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Abstract: Technologies for efficient generation and fast 
scanning of narrow free-space laser beams find major 
applications in three-dimensional (3D) imaging and map-
ping, like Lidar for remote sensing and navigation, and 
secure free-space optical communications. The ultimate 
goal for such a system is to reduce its size, weight, and 
power consumption, so that it can be mounted on, e.g. 
drones and autonomous cars. Moreover, beam scanning 
should ideally be done at video frame rates, something 
that is beyond the capabilities of current opto-mechani-
cal systems. Photonic integrated circuit (PIC) technology 
holds the promise of achieving low-cost, compact, robust 
and energy-efficient complex optical systems. PICs inte-
grate, for example, lasers, modulators, detectors, and fil-
ters on a single piece of semiconductor, typically silicon 
or indium phosphide, much like electronic integrated 
circuits. This technology is maturing fast, driven by high-
bandwidth communications applications, and mature 
fabrication facilities. State-of-the-art commercial PICs 
integrate hundreds of elements, and the integration of 
thousands of elements has been shown in the laboratory. 
Over the last few years, there has been a considerable 
research effort to integrate beam steering systems on a 
PIC, and various beam steering demonstrators based on 
optical phased arrays have been realized. Arrays of up 
to thousands of coherent emitters, including their phase 
and amplitude control, have been integrated, and various 
applications have been explored. In this review paper, 
I will present an overview of the state of the art of this 

technology and its opportunities, illustrated by recent 
breakthroughs.

Keywords: silicon photonics; lidar; free-space optical 
communications; III/V photonics; photonic integrated 
circuits.

1  Introduction
Optical beam shaping is the generation of a narrow, low-
divergence, beam of laser light in the visible or infrared 
wavelength range. Optical beam steering is the dynamic 
pointing or scanning of such beams, preferably over a 
wide angle. Narrow, steerable beams of laser light find 
ubiquitous applications in many different fields. One 
main application is free-space optical communication, 
where the laser beam is modulated to transmit data, typi-
cally up to the gigabit-per-second range, over distances of 
multiple kilometers. Beam steering is required to compen-
sate the relative displacement of transmitter and receiver. 
An advantage over wireless radio networks is that the 
laser beam between sender and receiver can be narrow, 
so there is a low probability of interception and, hence, of 
eavesdropping, which makes the link secure.

Another main application is 3D imaging and mapping, 
such as Lidar systems. In this application, the laser beam 
is scanned and the distance to a point is measured using 
reflection or scattering, thereby creating a 3D image of 
the environment. Already, Lidar systems find ubiquitous 
applications in remote sensing, but emerging technologies 
like autonomous car and drone navigation will dramati-
cally increase the use of such systems in the near future.

And many more applications can be found. In the 
field of imaging, projectors and heads-up display screens 
are enabled by fast-scanning light beams. For electronic 
warfare, the laser beam can be used to precision guide 
missiles to their target. Alternatively, the laser beam can 
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be used for countermeasures, e.g. by interfering with or 
blinding the optical sensors of such precision-guided mis-
siles. For lithography, laser writing and additive manu-
facturing, e.g. 3D printing, the fast-scanning laser beams 
define the patterns and shapes.

Systems that can generate, shape, and steer a narrow 
optical beam tend to be rather bulky, as they often consist 
of mechanical assemblies, based on opto-mechanical 
systems. Such systems are expensive, relatively slow, and 
sensitive to temperature changes and mechanical shocks, 
which limit their use typically to static, ground-based 
deployment. Efforts to further miniaturize such systems 
include the use of micro-electromechanical mirrors 
(MEMS) and liquid-crystal-based spatial light modulators. 
Nowadays, compact optical projectors are realized using 
these technologies, for example, based on light-emitting 
diodes (LEDs) combined with digital light processing 
(DLP) or liquid-crystal on silicon (LCOS) chips. However, 
scanning and tuning speed for these technologies are 
limited to the millisecond range, which limits their use. 
For example, a Lidar system for real-time, frame-rate 
imaging would require tuning in the microsecond to nano-
second range.

The ultimate goal for a beam steering system is to 
reduce its size, weight, and power consumption (SWaP), 
so that it can be mounted on small vehicles, e.g. drones, 
cars, and satellites, or can be carried as a handheld 
device, and, for example, be part of future smartphones. 
In this paper, I will review the state of the art in the use 
of photonic integrated circuits (PICs) for beam genera-
tion, shaping, and steering based on optical phased array 
(OPA) technology. Relevant metrics, including beam width 
and steering angle, will be discussed, as well as potential 
power scaling. It will be shown that PICs can generate 
narrow beams, have a wide steering angle, and can have 
tuning speeds in the megahertz to gigahertz range. More-
over, their compact footprint allows for miniaturization of 
the full system. Such PICs operate in the infrared wave-
length range, which is preferred for, e.g. communication 
and Lidar applications, as such wavelengths are eye-safe.

