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ABSTRACT

The data acquisition speed of point scanning microscopy techniques at sub-cellular resolution limits imaging of large
samples, as sample stability and focus drift are becoming an issue. Therefore, light sheet fluorescent microscopy (LSFM)
has become the method of choice for imaging cleared samples. However, this method still suffers from a trade-off between
imaging depth and resolution, due to diffraction of the illuminating beam limiting the achievable field of view. After
improvement of the latter with non-diffracting Bessel beams, lattice light sheet microscopy has further reduced the imaging
point-spread-function (PSF) as well as substantially reduced illumination intensities and the resulting phototoxicity by
enabling illumination of entire light sheets over large lateral extents. Here, we propose further improvement by generation
of structured light sheets via phased arrays implemented as silicon nitride photonic integrated circuits (PICs). Beam
generation with PICs results in much higher power efficiency than beam forming with conventional liquid crystal based
spatial phase modulators, as it does not require the use of narrow blocking apertures. Moreover, this approach enables
increased control over the generated field profile. Modeling of concrete PIC concepts indicates that sub-cellular resolution
with mm scale imaging depths can be concomitantly achieved. Maintaining a small PSF across the entire light sheet, along
the axis perpendicular to the direction of light propagation, is sacrificed in order to maintain it over an increased imaging
depth along the beam propagation axis. Rapid lateral scanning of the illumination beam inside the plane of the light sheet
is then obtained by scanning of the laser wavelength within the excitation spectrum of the target fluorescent protein,
allowing for a wide bidirectional field-of-view with high resolution.

Keywords: lattice light sheet microscopy, structured illumination, phased arrays, beam forming, silicon nitride, photonic
integrated circuits.

1. INTRODUCTION

Developing imaging methods that allow (i) simultaneous activity measurements of up to 100,000 neurons in large fields
of view,'? and/or (i) large-scale neuroanatomical analysis of network connectivity in intact brains at high spatial
resolution, is the technological basis for future advances in understanding the brain and developing effective treatment for
neurological and psychiatric disorders. LSFM — declared as “Method of the Year 2014” by Nature Methods® —holds great
promise to meet these challenging demands.

The inherent three-dimensional (3D) structure of cells and tissues is usually a critical determinant of cell and organ
functionality. This is particularly true for the central nervous system,* in which the intricate complex morphologies of
neurons and their long-range dendritic and axonal projections provide the structural foundation for fast information
processing within and between neural circuits. Moreover, detailed insight into neurodevelopmental processes — and,
consequently, into developmental abnormalities that frequently underlie neuro-pathologies — usually emerges from 3D
structural information. Accordingly, there is increasing demand in (neuro)science for volumetric imaging techniques able
to visualize the relevant morphological/anatomical structures in their intact environment with high spatial precision. In the
past, the method of choice to reconstruct 3D information put into register a series of serial thin sections. However, this
cumbersome approach is technically challenging due to loss or distortion of individual sections that become torn, folded,
compressed, or stretched.* Therefore, volumetric reconstructions were mostly limited to smaller samples and, frequently,
results turned out unsatisfactory. At the ultrastructural scale, serial block-face scanning electron microscopy” has recently
become the gold standard to visualize (sub)cellular structures with extreme accuracy. This method, however, is limited by
tedious data acquisition and analysis as well as incompatibility with molecular phenotyping tools.

For light microscopy in large tissue samples, whole organs, or embryos, translucency is the dominant problem. While
multi-photon microscopy allows tissue penetration up to 500 um without substantial light scattering, tissue clearing
methods have rapidly evolved over the past decade. The advent of numerous tissue clearing methods* has enabled
unprecedented novel insight into the functional anatomy of numerous organs as well as whole embryos.*°
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With tissue transparency, depth of focus is no more limited by the sample’s optical properties, but rather dependent on
the imaging setup, especially on the objective. Long working distance, high numerical aperture immersion objectives are
required. Notably, samples are immersed in refractive index matching solution that differs from the standard refractive
indices of water or oil. While optical sectioning is still required for post-hoc 3D reconstruction, point scanning techniques
— even when using resonant scanners — are severely limited as data acquisition for larger samples at reasonable spatial
resolution can easily take several days. Sample stability and focus drift are thus becoming serious issues for any
experiment. Therefore, LSFM has become the standard method for imaging of cleared samples.® LSFM substantially
reduces both photobleaching and image acquisition time.!' When combined with a fast sSCMOS camera, the camera’s chip
read-out time becomes the limiting factor for data acquisition speed.*

However, using LSFM comes with a significant speed—resolution trade-off. Axial light-sheet thickness (and, therefore,
axial resolution), of course, depends on the configuration of the setup’s optical components and the imaging light
wavelength. With commercially available light-sheet microscopes tested using a 488 nm laser, axial resolution ranges
between 1.7 — 15 um (Leica TCS SP8 DLS), 2 — 14 um (Lightsheet Z.1; Zeiss), and 4.5 — 24 um (UltraMicroscope 1I;
LaVision BioTec). At maximum fields of view in the mm range, commercial systems generate images that typically lack
sub-cellular resolution.

