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Abstract: This tutorial aims to provide a general over-
view on the state-of-the-art of photonic integrated circuits 
(PICs) in the visible and short near-infrared (NIR) wave-
length ranges, mostly focusing in silicon nitride (SiN) sub-
strates, and a guide to the necessary steps in the design 
toward the fabrication of such PICs. The focus is put on 
bio- and life sciences, given the adequacy and, thus, a 
large number of applications in this field.
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1   Introduction
Research on photonic integrated circuits (PICs) has lead 
to many technological advances in well-known areas 
such as telecommunications [1–4]. Moreover, within the 
last 24 years, the advances in manufacturing and design 
have demonstrated that complex optical components and 
systems used in bio- and life science could be integrated 
into PICs [5–7]. Different applications in biophotonics can 
benefit from these, like:

 – Medical instrumentation: confocal and multiphoton 
imaging, DNA sequencers, optical coherence tomog-
raphy, respiratory gas monitors, Raman spectroscopy, 
glucose monitors, flow cytometry, etc.

 – Photonic lab-on-a-chip: rapid and automated analysis 
of small volume samples, in vitro and in vivo monitor-
ing, implantable biofluoroimaging, digital electrowet-
ting, drug discovery, etc.

 – Optical sensors to measure chemical properties such 
as pH changes and trace gas, indirect biosensors 
via fluorescence, phosphorescence, or colorimetric 
measurements, and direct biosensors of metabolites, 
enzymes, environmental toxins, etc.

In this manner, such applications can benefit from the 
advantages of monolithic integration within PICs such as 
mechanical, thermal, and electro-optical stability, small 
size, and lightweight [2, 8–10]. Additionally, they can 
scale up in both complexities, with systems composed 
of hundreds of components, and decrease in cost, when 
large production volumes are reached.

A major feature for many of these applications is the 
short wavelength used, from the visible, 400–700 nm, to 
the lower near-infrared (NIR), 700–1100  nm. However, 
most PIC platforms traditionally proposed for telecom 
(e.g. silicon, InP) strongly absorb light at those wave-
lengths. Initially, most visible light PICs where targeted 
toward substrate platforms based on doped silica (also 
known as planar light circuits, PLC) due to its transpar-
ency in shorter wavelengths and the low propagation 
losses [11]. However, recent advances in silicon nitride 
(SiN)-based PICs are also achieving very low propagation 
losses on the same wavelength range while having more 
compact devices.

Although some visible light PICs have been reported 
in PLC [12, 13] (e.g. visible array waveguide grating (AWG) 
for spectroscopy [14]), the most relevant PICs in the visible 
(visible-PICs) are found in SiN. Among the reported visible-
PICs, we find ring resonator (RR) filters [15, 16], microdisc 
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resonators [17, 18], grating couplers [19], wavelength com-
biners [20], multi-mode interferometers (MMIs) [20], array 
waveguide gratings (AWGs) [21], such as the one shown in 
Figure 1, and diffraction gratings [23, 24].

In addition, optical waveguides feature a strong 
susceptibility to changes in the environment [25]. This 
permits the construction of PIC-based sensors in the 
complete transparency range of the guiding material 
[26]. Such sensors can then be tailored to a specific wave-
length, or equivalently in spectroscopy a wavenumber, 
where λ (nm) ≡ 107/λ (nm) (cm−1), including the complete 
visible and NIR ranges [5, 6, 27–29].

Based on PICs, different sensing techniques have 
been demonstrated. The most reported ones are based on 
integrated Mach-Zehnder interferometers (MZIs), either 
by directly accessing one waveguide arm [5, 6, 30] or by 
inserting a structure such as a grating in the waveguide 
arm of the MZIs [31]. Another sensing strategy is based 
on measuring resonance changes in ring resonators and 
microdiscs [32, 33], and by forming nanocavities [34].

Because of their fast response, small sensing area, 
and accuracy, PIC-based sensors have been employed 
in research for chemical, biological, and medical meas-
urements. Some of the most relevant applications of the 
reported measurements comprise chemical sensing of 
pollutants via chemical assay [35, 36], biological sensing 
of protein and bacterial detection, either via immunoas-
say or via label-free detection, and optogenetic applica-
tions such as cell stimulation [35, 37–39].