In this paper, I will first introduce the PIC technol-
ogy and its advantages for beam shaping and steering 
in Section 2. Then the principles of OPAs will be intro-
duced in Section 3. In Section 4, the recent achievements 
in two-dimensional (2D) arrays for beam steering will be 
discussed. One-dimensional arrays that use wavelength 
tuning for full 2D steering will be discussed as a relevant 
alternative implementation in Section 5. In Section 6, I 
will present an outlook for further research potential and 
real-world implementation. The conclusions are then 
summarized in Section 7.
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Figure 1: Operation principle of phased arrays. 
(A) Schematic of phased array operation, showing a laser feeding 
an array of emitters. The phase of the output of each emitter can be 
tuned (yellow boxes) and is shown (dashed red circles). In the far 
field, these add up to a beam. The design trade-offs are shown for 
(B) widely spaced emitters (triangles), (C) densely spaced emitters, 
and (D) increasing the number of emitters. The output beam angle 
and amplitude are shown schematically in red in (B–D).

2  Optical phased arrays
Beam shaping can be achieved using OPAs [1, 2]. These 
are arrays of coherent optical emitters, much like the well-
known concept of phased array antennas in radio wave 
and microwave technology. By controlling the phase 
and/or amplitude of these emitters, the electro-magnetic 
field close to the emitters, i.e. the near field, can be fully 
controlled. This is shown schematically in Figure 1A. To 
achieve coherent emitters, these have to be fed by a single 
laser source, as shown, or by an array of phase locked or 
injection locked lasers.

Sufficiently far away from the emitters, the so-called 
far field is described by Fraunhofer diffraction theory and 
is basically the complex Fourier transform of the near 
field [3]. This relatively straightforward relation makes the 
design criteria very insightful. Figure 1B–D shows some 
of the trade-offs that need to be considered. To achieve 
a narrow beam in the far field, a flat phase profile in the 
near field is required. The width of the array then deter-
mines the width of the far-field beam, scaling inversely. 
The slope of the near-field phase profile determines the 
output angle of the beam. This means that by phase 
tuning the emitters, beam steering is achieved.

A complicating factor is that the emitter array consists 
of a discrete set of elements, which will lead to typically 
unwanted side lobes when the emitter spacing is larger 
than λ/2, with λ as the wavelength of the optical field in 
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the medium of propagation. Such side lobes decrease effi-
ciency and are generally detrimental for applications in 
Lidar, as they add noise or false positives and, in secure 
communications, as the link can now be eavesdropped. 
In the following, we will see that PIC-based emitters typi-
cally have a spacing that exceeds this value, which will 
have to be addressed in the design. This leads to a general 
trade-off for the number of elements in terms of beam 
quality versus PIC complexity and for element spacing in 
terms of field of view, i.e. angle of maximum beam steer-
ing and beam width.

3   Photonic integration  technology 
and its advantages for beam 
steering

PICs combine different photonic functionalities, such as 
lasers, optical amplifiers, modulators, photodetectors, 
filters, and/or waveguides, on a single substrate. This 
combination can be achieved monolithically or hetero-
geneously, i.e. by using a single material system or by a 
combination of materials, respectively. PIC technology, 
as defined in this work, is essentially different from the 
broader field of “photonic integration” or “integrated 
optics”, as these latter fields also include single compo-
nents or functionalities realized using various micro-
photonic and nano-photonic cleanroom fabrication 
technologies but without necessarily a clear path and 
rationale for further integration.

An essential aspect of PIC technology is the necessity 
for trade-offs. Concessions have to be made to converge to 
a fabrication process flow that allows for the integration of 
all required components. This inherently implies that not 
all components that will compose the PIC will be best in 
class. Driven by applications in high-bandwidth telecom 
and datacom applications, PIC technology seems to con-
verge on only a limited set of platforms for large-scale inte-
gration of hundreds to thousands of components per PIC. 
These are silicon photonic [4, 5], indium phosphide [6], 
and silica or silicon nitride platforms [7]. Combinations 
of these technologies can be realistically considered, too, 
e.g. heterogeneous silicon indium phosphide integration, 
also known as the hybrid silicon platform [8]; the integra-
tion of silicon with silicon nitride [9, 10]; or even silicon, 
silicon nitride, and indium phosphide all together in a 
single process flow [11, 12]. For illustrative purposes, an 
example of a typical silicon photonic technology is shown 
in Figure 2.
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Figure 2: Schematic of components in silicon photonics technol-
ogy. The components can be fabricated on a silicon substrate, using 
CMOS-compatible processes and processing infrastructure. The 
silicon waveguide confines and guides light. Electrical contacts on 
the modulator waveguide allow for carrier injection or depletion, 
thereby changing the refractive index of the waveguide and creating 
a phase or amplitude modulator. The photodetector waveguide has 
a germanium layer, which absorbs the light. Carriers are generated 
upon absorption, which are detected as an electrical current.
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Figure 3: Evolution of the number of components on PICs over the 
last 30 years. Indium phosphide (blue), silicon photonic (green), 
and hybrid silicon (red) PICs are included. Figure was based on the 
data from Ref. [8] and expanded with some recent results.

