlled manner,
resulting in non-exponential light diffusion. By controlling the
density of the aero-material system, we are able to adjust the light
diffusion so that multiple scattering events result in an almost
homogeneous, isotropic light illumination.

For Aero-BN densities ~0.68 mgcm™3 the speckle contrast is
well below the perception threshold of the human eye. The highly
porous structure, together with the low absorption in the visible
range, as well as the low volumetric heat capacity and high heat
conductivity, enable an efficient heat management. We achieve laser
irradiance levels ~10 times higher than commercially available
remote phosphors, unleashing the full potential of laser diodes for
high-brightness illumination. Being based on multiple light scat-
tering, rather than on light conversion effects, the broadband
properties of our diffuser enable an all-primary RGB laser approach
for white-light generation and full-colour range mixing with a large
colour gamut®, without efficiency reduction, thereby overcoming
the problems associated with state-of-the-art remote phosphors (see
also Supplementary Note 8). With the expected increase in LD
efficiencies in the near future, our concept paves the way to design
a new generation of highly effective light sources.

Methods

Fabrication of highly porous ZnO networks. The t-ZnO ceramic networks are
produced by a flame transport synthesis technique®®. Zinc powder with a grain size
~1-10 um is mixed with polyvinyl butyral in a mass ratio of 1:2. The mixture is then
heated in a muffle furnace at 60 °C min~! to 900 °C for 30 min. After that a loose
powder of ZnO tetrapods is obtained, then pressed into pellets (e.g., height ~10 mm,
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diameter ~12 mm) with a density ~0.3 g cm—3. Reheating the pellets for 5 h at 1150 °C
leads to junctions between the tetrapods and an interconnected network.

Fabrication of Aero-BN. In Supplementary Fig. 3 the computer-controlled CVD
setup for the fabrication of the Aero-BN is illustrated. The highly porous (up to 98%)
ZnO ceramic template is placed in the middle of a quartz tube furnace in a ceramic
crucible. Next to that (~1 cm), a crucible filled with B,Oj3 is placed into the furnace.
The reactor is flushed with Ar and the pressure adjusted to 30 mbar. The Ar flow is
then adjusted to 30 sccm and the temperature is increased to 910 °C (heating rate
~20°Cmin~!). Urea is used as a nitrogen source, located in an evaporator which is
connected to the quartz tube furnace as illustrated in Supplementary Fig. 3. When the
quartz tube furnace reaches 910 °C the evaporator for urea is switched on. By heating
to 170 °C at 30 mbar NH; forms®®, which decomposes to N and H, in the reaction
zone of the reactor’’. At the process temperature (910 °C) N and B react at the surface
of the ceramic template, forming a thin (<25 nm) hBN layer. Simultaneously the ZnO
template is etched by hydrogen. After 3 h the urea evaporator and the quartz tube
furnace are switched off. When the reactor reaches 30 °C the Ar flow is switched off
and the sample is removed. A detailed discussion of the reaction is in Supplementary
Note 2.

Characterisation. The morphologies of the different structures are investigated by
SEM (Zeiss Supra 55VP) equipped with an EDX detector. Aero-BN is analysed by a
FEI Tecnai F30 G2 STwin TEM (300 kV acceleration voltage, cs-coefficient 1.15
mm) and a FEI Titan G2 60-300 TEM equipped with a monochromator. Macro-
scopic aggregates of Aero-BN are tapped with TEM grids in order to transfer some
tetrapods or single fragments onto the grid, minimising the breaking rate for the
Aero-BN network. Unfolded BN sheets are also analysed by HRTEM to visualise
atomic scale defects. The electronic structure is investigated by HR-EELS with a
GIF Quantum/Enfina energy analyser. TGA measurements are performed using a
TA Instruments Q50 under nitrogen and nitrogen/oxygen (1/4) at a scan rate of
10°C min—! from 25 to 1000 °C. Raman spectroscopy is done with a Renishaw
1000 InVia micro-spectrometre at 514.5 nm for the ZnO template and a Witec
Instruments Alpha300 RA at 532 nm for the Aero-BN sample.

Reflectivity calculations. Reflectivity calculations as a function of wall thickness
for a hollow hBN microtube and ZnO microrods as a function of diameter for
different wavelengths, respectively, follow those in ref. 71. Refractive indexes of
1.8%0 and 2.172 are used for hBN and ZnO. The mean reflectivity is derived by
averaging that for incident beam angles of 0-180° (step size of 1°). For each angle
the unpolarised and polarised reflectivity is derived. This procedure is repeated for
different hBN wall thicknesses as well as ZnO microrod diameters.

Light-scattering measurements. A photodiode (FDS1010, Thorlabs) is rotated
around the sample with an angular step ~5° at a distance ~15 cm, using a pho-
togoniometer. From one side the cylindrical samples are illuminated with an RGB
laser (RTT OEM 300 mW RGB Modul, LaserWorld). The sample is positioned so
that the laser beam illuminates it in the middle. The spot size is adjusted by a lens
to ~1 mm. Each laser has a maximum output power of ~100 mW.

Absorption measurements. Absorption measurements are performed using an
integrating sphere (Opsytec) with an inner diameter of 200 mm, coated with a
reflective BaSO, thin film. The illumination intensity is measured by connecting to
it a radiometer (RM-22, Opsytec). The sample is mounted on a thin (diameter of
3 mm) Al slab in the centre of the sphere. Through an opening of 2 mm, the laser is
focused on the sample. The absorption is calculated as the ratio of the luminous
flux measured by the radiometer with and without sample. This is integrated for at
least 20's.

Transmission measurements. Transmission measurements are performed using
the same integrating sphere used for absorption. The sample is placed in front of a
2 mm opening of the sphere. The laser is adjusted to be in the same axis as the
opening of the sphere and focused on the sample. The transmission is calculated as
the ratio of the measured luminous flux with and without sample. For measure-
ments as a function of compression, the sample is clamped between two highly
reflective (>99%) plates to ensure as little light absorption as possible by the sur-
rounding (clamping) material. The sample is compressed step by step using a high-
precision screw. After each compression, a transmission measurement is performed
as described before, using an integration time of at least 20s. This is increased to
60 s for small fluxes.

Laser damage threshold. The sample is moved using a xy-translation stage, such
that the laser beam directly hits an individual nanostructure, e.g. a microtube. The
laser focus is adjusted using the back-scattered signal of the laser spot, tuned
towards its highest intensity by moving the translation stage in z-direction. The
laser signal is then filtered on a video camera by using a notch filter, while only the
microscope image is monitored. The laser power is increased stepwise until the first
morphological changes of the nanostructures become evident in the microscope
(white light) image. The corresponding laser intensity (on the sample) defines the

destruction threshold of the investigated materials. The commercially used phos-
phor is a Intematix CL830R45XT.