In LSFM, a sample is illuminated with a thin sheet of light (xy plane) and imaged with an objective oriented in the
perpendicular, axial (z-)direction. Spatial resolution in the plane of the light sheet (xy) is obtained, as in a conventional
microscope, by the functionality of the imaging objective combined with imaging on a CMOS pixel array. Spatial
resolution in the z-direction is obtained by a combination of the selective illumination (thickness of the light sheet) and
the point spread function (PSF) of the recording objective, that is configured to have its focal point in the plane of the light
sheet. This imaging technique is particularly useful to image large, cleared samples, due to its dramatically increased
throughput compared to scanning-based optical sectioning methods (e.g., confocal microscopy).

Initial setups relied on generating a light sheet by rapidly scanning, along one axis (x) of the light sheet, a Gaussian
beam propagating along its other axis (y). In this configuration, a limiting trade-off exists between the resolution in the
axial z-direction, as determined by the Gaussian beam’s field diameter 2w, at its focal point, and its depth of focus as
given by twice its Rayleigh length mwZn/24,, with n the refractive index of the tissue and 4, the free space wavelength of
the light — 702 nm in this work in order to excite the genetically encoded fluorescence protein miRFP720,'? chosen here
for its compatibility with excitation at longer wavelengths. Thus, a beam diameter between 18 um (center of sheet) and 26
um (edges of sheet) would be required to image a 1 mm sample depth (assuming the cleared sample to have the refractive
index of water), very far from the diffraction limited spot-size limit and already at the upper limit for resolving individual
neurons. Improving this trade-off, non-diffracting Bessel beams have been introduced into light sheet microscopy.'® These,
however, retain two limitations: For one, only a Bessel beam of infinite extent in the xz plane (with y the direction of
propagation) is truly non-diffracting. A truncated Bessel beam, as generated in a practical setup, keeps a finite diffraction
length. Another important limitation resides in the side-lobes surrounding the center lobe of the beam: The radial
dependency of the E-field strength of a Bessel beam scales as a Bessel function, resulting in a substantial amount of optical
power contained in off-center side-lobes. This latter limitation in particular has been substantially improved by lattice light
sheet illumination. Here, the concept of Bessel beam illumination is generalized to illumination with other non-diffracting
beams, that now consist in a periodic, lattice-like illumination pattern bounded by an envelope function in the xz-plane.'*
These lattice beams feature a spatially varying intensity profile along the x-direction (the axis of the light sheet
perpendicular to the direction of propagation) and can be used in one out of two configurations. Either, the lattice beam is
rapidly dithered in the x-direction, resulting in averaging during image capture, so that a uniform illumination in the x-
direction is emulated, but with suppressed or sufficiently spatially separated side-lobes in the z-direction to result in an
improved PSF compared to Bessel beam illumination. Alternatively, the spatially varying profile in both the x- and z-
directions is used for structured illumination microscopy (SIM). A sequence of images is then taken, each time
incrementing the position of the lattice beam in the x-direction by a corresponding fraction of the underlying lattice’s
periodicity, and the data further processed to obtain super-resolution imaging. Moreover, by extending the beam laterally
along the width of the light sheet (in the x-direction), peak intensities can be substantially reduced while maintaining
imaging speeds, thus reducing phototoxicity.

