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A reduction in the size of integrated 
optical devices and components 
while maintaining a high level 

of performance is a key challenge in 
photonics. The footprint of devices 
becomes even more critical for applications 
with limited physical space such as 
on-chip, silicon-based photonic devices. 
Optical interconnects are recently 
emerging as a promising approach for 
on- and off-chip communications owing 
to their ability to transfer data with 
higher bandwidths, faster speeds and 
less power dissipation compared with 
their electronic counterparts. However, 
photonic components currently used 
in optical interconnects are relatively 
large and not ideally suited to on-chip, 
high-density integration. Although 
plasmonics1 can provide substantial size 
reduction for optical components, it 
comes with the cost of optical losses that 
are often undesired. An all-dielectric 
platform for controlling the flow of light 
at subwavelength dimensions could enable 
highly attractive ultra-compact, low-loss 
and high-performance photonic devices.

Now, reporting in Nature Photonics, two 
independent research groups experimentally 
demonstrate small-footprint, all-dielectric, 
on-chip components — a wavelength 
demultiplexer2 and a polarization 
beamsplitter3 — that are inverse-designed 
using optimization algorithms. Both sets of 
devices are based on complex nanophotonic 
structures, consisting of patterns of 
specially shaped air holes etched into silicon 
(Figs 1a,b). Importantly, the actual shape 
and pattern of the etched holes comes 
from an algorithm that has the desired 
functionality and optical performance of 
the device as its inputs. By engineering the 
dielectric permittivity of silicon locally at 
the subwavelength scale by introducing 
tiny air holes, it is possible to manipulate 
the flow of light inside the silicon through 
mode conversion (Figs 1c,d). These 
two papers2,3 are the first experimental 
demonstration of on-chip, silicon photonic 
components based on complex all-dielectric 
nanophotonic structures.

Wavelength-division multiplexers 
(WDMs) and polarization beamsplitters 
(PBS) are both important components for 
optical interconnects and are used to filter 
either the wavelength or polarization of 
light, respectively4. Conventional WDMs 
such as arrayed waveguide gratings, 
echelle diffraction gratings, and microring 
resonators are relatively large and their 
dimensions can be anywhere from tens of 
micrometres to hundreds of micrometres 
depending on the number of WDM 

channels4,5. The silicon-on-insulator 
platform is widely used for creating such 
WDMs and the devices can be designed 
using parameters such as the periodicity 
of the gratings, waveguide width, silicon 
thickness and microresonator radius, for 
example. Due to the diffraction limit of light, 
it is rather difficult to further reduce the size 
of conventional WDMs.

Recently Lu and Vučković6 proposed an 
inverse-design approach, opening the full 
parameter space for designing various linear, 
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Nanostructured silicon success
An inverse-design approach yields ultra-compact, high-performance photonic components from patterns of 
complex, subwavelength voids etched into silicon.
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Figure 1 | Compact silicon-integrated optical components realized by the computational inverse-design 
approach. a, A wavelength-division multiplexer (WDM). b, A polarization beamsplitter (PBS). Both 
devices occupy a footprint of just a few square micrometres and operate at telecommunications 
wavelengths in the near-infrared. c,d, Calculated electric field distributions demonstrating how 
waves are propagating inside the complex nanophotonic wavelength multiplexer (c), and polarization 
beamsplitter (d). Panels a and c reproduced from ref. 2, NPG. Panels b and d reproduced from 
ref. 3, NPG.
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passive optical components. To design 
a particular device, the desired optical 
performance is specified using electric and 
magnetic field amplitudes at the output 
port, and the required dielectric permittivity 
profile is calculated using optimization 
algorithms and finite-difference frequency 
domain simulations.

This is a computationally difficult task to 
realize in three dimensions given the range 
of variables and parameters, and therefore 
Lu and Vučković6 focused on demonstrating 
the power of the inverse design concept 
on planar, silicon-based linear photonic 
devices5. Initial computational results were 
quite encouraging as they indicated that it 
should be possible to realize ultra-compact, 
highly-efficient and robust on-chip 
mode converters, polarization splitters, 
wavelength filters and power splitters. 
Recently, two groups demonstrated free-
space-to-waveguide couplers with small 
footprints using the inverse-design concept 
with relatively high coupling efficiencies7,8. 
The next big challenge for both groups 
has been showing that the approach can 
yield high-performance on-chip, fully 
integrated device designs, and that’s exactly 
what is now reported in Nature Photonics 
by Piggott and colleagues2 and Shen 
and colleagues3.