Alternatively, visible and short NIR PICs have also 
shown potential for many other applications, e.g. sources 
for metrology and spectroscopy (through Kerr frequency 
combs and supercontinuum generation) [40–42], visible 

light communications [43], and micro-projection systems 
[44, 45].

In the following sections, we describe in a tutorial 
way the steps toward translating an optical system into a 
PIC, focusing on the design and fabrication options, and 
the trade-offs to be observed.

2   Foundry platforms for the visible
As mentioned in the introduction, due to the transpar-
ency range of the materials used for PICs, mainly two 
platforms are commonly used: PLC [23] and SiN. The latter 
offers higher confinement and, therefore, a much smaller 
device footprint (approximately one order of magnitude 
smaller). While silica has the lowest propagation and cou-
pling losses, silicon nitride has shown, in recent years, 
a strong potential for low-loss visible waveguide propa-
gation [26, 46], and many SiN-based sensors have been 
demonstrated [5–7, 47, 48]. Within the fabrication of SiN, 
a clear distinction must be made between the two main 
deposition techniques: low-pressure chemical vapor dep-
osition (LPCVD) and plasma-enhanced chemical vapor 
deposition (PECVD). LPCVD provides high purity and 
reproducibility of the material deposition, requiring very 
high temperatures (above 700°C) [49, 50], while PECVD 
can be deposited at lower temperatures, which makes it 
 compatible with metal oxide semiconductor field effect 
transistor (CMOS) integration [51].

The fabrication process follows standard photolitho-
graphic techniques, where a wafer is irradiated with ultra-
violet light over a mask, defining this way certain areas 
that are later on etched chemically (dry or wet etch) to 
a certain depth. This process can be performed as many 
times as required, to define the topology of all the required 
structures. Additionally, other materials can be grown, 
and metal layers can be deposited and patterned, too, in 
order to implement, e.g. micro-heaters. Finally, a cladding 
is deposited on top, and the wafers sometimes are also pla-
narized with benzoclyclobutene commonly known as BCB.

In Table 1, we show a summary of open-access found-
ries that have reported different photonic building blocks 
in the visible range as well as their main characteris-
tics. TripleX is a SiN platform offered by the LioniX Int. 
(Enschede, the Netherlands), BioPIX is a SiN platform off-
ered by the research instituted IMEC (Leuven, Belgium), 
and the last SiN platform presented is offered by CNM.

Moreover, visible PICs for bio- and life-science appli-
cations usually require different functionalities than 
other PIC applications, such as telecom or metrology.
For example, in order to use the waveguide as a sensing 

Figure 1: Visible-light spectrometer based on cascaded AWGs. 
Reprinted with permission of the authors [22].
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device, a part of the light field such as the evanescent field 
needs to be guided through the elements to be sensed, e.g. 
gas or liquid [7]. For this purpose, the waveguides can be 
exposed by not having or partially removing the cladding 
material, etching a window over them [54], such as shown 
in Figure 2. For certain biologic applications, the exposed 
waveguide can be treated with an extra layer to function-
alize the surface so that only the targeted biomolecules 
interact with the guided light [7, 48].

In brief, many waveguide structures can be employed 
for sensing [7]. Most sensors are based on changes in the 
propagation constant, therefore, detecting the effective 
refractive index of the waveguide [6, 48]. Alternatively, 
other sensors are based on the absorption of specific wave-
lengths (or spectral lines), such as for spectroscopy meas-
urements [20, 23], or emission, such as for  fluorescence 
[57, 58].

The fabrication process can take from 2 to 4 months, 
depending on the process complexity, wafer volumes, and 
the foundry availability. After fabrication, the back-end of 
the line processes is performed, such as dicing, polishing, 
and coating or functionalization of surfaces.

3   Photonic circuit design
The next step when developing a PIC, once the material 
substrate and foundry platform are selected, is to actually 
design and layout the circuit itself.

Complex photonic circuits are comprised of many 
basic waveguide structures (functional building blocks) 
interconnected to provide a more advanced functionality. 
These building blocks or circuit parts can be described as 
a four-port black box defined by a scattering matrix. In 
this manner, complex circuits can be easily modeled as 
a network of black box devices, providing an abstraction 
layer to facilitate a functional design [59].