However, as for regular light sheet microscopy, a trade-off remains between the achievable resolution and the depth
(along the direction of propagation) over which the beam can be used before residual diffraction leads to a significant
degradation in the axial (z) resolution. In the following, we describe where this limitation arises from in state-of-the-art
LSFM (Section II) and how we propose to remedy it with phased arrays implemented as silicon nitride photonic integrated
circuits (Section III).
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2. STATE-OF-THE-ART LATTICE LIGHT SHEET MICROSCOPY

For both the generation of Bessel and lattice beams, a specific illumination pattern has to be generated at the rear pupil
plane of a high numerical aperture objective that lies on a narrow annular aperture. Each point on this annular aperture is
converted by the objective in a plane-wave with wave-vector (kx, ky, kz), with the k-vector component in the direction of

propagation, k,,, equal for all the field components. As a consequence of the annular aperture, \/kZ + kZ — and thus also

ky, =+ ki — k% — k2, with k, the magnitude of the k-vector — are equal for all the generated plane waves. Thus, all the
field components share a common phase dependency in the y-direction, that can be factored out as'* E(r,t) =
Yo A e kxmxtkyytkzmz-wt) — pilkyy-wt) 3 4 oilkxmx+kzm?)  with A,, the amplitude of the component indexed by
m, showing the translation invariance of the beam’s power profile in the y-direction. Since the annular aperture necessarily
has a finite width, the k-vector component k., also has a finite spread in practice and the beam eventually diffracts.

Previous lattice beam formation'* has been hindered by a number of factors: The beam formation has been obtained by
combining a liquid-crystal based spatial phase modulator (SPM) operated in reflection mode, an annular aperture, two
galvanometers to displace the beam in the x- and z-directions, and complex imaging optics. This costly and bulky setup
would benefit from miniaturization, both to increase its stability and to reduce size and cost. Scanning speeds are limited
by the actuation time of the SPM and of the galvanometers, which both have refresh rates in the order of a few kHz.
Improving the scan speed would be highly beneficial to reduce the de facto image acquisition time, which is required for
real-time monitoring of fast signaling processes in living cells, and to reduce issues related to phototoxicity.
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Figure 1. Exemplary reduced-diffraction beams generated by three different field / antenna distributions at the rear objective pupil (left
column). The 2™ and 4" columns show the beam shape in the xz plane (perpendicular to the direction of propagation) and in the yz
plane (along the direction of propagation). The 3™ column shows the field along the optical axis of the imaging objective (z-direction)
at the center of the beam and determines the PSF. Axes are labelled in the 3D rendering shown in the lower right corner of the figure.
(a) and (b) correspond to two exemplary lattice light sheets with different envelope functions in the z-direction. (c) corresponds to the
field pattern generated by the proposed PIC.
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Beam diffraction and the achievable depth of the field of view (FOV), along the beam’s direction of propagation, are
currently limited by the width of the annular aperture used to spatially filter the field profile generated by the SPM. When
operated as a pure phase sifter (as opposed to phase and amplitude modulation), an SPM is only imperfectly shaping the
light, so that the use of an aperture is required to reduce side lobes at the rear pupil plane of the objective. This is particularly
true when the SPM is operated in binary mode (with 180° phase shifts) to increase refresh rates. This unavoidably also
leads to substantial loss of optical power, made worse as narrow aperture widths and long diffraction lengths are targeted.
Reducing the amount of lost light, together with a higher scanning speed, would facilitate the imaging of large tissue
samples within reasonable time frames.

At a more fundamental level, beam diffraction and thus a restriction of the achievable FOV arises from the envelope
function applied to the optical lattice. This is made apparent by comparing two lattice light sheets illustrated in Figs. 1(a)
and 1(b). In both cases, the underlying 1D optical lattice is simply formed by two plane-waves with wave-vectors
(ikx‘o, 0,0), resulting in an unbounded optical intensity distribution with periodicity A = /k, o. In order to bound the
generated optical lattice in the z-direction, the two k-vectors are replaced by distributions (ikx‘o, 0, kz), with k, bounded
by |k,| < Kk, max. The larger k, .4, the tighter the confinement of the light in the z-direction and the better its respective
PSF. However, increasing k, ,,,, also leads to increased beam diffraction and thus to a reduction of the FOV. The larger
the spread of the z-axis k-vector components k,, the larger the departure from an ideal k-vector distribution along an
annular aperture of zero width (Fig. 1, leftmost column), and the shorter the diffraction length along the y-axis (Fig. 1,
rightmost column), however the more confined also the illumination pattern in the z-direction (3™ column).

To exemplify this trade-off, we model beam formation with a high numerical aperture lens (NA=0.65, 3.74 mm
working distance!#). The achievable resolution along the imaging axis (z) and the depth of the FOV depend on the height
of the two field distributions at the rear objective pupil of respectively 1750 um and 4800 um (Figs. 1(a) and 1(b)), that
map into the k-vector distributions after Fourier transformation by the objective. These result in center lobe full width at
half maxima (FWHM) of 1.36 um and 0.54 pum, respectively. However, the reduced FWHM of configuration (b) comes
at the cost of a much reduced field of view in the direction of the beam propagation (y) as seen in the 4™ column. While
configuration (a) creates a light sheet over a depth of ~5 um, allowing imaging over a small cell, configuration (b) only
allows imaging over a depth below a micron and can no longer be considered a “light sheet”. In the following, we propose
a solution to reach both sub-cellular resolution as well as a mm-scale FOV, overcoming this trade-off.

