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Abstract

A vast range of optical imaging techniques strives towards high-resolution imag-
ing at elevated penetration depths. However, as the light travels through biological
tissue it gets scattered, leading to image deterioration with increasing imaging depth.
Consequentially, a number of wavefront shaping techniques have emerged - aiming
to control the scattered light by tailoring the illumination wavefront. We propose a
novel wavefront shaping device based on integrated photonics which, compared to the
conventional liquid-crystal spatial light modulators, can improve on the modulation
speed, pixel pitch, and reduce the overall optical path length of the system. These
improvements are highly relevant for, e.g., in-vivo imaging of neural activity in a freely
moving animal. The device relies on a one-dimensional optical phased array consisting
of 128 emitters placed at 2.3 pm pitch and operates in the near-infrared spectral region
(A = 1.55pm). Using a photonic integrated circuit to modulate the wavefront phase,

we demonstrate diffraction-limited focusing through static scatterers. Focus intensity



enhancements close to the maximum value predicted by the random matrix theory
are experimentally achieved. Furthermore, our one-dimensional wavefront shaper can
focus the scattered light over a two-dimensional grid, enabling raster scanning of the
spot for imaging. Characterization of the phase modulators shows that the device is

capable of modulation rates up to 5kHz.
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Introduction

Light scattering caused by refractive index inhomogeneity of biological tissue impedes con-
ventional optical microscopy techniques from achieving high-resolution imaging at elevated
depths. With the increase of imaging depth, the number of scattering events increases, ex-
ponentially reducing the number of ballistic, i.e. non-scattered, photons. Since conventional
microscopy techniques rely on ballistic photons, their maximum imaging depth is fundamen-
tally limited by the scattering. For example, this effect limits the imaging depth of widely
used confocal microscopy to only a few hundreds of microns!? in biological samples. On the
other hand, the abundance of photons undergoing multiple scattering events deeper in the
tissue?? gives rise to the idea of controlling the scattered light in order to enable imaging at
elevated depths. In 2007, Vellekoop and Mosk demonstrated that multiply scattered light
can be refocused by iteratively optimizing the illumination wavefront,* founding the field
of wavefront shaping in scattering media. Afterwards, it was shown that phase modulation
of the wavefront is preferred over amplitude modulation because of the stronger focusing
contrast.® Subsequent works® ! demonstrated that fast wavefront modulation is necessary

for focusing in dynamic scattering samples. While offering phase modulation, commonly-



employed spatial light modulators (SLM) based on nematic liquid crystals on silicon (LCoS)
offer only sub-kilohertz wavefront modulation rates.'? This is insufficient for focusing in dy-
namic biological samples. An alternative are the SLMs based on micro electro-mechanics
systems (MEMS). A Digital Micromirror Device (DMD) is a MEMS-based SLM, initially de-
signed for display technologies, which offers fast operation with update rate typically higher
than 20 kHz. However, they only provide amplitude modulation, making it a non-preferred
choice for imaging in scattering media. We should note that phase modulation can be
achieved using an amplitude-modulating SLM '3 in a holographic setup (Lee holography
e.g.). Nevertheless, that comes with a significant reduction in modulation power efficiency,
meaning that only a few percent of power is actually modulated.'?> The preferred phase-
modulating MEMS SLMs, based on deformable mirrors, offer fast wavefront modulation of
around 10 kHz typically, but can be prohibitively expensive. Finally, Grating Light Valve
(GLV) technology offers one-dimensional (1D) MEMS-based phase modulation at a remark-
able update speed of 350 kHz enabling focusing in dynamic scattering media.” On the other
hand, nonidealities present in the GLV modulator, such as gaps between the deformable
mirrors and mirror curvature, noticeably reduce the quality of wavefront modulation, as
explained in the supplement of Ref. 7.

Integrated photonics, as an alternative platform for wavefront shaping, offers competitive
refresh rates and a significant reduction of the pixel pitch. In addition, a photonic integrated
circuit (PIC) can provide both phase and amplitude modulation in a compact package com-
patible with large-scale fabrication. Recently, a transmitter-receiver pair of PICs has been
employed for wavefront control in turbid media for improving the transmission through or-
thogonal channels in free space communication systems.!® Here, we describe a PIC which
can focus the light scattered by a static sample on a diffraction-limited spot and raster scan
it over a two-dimensional grid, with the aim of enabling imaging within the scattering me-
dia. Our device is based on an optical phased array (OPA) which emits a phase-modulated