Piggott et al.2 report on the design and 
implementation of an on-chip, integrated 
silicon-based wavelength demultiplexer 
with a footprint of 2.8 × 2.8 μm2 that can 
efficiently split 1,300 nm and 1,550 nm light 
from an input waveguide to two different 
output waveguides2. The wavelength 
demultiplexer consists of a planar silicon 
platform into which subwavelength-size 
air holes are etched to yield complex 
nanostructures resulting in a locally 
varying dielectric permittivity distribution 
along the propagation direction of light 
(Fig. 1a). Piggott et al. first used linear 
parameterization to control the dielectric 
permittivity between the permittivity 
of silicon and air, and then employed 
the objective-first method to find an 
initial guess of the required permittivity 
distribution to deliver the desired device 
performance. The steepest-descent method 
was then used to fine-tune and optimize the 
complex nanostructures. Finally, the design 
was optimized for broadband operation 
by specifying the device parameters for 
a larger number of wavelengths. The 
wavelength demultiplexer was fabricated 
on a silicon-on-insulator (SOI) platform 
with a 220-nm-thick silicon layer using 
electron beam lithography followed by 
plasma etching to create the subwavelength 
holes. Fabricated WDM devices display 
relatively low insertion loss (2–4 dB) and 

high extinction ratio (12–17 dB) and 
exhibit broadband pass and stop bands with 
bandwidths of ~100 nm.

Polarization beamsplitters are also 
key components for silicon photonics 
that can be used to filter and demultiplex 
optical signals based on their polarization 
states to further increase the capacity 
of optical interconnects4. Conventional 
PBSs use multimode interferometers, 
Mach–Zehnder interferometers, directional 
couplers, photonic crystals and microring 
resonators4. Directional couplers could 
have smaller footprints when designed 
using asymmetric waveguides, and PBSs 
as short as ~7 μm have been demonstrated 
by using nano-slot waveguides and a SOI 
nanowire9. The footprint of a PBS can 
be further reduced by using a plasmonic 
approach that tightly confines light into 
smaller dimensions. An ultra-compact 
hybrid plasmon/silicon nanowire 
asymmetric direct coupler has been 
proposed theoretically with a device area of 
1.9 × 3.7 μm2 (ref. 10). This is a significant 
size reduction for a PBS, but plasmonic 
metals such as gold and silver are not 
CMOS-compatible and they also introduce 
optical losses that might hinder the overall 
performance of the PBS.

Shen et al.3 report on the design 
and experimental demonstration of an 
on-chip PBS with a device area of only 
2.4 × 2.4 μm2 — the smallest footprint 
to date. The nanophotonic PBS (Fig. 1d) 
splits unpolarized light from a single-mode 
waveguide into two different polarizations. 
To design the PBS, the authors discretized 
the planar silicon area into 120 × 120 nm2 
silicon and air pillars (pixels). By defining 
the figure of merit (FOM) as the average 
transmission efficiency of transverse 
electric (TE) and transverse magnetic 
(TM) modes in the output waveguides, 
they determined the required dielectric 
permittivity distribution and improved 
the FOM by changing the dielectric 
permittivity of silicon and air pixel by 
pixel until no further improvement was 
found. The resulting nanostructured silicon 
has a complex shape with locally varying 
dielectric permittivity (Fig. 1b).

The PBS device was fabricated on 
a SOI platform with a 300-nm-thick 
silicon device layer using a two-step 
lithography process. Optical lithography 
was used to define waveguides, and 
focused ion beam (FIB) milling was used 
to realize the necessary nanostructuring. 
Advantageously, as both the waveguide 
and nanophotonic PBS use the same 
thickness of silicon, it is possible to make 
them in a single lithography and etching 
process. The resulting device is measured 

to have coupling efficiencies for TE and 
TM polarizations at 1,550 nm of 71% and 
80%, respectively, with 11.8 dB and 11.1 dB 
extinction ratios. Numerical simulations 
predicted higher coupling efficiencies 
for TE and TM modes of 81% and 89%. 
However, due to the subwavelength size 
of air-holes, fabrication imperfections 
resulted in a lower coupling efficiency. 
Moreover, numerical simulations indicate 
that the devices are tolerant to fabrication 
errors up to ± 20 nm variation in the silicon 
etch depth. Such huge variation in etch 
thickness will completely degrade the 
optical performance of conventional PBS 
devices as they rely mostly on waveguides 
or resonators. Shen et al. also designed 
and implemented a mode-converting 
PBS, where light in a multimode input 
waveguide is converted to single-mode 
outputs with TE and TM polarizations.

The nanophotonic devices reported by 
Piggott et al.2 and Shen et al.3 both feature 
subwavelength air holes with sizes around 
~100–120 nm, and are too small to be 
created by standard optical lithography 
techniques. The groups thus use E-beam 
lithography and FIB milling.