3. LSFM WITH SILICON NITRIDE PHOTONIC INTEGRATED CIRCUITS

Phased arrays are an alternate technology to generate arbitrary beam profiles.!® Light is distributed on chip to an array of
antennas, typically surface emitters implemented in the form of compact grating couplers,'® that emit light with a tunable
phase in order to generate a targeted beam profile. The silicon nitride waveguide platform offers transparency at visible
and short infrared wavelengths and is ideally suited to distribute and manipulate light in the wavelength range required for
exciting fluorophores in the life sciences.!’"!° Moreover, it has a very high damage threshold and vanishing two-photon
absorption in the relevant wavelength range, so that it is not practically limited in the power it can handle. Recently,
considerable progress has been made in silicon nitride phased arrays.?° In particular, one of the difficulties that has been
associated to phased arrays is the so-called coherence length of the waveguides.?! Due to manufacturing induced variations
in waveguide widths and ill-controlled layer thicknesses or side-wall roughness, the optical path length of waveguides
shows small deviations from their design target, that can vary from waveguide to waveguide and chip to chip. In order to
correct for these, phase tuners need not only to apply the phase required to generate a given field profile, as can be
predictively determined with an algorithm, but also need to correct for these fabrication induced phase shifts. This can be
a harder problem as the phase errors are not a-priori known and need to be determined from an initial chip characterization
or an adaptive optimization. State-of-the-art fabrication tolerances have however undergone sufficient progress so that the
coherence length of silicon nitride may be long enough to implement scaled phased arrays without requiring correction.?%?!
This is analyzed in more details below for the specific photonic integrated circuit (PIC) architecture considered here.

We model beam formation with a phased array implemented on a 3 by 3 mm PIC and the high numerical aperture lens
(NA=0.65, 3.74 mm) already assumed in the previous section. Individual antennas are conservatively assumed to emit
Gaussian beams with a 1/e? waist diameter of 6 um and are spaced by 7.5 um from each other along the contours shown
in the left column of Fig. 1, close enough to avoid the formation of higher order artifacts in the formed beams. Gaussian
beams are propagated to the image plane of the lens using the ABCD matrix method and the resulting interferometric
patterns computed. Individual Gaussian beams cover a disk with a diameter of 460 um after imaging (25% intensity at the
edge relative to center), giving a rough indication of the area in the xz-plane in which beams can be scanned with the
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phased array (as given by the form factor of the diffractive pattern). The two shaped illumination beams already discussed
in the previous section, as shown in Figs. 1(a) and 1(b), can also be generated with a PIC (simulated with respectively 512
and 1024 antenna elements).

In order to overcome the trade-off between sub-cellular resolution and extended FOVs, we introduce a third antenna
distribution as shown in Fig. 1(c), also comprising 1024 antenna elements. In this case, the antenna elements are forced
again to lie on a circle, resulting in a near diffraction-less beam over a propagation length of 1 mm only limited by the size
of the individual antenna elements, causing the only deviation from an ideal circular field emitter distribution.
Concomitantly, a FWHM of 0.66 um is maintained in the z-direction.
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Figure 2. Scanning of the lattice light sheet in the x- and z-directions. The central plot shows the intensity distribution along the z-
direction, across the center of the beam, when it is displaced by 100 um in the z-direction (dashed white axis in the top graph). While
the formation of a small artefact is visible at z = -240 um, its integrated intensity is 10X below that of the main beam and its position
way out of the focal plane of the imaging objective.