wavefront as shown in Figure la. Differently from the majority of SLMs, which modulate



the laser beam in the reflection mode, light is first coupled to the photonic chip using a
fiber and, after the modulation, outcoupled using optical antennas shown in Figure 1c. This
presents a significant reduction in the overall optical path of the system, achieved by a com-
pact PIC-based wavefront shaper. The need for compact wavefront shapers was highlighted
in a recent publication,!” as they could enable high-penetration in-vivo imaging of neural ac-
tivity in freely moving animals. In such an application animals wear the imaging apparatus
during the experiment. Therefore, the compactness of the wavefront shaper is of particular
interest. The term optical antenna will be used interchangeably with optical emitter in this
work.

The article is organized as follows: we first introduce the PIC and discuss the maximum
phase modulation rate. Afterwards, the experimental methods are introduced. Then, the
experiments on focusing through static scatterers are discussed. Finally, we show focusing
over a two-dimensional grid, characterize the focused spot size and investigate the effect of

the number of wavefront segments on the focus quality.

PIC Design

A PIC wavefront shaper is employed in our experiments as a replacement for commercially
available SLMs. To modulate the wavefront of near-infrared light (A = 1.55um) we utilize
a 1D array of 128 optical emitters with independently controlled phases, commonly referred
to as the optical phased array (OPA). The device is fabricated on imec’s hybrid 300mm pho-
tonics platform, which is detailed in the Ref. 18, featuring low-loss silicon nitride (SiN) and
amorphous silicon (a-Si) waveguides. The cross-section of the stack is shown in Figure lc.
The platform offers the prospect of large-scale fabrication, as it’s compatible with comple-
mentary metal-oxide-semiconductor (CMOS) technologies. As illustrated in Figure 1b, the
PIC consists of the following functional blocks: power splitting section, phase modulation

section, and optical emitter section. Laser light coming from an external source is coupled



into a low-loss SiN waveguide using an optical fiber. A multimode-interferometer (MMI)
splitter tree subsequently distributes the power evenly over 128 waveguides. The phase of
light in each waveguide is individually controlled using thermo-optic phase shifters. Figure
lc includes an illustration of such a phase shifter. To reduce the modulation power con-
sumption, a-Si is chosen as the waveguiding material in the phase modulation section since
it typically has five to ten times higher thermo-optic coefficient than SiN.1%2° This allows
for efficient phase modulation with measured efficiency of 8mW /x. Additionally, thermal
isolation trenches were etched between the phase shifters in order to reduce the thermal
crosstalk. Thermal isolation additionally improves phase modulation efficiency, which re-
duces power consumption on one hand, but on the other hand, it reduces the maximum
modulation speed.?! Finally, the light is emitted from the chip using full-etch SiN linear
gratings with divergent emission centered at 6 ~ 5° with respect to the chip-surface normal.
Simulation of antenna’s normalized emission profile is shown in Figure 2. Antenna emis-
sion was simulated using Ansys Lumerical FDTD and its simulated radiation efficiency is
26%. We note that the antenna was not optimized for outcoupling efficiency in this proof-of-
concept work. The antenna array pitch is 2.3pm, resulting in a compact OPA aperture size
of ~ 10 x 300pm?. Table 1 shows comparison of our device to the commercially available
(LCoS and MEMS-based) SLMs, reassuring that PIC can offer competitive performance in
terms of pixel pitch and modulation speed. Compared to the smallest pixel pitch of commer-
cially available phase-modulating SLMs, our device offers pixel pitch reduction - allowing for
higher wavefront shaper pixel density.

Our OPA design can be scaled to higher antenna counts while conserving the pitch.
Additionally, a recent LiDAR demonstration reassures that a 1D OPA can be scaled to
~ 10* antennas in a single reticle, and close to 5 x 10* if several reticles are combined
in a super cell.?? To put this into perspective, it was previously demonstrated that even
1020 SLM pixels is enough for scattering compensation in dynamic media with tissue-like

scattering properties.® When increasing the element count, a potential issue is the high



power consumption associated with an increasing modulator count, which would call for
the device’s active cooling. Therefore, efforts should be directed at minimizing the power
consumption of the phase modulation section. A good candidate for low-power-consumption
modulators are the ones based on electro-optic effects, as detailed in the Modulation Speed
subsection.