Speckle pattern photography and contrast. Objective speckle patterns (i.e.

the intensity pattern produced by the interference of a set of wavefronts) are
obtained by illuminating with a focused laser beam with 100 mW at 450, 520, and
638 nm. The objective speckle pattern forms on a sheet of white paper at 90° with
respect to the incoming laser. The distance between sample and speckle pattern is
~40 cm. The pattern is photographed using a CCD camera (Nikon D300) equipped
with a lens with 120 mm focal length. The camera is positioned slightly over the
sample, to avoid any light being directly scattered into the lens. The aperture of the
lens is used at maximum of f/4 to take as much light in as possible. Since speckle
patterns are time dependent®, the exposure time is important. We use 1/60 s, close
to the detection limit of the human eye”. To avoid any overexposure of the CCD
chip we use a camera sensitivity (ISO) of 800. For weakly scattering samples, this
might lead to a dark speckle pattern. However, this has no influence on the speckle
contrast, whereas an overexposure would result in wrong calculations. The pho-
tographs are taken at a maximum resolution of 2848 x 4288 pixels. The speckle
contrast of the resultant photographs is calculated by using the Gatan Microscopy
Suit. A representative quadratic area (several cm?) is chosen. The colour is con-
verted into a black and white representation. From these images the mean intensity
@ as well as the standard deviation ¢ is calculated using the above mentioned
software. The speckle contrast y is than calculated as follows>®:

_O'
=g

FEM simulations. The FEM model developed to compute the network variation of
projected porous areal density and Poisson’s ratio under monoaxial compression
(see Supplementary Note 6), consist of a periodic supercell ~71 x 83 x 46 um3

(x, y, z) containing nine tetrapods mutually interconnected. We consider an average
geometry of the tetrapod with d,; = 1.67 pm, dyir, = 1.00 pm, tyy = 4 nm, and
r=27 or 38 um’? to simulate networks with high or low densities, (respectively
Pacro-bN = 0.367 mg cm ™3 and pacro.pn = 0.178 mg cm—3), similar to the ones tested
in the experiments. Tetrapods are built associating the arm extremities and the
central joint of the tetrapods to the vertexes and centroid of a regular tetrahedron,
respectively. The tube walls are modelled with thin shell elements with selective-
reduced integration, and the spurious modes effects are controlled. Monoaxial
compression tests are reproduced with periodic boundary conditions along the
lateral faces of the supercell (x and y directions) while the two horizontal rigid
surfaces act to apply the monoaxial load on the network along z (displacement
controlled, 0.25 um ms~!). Contact between tetrapods and within elements of the
same tetrapods are implemented to prevent mutual and self-penetration. The
density of the supercell is monitored along the simulations. To measure the evo-
lution of the projected porous area, images of lateral view of the network (xz and yz
planes) are extracted from simulations at a constant time sampling. The normalised
projected porous area (£/€)) is measured via a graphics software (paint.net) by
selecting the void area in the lateral projection fo the network (“magic wand” tool)
and computing the corresponding number of pixels (ratio of the current vs. initial
value).

Data availability
The data that support the findings of this study are available from the corresponding
authors upon request.
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Supplementary Note 1. Comparison of different laser diffuser systems

The aim of a laser light diffuser is to broaden/diffuse a directed laser beam.! Sophisticated diffusers
are also required to eliminate, or at least reduce, speckle contrast well below the limit of the human
eye.! Thereby laser light can be used for practical lighting applications. Furthermore, the diffuser
is required to have low absorbance in order not to reduce the efficiency of the lighting system.
Almost all standard diffusers that are available on the market today have a plate-like geometry?
and can be divided into two subclasses depending on their scattering characteristics, i.e. bulk
scattering or surface scattering. Supplementary Table 1 gives an overview of the different types
of laser light diffusers, compared to that presented here. Bulk scatters typically rely on porous
polymer diffusers®, e.g. by introducing small air pockets into the polymer during fabrication.
However, these systems are strongly limited in terms of their laser damage threshold and also in
the efficiency due to light absorbtion. In contrast to that, surface scatters usually consist of a glass
substrate that is coated with a very rough, and thus strongly scattering, thin film.! The surface of
the glass itself can be microstructured, e.g. by pulsed laser patterning to form a strongly scattering
thin film2. Surface scattering diffusers provide a higher laser damage threshold and also have a
higher transmission efficiency* (~90%) compared to bulk scattering diffusers. Nevertheless, they
are strongly wavelength dependent.? The main disadvantage is their low scattering strength, since
most of the laser light is only scattered once or twice, resulting in high speckle contrasts (> 10%)

unsuitable for light illumination.

To further reduce speckle contrast, different techniques have been employed so far, such as
moving®, vibrating* and rotating diffusers®. These techniques result in a temporal averaging of the
produced speckle pattern so that it is not recognizable by the human eye anymore. However, those
system are strongly susceptible to mechanical failure and require additional components, thereby
reducing practicability. Other approaches to reduce speckle are based on non-moving Hadamard

matrix diffusers’.



Supplementary Table 1. Comparison of different light diffuser concepts and their
characteristics.

Type of Diffuser

Schematic working principle

Porous Polymer

Scatter Loss

Laser Damage
Threshold

Moving Parts

diffuser
Diffuser
based on
bulk
scattering
Aero-BN diffuser
Ground glass
diffuser
Diffuser
based on
surface
scattering

Vibrating/ Moving
ground glass
diffuser




Supplementary Note 2. Fabrication process, synthesis mechanism and additional

SEM/EDX characterizations of Aero-BN

Our diffuser is based on a 3D architecture of randomly interconnected hollow hexagonal boron
nitride (hBN) microtubes with a wall thickness < 25 nm. This is assembled with a method
(Supplementary Figure 1) based on a highly porous (up to 98%) ceramic zinc oxide (ZnO)
template (Supplementary Figure 2). Other methods based on a template approach for the
fabrication of BN 3D architectures exist®'%, however they involve multiple fabrication steps and
do not result in a randomly and disordered framework structure consisting of low thickness
(<50 nm) hBN tubes, necessary for our diffuser application (see Supplementary Table 2). In
Supplementary Figure 3 the CVD setup for the fabrication of the Aero-BN is illustrated. The
highly porous (up to 98%) ZnO ceramic template (see Supplementary Figure 2) is placed in the
middle of a quartz tube furnace in a ceramic crucible. Next to the template there is a crucible filled
with B2Os. The reactor is flushed with Ar and the pressure is adjusted to 30 mbar. After that, the
Ar flow is adjusted to 30 SCCM and the temperature is increased to 910 °C. At this pressure and
temperature B,O3 sublimates'* and reacts with the ZnO template. Representative SEM images of
the resultant reaction products are shown in Supplementary Figures 3b-g. In contrast to the ZnO
template (Supplementary Figure 2), the surface morphology changes, consisting of several
islands. In the locations where some of the rods are fractured (e.g. during SEM preparation),
another phase forms on the ZnO template, with the core of the rods still being ZnO (see
Supplementary Figure 3). XRD confirms that this phase is related to zinc borate, see
Supplementary Figure 4. The formation of a thin zinc borate layer on the template by the reaction
between the sublimed boron and the ZnO is one key in our synthesis method for Aero-BN. The