However, a second trade-off now comes into play: While for the initial, unbounded optical lattice described in Section
II only two x-axis k-vector components *k, , came into play, each is now transformed into a distribution, so that the
perfect periodicity of the resulting lattice is broken in the x-direction. As seen in the second column of Fig. 1(c), the lattice
now only keeps its shape in a range of +£1.5 um along the x-direction (~5 lobes), after which it rapidly loses confinement
in the z-direction. In other words, we sacrificed extension of the optical lattice in the x-direction in order to gain extension
along the direction of propagation (y). However, since the PSF in the x-direction is determined by the imaging system and
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the lattice beam can be translated in the x-direction, this does not fundamentally limit the FOV of the microscope. Rather,
pixels have to be recorded sequentially as the lattice beam position is scanned in the x-direction. Since silicon nitride
thermal phase tuners have been shown to be switchable in the double digit kHz range?? and ongoing work on ferro-electric
material integration might enable even higher scanning speeds,?* we may reach a regime in which the camera readout time
remains the only limiting factor. Moreover, in the following we will show a straightforward scheme to implement the
beam steering based on scanning of the laser wavelength.

Scanning in the x- and z-directions is obtained by incrementing the phase of antenna elements according to their x- and
z-ordinates, respectively. Modeling results are shown in Fig. 2. It is apparent that the beam can be scanned +200 pum in the
x-direction and £100 pum in the z-direction with minimal artefact formation, with a peak intensity 70X below the main
beam (the maximum of the color scale was scaled down to make this artefact apparent) and an intensity integrated over
the z-axis 10X below that of the main beam. Moreover, the position of the artefact is way out of the focal plane of the
imaging objective. Thus a total volume of 400 um x 1 mm x 200 um is addressable without moving the sample or the lens
(although scanning in the z-direction is of reduced utility as imaging is also limited by the focal plane of the imaging
objective, it may serve to fine align the illumination pattern with the latter or to support SIM). Thus, the light sheet can
cover a 400 um by 1 mm area in the xy-plane while maintaining its high inherent resolution.
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Figure 3. Comparison between a Bessel beam, antenna configuration (c), identical to the one shown in Fig. 1(c), and a further
configuration (d) resulting in a 2D lattice-like illumination at the center of the beam without sacrificing the suppressed beam diffraction.
The beam is significantly expanded in the lateral x-direction at the price of a modest overall imaging PSF increase compared to (c). In
the z-axis beam profiles, the Bessel beam profile is overlaid in red as a common reference.

Lattice light sheet microscopy as shown by Eric Betzig and colleagues'* keeps a significant advantage over the
configuration shown in Fig. 1(c), which is to provide a laterally extended light sheet (along the x-direction) resulting in
much reduced peak intensities and phototoxicity. The limited lateral extent of the beam generated by configuration (c),
while significantly larger than that of a Bessel beam of comparable illumination PSF (Fig. 3), is still only a few um. This
can be improved on by further applying the concepts reported in ref. 14 to the circular antenna distribution used here. Fig.
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3 compares the lateral (x) and vertical (z) beam profiles of a Bessel beam, the beam generated by the antenna distribution
(c) that in its center region corresponds to a bounded 1D lattice, and a third beam corresponding to a bounded 2D lattice
generated by a further antenna distribution (d). The extent of the beam (d) is much larger in the z-direction, as a
consequence of the truncation of the antenna distribution in the z-direction (antennas are restricted to an angle below 20°
relative to the x-axis, as opposed to 45° in distribution (c¢)). Since this truncation reduces the spread of the antenna
distribution in the x-direction even more, the lattice is significantly broadened in the x-direction and reaches a lateral
FWHM of 20 um, allowing a substantial reduction in peak illumination intensities. In the z-direction, beam (d) features
multiple lobes resulting from the 2D lattice structure, with the central lobe featuring a FWHM of 1 um slightly larger than
that of configuration (c). Since the other lobes are out of focus, the overall PSF is largely dominated by this central lobe.
As a consequence, the imaging depth in the beam’s propagation direction (y) remains unchanged, while the power is spread
over a substantial width in the lateral x-direction at a modest price in terms of the imaging PSF.

A diagram of the envisioned PIC is shown as Fig. 4. Light is distributed to the antenna elements with a tree network
exemplarily based on one by two multi-mode interferometers (MMIs). It is first split between the two sides of the phased
array by a first MMI, after which 9 layers of MMIs split the light on each side between 512 antenna elements (three layers
are shown in Fig. 4 for illustration purposes). The optical path lengths are all balanced by design up to the outputs of the
last MMI layer, with equal numbers of bends, straight segments on a cartesian grid and MMIs. The last segments
connecting the outputs of the last MMI layer to the antennas are of different lengths in order to reach the circumference of
the circle defining the locus of the antennas (dashed line in Fig. 4). This unbalancing is purposefully introduced and will
serve for horizontal beam steering (beam displacement along the x-axis) in the following. The position of individual
antenna elements can be slightly shifted along the x-axis, in order to ensure a common phase is obtained for all at the target
wavelength at the center of the fluorophore’s absorption spectrum (in our case, 702 nm for miRFP720). While this requires
knowledge of the interconnect waveguide effective index n,r, an error 8n,¢r below +0.01 could for example be

corrected by shifting the laser wavelength by +3.5 nm with small impact on the protein’s absorption cross-section.

