
Project: Fun-COMP Project No: H2020 #780848 Deliverable Report 

1 
 

 

 

 

Project Acronym: Fun-COMP 

Project Title: Functionally scaled computing technology: From 
novel devices to non-von Neumann architectures and algorithms for a 

connected intelligent world 
 

 

WP1  

Integrated non-von Neumann computing primitives Project  

(WP Leader WWU) 

 

Deliverable D1.1: Report on fabrication and performance of first-
generation basic N-vN unit-cell devices  

 

Deliverable ID: D1.1 

Deliverable title: Report on fabrication and performance of first-generation basic 
N-vN unit-cell devices 

Revision level: FINAL 

Partner(s) responsible: UOXF 

Contributors: UOXF (Nathan Youngblood, Xuan Li, and Harish Bhaskaran) WWU 
(Johannes Feldmann and Wolfram Pernice) 

Dissemination level: PU1 

 

                                                           
1 CO: Confidential, only for members of the Fun-COMP consortium (including the Commission Services); PU: Public. 



Project: Fun-COMP Project No: H2020 #780848 Deliverable Report 

2 
 

 

 

Summary 

Technology transfer of phase-change photonic devices from the prototype 
silicon nitride platform to the more commercially-oriented and fabrication-line 
compatible silicon platform is detailed. Developments are described to the e-
beam lithographic patterning techniques used to fabricate devices and that 
significantly improve the yield and performance of photonic devices on silicon. A 
newly built and automated photonic characterization setup is also detailed, 
together with initial demonstrations of non-volatile, multilevel phase-change 
photonic memory/synaptic weighting on a silicon platform. Finally, a flexible 
and highly versatile photonics design kit is detailed, which significantly reduces 
the design time required to make photonic devices. 
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1. Introduction and background 

In precursor work for the Fun-COMP project, Fun-COMP partners demonstrated integrated 
photonic memory devices by combining silicon nitride wavguides and micro-ring resonators 
with phase-change materials (PCMs) [1]. This approach not only enabled binary photonic data 
storage on-chip, but also showed that multilevel storage, equivalent to 3 bits in a single cell, 
was possible, as was arithmetic and neuromorphic (brain-like) computing – all in fully optical 
framework [2], [3].  

Such achievements were made despite the fact that silicon nitride does not benefit from a 
particularly high refractive index contrast (~2/1.5 in Si3N4/SiO2 vs 3.5/1.5 in Si/SiO2) or the 
ability to integrate active photonics (such as modulators and photodetectors) directly in the 
waveguide. Silicon-On-Insulator (SOI), on the other hand, has both these advantages, leading 
to smaller footprint devices and easy integration with high-speed, CMOS-based electronics 
[4], [5].  

Thus, within the Fun-COMP project we are exploring the transfer of the basic memory and 
computing concepts developed on the silicon nitride platform to the more commercially-
oriented and fabrication-line compatible silicon platform. 

In this report we demonstrate that it is indeed possible to integrated non-volatile phase-
change photonic memory and computing concepts with Si waveguide devices. Moreover, 
doing so can significantly improve the speed of operation speed as compared to Si3N4 
counterparts. We also demonstrate a more efficient way of multilevel programming using 
double-step pulses for both WRITE and ERASE operations. Finally, we develop a design kit 
that allows rapid and simple design of integrated photonic devices. 

 

2. Result and discussion 

2.1 Fabrication of silicon photonic devices 

Initial fabrication of silicon photonic devices within Fun-COMP proved difficult due to the 
inability to correct for proximity effects in the electron beam lithography stage. Figure 
1Figure 1 shows the initial results using a negative resist (maN-2403) to create the grating 
coupler structures. As can be seen from Figure 1A, a high dose over exposes the grating 
coupler, leading to a “washing out” of the individual gratings. In Figure 1B, a low dose is able 
to better resolve the gratings, but under exposes the waveguide. In the final figure, Figure 1C, 
a positive resist (CSAR-62) is used which significantly reduces the total exposure and 
minimizes proximity effects as only the area surrounding the grating coupler and waveguide 
are exposed. 