melting point of zinc borate is ~960 °C.%® However, at reduced (< 1 atm) pressures the melting



point of most solids is reduced, due to the favorable expansion.t® Thus, at 910 °C the sublimed
B2O3 is able to react with the ZnO template forming a homogenous liquid film of zinc borate
around the ZnO template. We use urea as a nitrogen source. When the quartz tube furnace reaches
910 °C the evaporator for urea is switched on. By heating urea to 170 °C at 30 mbar NH3 forms'’,
which decomposes to N and H; in the reaction zone of the reactor.'® At the process temperature
(910 °C) H: etching of ZnO is possible.r® During the etching of ZnO and zinc borate, N is able to
react with the B in the zinc borate phase, forming a thin (< 25 nm) hBN layer (see Supplementary
Figure 6). A similar reaction mechanism was reported for the fabrication of aerographite

tetrapodal networks.®-%
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Supplementary Figure 1. Schematic Aero-BN fabrication process: a) Powder of tetrapod shaped
ZnO (t-ZnO) microparticles used for the fabrication of the macroscopically expanded networks
shown in in b). By adjusting the mass of the tetrapods, as well as the volume of the network mold
(up to cm?® scale) an interconnected microrod network with adjustable density (pr) can be
fabricated. c) A thin (<25 nm) hBN layer is then grown by CVD, enclosing the entire template
structure, while the template is simultaneously removed by hydrogen etching. The density of the
resulting network (paero-gn) 1S proportional to pr. d) The process results in an artificial solid fog,
a highly optically disordered photonic system with feature sizes greater than, equal to or well below

the impinging light wavelength, as well as microscopic density fluctuations.



Supplementary Figure 2. t-ZnO template: a)-d) SEM images of the porous template consisting
of interconnected tetrapodal shaped ZnO particles, fabricated by flame-transport synthesis.
Tetrapods have a mean arm length ~ 25 um and an arm diameter ~ 0.3 to 3 um. e) Junctions
between the particles formed during sintering. f) High magnification SEM of a single tetrapod arm.
g) Examples of macroscopic ZnO template geometries (all with ~ 0.3 g cm™ density) that can be
produced by molding.



Supplementary Table 2. 3D hBN architectures in literature and their corresponding densities.

3D hBN Reference Lowest Density [mg cm?]
Aerogel 8 1.4
Aerogel 1 0.6
Cellular-Network = 30.4
Foam 10 -
Foam 2 1.0
Foam 13 1.6
This Work - 0.17
a Quartz Tube Furnace

[ T |,

IExhaust

ﬂ pump
Urea(s) > NH;(9)

B,0;(s) > B,0;(9)
2NH; (9) > 2N*(g) + 2H, (9)

Supplementary Figure 3. a) Schematic CVD setup used for the synthesis of Aero-BN. b)-e) SEM
images of the resulting structures when no NHz is used, showing that the surface morphology
changes compared to the pure ZnO template, by the formation of a zinc borate phase one the
template surface f), g) High resolution SEM of broken microrods indicate that only a thin (< 1 um)
layer is formed around the template, consisting of several interconnected islands.
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Supplementary Figure 4. XRD pattern of the reaction product formed by the reaction of ZnO and

B.Os indicating the formation of a zinc borate phase on top of the ZnO template.

Supplementary Figure 5. Energy dispersive X-ray (EDX) measurements of Aero-BN showing
that the hollow tubes consist of B and N, while no significant contribution of residual Zn (from the
template) can be detected.



Supplementary Figure 6. a-1) SEM images of Aero-BN showing that the tetrapodal network is
intact after CVD. A network consisting of interconnected hollow microtubes forms, while the
template is completely removed by hydrogen. The surface of the microtubes consists of
interconnected hBN platelets.



Supplementary Note 3. Evaluation of the specific surface area of Aero-BN foams and ZnO
networks

The specific surface area of lightweight framework structures having a high free volume (> 90%)
is difficult to obtain by standard techniques, such as BET, due to the fact that the overall amount
of material per volume, thus surface area per volume, is rather low. However, since Aero-BN
structures are based on a template-assisted CVD process, the specific surface area can be estimated
by the following calculation. Similar calculations have already been employed for graphene foams

grown by nickel-foam assisted CVD.??

1. Consider a ZnO template density ~ 0.3 g cm™ (porosity ~ 94 %).

2. Assuming 1 cm3 volume, we get a mass of ZnO ~ 0.3 g.

3. Dividing by the density of ZnO ~ 5.61 g cm™ we obtain a volume filled with ZnO ~ 0.053
cms.

4. The template consists of rods (filled) with a mean diameter ~ 3 um and a length ~ 27 pum.
Thus each rod has a volume ~ 1.908 = 10710 cm3,

5. Dividing the volume of ZnO in the template (0.053 cm?) by the volume of a rod we get the
total number of rods ~ 2.8 * 108.

6. Each rod has a surface area (assuming a smooth surface) ~ 2.615 = 1071° m2, resulting in
a total surface area ~ 0.073 m2 per cm3 of template, giving a specific surface area ~ 0.244
m2 gL,

7. Since the Aero-BN is based on these templates, consisting of hollow tubes with nanoscopic
wall-thickness instead of filled rods, we can assume that the number of tubes is equal to
the number of rods. As a rough estimation, the surface area can be taken double, due to the
fact that we have hollow tubes instead of rods.

8. The total volumetric surface area is thus ~ 0.1465 m2 cm™. Normalizing this by the density
of the macroscopic Aero-BN network (e.g. 0.17 mg cm™) we get a specific surface area
~ 862 m2 g in the case of Aero-BN. However, due to the fact that the SEM images indicate
a rather rough surface structure of the hBN tubes, the above estimated surface area can be

assumed as a lower limit.
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Supplementary Note 4. Additional TEM investigation of hollow hBN microtubes

The o* and ©r* features seen in the EEL spectra (Supplementary Figure 7) can be assigned to
specific orbitals and their relative geometric orientation has been intensively studied by angle and
orientation dependent EELS, XAS and XPS.?*-2" We acquired EELS spectra on the edges, central
and intermittent positions of an Aero-BN arm (Supplementary Figure 7). The intensity of
n* features is lowest when the BN (0001) plane is perpendicular to the beam (i.e. the p; orbital is
parallel to the beam; position 3) and highest when the c-plane is parallel to the beam, consistent
with Ref.%. While the excitation of a B-1s core-electron is easiest when the momentum of the
incoming electrons is parallel to the long axis of the orbital, this is only observable if both
convergence and collection semi angle are small. At high collection angles the relative intensity

of ¢* and m* reverses, as seen in Supplementary Figure 7.