To build complex and reliable functional circuits, the 
most basic building blocks have usually been predefined 
by each foundry in their process design kit (PDK). These 
PDKs include all the performance and layout information 
for the offered building blocks, and they are implemented 
for a specific design software tool [60, 61]. The degree of 
maturity in terms of statistic information and tolerances 
of the building blocks, as well as the supported software 
tools, depend on each foundry. The main advantage of 
employing a PDK relies on the ease and speed of develop-
ment, saving modeling, simulation and design time, and 
the repeatability of the fabricated structures, reducing 
the uncertainty on the circuit performance and the risk of 
implementation errors.

In case some building blocks are not available at 
the PDK, they will need to be modeled, simulated, and 
designed to be laid out on the circuit, too. There are dif-
ferent software tools for that, too, providing optical mode 
solving and mode propagation capabilities [60–67].

Mode solvers allow to perform a 2D or 3D vectorial 
analysis of the mode spectrum and profiles, to do an Eigen-
value search, to track specific modes during frequency 
sweeps, to calculate macrobending loss and coupling effi-
ciency, to support multiple materials and their variations, 
to calculate boundary conditions (periodic, symmetric, 
asymmetric, metallic, etc.), and to perform a frequency 
domain analysis (dispersion, group velocity, group index, 
propagation loss, effective refractive index, etc.).

When doing the mode propagation along a device, 
there are mainly two methods that can be used: the beam 
propagation method (BPM) and the finite difference in 
the time domain (FDTD). The BPM is best for light propa-
gation in slowly varying non-uniform guiding structures 
(e.g. tapers, bends, couplers), uni-directional propagation 
of the total field (not mode fields), and it depends on the 
method to calculate the derivatives vs. the coordinates in 
the propagation direction. An example of a BPM simula-
tion can be seen in  Figure 3B. On the other side, the FDTD 
implements a discrete representation of time-dependent 
Maxwell’s equations on a grid, and a wide bandwidth 
response can be extracted in a single simulation by Fourier 
transformation of the time-varying response of the system 
to some input. It is truly omni-directional, but very compu-
tational intensive, so it usually requires some optimization. 
Other methods include bidirectional Eigenmode propaga-
tion, Eigenmode expansion, transfer matrix, or split-step.

Once all the required building blocks are available, 
a complete circuit simulation can be performed [60, 61]. 
This mainly allows for design verification and to perform 
tolerance analysis over varying fabrication tolerances 
or design parameters. Usually, a model-based approach 

Table 1: Examples of reported devices in the respective technology 
platforms, where MZI stands for Mach-Zehnder interferometer, RR 
for ring resonator, AWG for array of waveguide grating, and MMI for 
multi-mode interferometer.

Foundry LioniX IMEC CNM

Process Triplex BioPIX –
Deposition LPCVD PECVD LPCVD
Building blocks
 MZI [52] – [36, 53]
 RR [16] [47, 54] –
 AWG [55] [21, 54] –
 MMI – – [56]
 Gratings – [48] [31]
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allows a high abstraction level, where input and output 
waves are modeled with intensity, phase, group delay, 
and chromatic dispersion parameters for both trans-
verse electric field and transverse magnetic field polari-
zations. Experimental data and actual responses can be 
used to perform realistic simulations vs. measurements, 
make virtual experiments, estimate yield, extract device 
parameters (S-matrix), and improve the models of compo-
nents. This circuit-based approach ensures efficient and 
high-speed computation especially for large and complex 
circuits, and also allows to consider system-level mul-
tiphysics, like thermal or free carrier effects.

Finally, they need to be laid out into a circuit, routing 
all optical and electrical connections among them and to 
the outside. Commercial software tools allow for hierar-
chical component management, flexible and parametric 
photonic building block definition, or semi-automatic 
routing. Sometimes, the circuit schematic can be used for 
the automatic generation of the physical layout in Graphic 
Databased System version 2 format for mask realization, 
avoiding intermediate conversions, preventing errors, 
and saving time. The design of the experiments is also 
relevant at this stage, including building block or circuit 
layout variations to evaluate different configurations and 
account for fabrication tolerances.