PIC technology is well suited for the integration of 
massive amounts of parallel components, as required for 
optical phased arrays. Micro and nanofabrication tech-
niques commonly used in the electronics industry are 
used to make the platforms robust, reproducible, and 
of high quality. On the other hand, parallel integration 
avoids the issues that would arise with the lack of fea-
sible optical isolators in PIC technology. Figure 3 shows 
the exponential growth of complexity of PIC technology, 
illustrating its potential for massive parallel integration. 
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State of the art in indium phosphide, silicon photonics, 
and hybrid silicon photonics is shown in this figure, and 
I will discuss examples of all these technologies for OPAs 
in this paper.

A key advantage of PICs is that control is electro-
optical, which means that there is no mechanical motion 
and bandwidth can be very high, well into the gigahertz 
range. Moreover, lithographic accuracy of the fabrication 
process ensures optical path length control well into the 
sub-wavelength regime, which is essential for avoiding 
phase errors. This means that PICs are in principle ideal 
candidates for low SWaP and robust OPAs. In the follow-
ing, I will show the current state of the art in using PICs 
for OPAs.

4   Optical phased arrays with 
 individually tunable emitters

Conceptually, the most straightforward approach to inte-
grate beam shaping and steering in two dimensions is to 
make use of a 2D array of coherent emitters so that each 
can be controlled in terms of output phase and, possibly, 
power. Following from the design criteria, as discussed 
above, such arrays should be as large as possible, with 
the emitters closely spaced. Initial work in this field first 
focused on one-dimensional (1D) arrays fabricated in 
indium phosphide [13] and silicon photonic technology 
[14]. For example, this latter realization used a 12-channel 
edge emitting array, tunable over 32°. Even though 
thermo-optic phase tuning was used, its 100-kHz band-
width still outperformed liquid-crystal technology by two 
orders of magnitude. A non-uniform spacing was used to 
suppress unwanted side lobes. Using rod lenses, such 1D 
arrays can be used to achieve 1D beam steering while still 
keeping the beam narrow in both dimensions. To achieve 
2D beam steering, a stack of 1D silicon photonic PICs was 
suggested in Ref. [15]. This approach is shown schemati-
cally in Figure 4. Subarrays with varying emitter spacing 
in both transverse directions can be used to suppress side 
lobes. Another possible approach to expand the 1D array 
of emitters, inherent to planar edge-emitting PICs, into a 
2D array is to use a so-called photonic lantern [16].

A more elegant approach is to realize the full 2D 
emitter array on the PIC plane or surface. Especially high-
contrast silicon photonics is well suited for this, making 
use of vertical grating couplers [17, 18]. A 64 × 64 array con-
sisting of a total of 4096 emitters was developed by Sun 
et  al. and is shown in Figure 5 [19]. The emitter pitch is 
9 μm, i.e. well beyond half the used wavelength of 1.55 μm, 

Figure 4: Envisioned stacking of 1D edge-emitting silicon photonic 
OPAs to realize a 2D emitter array, injection locked by a single 
master laser for coherent OPA emission. Reprinted with permission 
from Ref. [15]. Copyright 2010, American Vacuum Society.

so multiple far-field images are formed. This short grating 
length allows for an optical bandwidth of hundreds of 
nanometers. In this implementation, the phase is encoded 
lithographically by tuning the waveguide lengths, which 
leads to a relative delay. The output field is, hence, static.

Active beam shaping and steering was achieved in 
the same work, by adding thermo-optic phase tuners to 
the arms. This allows for arbitrary phase shaping of the 
field above the emitters. However, uniform emission of 
the emitters leads to a non-Gaussian beam in the far field. 
More specifically, a beam shape corresponding to a sinc 
function will result if a square aperture is considered. This 
was also experimentally observed, as shown in Figure 6. 
By apodizing the near field of an 8 × 8 array of emitters and 
using a similar silicon photonic OPA technology as that 
of Ref. [19], a clean Gaussian far-field beam shape was 
achieved, as also shown in Figure 6 [20]. The static, litho-
graphically designed, amplitude control and the tunable 
phase control enable the generation of arbitrary optical 
beam profiles.

The work by Abediasl et al. took this approach a few 
steps further and presented a silicon photonic PIC that 
includes both active amplitude and phase control of an 8 × 8 
array, using thermo-optic tuning, for full arbitrary dynamic 
beam shaping [21]. This work also addresses the issue that 
in real-world systems, the PIC needs to be accompanied 
by electronic drivers. Although one can envision, e.g. flip-
chip bonded driver circuits for such massively integrated 
PICs, an elegant approach is to integrate electronics and 
photonics on a single circuit, using a single process. This 
work achieved this using a commercial IBM 7RF-SOI CMOS 
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Figure 5: Silicon photonic two-dimensional optical phased array.
(A) Schematic illustration of a two-dimensional emitter array. Laser light is coupled into the input waveguide on the chip and distributed 
equally over the array. Grating couplers act as emitters by coupling the laser light out of plane. A scanning-electron microscope picture 
of the array is shown in (B) and a close-up of the grating emitter is shown in (C). Reprinted by permission from Macmillan Publishers Ltd. 
Nature [19], copyright 2013.

process, for an overall integration density of 300 optical 
and 74,000 electrical components, as shown in Figure  7. 
The phase tuner current is controlled by 7-bit digital-to-
analog converters. This chip can be used both as a receiver 
and as a transmitter for free-space communications.