High resolution micrographs highlight the existence of numerous point and triangle defects
as shown in Supplementary Figure 8. Ref.? suggested that these defects can have diverse
influence on magnetic and electronic properties. Applying an average background subtraction
filter (ABSF) to high resolution micrographs can improve the image quality by removing noise?’,
enhancing crystalline regions through their FFT, Supplementary Figure 8a. This also minimizes
the visibility of defects, such as the point and triangle defects in Supplementary Figure 8.
Removing the ABSF processed image from its original micrograph makes these defects stand out
and removes all crystalline areas. As result, the path of the surface step between BN of different
thicknesses marked by yellow arrows in Supplementary Figure 8 is more apparent. The same
holds for the contaminations or amorphous areas in the top right as well as all the point and triangle
defects. The FFT in Supplementary Figure 8b shows a BN domain rotated by ~26.5° with respect

to the predominant orientation. This rotation by an angle other than 60° seems to occur on top (or

11



below) of the predominant domain with the two domains exhibiting parallel c-planes and the BN

sheets of different orientation lie on top of each other.

The wall thickness of Aero-BN is determined via the EELS log-ratio method®, i.e. by
comparing intensities of the elastic peak with that of the first plasmon peak (see Supplementary
Figure 9). This yields ~ 8 nm total cross-section thickness. As Aero-BN is a hollow structure, the
thickness per wall is half of that, giving a wall thickness ~ 3-4 nm. In general, the thickness
determined by the EELS log-ratio method varies between different areas and lies between 4 and
25 nm. While the calculated thickness ~ 4 nm per wall seems to be thin, comparison of bright field
contrast between lacey carbon support and Aero-BN suggests that Aero-BN is even thinner than
lacey carbon. This is between 10 and 30 nm thick®!. Thus, the calculated ~ 4 nm thickness in some

areas of Aero-BN is plausible.
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Supplementary Figure 7. Core-loss spectra of a) B and b) N at different positions ¢) on an Aero-
BN hollow microtube. The spectra exhibit the characteristic intensity shift from r* to * when the
incidence of the beam changes from parallel to the c-plane (1, 5) to perpendicular (3).
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10 nm
Supplementary Figure 8. a) ABSF processed image (left) and image subtracted from the original
(right). The latter highlights various defects. b) High resolution micrograph of unrolled Aero-BN
showcasing various defects. Several triangle defects (red asterisks) and point defects (top left
region) are apparent. The yellow arrows mark an atomic ledge between sheets of different
thicknesses. In the top right some amorphous areas or contaminants are visible. FFT shows that
there is more than just one BN orientation. The reflections marked by yellow circles in the FFT
belong to a BN domain rotated ~ 26.5 ° around the c-axis. The IFFT from these reflections shows
that this domain is located in the bottom left corner (dashed blue square).
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Supplementary Figure 9. EEL spectrum with ZLP and plasmon losses. The thickness calculated

from this spectrum by the log-ratio method is ~ 25 nm per wall. The mean free path in BN is
~ 128 nm according to the Malis model®°.
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Supplementary Note 5. Structural and material requirements for the perfect laser light

diffuser

The most important requirement for an ideal optical diffuser is a low, almost negligible, absorption
in the visible range, allowing for efficient light scattering. Additionally, to resist high input powers,
a high laser damage threshold is required. The first two of those criteria are fulfilled in the case of
an insulating ceramic material with a large band gap (at least > 3.5 eV), and can be fulfilled by a

broad range of materials, including silica, hBN and others.

The light scattering properties of a diffuser are mainly determined by its micro- as well as
nanostructural arrangement. Efficient light-scattering events can only be achieved by abrupt
changes in the dielectric constant during light propagation.®? This can be achieved using a material
which is anisotropic on the wavelength scale, e.g. due to microscopic density fluctuations.3>* This
is a well-studied phenomenon in transparent silica based aerogels®?, in which particle agglomerates
on the micrometer scale cause unwanted Rayleigh scattering events, resulting in a limited optical
transparency.32° Typically silica aerogels are based on a dendritic microstructure with apparent
densities between 0.03 and 0.35 g cm, a mean pore diameter ~20 nm and a primary particle
diameter ~ 2-5 nm.*® Supplementary Figure 16a illustrates the interaction between a typical
silica aerogel with a laser beam. Due to the fact that all features of the structure are smaller than
the wavelength in the visible range, the material is optically isotropic, with a mean refractive index
close to 1 (air).3*3 Therefore, the beam is almost directly transmitted through the material with

only small light-matter interactions and, thus, loss in intensity.

Consequently, to create a material that scatters the light effectively, a 3D architecture based on a
ceramic material has to be designed with randomly distributed features (disorder®’) as well as
feature-to-feature sizes larger than the wavelength used. These requirements can be fulfilled by
several structures, e.g. by a highly porous (~ 94%) network formed of randomly distributed and
interconnected zinc oxide (ZnO) microrods with several micrometers (~25 um) in length and
~ 300 to 3000 nm in diameter. These networks are also used as the templates for the Aero-BN.
Thus, both of them have the same microstructure. The arrangement of interconnected ZnO
microrods results in optical anisotropy, leading to abrupt changes in the refractive index (from 1

to 2.1) during illumination, thus a high amount of light-matter interaction (e.g. scattering).
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Supplementary Figure 16b shows the schematic interaction of such a network during
illumination for a single light beam. Under the assumption, that almost no light is absorbed by the
microrods, there are two possible mechanisms to transport the light deep into the structure: ballistic
(mainly diffuse) reflection or transmission.3® Both depend mainly on the individual thickness and
optical properties of the microrod, thewavelength and incident angle. If a light ray impinges on a
surface of a rod, it splits into a reflected and a transmitted beam, creating so-called primary
scattered beams.3® Those primary scattered beams will collide again with another rod, generating
even more secondary scattered beams, which will follow the same mechanism, thereby splitting
the beam more and more , thus diffusing the incoming light (see Supplementary Figure 16b).
Due to the random arrangement of the rods, the ratio between reflected and transmitted light will
vary strongly at each scattering event (according to Fresnel’s law). However, on average the
intensity of the transmitted light, I, will be larger than that of the reflected light, Ir. For rods
having a diameter between 200 - 1000 nm simulations reveal that the mean reflection (average
over all incident angles) is between 20% and 45% for ZnO rods in the visible range (see
Supplementary Figure 13). The high amount of reflection results in a strong decrease in the light
intensity over the sample length (see Supplementary Figure 14). Thus, even though the
requirement of optical anisotropy is fulfilled and the free volume is as high as 94%, a
macroscopically expanded 3D network consisting of such a microrod configuration will mainly
scatter the light back in the direction of the incoming laser beam (see also Supplementary Figure
15).