If the OPA was to be expanded to two dimensions (2D), the pixel pitch would scale
with the array size.?® This is because one needs to accommodate for more complex waveg-
uide routing in the 2D case. Nevertheless, a scalable 2D OPA architecture with array-size-
independent pixel pitch (9 pm), relying on bus waveguides and antennas with co-integrated

phase modulators, has been previously demonstrated.?*

Table 1: Comparison of the available phase-modulating SLMs and the PIC-based approach

Wavefront shaper Modulation rate Pixel pitch [pm] Pixel count
LCoS SLM 122 sub-kHz 3.74 ~ 107
1D OPA (this work) 5 kHz 2.3 128
Deformable mirrors %26 5-10 kHz 10.8 - 400 ~ 103
1D GLV7 350 kHz 25.9 1088

Modulation Speed

The maximum operation frequency of the wavefront shaper is limited by the time constant
of the thermal transient of the thermo-optic phase modulators. A change in waveguide
temperature induced by running current through the resistive element in close proximity
to the waveguide induces the optical phase shift. However, a direct measurement of the
waveguide temperature is technically difficult. Therefore, we make use of a Mach-Zender
interferometer (MZI) to extract the thermal time constant of the modulator. The MZI
structure and its response are shown in Figure 3. In order to extract the thermal time
constant of the modulator the small signal switching method was used. As illustrated in
Figure 3a, the main idea of the method is to perform switching between the states which

are in the approximately linear part of the MZI response (”small signal switching zone” in



Figure 3a). This way, the time constant of the observed optical transient corresponds to
the thermal time constant. By fitting the transient data shown in Figure 3c, we obtain a
thermal time constant 7 = 33.5ps. The phase modulator’s maximum operating frequency
therefore is fiaz = # ~ b kHz, which is significantly higher than a typical f,,., of a LCoS
SLM (sub-kHz).

Modulation rates of thermo-optic phase shifters can be increased using advanced driv-
ing schemes, at the cost of higher power consumption.?” Additionally, alternative on-chip
phase modulator architectures that are compatible with our device and operate in megahertz
(MHz) or gigahertz (GHz) range, such as piezo-optomechanical®® (100 MHz) or electro-optic
(EO) modulators® (> 10 GHz) are available for both near-infrared®® and visible light.3!32
Furthermore, a recent proof of concept demonstration shows that EO modulators can be
used for PIC-based wavefront shaping with modulation rate up to 1.4 GHz on a lithium
niobate platform.3?

Moreover, EO modulators consume less power than the thermo-optic ones. Power con-
sumption of the EO modulators, because of their capacitive nature, depends on the mod-
ulation frequency. At e.g. 5kHz, their power consumption can be estimated to be at the
nano-watt level from the reported energy-per-bit values.?* This drastic reduction in power
consumption compared to the thermo-optic modulators, makes EO modulation a favourable

choice for large-scale OPAs. On the other hand, efforts should be devoted to reducing their

size, as it is typically on a millimeter scale (lithium niobate-based modulators).

Experimental Methods

The experimental setup for focusing through scattering samples is presented in Figure 4.
The PIC-based wavefront shaper is wire bonded on a PCB which establishes electrical con-
nections between the on-chip phase modulators and the driver electronics (PIC driver in

Figure 4). The in-coupling optical fiber and external laser source are shown in the same



figure. Light emitted from the chip is imaged on the scattering sample using a 20x objective
with numerical aperture of NA = 0.4 and lens L1 with focal length f = 25mm. Scattered
light speckle patterns are imaged onto a NIR camera (Goldeye G-130) using a 10x objective
with NA = 0.26 and a lens (L2, f = 100mm).

We determine the optimal wavefront for focusing through the scattering sample using
the continuous sequential iterative optimization method.? Before starting the optimization
we choose the focusing target which is a single camera pixel. Since the field at the camera
plane is a superposition of fields coming from all antennas in the OPA, we can find the
optimal wavefront by optimizing the phase of each antenna individually. The phase of a
single antenna is swept from 0 to 27 and the intensity at the target is recorded. Directly
after the measurement, the antenna phase is set to the value which maximizes the target
intensity. This process is repeated for all antennas in the array. Eight equidistant phase
values over the 27 range are used for wavefront modulation. This number of phase values
was chosen empirically as it presented the best trade-off between the execution time and the
focused spot’s peak-to-background ratio (PBR) in the experiment.

