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Publishable Summary for 22IEM06 S-CALe Up
Self-calibrating photodiodes for UV and exploitation of induced junction

technology
Overview

Photonics and optics are exciting, rapidly evolving technologies of great value (over 100 billion € in EU) and
of importance across industry, environment, health, medicine, energy, lighting and science. The photonic
industry and standardisation organisations request miniaturised, cost-effective, integrated and self-calibrating
measurement systems that cannot be provided by traditional methods. Recent developments exploiting
predictable photodiodes in various ways have demonstrated improved uncertainty of responsivity to 10 ppm
and the proof-of-concept of an NMI-on-a-chip suitable for miniaturisation. This project will demonstrate
exploitation of the new photodiodes as built-in standards in various applications and develop improved
standard detectors for the UV range by exploiting new methods.

Need

There is rapid and exciting technology development within photonics, which is one of six EU defined Key
Enabling Technologies (KET) used in climate monitoring, medical treatment, health and photonic industries,
energy saving illumination by light-emitting diodes (LEDs), electricity production, science, and many more
applications. The technological development trend is towards miniaturisation, more integrated measurement
systems and distribution of standalone sensor systems in possibly remote locations. Current metrological
systems are not capable of calibrating photodiodes in integrated systems nor in remote locations. Therefore,
the European technology platforms Photonics21 and Quantum Flagship highlight the integration of
self-calibrating systems and products as one of the technology, research, and innovation challenges ahead.
The need is further emphasised in the Photonics21 EPoSS White paper on Integrated Photonics and complies
with the envisioned future need outlined by CIPM towards a “CIPM Strategy 2030+”.

Previous iMERA+, EMRP and EMPIR projects have developed the Predictable Quantum Efficient Detector
(PQED), which has proven to have an extremely low external quantum deficiency (EQD) of around 10 ppm
over a wide spectral and dynamic range, with an undetectable drift over 10 years. These properties make the
PQED a very attractive calibration standard detector that complies well with the low-cost and high accuracy
transfer standard requested by CIPM’s Consultative Committee for Photometry and Radiometry (CCPR).

Demonstration of the utility and exploitability of the PQED’s properties in various applications is necessary to
increase their technological readiness level, bringing them closer to uptake by relevant industry and end-users.

The ultraviolet (UV) range is of great importance to health and earth observations but suffers from detectors
with poor stability and lack of predictability. The International Commission on Illumination (CIE), as the world
standardisation organisation for light and lighting, has requested research on new low-cost, high accuracy,
primary standard detectors of optical radiation allowing better traceability from 200 nm – 2000 nm, which is of
importance to industry and will also cover the UV range. Predictable UV detectors with improved stability will
be developed in objective 3.

Improved understanding of the measurement system provided by advanced modelling of photodiodes will be
explored in objective 1, supported by characterisation measurements from objective 4 will be key in enabling
better traceability and will trigger new measurement techniques in remote and integrated measurement
systems. In a similar way, dual-mode detectors are needed to enable a pure experimental self-calibrating
measurement system in a wider range of applications than those studied in objective 2 for future exploitation
also outside the spectral range covered by silicon technology, where photodiodes cannot be accurately
modelled.
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Objectives
The overall objective is to demonstrate the use of improved PQED detectors and associated technology as an
NMI-on-a-chip in various photonics applications and to develop models and improved detector manufacturing
techniques in order to provide improved traceability into the more challenging UV and NIR spectral range.

The specific objectives of the project are:

1. To develop 3D simulation models of photodiode charge carrier transportation in Predictable
Quantum Efficient Detectors (PQED) for better physical representation, higher calculation speed,
wider availability and improved uncertainty approaching 1 ppm between 500 nm and 900 nm, and to
extend the quantum yield prediction from 400 nm down to 250 nm with an uncertainty better than
0.1 % and better than 0.2 % from 250 nm to 200 nm.

2. To use PQEDs with very low spectral responsivity uncertainty in the 400 nm to 850 nm range as
built-in references in different applications (e.g. optical power measurement, fibre optics, pulsed
laser radiation, photometry without V(ɚ) filters) taking into account practical aspects, such as current
measurements, stray light, geometry, heat and dark current variations.

3. To develop and fabricate improved photodiodes for the UV range and validate their stability and
suitability as a spectral responsivity standard from 400 nm to 200 nm. Additionally, to develop
thermal simulations and packaging technology of dual-mode detectors with heat equivalence better
than 0.03 % suitable for implementation at any wavelength over the spectral range from 200 nm to
1000 nm.

4. To extend the spectral response range of photodiodes between i) 200 nm and 400 nm, and
ii) 850 nm and 1050 nm, with a target uncertainty better than 0.2 %. For this, the improved detectors
and packaging developed in objective 3, and improved charge carrier simulation and quantum yield
modelling developed in objective 1, will be used.

5. To demonstrate the establishment of an integrated European metrology infrastructure and to
facilitate the take up of the technology and measurement infrastructure developed in the project
by the measurement supply chain (accredited laboratories, instrument manufacturers), standards
developing organisations (CIE), technical committees (e.g. EURAMET TC-PR, CCPR) and end users
(photonics industry).

Progress beyond the state of the art and results

Improved simulation models

The spectral responsivity of PQEDs are to first approximation given by fundamental constants and the radiation
wavelength. Deviations from this ideal performance are given by internal quantum deficiency, reflectance and
quantum yield models. To have a fully predictable standard detector all quantities have to be independently
predicted.

The project builds on the EMPIR 18SIB10 chipSĿCALe project, where improved self-induced PQED trap
detectors with a record low external quantum deficiency below 10 ppm were developed for the 400 nm to
850 nm spectral range. Simplified 3D simulation models were developed and new experimental techniques
where simulation fitted to experimental photocurrent measurement at only one wavelength was proven to be
sufficient to predict the responsivity from 400 nm to 850 nm. In previous projects, quantum yield (QY) was
found significant at wavelengths as high as 470 nm and to increase with decreasing wavelength. However, the
quantum yield was also found calculable to an uncertainty around 200 ppm down to 360 nm. Current 3D
simulation capabilities are limited to one NMI, on one type of software, with known limiting simplifications due
to calculation speed and the current TRL-level in the 400 nm – 850 nm spectral range is around 3 to 4.

A new software package and two more partners are now involved in charge carrier simulation. Simulations
with high performance computer (HPC) systems have been demonstrated. The overall availability and
simulation capacity is expected to improve significantly throughout the project, but it requires software that
scales well in parallel computing to fully exploit the HPC capabilities.

In S-CALe Up simulation models will be used to

I. improve predictability of the PQED to achieve an uncertainty that goes beyond the IQD losses,
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