One possibility to maintain the optical anisotropy on the wavelength scale. but changing the light
scattering behavior, is to exchange the microrods by hollow ceramic microtubes with walls of
deep-subwavelength dimensions (few nm), as illustrated in Supplementary Figure 13a. As a
result of the nanoscopic walls the light scattering behavior will be dominated by Rayleigh
lightscattering rather than Mie scattering, resulting in scatter events with no preferential scatter
direction.® Furthermore, the nanoscopic wall-thickness promotes a mean reflection well below
15% in the visible range (see Supplementary Figure 13a). Thereby, at each light scattering event
I+ will be much larger than Ig, ensuring that the light can penetrate deep into the aeromaterial
structure before being completely scattered, as shown in Supplementary Figure 16c. This results
in more effective beam splitting, thus in a higher amount of scattering events in the 3D structure

17



before the light leaves the structure again, producing a nearly constant light emission in all

directions, as is shown in the main manuscript (Figure 4, see also Supplementary Figure 15).

We use hBN to demonstrate this, however also other lightweight materials that fulfill the above
mentioned requirements can be used.

Integrating Sphere
with diffuse interior

Detecto

Shutter

YLL
o

Sample

Scattering

Supplementary Figure 10. Schematic setup of the absorption measurements using an integrating
sphere. The sample is placed in the middle of the sphere using a thin (1 mm diameter) and polished
Al rod. The laser illuminates the sample through a tiny (4 mm diameter) hole in the sphere and the
flux is measured using a photodetector.
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Supplementary Figure 11. Control of Aero-BN density: By changing the initial template density
(p1) by controlling the mass of ZnO as well as the volume of the mold during template fabrication,
the density of the Aero-BN network (pacro-gn) Can be tailored, resulting in a nearly isotropic
network of interconnected hollow microtubes. By further compression (or even elongation)
Pacro-pN CaN be further tuned. In the case of a monoaxial compression, this results in an anisotropic
change in the network volumetric and mechanical properties.
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Supplementary Figure 12. a) Photograph of a sample with paero—gn ~ 0.17 mg cm illuminated
with a 100 mW laser (spot size ~1 mm) at 520nm. b,c) Intensity plots in x and y-direction of the
photograph shown in a). The dotted lines illustrate the almost linear decrease in intensity along x
and y directions.
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Supplementary Figure 13. Theoretic reflectance calculations. a) Mean reflectance vs. hollow
tube wall thickness (d,, ;) for a hollow hBN tube with a total diameter of 920 nm for different
wavelengths. The diameter of the tube is d,.. b) Mean reflectance vs. ZnO rod thickness (dz,0)
for different wavelengths. The area of interest marks the regions relevant for our work. The
calculations are based on those of Ref.*
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Supplementary Figure 14. Photographs of a cylindrical ZnO microrod network
(density ~ 0.3 gcm™®; porosity ~94 %) and a hollow hBN microtube network (density
~ 0.68 mg cm3; porosity > 99.99 %) illuminated at ~ 100 mW at different wavelengths. When all
lasers are used (RGB), the light is mixed giving white illumination. The laser beams are focused
on the middle of the sample. The direction of the laser beams is indicated by arrows.
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Supplementary Figure 15. Schematic of light scattering from a commercial available plate
diffuser, a 3D network of interconnected hollow hBN microtubes (density ~0.68 mgcm,
porosity >99.99%) and a 3D network of interconnected ZnO microrods (density ~ 0.3 g cm,
porosity ~ 94%). The photographs show the light distribution when illuminated under a
semitransparent glass sphere (diameter ~ 20 cm; front and side view) at 100 mW for 520 nm. Only
the 3D network of hollow hBN microtubes results in a homogeneous light distribution represented
by a homogeneous glow of the glass sphere, whereas in the case of the plate diffusor most light is
transmitted or scattered only in a small (< 30°) angular range. The 3D ZnO microrod network
shows a visible high degree of reflectance, with no light transmitted.
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Supplementary Figure 16. Schematics of 3D ceramic nanoarchiectures based on different
individual building blocks and their interaction with light: a) Optically isotropic material (silica
aerogel) based on spherical nanoparticles: nearly no light-matter interaction due to features sizes
smaller than the wavelength of visible light, the primary light beam is completely transmitted
through the material. b) Optically anisotropic material consisting of interconnected microrods. The
mean distance d between the microrods is several times the wavelength A, resulting in sharp
changes in the refractive index, thus a high amount of light scattering events. The primary light
beam is split into a reflected/scattered (R,S) and transmitted beam (T) with the intensity of the
transmitted beam being larger compared to that of the scattered/reflected beam I+ s > Ir s at each
scattering event. As a result, the 3D macroscopic expanded structure will mainly scatter the light
back in the direction of the incoming laser beam. c) Optically anisotropic material consisting of
hollow interconnected microtubes (wall thickness between 3 - 25 nm) having the same dimensions
as the microrod network. The nanoscopic walls allow for Rayleigh scattering events resulting in
a much lower reduction in light intensity over the sample dimensions and thus in a homogeneous
3D light distribution of the macroscopic expanded 3D network.
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Supplementary Figure 17. a) Schematic photo-goniometer used to measure the light scattering.
The photodiode is mounted so that it can be rotated around the sample on the surface of a sphere,

as shown in b), thereby the photocurrent produced by the scattered light can be measured in all
directions.
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Supplementary Figure 18. Polar plots of angular dependent photocurrent for a 3D ZnO network
consisting of interconnected microrods (py_zno ~ 300 mg cm3) measured under laser illumination

ata) 450, b) 520 and c) 638 nm, respectively, with a photogoniometer, as shown in Supplementary
Figure 17.
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Supplementary Figure 19. Polar plots of angular dependent photocurrent for a 3D Aero-BN
network consisting of interconnected hollow microtubes (paero—gn ~ 0.17 mg cm) measured
under laser illumination at a) 450, b) 520 and c) 638 nm, respectively, with a photogoniometer, as
shown in Supplementary Figure 17.
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Supplementary Figure 20. Polar plots of angular dependent photocurrent for a 3D Aero-BN
network consisting of interconnected hollow microtubes (paero—gn ~ 0.68 mg cm=) measured
under laser illumination at a) 450, b) 520 and c) 638 nm, respectively, with a photogoniometer, as

shown in Supplementary Figure 17.
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Supplementary Figure 21. Relative deviation from the average scattering (S) with respect to the

transmitted light (T) versus the optical areal density (density times thickness) for three
wavelengths. The error-bar is within the size of the symbols.
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Supplementary Figure 22. Normalized photocurrent dependence with respect to an azimuthal
rotation of the photodiode for different wavelengths. The density of Aero-BN is ~ 0.68 mg cm™.
Each laser has a power of ~ 100 mW.
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Supplementary Note 6. Light scattering mechanism in Aero-BN