Some interesting applications of these 2D silicon 
photonic OPAs have been identified and explored. In Ref. 
[22], a 4 × 4 array was realized using diode-based phase 
tuners, making use of carrier injection. In comparison to 
the thermo-optic effect, this electro-optic effect is very 
fast, leading to tuning bandwidths of 200 MHz. Such fast 
beam steering can be used to project an image by vector 
or raster scan. A picture of the PIC and the projected 
image is shown in Figure 8. Such a PIC enables low-cost 
3D imaging and holography, without lenses and without 
mechanical movement.

The application as a coherent imager was explored 
in Ref. [23]. A 4 × 4 array was used to emit a beam that 
was modulated according to a time-domain frequency 
modulated continuous wave (FMCW) ranging scheme, 
similar to FMCW radar systems. This PIC integrates the 
optical signal processing and detection. A depth reso-
lution of 15 μm and a lateral resolution of 50 μm, at a 
range up to 0.5 m were achieved using this 3D imaging 
approach.

Although some of the presented PICs allow for both 
phase and amplitude control of the emitters, it has to be 
noted that this is not always an attractive option. Ampli-
tude control by attenuating the light effectively decreases 
the wall-plug efficiency of the OPA, in terms of optical 
output power versus electrical input power. However, 
with algorithms typically used in holography, e.g. the 
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Figure 7: Microscope picture of an 8 × 8 OPA, monolithically 
integrated with control electronics in a 180-nm CMOS process. 
Reprinted by permission of The Optical Society [21].

Figure 8: Projection chip based on silicon photonics.
(A) Microscope picture of a 4 × 4 integrated OPA, realized on silicon, 
with high-speed phase control per channel. (B) Projected image of 
a “smiley” obtained by using a fast vector scan of the beam spot, 
showing simulated (left) and experimental (right) results. Reprinted 
by permission of The Optical Society [22].
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Figure 6: Apodization to suppress side-lobes.
Measured (A, C) near-field emission and (B, D) far-field optical beam 
profile, obtained using a uniform and Gaussian- apodized 8 × 8 OPA, 
respectively. Reprinted by permission of The Optical Society [20].

Gerchberg-Saxton algorithm [24, 25], phase-only beam 
shaping can be used to obtain arbitrary far-field images.

The OPAs reviewed in this section make use of exter-
nal laser sources, coupled to the PIC, to generate the light. 
This is necessary, as most realizations are based on silicon 
photonic PICs, for which no efficient integrated light 
sources are available. Mature packaging approaches are 
available, though, to attach the laser to a silicon photonic 
chips, e.g. as discussed in Ref. [17]. In the next section, I 
will review PICs that also include on-chip laser sources.

5   Optical phased arrays using 
tunable lasers for beam steering

As is clear from the above, decreasing the beam width 
requires an increased number of emitters in the OPA. For 
a fixed spacing, the beam width scales inversely with the 
number of emitters N in a linear array, as was shown in 
Figure 1. This means that for a square 2D array, consist-
ing of N × N emitters, the beam width scales inversely with 
N2. As every emitter needs to be phase- and, possibly, 
amplitude-controlled, this scaling implies that the control 
electronics quickly become the bottleneck and possibly 
prohibitive. This is especially the case when large cur-
rents and fast tuning in the tens of megahertz range are 
required for the hundreds or even thousands of emitters.

An alternative approach makes use of the dispersive 
nature of the surface emitting gratings that are used in 
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many of the OPA examples discussed in Section 4 and that 
are discussed in detail in, e.g. Refs. [17, 18]. The direction 
of light emission in a grating emitter is dependent on the 
wavelength of light, which gives an additional parameter 
to achieve beam steering. Wavelength-tunable lasers are 
common in telecommunications and have been developed 
typically in indium phosphide technology for commercial 
purposes [26] but have been realized as proof-of-principle 
demonstrations in the silicon photonic platform by hybrid 
[27] and heterogeneous integration [28, 29].

An interesting aspect of these vertical grating cou-
plers, which are second-order gratings, is that the grating 
period is below half a wavelength in free-space. This 
means that only a single diffraction order is emitted, and 
no side lobes appear along the grating direction. A dis-
advantage is that the phase relation in a grating is fixed 
and linear for uniform gratings. However, when narrow 
beam shaping and steering is the goal, this approach 
works well. Beam width can be simply controlled by the 
length of the grating, with longer gratings leading to more 
narrow beams. By creating an array of such grating emit-
ters, that are phase-controlled and have coherent output, 
beam shaping and steering in the perpendicular direc-
tion is achieved, as discussed in Section 4. This is shown 
schematically in Figure 9. Unlike the N2-scaling of beam 
width with two-dimensional array size, for this approach, 
the beam width only scales with N, as the other dimen-
sion can be addressed by changing grating length. This 
severely decreases control electronics complexity by one 
to two orders of magnitude for the designs discussed here. 
In the following, I will discuss some examples.