Antenna Element Thermal Phase Tuner

Multimode Interferometer

Figure 4. Diagram of the envisioned PIC. After splitting the light between the left and right side of the PIC with a first MMI,
light distribution trees with nine layers of cascaded MMIs split the light among 512 antenna elements on each side. A thermal
phase tuner allows adjusting the relative phase between the two sides of the PIC, for rapid dithering of the optical lattice lobe
positions. Displacements along the x-axis of the whole beam (envelope function) is obtained by changing the laser wavelength.

The path length between the first MMI at the beginning of the light distribution tree on either side of the PIC and the
antenna elements is below 4 mm. Such path lengths have previously been measured to result in a phase error variance on
the order of 0.3 rad? if fabricated in 300 mm technology and 1.5 rad? if fabricated in 200 mm technology.?' Thus, the PIC
should work without further correction if fabricated in 300 mm technology, while the consequences of phase errors in 200
mm technology warrant further investigation. Monte-Carlo simulations of the PIC show however that the performance
penalties due to the increased phase error in 200 mm technology should also remain acceptable without further trimming.
The power profile of the generated beam remains very close to the one generated in the absence of phase errors, but with
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an overall reduction due to a portion of the power being spread over the sample as a consequence of the random phase
errors. While assuming fully uncorrelated phase errors for each antenna element with a variance of 1.5 rad? results in only
~20% of the power remaining inside the beam, taking into account correlations in the phase errors resulting from shared
optical paths in the physical layout leads to ~80% of the power remaining in the central lobe (with a £20% confidence
interval as given by one std. dev.).

A phase tuner allows adjusting the relative phase between the two sides of the PIC. This shifts the position of the
lobes of the underlying optical lattice, i.c., the position of the lobes shown in the second column of Figs. 1(c) and 3(d).
This can be used for rapid dithering, either to average the lobes or for recording successive images when using structured
illumination. However, the envelope function of the beam, i.e., the x-position at which the narrow PSF is obtained, is not
shifted. The whole beam envelope function can be modified by changing the wavelength, as this will modify the relative
phase between the antenna elements according to their x-axis position.

The sensitivity on wavelength of the optical phase at a given antenna element at position x is given by A@ =
—2mng x4, /A%, where ng is the group index. The objective in the illumination path also converts the illumination pattern
of a point source at position x into a plane-wave with x-axis k-vector component k, = kj - sin(atan(x/ WD)) =~k
x/WD, with WD the working distance of the objective. The lateral x-axis displacement of the beam is thus given by Ax =
dp/dk, = —-WD - (ng / neff) - (AA/2). Given the 3.74 mm working distance assumed here, a +50 pm x-axis
displacement would be achieved with a wavelength shift of 10 nm remaining in the high absorption range of the
miRFP720 fluorescent protein (> 85% absorption efficiency compared to maximum at 702 nm). The full £200 um beam
steering shown in Fig. 2 would be achievable with the same wavelength range assuming additional delay loops are
introduced in the last segments of the light distribution trees, wherein the length of these delay loops are sized according
to the x-axis position of the antenna elements, enhancing the corresponding wavelength dependency of the emission phase.
We are currently also working on the development of suitable wavelength tunable external cavity lasers combining
reflective semiconductor optical amplifiers with silicon nitride PICs.

4. CONCLUSIONS

In conclusion, generating lattice light sheets with silicon nitride photonic integrated circuits would not only enable lower
cost, more robust, more compact, and more power efficient microscopy solutions, but also increase the diffraction limited
depth of the field of view, only limited by the size of the antenna elements placed on a perfect circular distribution, while
concomitantly maintaining sub-cellular resolution. While this comes at the cost of a reduced useable range in the light
sheet direction perpendicular to the beam’s direction of propagation, this can be remedied by rapid scanning of the beam
along this in-plane direction with a straightforward PIC configuration. A compromise has to be struck between the axial
resolution and the lateral extent of the beam, with the latter an essential parameter to reduce illumination intensities and
thus phototoxicity. We expect sub-cellular imaging resolutions to be compatible with millimeter sized fields-of-view along
the propagation axis of the illumination beam with this illumination scheme.
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