To quantify the light scattering mechanism in dependence of the Aero-BN density, we studied the
transmission as a function of monoaxial compression, resulting in a paero—pgn iNCrease as shown
in Supplementary Figure 23. The specimen has a length L = 6 mm and is compressed
orthogonally to the laser beam. The total ballistic transmission T is measured using a continuous
laser at 520 nm and 100 mW and an integrating sphere. The initial ppero—gn ~ 0.37 mg cm= is
increased by compression to ~ 0.93 mg cm. The equivalent Poisson’s ratio v (transversal relative
expansion divided by the amount of monoaxial compression strain) of Aero-BN is, even up to
large compressive strain, estimated to be close to zero, as measured from compression experiment
simulations on our specific network (see FEM simulation results and Supplementary Figure 24).

This is a common characteristic for aero-materials.*

Therefore, the sample lengths Ly and Ly, orthogonal to the compression in z, remain almost
constant during compression, and can thus be excluded as cause for any transmission changes (see
scaling for monoaxial compression in Supplementary Table 3 and Supplementary Figure 24).
The compression irreversibly deforms the network structure, however the microtubes do not break
due to their nanometer sized wall thickness and consequent flexibility, as was previously shown
for aerographite networks*! having a similar geometry and mechanical properties. As the network
is compressed, (dyr) decreases up to 10 um in z-direction (see computation by FEM simulation
in Supplementary Figure 25), thereby increasing the volumetric and optical density. According
to the loffe-Regel criterion®?, which describes the ratio of the photon wave-vector k to the mean
free path I*, in such domains (where kl*<1) the light transport properties can change from normal
diffusive (random walk) behaviour to localization-based transport, meaning that photons can

become trapped.*?43
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Supplementary Figure 23. Tunable Disorder: a) Transmission as a function of pgero—gn- The
network density is increased by compressing the sample in the z-direction with compressive strain
&2. The initial ppero—gn ~ 0.37 mg cm2 is increased up to ~ 0.93 mg cm3. The transmission shows

a regime in which T~pa.ro_gn and a regime in which T~p3.,,_gn regime. The inset shows the
quadratic fit. b) FEM snapshots (paero—gn ~ 0.376 mg cm3) at different &,, showing the mechanical
deformation of the sample and a decrease in the projected porous area Q.

Supplementary Figure 23a points to two different regimes. At ppero—gn < 0.57 mg cm,
we have a linear decrease in T as a function of pero_gn, Whereas for paero—gn > 0.57 mg cm> we
observe a quadratic reduction in the T. No exponential decay of T, as a function of psero—gn IS
found, meaning that only a negligible amount of light is absorbed by the specimen, as by the Beer-

Lambert law**, which describes the attenuation of light through an absorbing medium, is never

reached.
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The data in Supplementary Figure 23a can be understood by a diffusion model for the
scattered photons assuming negligible absorption losses within the sample, i.e. —Vj=0

(continuity equation® for steady state) with a current J that can be described by the following

differential equation representing an inhomogeneous diffusion**:

f:_( Zn’ ya;l’ Zaz)[_ m = Kng| =0 1)

where J is the photo current density vector, Dx, Dy, D; being the diffusion constants in x-, y-, and
z-direction, n the photon density, v, the energy velocity at a certain wavelength, which is given by
the vacuum speed of light ¢, divided by the refractive index n (ve = cyac/n), A is a dimension-
less coefficient representing Fresnel effects at the interface to the surrounding and K being the
photon escape velocity.* The square brackets shown in Supplementary Equation 1 describe the
boundary condition, reflecting the photon conservation at the interface between the sample and the
surrounding.** Taking the above boundary condition and a cubic geometry, the solution of the
homogeneous differential equation can be written by the separation approach:
n(x,y,z) = f(x) x g(y) x h(z) (S2)

where the 3 functions (f(x), g(y), h(z)) are linear. This leads to a linear decrease of the photon
concentration in all directions from the surface of the incident laser beam to all other surfaces. For
the inhomogeneous differential equation, two cases can be considered. First, for I*~L the
conversion of ballistic to scattered photons through the sample can be approximated by a constant

a in the x-direction, leading to a quadratic function for the solution of the inhomogeneous

differential equation —VJ + a = 0 . Second, if I* << L, the whole laser beam will be scattered
close to the incident surface, which can be approximated by a constant surface current density as

a boundary condition for the homogeneous solution.
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For a specimen with v ~ 0, a monoaxial compression in z-direction does not change the
light scattering properties in z-direction since L and I* will both change with the same order, but
leads to an increased scattering in x- and y-directions by placing more scattering centres into the
path of the photons as illustrated in Supplementary Figure 23b by the reduced projected porous
area Q as a function of compression in z-direction (see also Supplementary Figure 26). This
decreases the diffusion coefficients Dy and Dy. As discussed before, the linear dependence of T on
the density, Supplementary Figure 23a, and in the intensity plot over the x-dimension,
Supplementary Figure 12, implies negligible absorption losses.*?