Figure 9: Operation principle of OPAs using wavelength steering.
(A) By applying and changing a linear phase profile over the phase 
tuners, the beam is formed and steered in a direction perpendicular 
to the grating emitters. Red and green bars schematically indicate 
the amount of phase tuning. (B) In the direction of the grating 
emitter, the beam is steered by changing the wavelength of the 
light, using a tunable laser. Three different wavelengths are sche-
matically shown in red, green, and blue.

A first realization was reported in Ref. [30], implement-
ing an array of 16 parallel grating couplers on the silicon 
photonic platform. An off-chip tunable laser was used, 
operating around 1.55 μm. Thermo-optic heating, using 
a single contact only, was used for 2.3° transverse steer-
ing. By wavelength tuning, 14.1° steering was achieved in 
the longitudinal direction. An improved version, with 16 
separately tunable channels and gratings, was presented 
in Ref. [31]. Two-dimensional beam steering was achieved 
with a total field of view of 20° by 14° and with a beam 
width of 0.6° by 1.6°. A hill-climber algorithm was used 
to optimize the phase tuning settings, and background 
peak suppression of over 10  dB was achieved over the 
full window. Examples of beam shaping and tuning are 
shown in Figure 10. Alternative implementations include 
a 4 × 4 short grating array that was used for steering in one 
dimension only [32] and an OPA that can be steered in 
two dimensions using wavelength tuning only [33]. This 
latter realization is shown in Figure 11 and was achieved 
by implementing different waveguide lengths before the 
gratings, which leads to a cyclic tilt in the transverse 
phase front when wavelength is varied. Steering ranges of 
15° in the longitudinal direction and 50° in the transverse 
direction were measured for a wavelength shift of 100 nm. 
To increase accuracy of etch depth, and hence repro-
ducibility of grating coupling strength, and to increase 
grating top emission, a polycrystalline silicon overlay was 
used for the OPA in Ref. [34], based on the grating coupler 
concepts laid out in Ref. [35], indicating that emission effi-
ciencies of -1.6 dB should be feasible.

All the above-mentioned realizations used an off-chip 
tunable laser source. Using hybrid silicon technology or 
indium phosphide technology, the laser source can be 
integrated on the same PIC. This was first shown in Ref. 
[36], where a single-wavelength laser was integrated with 
eight grating couplers for 1D beam steering across a 12° 
field of view in the transverse direction. Full 2D beam steer-
ing was achieved with a 32-channel hybrid silicon PIC that 
includes a tunable laser among an overall of 164 integrated 
components [37]. PIC schematic and realization are shown 
in Figure 12. Beam steering over 23° by 3.6° was achieved, 
with a beam width of 1° by 0.6°. A similar approach was 
used to realize an indium phosphide PIC for monolithi-
cally integrated beam generation, shaping, and steering 
[38]. This layout is shown in Figure 13. This PIC shows the 
advantage of high-quality optical amplifiers and tunable 
lasers. Realizing an efficient and reproducible grating 
coupler is more challenging in the indium phosphide tech-
nology, however. The bandwidth of indium phosphide 
modulators, which are typically based on field effects like 
the Pockels effect, is larger than the bandwidth of silicon 
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Figure 10: Plots of the beam profiles obtained with the silicon photonic OPA presented in Ref. [31], showing steering over the field of view, 
which is defined to exclude secondary peaks. Reprinted (adjusted) by permission of The Optical Society.

Grating coupler
array

AWG delay lines

X

Star
coupler

SiO2 buried oxide

Si-substrate

Input
waveguide

Y

Z

Figure 11: Schematic of a 2D beam scanner realized in a silicon 
 photonic PIC and tunable in two dimensions by tuning the 
 wavelength of the light at the input waveguide only [33].

modulators, which are based on carrier effects, which 
means that the tuning speed of indium phosphide based 
OPAs can more easily scale into the gigahertz regime.

The far-field beam shape should be optimized by 
grating, i.e. near field, apodization, as was shown in 

Figure 6. In the transverse direction, this can be achieved 
using variable coupling. An elegant approach is to use a 
star coupler, as shown in Figure 11. As the light from the 
input waveguide diffracts with a more or less Gaussian 
profile inside the slab, the power is distributed over the 
array of gratings with the same Gaussian distribution. This 
leads to a clean, Gaussian far field in the transverse direc-
tion. In the longitudinal direction, the field needs to be 
apodized along the grating emitter. This can be achieved 
by tailoring the grating strength along the waveguide, typ-
ically starting low and ending high. One theoretical way 
to achieve this is to increase grating groove etch depth 
along the grating, but this is practically unfeasible. In 
a realistic implementation, one needs to conform to the 
process flow for PIC fabrication. Work presented in Ref. 
[39, 40] for silicon photonic gratings shows that by simul-
taneously varying the grating period and duty cycle, the 
grating strength can be tuned while keeping the emission 
angle constant. This avoids varying etch depth and keeps 
the design fully compatible with the mature fabrication 
processes [4, 5].