In the future, detailed experimental and 
structural characterizations are also needed 
to demonstrate the effect of subwavelength 
hole size variation during nanofabrication, 
as well as the effect of temperature change 
on device efficiencies and performances. 
For wavelength demultiplexers, it might 
be interesting to apply the inverse design 
technique to realize dense wavelength 
demultiplexers with multiple input and 
output waveguides to investigate the 
limitations, if any, of the inverse design 
method for denser photonic devices.

The work by Piggott et al.2 and 
Shen et al.3 relies on different optimization 
techniques for different devices, but 
the common concept of using complex 
nanophotonic dielectric structures for 
controlling and manipulating light 
propagation in planar devices is clearly 
very powerful and has yielded impressive 
nanophotonic devices that are smaller 
than those made using other approaches. 
Although these initial demonstrations 
are focused on on-chip, silicon-based 
photonic devices, the inverse design 
technique can be used for almost any 
linear nanophotonic device as long as 
the required device performance can 
be defined. The available parameter 
space can be extended by using different 
materials such as dielectrics with different 
refractive indices, plasmonic metals and 
semiconductors and applied to numerous 
tasks such as designing metasurfaces11, 
light extraction from light emitting diodes, 
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light trapping in solar cells12, imaging and 
holograms. The inverse-design concept can 
also be extended to the third dimension 
by allowing the permittivity profile to 
change in all directions, with the expense 
of increased complexity in defining the 
device parameters and drastically increased 
computation time. 

In summary, newly emerging types of 
optical devices based on aperiodic and 
complex nanophotonic structures with 
locally varying dielectric permittivities 
offer new opportunities for manipulating 

and controlling photons, which is a truly 
exciting prospect. ❐
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Photovoltaics (PVs) have the potential 
to be an inexpensive, ubiquitous, 
renewable energy technology by 

efficiently converting sunlight into 
electricity. Today, crystalline silicon-based 
PVs account for over 90% of worldwide 
module production. However, the 
fabrication of silicon photovoltaics is capital 
intensive, potentially limiting its ability to 
rapidly scale up with today’s commoditized 
margins1,2. High processing temperatures 
are needed because of silicon’s high melting 
point of 1,414 °C, and high purity is needed 
because of its low tolerance to defects, which 
can adversely affect cell performance. In 
light of this, an important basic research 
challenge is to identify a PV material with 
high efficiency, low manufacturing cost 
(capital intensity), low materials use (thin-
film with high absorptance), impeccable 
reliability (enabling low-interest-rate loans 
for installations), and scalable, non-toxic 
constituents. These constraints, along with 
manifold bulk and interface materials 
challenges impeding functional devices, help 
explain the limited number of materials that 
have exceeded the 5% solar-to-electricity 
conversion efficiency threshold, despite four 
decades of focused research.

The search for such a PV ‘Goldilocks 
compound’ has spurred research in non-
silicon thin-film photovoltaic materials. 
Traditional inorganic thin-film absorbers 
such as cadmium telluride (CdTe) 
and copper indium gallium selenide 
(CIGS) have achieved respectable record 
performances of 21.5% (ref. 3) and 

21.7% (ref. 4), respectively, yet concerns 
remain regarding the scarcity and toxicity 
of the involved elements, instances 
of unproven reliability, and the non-
uniformity of commercial manufacturing. 
Recently an alternative material, the hybrid 
methylammonium lead halide (MAPbX3) 

perovskite, has attracted attention because 
of reported certified efficiencies as high 
as 20.1% (ref. 5) enabled by exceptional 
defect tolerance and potentially low 
manufacturing costs. However, so far 
most efficient perovskite-based solar cells 
rely on the use of toxic lead in a highly 
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Non-cubic solar cell materials
Controlled growth of non-cubic, anisotropic solar cell materials, such as antimony selenide, is bringing new 
opportunities for efficient thin-film photovoltaics.
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Figure 1 | Examples of solar cell materials with different crystal structures. a,b, Cubic structures (a = b = c) 
of traditional inorganic materials (for example, CdTe) (a) and emerging hybrid compounds (for example, 
MAPbX3) (b). c,d, In contrast, orthorhombic crystal structures with an anisotropic nature (a ≠ b ≠ c) can 
form ribbon-like structures (for example, Sb2Se3) (c) or layered structures (for example, SnS) (d). Crystal 
structures were drawn using the software VESTA (ref. 9). The structural data files for Sb2Se3 and SnS were 
taken from www.materialsproject.org (ref. 12).
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