We measured the total transmission of the best devices for both the negative and positive 
resist processes and demonstrate a significant improvement in the fabrication process on 
silicon. Figure 2 shows the transmission significantly improves for the optimized fabrication 
process using a positive resist. The lack of interference fringes indicates that the finer features 
of the grating couplers are well-resolved for the electron beam lithography process. 
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Figure 1: Fabrication process to create grating couplers on a silicon platform. A) and B) Initial 
attempts to use standard negative e-beam resists failed due to significant electron backscattering from 
the silicon layer. This backscatter from the grating coupler taper prevented an optimal exposure dose 
from being found for both the waveguide and grating coupler simultaneously. This resulted in a very 
low transmission value for initial devices (see Figure 2). C) Optimized process developed using a 
positive resist. In this process, only the areas surrounding the device and between the gratings are 
exposed by the e-beam, significantly reducing the amount of backscattered electrons. Using this 
process, an optimal dose can be found for both the grating couplers and waveguides simultaneously. 

 

 

Figure 2: Resulting device transmission (input grating coupler, waveguide, output grating coupler) 
after optimizing fabrication process for silicon waveguides. A) Best transmission achieved using 
standard negative e-beam resist at a high dose (see Figure 1A). B) Best transmission achieved after 
optimizing process using a positive resist (see Figure 1C). Here, the transmission is both high (38.2% 
transmission efficiency per grating coupler) and centred at 1560 nm. 

 

Another fabrication issue that we encountered came from the ordering of the write-fields 
during exposure. As can be seen from Figure 3A, writing multiple devices across the wafer 
resulted in a poor alignment of write-fields and therefore unusable devices. This is attributed 
to stage drift during exposure, which results in misaligned exposures. Since the size of a write-
field (100 µm x 100 µm) is much smaller than our device dimensions (typically 250 µm x 400 
µm), a single device spans multiple write-fields. A solution to this issue is to expose a single 
device at a time and order the write-fields along the waveguide. This minimizes the time for 
the stage to thermally drift between two consecutive write-field exposures and prevents this 
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misalignment from occurring. One can see from Figure 3B that the improved write-field 
sequence results in much better devices without any misalignment issues. Arranging the 
write-field sequence in this way has minimal impact on the lithographic patterning time. 

 

Figure 3: Improved ebeam patterning process for creating large-scale photonic devices. A) Default 
ebeam exposure file uses raster pattern to write devices. Due to finite stage drift during the patterning 
process, rastering over a large number of devices causes misalignment between write-fields. B) By 
changing the writing order of write-fields, individual devices are completed before starting on the next 
device. This improves yield and will allow for future scaling of larger photonic networks. 

 

2.2 Experimental setup developed for Fun-COMP device characterization 

A new experimental photonics setup has been developed by the University of Oxford Fun-
COMP partner to rapidly characterize many photonic devices at the wafer scale. Figure 4 
shows this experimental setup, pointing out the essential components for monitoring device 
transmission during optical excitation. A supercontinuum laser source is used as a broadband 
source (spanning 400 nm to 2.5 µm) for characterizing the optical performance of devices. 
Filters and a fibre coupler are used to couple the near-IR component of the supercontinuum 
source into telecommunication fibres. A fibre array is then used to couple the broadband 
near-IR light into and out of the photonic grating couplers. Because we are using a broadband 
source, an optical spectrum analyser (OSA) can be used to rapidly characterize the 
transmission from the input grating coupler to the output grating coupler. An XY translation 
stage with closed-loop feedback is used to move the wafer containing the photonic devices 
relative to the fibre array. A LabVIEW program was developed to automatically find the 
location of photonic devices on the wafer, optimize the alignment relative to the fibre array, 
and then take a spectral measurement using the supercontinuum laser and OSA.  
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Figure 4: Experimental photonics setup currently being built for device characterization and photonic 
system testing. An ultrafast fibre laser (bottom left) will allow us to test the ultimate switching speeds 
and energies of phase-change photonics. The supercontinuum laser (upper left) allows us to perform 
broadband characterization of individual devices and wavelength division multiplexing for integrated 
photonic systems. 

 

2.3 Non-volatile operation of synaptic PCM devices on silicon waveguides 

Si photonic waveguides with integrated Ge2Sb2Te5 (GST for short) phase-change memory cells 
were fabricated as described in Sec. 2.1. Note that the GST is deposited onto the waveguide 
using magnetron sputtering, with patterning (to define the cell dimensions) also being carried 
out by e-beam lithography. The GST is capped using an ITO (indium tin oxide) layer, to protect 
it from environmental oxidation (while also allowing for electrical and optical access to the 
phase change cell, should this be required). 