Although no practical applications have been shown 
in literature using these wavelength-steerable OPAs, one 
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Figure 12: (A) Mask layout of a fully integrated hybrid silicon OPA, including tunable laser sources, optical pre-amplifiers (SOA), phase 
tuning and grating emitters in 32 channels. A GRIN lens images the remaining beam power into a photodetector array, mimicking the far 
field. (B) Microscope picture of the fully integrated beam-steering hybrid silicon PIC. A total of 164 photonic components were integrated. 
Reprinted by permission of The Optical Society [37].

can find these along the same lines as the ones mentioned 
for the tunable-emitter-based OPAs and as discussed in 
the introduction of this paper. An interesting idea is to 
use such OPAs in a retroreflective configuration, which 
would align the OPA automatically to an external trans-
ceiver or source-detector combination [41]. This allows, 

Beam splitter
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Monitor

SOA

SG-DBR laser

Figure 13: PIC design layout for a fully integrated indium phosphide 
based OPA, including tunable laser source, phase tuners, optical 
amplifiers (SOAs), grating emitters, and on-chip phase calibration 
[38].

for example, a PIC to receive and transmit data efficiently, 
without the need for an on-chip source. This makes such 
an approach very interesting for silicon photonic PICs, as 
these lack integrated optical sources.

6   Technology outlook and 
 opportunities for future 
 developments and applications

The silicon photonics OPAs discussed have all been real-
ized in mature foundry platforms or in technologies that 
are very similar and seemingly compatible. Several insti-
tutes offer such access at the time of writing, for example, 
through the Europractice platform [42], and the process 
reported in Ref. [21] is a commercial IBM process. Similarly, 
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the indium phosphide OPAs, although an academic proof-
of-principle, can likely be fabricated in more mature 
foundry technologies, such as those offered through the 
JePPIX platform [43]. This means that such OPAs can in 
principle be made in a reproducible, high-yield and large-
volume process, which should enable the transfer of this 
technology to industry.

The question remains then whether these PIC-based 
OPAs can achieve the requirements for real-world appli-
cations. PIC technology was and is predominantly used 
in communications technology, where moderate optical 
output power levels of 1–20 mW are typical. However, 
laser diodes are widely used in commercial applications, 
for example, in high-end Lidar technology for autono-
mous cars [44]. Obviously, the required laser beam 
power levels depend on the exact application, e.g. the 
link length in free-space optical communications and 
the range of a Lidar system, but some numbers include 
0.5-W laser power for coherent Doppler Lidar systems for 
wind monitoring [45], 80–200 mW for long range free-
space optical links of 45–150 km, respectively [46, 47], 
and multiple watts to tens of watts for countermeasure 
 applications [48].

Although these latter power levels are above the 
typical PIC based laser diode power levels of up to a few 
tens of milliwatts maximum [6, 8], PICs offer the advantage 
of parallelism and the OPA architecture is by definition a 
power combiner. As argued in Refs. [37, 38], arrays of inte-
grated optical amplifiers can be used to boost the power 
in single channels to tens of milliwatts, which can then be 
combined by the emitters into a single beam. The optical 
damage threshold of, e.g. silicon is about 1–4 GW/cm2 [49]. 
The power in a waveguide is typically limited by the non-
linear absorption due to free carriers generated by two-
photon absorption in indium phosphide [50] and silicon 
[51, 52], i.e. not by the two-photon absorption itself. Based 
on these numbers, it can be expected that the waveguides 
should be able to handle hundreds of milliwatts optical 
power without significant losses, i.e. below ~1 dB. So tens 
of parallel amplifiers or injection-locked lasers can feasi-
bly scale the power out of the OPA into the  > 1-W regime. 
Heat dissipation in the area of the PIC where the emitters 
are located should be considered, though, as grating cou-
plers have finite efficiency and typically around 2-dB loss, 
which means hundreds of milliwatts are dissipated into a 
small volume.

Overall device power efficiency is a major perfor-
mance parameter. For PIC-based OPAs, the contribu-
tions are the laser source power consumption, the tuning 
energy, and the losses in the passive elements, such as 
the grating couplers, as discussed above. Laser diode 

efficiency for power levels over ~20 mW and operating 
in the 1.3 μm–1.6 μm range could typically be around 
30% [53]. The energy consumption of the phase tuning 
elements depends on the physical mechanism, with 
typical numbers for π-radians switching in the range of 
10 nJ–1 μJ for thermo-optic effects, 10 pJ for carrier effects, 
and 100 fJ for field effects, e.g. the Pockels effect, as per 
the overview presented in Ref. [54]. For a tuning speed 
of 100 MHz, this leads to an overall energy consumption 
of around 10 μW per emitter for field effects and around 
1 mW per emitter for carrier effects. For indium phosphide 
and hybrid silicon OPAs, operating at high output powers 
of hundreds of milliwatts or more, the energy consump-
tion of the tuning is not necessarily significant. However, 
for silicon-based OPAs based on a 2D emitter approach, 
the power consumption would likely be dominated by the 
tuning power. On top of this, using off-chip lasers leads 
to an additional hit in efficiency due to the laser coupling 
efficiency of typically around -2 dB [53]. The length of the 
phase tuners in silicon and indium phosphide techno-
logy is typically in the hundreds of micrometers to milli-
meters range, which sets a lower limit on the footprint of 
the PIC. Thermal phase tuners can be more compact but 
at the cost of lower tuning speed and higher energy con-
sumption [19]. Moreover, if electronics are not integrated 
monolithically, as was done in Ref. [21], bondpads for all 
tuning elements need to be added, limiting the footprint 
further.

