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Publishable Summary for 25IEM01 S-CALe iIT 
Self-calibrating photodiodes for integrated and infrared technologies



Overview
Photonics as a key enabling technology is driving the technological development in light-based sensing, health, industry and environment in a trend moving towards miniaturised and integrated measurement systems. Combining predictable photodiodes and new metrology from previous successful projects in the spectral range from 200 nm to 1000 nm, we propose full integration of the technology in a photonic integrated circuit forming an NMI-on-a-chip. Furthermore, we propose to develop a predictable spectral response scale in the near infrared and use it as a reference for SI traceable spectral solar irradiance from 300 nm to 1600 nm and provide SI traceability in the emerging field of programmable photonic integrated circuits.

Need
From political and industrial leaders, the message is clear: Europe must strengthen manufacturing and metrology capabilities to ensure innovation and maintain control over the supply chain. Through the Chips Joint Undertaking (CHIPS-JU), a €380M investment in new production lines was approved in 2024.
Photonics is one of Europe’s six Key Enabling Technologies (KET), with applications in climate monitoring, healthcare, diagnostics, energy-efficient lighting, quantum technologies, and more. The trend is toward miniaturization, integrated measurement systems and distributed sensors. Current metrology systems cannot calibrate photonic integrated circuits (PICs), creating a growing need highlighted in multiple European strategies. Platforms such as Photonics21 and Quantum Flagship emphasize the integration of self-calibrating systems as a major research and innovation challenge. To reduce costs and improve robustness, tighter component integration on a single chip is essential. Consequently, Chips JU has launched calls for projects combining electronics and photonics. Process Design Kits (PDKs)—modular process libraries—are recommended to accelerate development. However, varying PDK quality demands accurate performance measurement, posing a challenge for metrology.
Today’s radiometry community cannot provide on-chip traceability. Previous European projects demonstrated that self-calibrating Predictable Quantum Efficient Detectors (PQEDs) can serve as miniaturized primary standards from 300–1000 nm, achieving record-low uncertainty and stability. Current work extends this to 200–400 nm, while improved traceability in the infrared (900–1600 nm) is urgently needed. Recent breakthroughs in black Germanium (bGe) photodiodes enable predictable IR spectral response with lower uncertainty than the current 0.3% benchmark, simplifying calibration chains and reducing required wavelengths.
Infrared technology is critical for Earth observation, meteorology, and communication. Measuring Earth’s energy imbalance (EEI)—the ratio of incoming to outgoing radiation—requires ultra-low uncertainty (<0.1%) across UV to IR. This project aims to improve traceability for spectral solar irradiance from 300–1600 nm, reducing uncertainty in atmospheric gas and aerosol measurements. The compact, self-calibrating technology is particularly suited for small satellite missions, providing internal optical power references in remote environments.

Objectives
The overall objective of the project is to develop improved and simplified SI traceability in the infrared spectral range and increase the TRL-level from previous projects by developing built-in SI traceability in photonic integrated circuits (PICs) and demonstrating the benefit of having a predictable reference in dedicated measurement setups.    
The specific objectives of the project are:
To develop highly accurate and fast simulation models of loss components for different types of infrared photodiodes and predict the responsivity based on independent characterisation techniques from 900 nm to at least 1600 nm, with a standard uncertainty below 0.1 %. (WP1)
[bookmark: _Hlk207111362]To develop an improved, simplified, self-calibrating and predictable spectral response scale in the infrared, from 900 nm to at least 1600 nm, based on available infrared photodiodes (e.g. InGaAs, induced junction Ge), and able to operate at room temperature(s), with a standard uncertainty of 0.1 %. (WP2)
[bookmark: _Hlk207111398]To provide optical power traceability in PICs by i) developing a Process Design Kit (PDK) with a PQED fully integrated in PICs for the spectral range from 500 nm to 900 nm and ii) carrying out the hybrid integration of the photodiodes from Objective 2 in programmable photonics at 1550 nm, with a standard uncertainty of 1 %. (WP3, WP5)
To increase the TRL-level of PQEDs in the 300 - 1000 nm spectral region from 3 to at least 4, and to demonstrate the benefit of using the predictable self-calibrating photodiodes from Objective 2 and previous projects in end-user applications, such as providing traceability to spectral solar irradiance measurements from 300 nm to 1600 nm, to reduce the uncertainty of retrieved atmospheric trace gases and aerosol optical depth by shortening the traceability chain. (WP4)
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, IEC), and end users (photonics industry). (WP6)