Thus, according to the steady state continuity equation all scattered photons not leaving
the sample in the x-direction have to leave the sample along y- or z- direction. Thus, at the transition
point from the linear to the quadratic regime in Supplementary Figure 23a all photons are
scattered at least once, i.e. no ballistic photons leave the sample in the x-direction. The following
quadratic decay reflects the properties of the solution of the inhomogeneous differential equation
(Supplementary Equation 1). So by monoaxial tuning of the density of scattering centres in the
z-direction, the scattering efficiency in x,y can be enhanced with the drawback of a linear intensity
decrease of scattered photons along x. For a specimen with a much higher initial density (e.g.,
Paero—pN Of ~ 0.68 mg cm®) and thus higher number of scattering centres, as shown in Figure 4c
in the main text, no ballistic beam can be observed (Figure 4d in the main text). The sample
radiates brightly with only a slight visible intensity reduction across the x-direction. For a
homogeneous density of scattering centres, such a linear intensity decrease, is unavoidable, since
it reflects the dependence on the distance of the homogeneous diffusion. These results are
schematically summarized in the model shown in Supplementary Figure 27a-d. Compression

along z (&) of a IoW paero—pn < 0.5 mg cm™ sample leads to an increase of the slope of the
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concentration of scattered photons Cscat In X, Supplementary Figure 27a, by transferring a larger
current of photons scattered into the z (Joutzscat), Supplementary Figure 27b. This reflects the
tuned diffusion in dependence of the one dimensional compression, thus different diffusion
constants in x-, y- vs. z- direction. In this configuration, the photocurrent leaving the sample in the
x-direction (Joutx) comprises ballistic (Jpanistic) and scattered (Joutx,scat) COMpoNents:

Joutx = Jpallistic T Joutxscat (S3)
where the linear reduction of the ballistic component is dominant. With increasing &, the ballistic
component of Supplementary Equation 3 decreases until at a certain critical compression
(depending on the initial paero—gN, the tube wall thickness and diameter) nearly no photons are
able to move through L without being scattered. The corresponding schematic representation of
the light transport properties for the high paero—gn > 0.6 mg cm are shown in Supplementary
Figure 27c,d. The higher number of scattering centres results in Jyauistic = 0. The higher initial
Paero—gN also implies that the current of photons scattered into the z-direction (Joutzscat),
Supplementary Figure 27c, is comparable to that scattered in the x-direction (Joutz,scat ~ Jout,xscat)-
In contrast to Supplementary Figure 27b, the homogeneous diffusion (Dx = Dy = D;) leads to a
homogenous transport in all directions, enabling an isotropic light distribution with only a small
visible linear decrease in x-direction (Supplementary Figure 27d). By adjusting paero—gn: €-0-
by a slight z elongation of a high paero—pn Sample, the Cscat Slope in the x-direction can be tuned,
leading to a more homogeneous scattering in the x-direction (decrease in the slope shown in
Supplementary Figure 27c), but inducing an inhomogeneity between y- and z-directions.
Equivalently, a compression in x-direction would lead to the same result, but without any

difference iny and z.
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Poisson’s ratio, projected porous area and mean tetrapod distance

Let consider an infinitesimal volume of a linear, elastic, isotropic and homogeneous material,
defined by the elastic modulus E and Poisson’s ratio v, with an initial length of the edges Ly, Ly,
L, = Lo (thus its initial density is po = m/L3, where m is the mass of the representative volume)
and subjected to monoaxial compression in direction z. The elastic strains along the three directions
are &, = AL/Lo, ex = -vAL/Lo, &y = -vAL/Lo, with AL = L-Lo. If the mass m is preserved during
compression, we have Ap = AL&2), while the variation of the lateral area of the sample scales as
AA= ALY, By expressing the dimensionality of the imposed compressive stress via the parameter
D -with D = 1 for monoaxial compression, D = 2 for biaxial compression and D = 3 for triaxial
state- it is possible to generalize the previous calculations for an arbitrary compression state,

yielding to the following interdependency relation between sample sizes and material density:

-0
&)~
-

where A is the area parallel to the plane of the principal stress for monoaxial and biaxial
compression (orthogonal to the laser beam in our case) and either one of the faces for triaxial
compression. The scaling exponents of Supplementary Equations 4 assume the following

expression as a function of the dimensionality:

B =D[1+ (D —3)v] (S5.a)

y =1—v (for D =1), y = 2 (for D=2, 3) (S5.b)
_k

6 = ” (S5.¢)
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The resulting scaling laws for all cases are reported in Supplementary Table 3. These are in
principle valid in the regime of infinitesimal strains, while a compressed network up to 50% of
deformation should be considered in the finite strain regime. However, in place of the Poisson’s
ratio we can assume an analogous measure in the finite regime, i.e., more generally, the ratio

between the lateral and the longitudinal elongations (-ex/e;, -ey/e;).*

Supplementary Table 3. Interdependence relations between p, A and L for a linear elastic
isotropic material as a function of » and D. The relations coherently yields for monoaxial and
biaxial compression no variation of density (thus volume) for an incompressible material, » = 0.5.
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Supplementary Figure 24. Computation of the equivalent Poisson’s ratio: a) Evolution of the
tetrapod network density as a function of axial length from FEM simulations of monoaxial
compression (cfr. with the theoretical prediction f=1-v0 in Supplementary Table 2, which
provides v =-0.014). b) Total change in the tetrapod center distance, i.e. the sum of the changes in
centre-to-centre distance of all tetrapods in the RVE (x- and y- directions, load applied in z-
direction) as a function of the compressive strain. We consider 9 tetrapods having an initial
minimum centre-to-centre distance ~ 20 um (adjacent tetrapods) and a maximum distance ~ 44 um
(mutually farthest tetrapods). &, = 1 corresponds to a total vertical displacement of the load cell Al
~ 44 um. Results show a slightly negative Poisson’s ratio (but not significantly different from zero)
up to 60% compression, where the behavior is governed by the bending/buckling of arms.*!
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Supplementary Figure 25. Variation of tetrapod centre-to-centre distance by FEM simulations:
The average tetrapod centre distance (between adjacent elements) in z-direction at the beginning
IS ~ 10 um and reduces as the compressive strain increases. The pictures show snapshots of the
simulated network (initial paero—y ~ 0.376 mg cm3) at different compressive strains, giving a
qualitative representation of the change in the distance between tetrapod centres and hollow tube
arms.
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Supplementary Figure 26. Scaling of the projected porous area under monoaxial compression
with the unit cell density for different initial Aero-BN network density from FEM simulations.
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Supplementary Figure 27. Qualitative results of the proposed light transport model in Aero-BN:
a,b) for low density Aero-BN samples (paero—gn < 0.57 mg cm™) as a function of compression
and c,d) for high Aero-BN samples (paero—gn > 0.57 mg cm) as a function of elongation.
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Supplementary Figure 28. TGA of Aero-BN under a) N2 and O (1:4) and b) pure No.
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Supplementary Figure 29. Schematic setup for measurement of laser induced damage threshold:
A 532 nm laser (100 Hz, ~ 7 ns pulse duration) is guided through an adjustable attenuator (ND),
two beam splitters (BS), reflected by a third BS and focused on the sample by an objective (MO).
The first split part of the laser light (dashed line) is directed onto a Si-diode power meter (PD) to
measure the laser power during the measurements. The laser intensity on the sample is corrected
afterwards by a calibration measurement (performed at the sample position). The white light
(Lamp) for the microscopic imaging is coupled into the beam path by a BS and focused by MO.