Another aspect that real-world implementations have 
to face is calibration of the PICs. Even when active cooling 
is used, aging effects, process non-uniformities and finite 
process tolerances, environmental impact, especially 
when used as handheld or UAV-mounted devices, can all 
influence the phase of the emitters in the OPA. This would 
reduce the efficiency of the beam generation. An OPA 
can be calibrated offline, by running optimization algo-
rithms on the phase and/or amplitude tuners, using the 
feedback of an external photodiode, placed at a distance, 
for example. However, PIC technology has the advantage 
that such calibration optics can be integrated on the same 
chip for real-time monitoring of the calibration and for 
online calibration. Such architectures have been realized 
in both the hybrid silicon and indium phosphide realiza-
tions. In Ref. [38] and as shown in Figure 13, part of the 
light is transmitted by the emitter gratings and the light of 
pairs of neighboring channels is combined and monitored 
using an array of photodiodes. The interference allows 
for calculating the relative phase between two neighbor-
ing channels and, by monitoring the full array, the phase 
of all channels. Another approach was used in Ref. [37] 
and shown in Figure 12. An on-chip graded-index lens, 
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based on a photonic crystal structure, was used to focus 
a small part of the light after the grating emitters onto an 
array of photodiodes. The lens converts the near field to a 
“far-field” pattern on chip, thereby mimicking the emitted 
field, i.e. the beam and its angle, far away from the PIC [3]. 
This architecture gives immediate access to the far-field 
information on the PIC and, hence, allows for on-chip 
calibration.

As is clear from the above, realizing an OPA with 
emitter spacing below half the optical output wavelength 
remains a challenge. Side lobes lead to noise in Lidar 
systems, to less secure free-space optical links with the 
risk of eavesdropping, and overall to a decreased optical 
efficiency. For practical purposes, a field of view of 90°, 
i.e. ±45°, is suggested [2]. This would lead to a requirement 
for the emitter spacing of 0.7·λ. This spacing of ~1 μm is 
still not feasible with the abovementioned technologies. 
Nevertheless, practical applications do require 30-dB 
side-lobe suppression, as suggested in Ref. [55]. One 
approach is to space the emitters non-uniformly to sup-
press the side lobes, as was already mentioned [14]. This 
does not increase the power in the main beam, however, 
and merely smears out the side lobes over a wider range 
of angles, leading to an increased background. Another 
approach is to block the side lobes by using an aperture 
close to and placed at the output of the PIC. Although this 
limits the steering angle, a lens or curved mirror can be 
used to magnify the output angle. The drawback is that 
the beam angle is magnified, too. The technologies and 
PIC implementations discussed in this review were not 
able to meet these requirements for field of view and side-
lobe suppression yet.

Novel technologies should be considered to avoid 
the issue of side lobes altogether. Emitters with a severely 
decreased footprint will then be required, typically called 
plasmonic antennas or nanoantennas. One example 
includes a matrix of coupled patch-dipole nanoanten-
nas, as shown in Figure 14, which was used to impose an 
arbitrary phase profile on the reflection of an incoming 
beam [56]. In other works, V-shaped antennas [57] and 
Yagi-Uda nanoantennas [58] were used to achieve the 
same. Such realizations, although having a close emitter 
spacing, are passive and lack tuning options. The phase 
pattern is determined by design and lithography only, so 
no beam steering can be achieved. Simulations on vana-
dium dioxide slot nanoantennas show how beam steering 
can in theory be achieved in such systems. In a 10-element 
array, the reflection and steering of an incoming beam 
was simulated by applying a linear temperature gradient 
over the array. Beam steering of ±22° was shown with a 
gradient of  < 10°C [59]. However, individual tuning of the 

Figure 14: Image of an array of coupled patch-dipole nanoantennas. 
Reprinted (adapted) with permission from Ref. [56]. Copyright 2014 
American Chemical Society.

emitters cannot be achieved and the light source in all of 
these implementations is off-chip.

A promising approach to integrate nanoantennas on 
a PIC in a mature process was reported in Ref. [60] and 
shown in Figure 15. This work demonstrates 1 × 8 phased 
arrays, having emitter spacings of 6 μm and 9 μm. The 
emitters are realized by metallic nanoantennas that are 
evanescently coupled to an underlying silicon waveguide, 
which guides and distributes the light. Beam steering of 8° 
was shown, using thermo-optic silicon phase tuners that 
can tune by 2π radians the individual nanoantennas, as 
can be seen in Figure 15. Although compact, these phase 
tuners limit the antenna spacing and lead to side lobes at 
14° and 9° for the 6 μm and 9 μm spaced arrays, respec-
tively. This work shows the potential of combining nano-
antennas with silicon photonics in terms of tunability and 
PIC integration density and complexity. But it also shows 
the issues that remain when active tuning of all emitters 
is required, namely, the relatively large footprint that is 
required by the individual emitters when phase control 
has to be integrated.