Progress beyond the state of the art and results
The project aims to advance infrared metrology by developing accurate models and self-calibrating technologies for germanium (Ge) photodiodes operating from 900 nm to 1600 nm with a standard uncertainty below 0.1%. It also aims to establish optical power traceability in photonic integrated circuits (PICs) and improve calibration methods for advanced applications.
Objective 1 focuses on creating high-accuracy 3D physical models of Ge photodiodes’ internal quantum deficiency (IQD), supported by measurements and High-Performance Computing (HPC) to accelerate simulations. These models will serve as digital twins for individual detectors, enabling precise characterization. Simplified 1D models will also be developed for practical use, reducing computation time from days to minutes. The approach builds on successful modelling of silicon photodiodes in previous projects and leverages the simple structure of induced junction Ge photodiodes for high accuracy applications.
Objective 2 targets an improved, predictable spectral response scale in the infrared using induced junction black Germanium (bGe) and planar Ge photodiodes. Current methods rely on InGaAs detectors calibrated against cryogenic radiometers at discrete wavelengths, achieving ~0.3% uncertainty—insufficient for demanding applications like Earth energy imbalance (EEI) measurements. By combining physical models with experimental data, the project aims to minimize calibration points, potentially to a single wavelength, while maintaining accuracy over the full spectral range.
The project will also adapt dual-mode self-calibration technology, previously demonstrated for silicon, to Ge photodiodes. This method, expected to surpass current IR standards, will enable robust traceability and integrated calibration in remote systems. The structured surface of bGe photodiodes reduces reflectance, allowing them to function as reliable standard detectors. These innovations will benefit space missions, programmable PICs and other advanced applications requiring ultra-low uncertainty.
Objective 3 focuses on developing a Process Design Kit (PDK) that integrates Predictable Quantum Efficient Detectors (PQEDs) into PICs for the 500–900 nm range, enabling on-chip SI-traceable optical power measurements. This innovation addresses a major gap, as current metrology only supports fiber-coupled traceability, leaving on-chip integrated systems without reliable calibration. The PDK will serve as a reusable solution for advanced sensing systems, ensuring product quality and measurement accuracy with a target uncertainty of 1%. Additionally, the project will support programmable PICs (pPICs) at 1550 nm by hybrid integration of photodiodes from Objective 2. These reconfigurable devices reduce development costs but require precise calibration to account for configuration sensitivity and propagation losses. The low reflectance and flip-chip compatibility of black Germanium (bGe) detectors make them ideal for integration with pPICs.
Objective 4 aims to raise the Technology Readiness Level (TRL) of PQEDs in the 300–1000 nm range and demonstrate their benefits in end-user applications, such as solar irradiance measurements. Current methods rely on tungsten-halogen lamps and long calibration chains, resulting in 0.6% relative uncertainty—insufficient for climate monitoring. The project proposes a portable tunable source combined with PQEDs to reduce uncertainty to 0.3%, improving traceability and shortening calibration chains. This approach will enhance atmospheric trace gas and aerosol measurements and promote PQED adoption in Earth observation and space missions.