The backscattered white light is imaged using a video camera behind a mirror (M) and a focusing
lens (L), while the laser is blocked by a filter wheel (FW).
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Supplementary Figure 30. Microscopy photographs of a commercial available remote phosphor
and an Aero-BN network before (a,b) and after (c,d) 450 nm CW laser illumination, respectively.
The laser is focused to a spot ~ 8.4 um diameter using the setup shown in Supplementary Figure
29 and the power is increased stepwise. At ~80 kW cm the remote phosphor undergoes laser
induced degradation (marked by the red circle), whereas the Aero-BN network structure remains
intact even at high power densities (650 kW cm2). The red lines and the inset highlight the position
of the illuminated Aero-BN microtubes.
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Supplementary Figure 31. Microscopy photographs of hollow Aero-BN microtube network and
a phosphor (Intermatix CL830R45XT) before (a,b) and after (c,d) 355 nm illumination (100 Hz
repetition rate, ~ 7 ns pulse duration). The laser spot is focused (spot diameter ~ 1 um) and moved
over the samples using the setup shown in Supplementary Figure 29. The power is increased
stepwise. At elevated laser powers (> 430 MW cm) the tubes are destroyed, whereas the phosphor
undergoes destruction at ~ 47 MW cm. The laser induced damage is indicated by the red arrows.
The corresponding power is taken as the damage threshold.
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Supplementary Note 7. Effect of temperature on speckle patterns

The low speckle contrasts (< 4 %) we obtain using the Aero-BN as an optical diffuser benefit from
small (in the nm regime) thermally activated movements of the hollow microtubes. These
movements can result in a time-varying speckle, similar to colloidal dispersions*. Since Aero-BN
can withstand high temperatures (< 600 °C) without decomposition, we simulate the vibration of
the microtube network as a function of temperature. The thin walls of the microtubes (< 25 nm
thickness) can be modeled as beams. The tube, with average length r and moment of inertia | =
%dgirdwall as determined from our samples, is modeled with the Euler’s beam formulation*’. For
an interconnected network the arms of different tetrapods are mutually entangled and they can be
approximated by simply supported beams, at the central joint and at the connecting point with the
other arms. According to this hypothesis on boundary conditions, the amplitude of the natural

vibration of order n is given by*:

5 4hfr3

n = ntt (el /T — 1) (S6)

where h = 6.62607004-1073* J-s is the Planck’s constant, kp = 1.3806485279-10 % J K is the
Boltzmann’s constant, T is the temperature at which the beam is subjected and f = wn/27 is the n
order natural frequency of the harmonic oscillator, depending on the static scheme*’. Calculations
are made assuming for the tapered tube an average diameter d,;, = 4 um corresponding to the
value at r/2. In Supplementary Table 4 the results for the first 5 modes of vibration at different T
and their geometrical combinations are reported. The computed amplitude ranges from 13.4 nm at
300 K to 24.5 nm at 1000 K, which is the maximum T we consider, as at higher temperatures hBN
will decompose, even in inert gas atmosphere. Even though the difference in amplitude between

the two T is ~11.1 nm, this might have a strong effect on the speckle pattern, since these
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movements are in the same order of magnitude as the Brownian movements in colloidal
dispersions*®. Thus, at temperatures above room temperature, the vibration of the microtubes will

promote a decrease in speckle contrast reduction.

Supplementary Table 4. Results of modal analysis (amplitude) of tetrapod arms at different T.

T B B> Bs Bs Bs B = \/Z_B,Z,
[K] [m] [m] [m] [m] [m] [m]
300 1.29E-11 3.23E-12 1.43E-12 8.06E-13 5.16E-13 1.34E-11
350 1.39E-11 3.48E-12 1.55E-12 8.71E-13 5.57E-13 1.45E-11
400 1.49E-11 3.72E-12 1.66E-12 9.31E-13 5.96E-13 1.55E-11
450 1.58E-11 3.95E-12 1.76E-12 9.88E-13 6.32E-13 1.64E-11
500 1.67E-11 4.16E-12 1.85E-12 1.04E-12 6.66E-13 1.73E-11
550 1.75E-11 4.37E-12 1.94E-12 1.09E-12 6.99E-13 1.82E-11
600 1.82E-11 4.56E-12 2.03E-12 1.14E-12 7.30E-13 1.90E-11
650 1.90E-11 4.75E-12 2.11E-12 1.19E-12 7.60E-13 1.97E-11
700 1.97E-11 4.93E-12 2.19E-12 1.23E-12 7.88E-13 2.05E-11
750 2.04E-11 5.10E-12 2.27E-12 1.28E-12 8.16E-13 2.12E-11
800 2.11E-11 5.27E-12 2.34E-12 1.32E-12 8.43E-13 2.19E-11
850 2.17E-11 5.43E-12 2.41E-12 1.36E-12 8.69E-13 2.26E-11
900 2.23E-11 5.59E-12 2.48E-12 1.40E-12 8.94E-13 2.32E-11
950 2.30E-11 5.74E-12 2.55E-12 1.44E-12 9.18E-13 2.39E-11
1000 2.36E-11 5.89E-12 2.62E-12 1.47E-12 9.42E-13 2.45E-11
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Supplementary Note 8. Efficency considerations of Aero-BN lighting systems

Our approach of using a special designed hBN foam material as a diffuser for laser light indicates
a viable alternative to the use of phosphorous materials by enabling a highly efficient (~ 98%)
mixing of multi-colored laser light at very high powers (~ 430 MW cm2) and very low speckle (<
4%).

While in the case of phosphorous materials the overall efficiency is mainly determined by the
efficiency of the used blue laser diode, as well as the conversion efficiency of the phosphorous
material, the efficiency of our material is determined by the efficiency of the individual laser diodes
used to produce blue, green and red light. Current state-of-the-art red laser diodes have shown
efficiencies up to 40%*° while efficiencies of ~20%°' and ~40%°°2 for green and blue
respectively, were demonstrated. Nevertheless, continuous progress is being made with respect to
the increase of laser diode efficiencies and several papers have indicated that the proposed LD
efficiency (>50%) of laser diodes will in the near future approach that of LEDs, while providing a

much higher current density. 4°2-%4

This increase in efficiency of blue lasers will also result in an increased efficiency of phosphorous
materials. However, the phosphorous systems are strongly limited by their low irradiance levels
(< 20 kW cm2)>, making them unsuitable for high brightness applications requiring light outputs
of several MW cm2. Secondly, phosphorous materials are capable of providing only a certain color
for illumination, while for the future lighting technology color tunability will be an important

aspect, enabling new functionalities and designs in lighting.>
Therefore, our concept paves the way for a new generation of laser-based RGB light sources by

introducing a diffuser with a negligible absorbtion and capable of reducing speckle contrast well-

below the threshold of the human eye.
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