To put the PIC-based approach into perspective, this 
outlook section will be wrapped up with a short over-
view of alternative approaches, limiting the discussion 
to technologies that can achieve similar metrics in terms 
of tuning speed, compactness, and power scaling. A 
 vertical-cavity surface emitting laser (VCSEL) array seems 
like a natural choice for an OPA. However, such VCSELs are 
typically not phase locked. In Ref. [61], an approach was 
outlined how such VCSEL arrays can be made coherent 
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by injection locking them with a single master laser. Only 
1  μW per VCSEL was required to achieve locking. By 
tuning the VCSEL injection current, a small phase shift 
can be incurred. To achieve a 1.6π tunable phase shift, two 
VCSEL arrays were stacked, as shown in Figure 16. These 
VCSEL arrays contain 64 VCSELs each and are spaced 
non-uniformly to suppress side lobes. Experimentally 
2.2° × 1.2° beam steering was achieved in this first realiza-
tion. This approach has a high potential for power scaling, 
as the VCSELs can be very efficient and emit directly to 
free-space, whereas only limited optical power from the 
master laser is required.

Another alternative approach is the use of MEMS. 
Although typically slow, with tuning speeds in the mil-
lisecond range, so-called high-contrast sub-wavelength 
gratings (HCGs) have resonant frequencies of 0.32  MHz 
and can operate in the microsecond range [62]. Figure 17 
shows the realization of an 8 × 8 HCG array, which has 
to be illuminated with an incident beam. Beam shaping 
and steering of 1.3° × 1.3° was achieved. In Ref. [63], this 
approach was scaled up to a 32 × 32 array. For calibration 
purposes, which is required for real-world applications, 
as discussed above, an approach using an in situ inter-
ferometer was proposed and realized in Ref. [64]. This 

Figure 15: (A) Schematic of the circular aperture antenna (yellow) 
evanescently coupled to the waveguide (red). (B) A 1 × 8 linear 
antenna array schematic with integrated thermo-optic phase shift-
ers. Reprinted by permission of The Optical Society [60].
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Figure 16: (A) Scanning electron microscopy image of a 64-element 
non-uniformly spaced VCSEL array, including metal interconnect 
lines. (B) Schematic of a vertically integrated OPA, including two 
layers of optically coupled VCSEL arrays. The VCSELs are injection 
locked to a single, vertically coupled, master laser that is focused 
on the VCSELs by a microlens array. Reprinted by permission of The 
Optical Society [61].

Figure 17: Scanning electron microscopy image of a fabricated 8 × 8 
MEMS HCG array. Reprinted by permission of The Optical Society [62].

allows for real-time dynamic measurement and control of 
the phase of MEMS mirrors with an accuracy better than 
π/100.
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7  Conclusion
In this paper, I have reviewed the state of the art in PIC-
based optical beam shaping and steering chips. PIC tech-
nology is maturing fast, showing an exponential growth 
of integration density and with an on-chip component 
count exceeding thousands of components per PIC. The 
current academic proof-of-principle demonstrators show 
the feasibility for narrow laser beam shaping and steering, 
although exclusively still in a laboratory environment. 
Some successful initial applications have been reported, 
such as projection and depth metrology. Also, on-chip cal-
ibration optics has been implemented, which is essential 
for real-world applications.

Open issues that remain include the power scaling 
for high-power applications, including Lidar. PIC tech-
nology allows in principle for multi-watt output beams, 
using the parallelism of the channels, but this still needs 
to be successfully shown. The integration with electronics 
has been shown on a commercial RF-electronics process, 
but foundry platforms optimized for photonics, such as 
the silicon and indium phosphide platforms discussed, 
will require co-packaging with an electronic integrated 
circuit. For frame-rate Lidar imaging, such a circuit will 
need to provide rather high switching powers at switch-
ing speeds in the megahertz range. Another packaging 
consideration is that silicon photonics PICs will require 
off-chip lasers, unlike indium phosphide and hybrid 
silicon PICs. This limits output laser power scaling for 
silicon photonic PICs.

The PIC-based OPAs have been discussed in the 
context of emerging applications for compact Lidar and 
free-space optical applications. In terms of optical speci-
fications, PIC technology is compatible with these appli-
cations, e.g. with respect to optical output powers and 
optical wavelengths, which are in the eye-safe range. In 
terms of SWaP and scanning speed parameters, PIC tech-
nology offers the biggest advantage over existing technol-
ogies, e.g. enabling portable or drone-mountable systems, 
and high-speed scanning, beyond the range of current 
mechanical scanning.

The question remains whether the technology dis-
cussed in this work will soon move out of the laboratory 
into the field for real-world applications. PIC-based tech-
nology has often been cost-prohibitive for applications 
outside telecom and datacom. However, with a matur-
ing technology, which can now be accessed through 
established foundries, this bottleneck is opening up, and 
there is a clear path out of the laboratory. This leads to 
the main conclusion that PIC-based optical beam shaping 
and steering is a very promising approach for real-world 

application of, e.g. Lidar and free-space optical commu-
nication technologies in the near future where ubiquitous 
autonomous vehicles, wearables, and sensor systems will 
dominate our daily life and infrastructure.
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