Previously, it was shown that a stripe-like elongated illumination on the scattering sample
(coming from a 1D SLM) produces elongated speckle grains.” We observe the same effect for
1D OPA being imaged onto the scattering sample. In order to generate round speckle grains,
shown in Figure 5a, we placed the scattering sample a few millimeters behind the focal plane
of lens L1 (~ 4mm in our experiments). This way, due to the asymmetric divergence of the
antenna emission (Figure 2), square-like sample illumination is achieved - resulting in round

speckle grain formation.

Results and Discussion

Using the setup explained in the previous section, we demonstrate focusing through scat-

tering samples using the PIC previously introduced. Two types of static scattering samples



were used: a ground glass diffuser with ~ 15° diffusion angle (Thorlabs DG10-120) and five
layers of an opaque Parafilm M tape. These samples were chosen because of their good stabil-
ity and forward scattering behaviour comparable to biological tissue. It was experimentally
confirmed that Parafilm M has scattering properties similar to tissue in the supplement of
Ref 36. Additionally, a ground glass diffuser is a common sample choice in the wavefront
shaping community. %713:37:38

Images of focusing through the ground glass diffuser are shown in Figure 5. In panel a, we
see the initial speckle pattern generated when a non-optimized OPA wavefront impinges on
the scattering sample. After the optimization, phase shifts which maximize the intensity in
a single speckle grain, i.e. focused spot, are applied to the OPA. The resulting focused spot
is shown in Figure 5b. However, even after the optimization there’s certain light intensity
outside the focused spot, i.e. background speckle. The background speckle might not be
clearly visible in panel b because of camera’s dynamic range. In order to overcome the
limited camera’s dynamic range we generated Hyper Dynamic Range (HDR) images using
a method introduced by Debevec et al.?® Five images of the focused spot taken at different
integration times were used to reconstruct an HDR image, plotted in Figure 5¢ (logarithmic
scale). Additionally, we show that generating a set of focused spots over a two dimensional
grid is possible by forming a composite image of imec logo shown in Figure 5d. Focused
spots forming the logo are generated one at a time and the final image is generated by
summing the images of different spots. Scanning a focus over a 2D grid is also shown in
the Supporting Video 2. A derivation showing that 2D focusing of scattered light is possible
using 1D phase control is available in the supplementary information of Ref. 7. The evolution
of the spot optimization is shown in the Supporting Video 1 (reproduction speed is 35 times
the experimental speed). The final frame of the Supporting Video 1 is overexposed in order
to show the background speckle.

The enhancement of the focused spot is defined as peak-to-background ratio (PBR) and

calculated using the following formula: n = Ip/]_b, where [, is the peak intensity of the



focused spot, while I, is the average background speckle intensity when the focus is formed.
However, due to the limited dynamic range of the camera, background speckle and the
focused spot could not be imaged simultaneously without under-exposing one or saturating
the other part of the scene. Thus, once the optimized wavefront was applied and the focused
spot was created, two images were acquired: one, so-called overexposed image, where the
background speckle is inside the camera’s dynamic range, but the focused spot is saturated;
and the other one where the focused spot’s intensity is inside camera’s dynamic range.
Average background speckle intensity was calculated by removing the saturated pixels from
the overexposed image, as they belong to the focused spot, and then finding the average
intensity in the rest of the image.

The evolution of the enhancement for the two scattering samples, i.e. ground glass
diffuser and five layers of Parafilm M, is plotted in Figure 6a. The data is averaged over 25
experimental realizations per sample. Every experiment had 2N optimization steps, where
N = 128 is the number of optical antennas on the PIC. After one full loop through the
OPA antennas, i.e. after 128 iterations, the enhancement value stabilizes as shown in Figure
6a. Enhancement values achieved are n = 90 4+ 6 in case of the ground glass diffuser, and
n = 70 £ 9 in case of five Parafilm M layers. The enhancement when focusing through
the ground glass diffuser is close to the maximum value predicted by the random matrix
theory® n = 7/4x (N — 1)+ 1 & 100. Previously, it was demonstrated that a GLV 1D SLM
with 128 segments can achieve enhancements around 30 when focusing through a ground
glass diffuser.” As shown in the supplementary information of Ref. 7, the reflection from
GLV’s back surface, i.e. non-modulated patches of the wavefront, impede the experimental
enhancement from reaching the theoretical maximum. Our device does not suffer from such
issue and modulates the full emitted wavefront enabling experimental enhancements very
close to the theoretical maximum.