Figure 5A shows a 3D illustration of the device in action. The optical mode from (light 
travelling along) the silicon waveguide is evanescently coupled to the GST memory cell, which 
allows for both optical monitoring (probe) and switching (input pulses) of the GST. A 
continuous optical probe allows us to characterize the non-volatile change in transmission 
after switching the state of the GST. Figure 5B shows a cross section of the device. SEM and 
optical images of the GST cell on the silicon waveguide and the completed device can be seen 
in Figure 5C. 
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Figure 5: Design of phase-change silicon photonic device. A) Schematic of device design and 
experimental measurement method. The state of the GST is monitored by a CW probe while optical 
pulses modify the state of the GST in a non-volatile manner. B) Cross section of phase-change device. 
GST is evanescently coupled to the waveguide and capped with a layer of ITO to prevent oxidation. C) 
SEM (top) and optical (bottom) images of completed device. Input and output grating couplers can be 
seen in the bottom right and left corners of the optical image. 

 

Si-waveguide PCM devices of the form shown in Figure 5 were successfully fabricated and 
their non-volatile multilevel storage capabilities characterized. A multilevel capability can be 
used to provide multi-bit storage per device (as demonstrated in recent Fun-COMP work 
where we showed, using the silicon nitride platform, more than 5-bit storage per cell [6]) 
and/or used to provide the synaptic weighting function for neuromorphic computing (see e.g. 
[3]).  

Here we demonstrate a multilevel capability in Si-based devices using a novel “dual-step” 
optical pulse (see Figure 5A) for writing the various levels. Indeed, 28 unique and non-volatile 
transmission levels were obtained, as seen in Figure 6A. By controlling the duration of the 
trailing part of the dual-step optical pulse used for writing the state into the cell, the final 
transmission state of the device can be deterministically programmed. Moreover, this dual-
step pulse significantly reduces the influence of the initial state of the GST memory cell on the 
final transmission state of the device. Figure 6B shows the final device transmission state as a 
function of the duration of the dual-step pulse (aka “ERASE time”). Physically, the second, 
lower energy portion of the pulse controls the length of time the GST is allowed to crystallize. 
The amplitude of this second step controls the temperature at which GST is held. Combining 
the optimized ERASE time and amplitude allows recrystallization to occur within 600 ns 
which is a significant improvement over previous multi-pulse recrystallization schemes used 
for integrated phase-change photonic memories (e.g. as in [1]). Further optimizing the 
thermal properties of the materials surrounding the GST could reduce this time even further 
(and will be explored in Fun-COMP). 
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Figure 6: Demonstrated synaptic memory cell on silicon waveguide. A) Multilevel operation achieved 
on silicon waveguides showing repeatable and stable memory levels. B) Novel programming method 
using a “dual-step” optical pulse which accurately controls the crystallization state of the material. By 
increasing the trailing end of the pulse, arbitrary transmission states can be achieved through a single 
pulse. This improves on previous methods which required multiple pulses to move from a higher 
transmission state to a lower transmission state. 

 

2.4 Development of a flexible design kit (GDSHelpers) 

As part of the dissemination activities of Fun-COMP we (Fun-COMP partner University of 
Muenster) are developing a design kit (called GDSHelpers) that will make Fun-COMP 
technologies more easily accessible by the wider R&D community. For efficient generation of 
photonic components, a Python based, easy-to-learn, software package has so far been 
developed which allows the user to quickly generate arbitrary photonic devices. Python was 
chosen as the programming language for GDSHelpers because it is widely recognized as 
convenient and straight-forward, yet very powerful computer language. Because mask 
definition for lithography typically consists of series of polygons each containing additional 
layer properties, the focus was put on polygon generation. This allows the definition of 
arbitrary shapes. For facilitating the generation of these shapes, various building blocks are 
defined. 
 

The most fundamental and widely used part in the design of photonic circuits with GDSHelpers 
is the waveguide. Waveguides are used to interconnect photonic library elements on chip and 
thus perform the optical analogous function of an electrical wire in CMOS circuits. A waveguide 
starts at a given position with a certain angle and has a defined width. This combination of 
position, angle and width is called a “port”, as it is usually the connection between different 
photonic parts of the design. Even through the initial intention of the design of this waveguide 
was a nanophotonic circuitry, this part is not limited to optical applications, but can also be 
used for realizing e.g. electrical connections or for the generation of other devices. 
 
After the creation of the waveguide various segments can be attached, e.g. a simple straight 
segment, a bend or a more advanced Bezier curve, allowing for straight-forward and convenient 
design of smooth connections between different parts in the photonic circuit. The design 
framework allows to automatically route individual segments to other ports and thus to 
address arbitrary connection points within a large-scale layout. 