Depending on the requirements and the selected fab-
rication platform, the final circuit layout can be included 
in a cell either at a dedicated mask (dedicated wafer run) 
or using a shared mask (in a so-called multi-project wafer 
run) [68, 69]. The latter allows for cost-effective prototyp-
ing as the area and, thus, the costs of the masks are shared 
among all the end users.

The foundry collects all the cell designs coming from 
end users (tape-in) and performs a final design rule check 
(DRC) to verify that all cell layouts are compliant with the 
manufacturing process. All cells compose a reticle that 
will be replicated all over the wafer. Besides, certain fea-
tures are added on the complete mask layout, like dicing 
lanes, alignment markers, process control monitors, etc. 
Once all these steps are finished, the full mask layout is 
ready to start fabrication (tape-out).

4   Characterization and packaging
Once the photonic circuits are fabricated, they are diced 
into dies, and sometimes, additional back-end processes 
are performed, too, such as polishing, coating, etc. While 
this tutorial is focusing on the design and fabrication, it is 
important to give a short overview of the next stages, as 
they will directly influence the layout.

The next step for each individual die is to be charac-
terized from an optical perspective, to first validate the 
manufacturing process and, second, to evaluate the per-
formance of the building blocks and the circuits on the 
die. In some cases, if vertical grating couplers are avail-
able, a preliminary die characterization can be made at 
wafer level, before dicing, so only known good dies are 
delivered to the characterization stage. The design needs 
to take into account all the characterization restrictions, 
in terms of die dimensions toward the chip holder, wave-
guide, and pad placement or pitch.

Because there might be design errors, foundry issues, 
or deviations over the fab tolerances, extensive charac-
terization campaigns are usually required when maturing 
a photonic circuit, in order to validate it and have statis-
tic measurements of every structure and parameter. This 
way, feedback can be provided to the design models, for 
iterating the complete circuit layout and achieving greater 
yields.

As the last step, the photonic dies will need to be 
usually bonded into a carrier and packaged into a housing 
with its corresponding electrical and optical connection 
ports and any other required components. For applica-
tions in the visible, this may include, e.g. collimating 
micro-optics, laser sources and photodetectors, micro-
fluidic channels, or control electronics in case there are 
any active heaters or phase shifters included on the circuit. 
Once more, the layout needs to take into consideration 
the packaging requirements, in terms of die dimensions 
toward the carrier or housing, fiber port and electrical pad 
placement, alignment markers, etc.

There are considerable efforts to ease the packaging 
stage for PICs toward life science applications and lower 
its still high costs for volume introduction through the 
European pilot line PIXAPP [70].

5   Visible PIC challenges
In order to optimize PICs to guide and control visible light, 
it is not sufficient using a transparent material. Scatter-
ing and design errors will affect the performance more 
strongly due to the short wavelength of the light [25]. 
However, by careful design of functional circuits and 
mask layout, and by clean and accurate manufacturing, 
such losses can be minimized [26].

As a first step toward the design of a visible PIC, 
a designer must determine the wavelength range, or 
ranges, at which the final photonic circuit must function. 
As the wavelength is shortened, the degrading effects of 
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material imperfections and fabrications errors, due to 
scattering, can become so strong that they can render the 
device opaque. In addition, visible applications require, 
in general, a much broader wavelength range to work 
(visible band is over 300 nm broad, compared to C-band 
in telecom, which is 40 nm).

An important barrier for PIC-based applications is also 
the scarcity of integrated light sources in SiN, although 
it is not always desirable such as for disposable biosen-
sors. Most solutions are based on external lasers coupled 
either free space or fiber coupled to the photonic circuit 
[20]. Following this approach, some applications, which 
required multiple wavelengths at the visible spectrum, 
employ PIC-based light combiners [20, 72], such as shown 
in Figure 4. Apart from the monolithic integration process 
described so far, there are other more complex approaches 
for optical system integration using heterogeneous and 
hybrid techniques [73–75]. Heterogeneous integration is 
the process that combines multiple optical functions in a 