The lower enhancement values observed when focusing through Parafilm M are caused by

the shorter speckle persistence times observed for this sample. For a given sample, speckle
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persistence time is the time scale over which the speckle pattern remains stable. Shorter
speckle persistence times are potentially caused by a variation in the size of the gaps between
the Parafilm layers throughout the experiment. It was previously shown that a decrease in

speckle persistence time results in a decrease of experimentally achievable enhancements.*

Enhancement versus the number of wavefront segments

Random matrix theory predicts that the enhancement 7 linearly depends on the number of
wavefront segments N, used to perform wavefront phase control. The theoretic dependence
is given by the formula:® n = 7/4 % (N, — 1) + 1. In our experimental study, a wavefront
segment was defined as a group of adjacent antennas with a common phase shift applied. As
shown in Figure 6b, the experimental data follows the theoretical model. The enhancement
values for Ny <= 32 are higher than the model’s prediction possibly due to the fact that the
optimization target (single camera pixel) was at a local speckle intensity maximum. This
particular local intensity maximum, i.e. speckle grain, had a high PBR ratio of approx. 10
before the optimization. In other words, there was a PBR bias at the target prior to the
optimization. This PBR bias leads to increased 7 values for lower N, since the enhancement
itself is defined as the PBR ratio. Such a target was chosen to secure the optimization

convergence, as the algorithm needs certain signal-to-noise ratio to be able to converge.

Focused spot size

We investigate the size of the generated focus spot using a similar approach as the one pre-
sented in the Ref. 40. To this end, we vary the distance behind the sample at which the
focused spot is generated and record the full width at half maximum (FWHM) of the gener-
ated spot. This data is shown in Figure 7a. In case of diffraction on a circular aperture, an
Airy pattern is generated in the far field. Therefore, the FWHM of a diffraction-limited spot
created by a perfect lens with circular aperture is given by the Airy pattern: FWHM = % f,

where A is the wavelength, D is the aperture diameter and f is the focusing distance. If
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we assume that the spot in our experiments is diffraction limited, using the above formula
together with the polynomial coefficient of the fit in Figure 7a, we can calculate the cor-
responding aperture size D. In our case, D represents the diameter of the illumination
projected by the OPA on the scattering sample. A simple calculation gives that this sample
illumination diameter is 1 mm. When comparing to the actual experimental illumination
profile shown in Figure 7b it is observed that the horizontal extent of the illumination is on
the order of one millimeter (see scale bar for reference). This indicates that the generated
focused spot size is diffraction limited. Differently from the experiment presented in Figure
5, where symmetric sample illumination resulted in a round focused spot, we note that the
horizontal and vertical illumination extents are not equal in this experiment (Figure 7b).
This results in different diffraction limited spot sizes for the two directions (elliptical spot).
Repeating the calculation for the vertical direction, results in D = 165 pm. Also this value
matches the vertical extent of the illumination’s main lobe (Figure 7b). For clarity and
simplicity, the graph in panel a shows only the data and the fit for the horizontal direction.
Finally, even though the formula for diffraction limited FWHM is derived for the case of
a plane wave in normal incidence on a circular aperture, we find good agreement with the
spot’s FWHM in our experiments where a more complex diffuser illumination wavefront is

present. This is also in agreement with the results shown in the Ref. 40.

Conclusion

We demonstrated integrated photonics-based focusing through static scattering media using
a one-dimensional optical phased array with 128 antennas. The device, with an operational
wavelength of 1550 nm, has an emitter array pitch of 2.3 pm. Intensity enhancement factors
close to the theoretical maximum were demonstrated. Furthermore, it was shown that our
PIC-based wavefront shaper enables diffraction-limited focusing over a two-dimensional grid,

while using only a one-dimensional wavefront shaper. The device was fabricated in the imec
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300mm CMOS pilot line using a hybrid a-Si/SiN platform which offers the prospect of large-
scale fabrication. The PIC employs thermo-optic phase shifters with measured thermal time
constant of 33.5 ps, allowing for modulation rates up to approximately 5kHz. Compared to
the conventional liquid-crystal SLMs, our device offers an increase in the modulation rate
and pixel pitch reduction. The latter leads to a reduction in the device footprint, which is
highly relevant for, e.g., in-vivo experiments where a freely moving animal wears the imaging
apparatus. 4 Additionally, a recent study emphasizes the need for a compact wavefront
shaper to enable imaging of neural activity at depth in freely moving animals.!” Thus, PIC
improvements in device compactness compared to reflective-mode SLMs, which are detailed
in the Introduction, are advantageous for this application. In addition, as detailed in the
Modulation Speed subsection, replacing a thermo-optic modulator with one of the compatible
electro-optic modulators would enable on-chip wavefront shaping at GHz rates and reduce
the modulator power consumption. Integration of a laser on the same photonic chip, by
means of flip-chip bonding** or micro-transfer printing,*> could enable a very compact PIC
wavefront shaper. Shifting the working wavelength towards the visible will enable fluorescent
imaging in turbid media. We believe that these results will lead to innovative approaches in

deep tissue imaging with integrated photonics as an exciting platform for wavefront shaping.