Project: Fun-COMP Project No: H2020 #780848 Deliverable Report 

9 
 

Using this interconnection strategy, different building blocks can be placed at user-defined 
positions or at certain ports of previously defined photonic components. After placement they 
are subsequently connected automatically (see Figure 7), which allows for a fast design of 
integrated circuitry. The automatic calculation of the waveguide trajectory facilitates 
parameter-sweeps, since the routing approach adapts to a changing building block size. 

 

Figure 7: Concept of our design framework. Individual components (top part), here a ring-resonator, 
a y-splitter, and four grating couplers, can be placed at user-defined positions in a conceptual way. 
Subsequently the ports of the devices are connected automatically by waveguides e.g. Bezier-curves 
(bottom part). GDSHelpers also provides capability for labelling devices. 

 

The basic design framework implements several different types of waveguide splitters. A 
convenient and frequently used solution is the Y-Splitter, consisting of two waveguides which 
are bent in opposite directions, starting at the same port. The device splits the incoming light 
adiabatically into two outgoing waveguides. For a controllable splitting ratio in nanophotonic 
circuitry, directional couplers are implemented. These couplers consist of two parallel 
waveguides, which are bent away from each other before and after the coupling region in order 
to keep the coupling ratio decoupled from the circuitry the couplers are embedded into. This 
way the splitting ratio can be chosen freely by varying the coupling length or the size of the 
coupling gap continuously. 
 

Coupling light from an optical fibre to an integrated waveguide is one of the fundamental 
challenges for integrated nanophotonic circuits. Therefore, focusing grating couplers are 
implemented as an elementary building block in GDSHelpers, allowing scattering of light from 
the chip out-of-plane, where single fibres or a fibre-array can be positioned. Within the library 
different coupling geometries can be chosen depending on the given material system or the 
wavelength of interest. Free design parameters allows easy adaption to a desired photonic 
platform and wavelength range. 
 
For the fabrication of the nanophotonic devices not only negative-tone-resist (“write-what-
should-stay”) is used, but also positive tone resist (“write-what-should-go-away”) is employed 
for mask-fabrication. Because with positive resist the desired pattern needs to be inverted, the 
GDSHelpers framework offers the function “convert_to_positive_resist”, which inverts the 
structure, while keeping the written area as small as possible for short writing times by only  
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Figure 8: Conversion of the shape for use with positive resist. The original shape is inflated, to define 
the outer borders of the exposed area. For saving computational time, the created shape is simplified. 
Finally, the original shape is subtracted and the pattern for positive resist remains. 

 
applying a thin buffer around the structures (see Figure 8). This is achieved by first inflating 
the contours of the original structure, followed by a polygon simplification step combined with 
polygon subtraction of the negative resist shapes.  
 
Furthermore, for realizing free-standing devices which rely on under-etching of complete 
structures, the function “create_holes_for_under_etching” is included. This library function 
generates a dashed line at a desired distance from the nanostructures, which can be used for 
allowing wet etchants to flow through the holes under the waveguide structures, allowing for 
easy design of substrate-detached circuitry. 
 
For post-fabrication navigating on the chip using optical imaging two support possibilities are 
provided by the library. Simple text can be added to the layout, allowing for fast identification 
of each on-chip device by the researcher or a visual inspection system. In addition, also the 
generation of QR-codes and different types of alignment markers are included in the library, 
allowing for identification of the devices by computer vision, which facilitates in particular 
automatized characterization of the devices after nanofabrication. 
 
GDSHelper will, when fully completed, be placed on the github site (https://github.com) to 
make it openly available. 
 

 

 

 

https://github.com/


Project: Fun-COMP Project No: H2020 #780848 Deliverable Report 

11 
 

3. Conclusions and next steps 

The necessary processes have been successfully developed for the transfer of integrated phase-
change photonic memory and computing devices from a silicon nitride based platform to the 
more commercially-oriented and fabrication-line friendly silicon photonics platform.  

The fabrication methods for silicon phase-change photonic devices have been optimized by the 
Fun-COMP partner at the University of Oxford, and an advanced experimental setup for the 
testing and characterization of devices developed. By way of demonstration, Si phase-change 
photonic devices capable of multilevel storage (for memory or synaptic weighting applications) 
were successfully fabricated and characterized, with 28 unique storage/weighting levels 
achieved in a single cell. This was accomplished using a novel dual-step optical pulse that allows 
faster operation of these devices. 

Future work will focus on combining multiple GST cells in parallel to enable basic optical 
computations on a silicon photonics platform. 

For upscaling photonic components and implementing advanced computing primitives, we 
have also developed an open-source design kit for photonic devices.  
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