single PIC made out of two or more materials, while hybrid 
integration is the process that assembles one or more 
PICs with one or more discrete optical components into 
one single module. Following hybrid approaches, in the 
last years, great efforts have been made to add integrated 
sources to SiN-based PICs in the NIR, e.g. vertical-cavity 
surface-emitting laser (VCSELs) via adhesive bonding 
[75], vertical coupling to a lasing material [15, 73], or 
die-to-wafer bonding, mainly at NIR wavelengths. These 
results show the viability of such techniques to implement 
lasing sources and can potentially be extended toward the 
visible range. For certain biophotonics applications, such 
as photo-induced fluorescence, these integrated lasers are 
required to deliver very high powers, which might be chal-
lenging to achieve. However, resonating structures can be 
employed to rise the internal guided power [57]. Thanks to 
the material nature of silica and of silicon nitride, no mate-
rial contribution is expected to deteriorate measurements 
such as the mentioned photo-induced fluorescence.

Along with the integrated light sources, integrated 
photo-detectors are preferable for cost effective, miniatur-
ized devices [7]. Silicon-based platforms allow direct inte-
gration of CMOS-based photodetectors (at temperatures 
below 850°C) [76]. However, most SiN fabrication tech-
niques increase the temperature above the limit for CMOS 
electronics [25]. Therefore, external detectors are often 
used, either butt-coupled to the chip facet, flip-chipped 
diodes over grating couplers [77], or connected via optical 
fibers or free space micro-optics.

Finally, as with any photonic circuit development, 
one of the largest challenges is on the cost of characteri-
zation, packaging, and testing, as this usually requires 
very high-precision (<1 μm) alignment tolerances between 
optical dies and fibers, or complex assemblies of microflu-
idics, such as shown in Figure 5, specially when targeting 

Figure 2: Example of Vernier-based ring resonator sensor (Courtesy 
of IMEC [71]).
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large volume applications such as medical diagnostics 
with disposable and low-cost cartridges [47].

In order to provide solutions to all these challenges, 
there are efforts such as the PIX4life project [69]. This 
initiative focuses on developing a pilot line to support 
the development of visible and short NIR PICs at some 
of the most relevant wavelength ranges for bio- and life 
science: 405 nm, 455 nm, 530–562 nm, 625–660 nm, and 
785–850  nm. In order to reduce the cost of design and 
fabrication of new PICs, several basic building blocks 
are being designed, fabricated, characterized, and vali-
dated, at those wavelength ranges, and they are starting 
to be offered at different PDKs [60, 61] for two different 
 foundries [78, 79].

6   Conclusion
In this tutorial we have briefly discussed the current 
technology platforms to develop PICs, with a short review 
of devices and systems implemented in both SiN and PLC. 

The basic building blocks currently reported for visible 
PICs have been described. These compose the PDKs pro-
vided by the open-access foundries, fundamental for the 
reliable and repeatable fabrication of a photonic circuit. 
Along with the PDKs, a designer can employ different 
tools, which model and simulate building blocks and 
circuits, to implement the required system functionality. 
The circuit design is then ready for layout into a mask and 
checked via the specific DRC for each foundry. Characteri-
zation and packaging will be required, and they need to 
be accounted for in the early development stages.

We have also briefly described the challenges this 
technology has yet to overcome. However, as can be 
observed from the referred publications, several research 
groups, companies, and consortia are pushing the bound-
aries toward maturing the design frameworks, manufac-
turing platforms and packaging, and test solutions.

Acknowledgment: This work was supported by the Euro-
pean Union’s Horizon 2020 research and innovations pro-
gram, under the grant agreement no. 688519 (PIX4life).

Figure 4: (A) Example of use for a wavelength combiner for a multi-
color employed for time-domain resolution in flow cytometry as 
shown in (B) (Courtesy of the RWTH Aachen University [20]).

Figure 5: Example of microfluidic circuit with ring-resonator sensors 
for diffusion measurements. (A) The diffusion measurements employ 
four spaced ring resonators. (B) the diffusion measurements employ 
four sets of three cascaded ring resonators where sodium chloride 
(salt) diffusion was measured (courtesy of IMEC [47]).
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