Supporting Information Available

Videos of: spot optimization (Supporting-Video_1.avi) and scanning of pre-calibrated spots
over a 2D grid (Supporting_Video_2.avi). Supporting_Video_1.avi reproduction speed is 35
times the actual experimental speed and the final frame of the video is over-exposed in order
to show the background speckle. This material is available free of charge via the Internet at

http://pubs.acs.org
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Figure 1: Photonic chip employed as a wavefront shaper. (a) Illustration of the chip. Laser
emission coming from an external source is coupled into the chip using an optical fiber and
after phase modulation outcoupled through optical emitters (linear gratings). (b) Micro-
scope image of the chip with functional blocks marked. (c¢) Chip cross section illustration.
SiN waveguide is used for light incoupling, routing and emission from the chip. Phase mod-
ulation happens in a-Si waveguide, by running current through a tungsten heating element
in the waveguide’s proximity. Light transfer between SiN and a-Si waveguides relies on the
evanescent coupling. Bragg mirror is used to improve the efficiency of the incoupling grating
and the OPA antennas.
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Figure 2: Simulation of the antenna’s far field radiation pattern, i.e. normalized intensity of
a single optical antenna (arbitrary units - a.u.). The horizontal axis on the graph corresponds
to the antenna grating direction. Emission intensity is normalized to its maximum value.
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Figure 3: Measurement of the phase shifter transient response. (a) Small signal switching
experiment for extracting the thermal time constant of the phase modulator. Applied power
difference between the two states equals AP = P,,;/16 = 1mW, resulting in 7/8 phase
shift. Ps, is the modulator power needed for the 27 phase shift. (b) Experimental setup for
measuring the transient response of a Mach-Zender interferometer (MZI) with thermo-optic
phase shifter. (c) Transient response of MZI when driving phase shifter with 1kHz square-
wave pulses. The fitted thermal time constant is 7 = 33.5 ps.
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Figure 4: Illustration of the experimental setup. Light emitted from the photonic integrated
circuit (PIC) is imaged on the scattering sample by means of a 20x objective and lens L1
(f =25mm). A 10 x objective and a lens (L2, f = 100 mm) image the speckle pattern (from
a plane behind the sample) onto the NIR camera. The readout value of a single camera pixel
is used as the feedback signal for the PIC phase-optimization algorithm running on a PC.
The PIC chip is wire bonded to a printed circuit board (PCB) which provides the electrical
connection to the PIC driving electronics.
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Figure 5: Images of focusing through a ground glass diffuser using a PIC-based wavefront
shaper. Speckle pattern image before (a) and after (b) the optimization. Enhancement after
the optimization is 91. Images (a) and (b) are scaled with respect to camera integration time
and plotted in arbitrary units (a.u.). (¢) Hyper Dynamic Range (HDR) version of the image
in panel b (logarithmic scale normalized to the peak intensity) (d) Imec logo formed by the
focused spots at different locations in the field of view. Focused spots in (d) are generated
one at a time and the final image is generated by summing the images of different focused
spots.
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Figure 6: Enhancement characterization. (a) Evolution of the enhancement factor through-
out the optimization. Experiments were performed on two samples: ground glass diffuser
and five layers of Parafilm M. 2N optimization iterations were performed, where N = 128
is the number of optical antennas on the chip. 25 experiments were performed for every
sample and the average enhancement (dark line) is plotted together with the standard de-
viation (light bands). (b) Enhancement as a function of the number of wavefront segments
used. A wavefront segment is a group of adjacent antennas with a common phase shift. Data
points show the mean value and standard deviation over 10 experiments using a ground glass

diffuser as the scattering sample.
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Figure 7: Diffraction-limited focusing. (a) Spot full width at half maximum (FWHM) as
a function of the focusing distance f (distance behind the diffuser at which the focus is
formed). (b) Hlumination of the scattering sample. Focus FWHM over the horizontal axis
is plotted in panel a. Scattering sample is a ground glass diffuser.
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