Outcomes and impact
Key dissemination and communication activities

Outcomes for industrial and other user communities 
The project will deliver significant benefits across multiple sectors by enabling maintenance-free, self-calibrating sensors with high quantum efficiency—meeting Photonics21’s strategic roadmap targets for 2021–2027. Photonic sensors are critical in industries such as healthcare, automotive, and surveillance, forming a multi-billion-euro market. Improved metrology and simplified traceability will enhance efficiency, resilience, and competitiveness, giving European industry a strong advantage in innovation and quality assurance. Miniaturized diagnostic instruments in healthcare will gain integrated calibration references, improving reliability and confidence in analytical results.
In quantum technologies, photonics is essential for single-photon sources and detectors. PICs provide an ideal platform for integrating these components, and this project complements ongoing efforts by extending functionality across a wider dynamic range.
Environmental monitoring will also benefit significantly. About two-thirds of Essential Climate Variables (ECVs) rely on optical measurements, requiring long-term SI-traceable data to detect subtle climate trends. Self-calibrating instruments operating autonomously in the field will meet this need, improving Earth observation data quality and confidence in climate-related decisions.
Finally, the technology’s small footprint and ability to operate in vacuum at room temperature make it highly attractive for small satellite missions, where integrated calibration references are critical for remote sensing applications.
Outcomes for the metrology and scientific communities 
This project will deliver transformative benefits to the metrology community by extending predictable, self-calibrating techniques into the infrared (IR) range, complementing previous advances in UV and visible wavelengths. A successful outcome will provide a continuous, predictable spectral response scale from 200 nm to 1600 nm with unprecedented accuracy and simplified implementation. This will reduce calibration effort, minimize the number of required wavelengths and improve global consistency in spectral response measurements.
The development of high-accuracy, miniaturized standard detectors will enable integration into classical and emerging measurement systems, enhancing traceability for IR technologies such as thermography, digital communications and Earth observation. By leveraging intrinsic photodiode properties and proven concepts from earlier projects, the initiative supports an internationally coordinated Integrated European Metrology (IEM) landscape, fostering collaboration among NMIs of all sizes.
The concept of “NMI-on-a-chip” will take metrology beyond laboratory settings into compact, integrated systems, serving new domains like quantum technology and photonic integrated circuits. These advancements will accelerate standardization efforts and make adoption easier across industries. The project is critical for strengthening Europe’s leadership in metrology and supporting innovation in diagnostics, industrial manufacturing, and environmental monitoring.
Outcomes for relevant standards
The research project deals with topics that are very important to the CIE. The output of the project, will actively benefit work in the CIE across several of its Research Strategy themes: 
• Overarching theme 1.1 Digital transformation of metrology, science, and industry 
•Topical theme 2.2: Advances in measurement and calibration 
• Topical theme 2.4: Fundamentals of photobiology for agriculture and aquaculture 
• Topical theme 2.5: Enabling the application of safe and beneficial optical radiation. 
In addition to contributing to the existing work programmes outlined above, the outcomes of the project could result in new Technical Committees, Research Fora or Division Reporterships such as: 
 •Possible establishment of a new CIE Technical Committee on Self-calibrating photodiodes for integrated and infrared technologies; 
•Possible initiation of a Research Forum on Advances in measurement, calibration and metrological traceability. 
Within the strategic planning for the consultative committee for photometry and radiometry (CCPR), the project is of interest to the following committees:
TG7 – Discussion Forum on Few-photon Metrology
TG10 – Task Group on the Strategy document
TG13 – Task Group on Optical Fibre Power Responsivity
TG15 – Task Group on the impact of digitalisation on matters related to the CCPR
TG17 – Discussion Forum on Metrology for satellite observations
Longer-term economic, social and environmental impacts
The European photonics industry is rapidly expanding, projected to grow from €124.6 billion in 2022 to €175 billion by 2027, with strong global market shares in Industry 4.0, instrumentation, healthcare, and defence. This project aligns with Photonics21’s strategic roadmap and addresses critical needs for miniaturized, self-calibrating sensors and integrated metrology solutions. By enabling simplified traceability and robust calibration within photonic integrated circuits (PICs), the project will accelerate innovation in sectors such as healthcare, quantum technologies and industrial manufacturing.
The integration of Predictable Quantum Efficient Detectors (PQEDs) into PICs as embedded standards represents a breakthrough for optical power traceability, supporting next-generation sensing systems and programmable photonics. These advancements will improve measurement accuracy across applications, from Fourier Transform spectrometers to quantum devices and strengthen Europe’s leadership in metrology and photonics.
Environmental and societal impacts are significant: autonomous, self-calibrating instruments will enhance Earth observation and climate monitoring, while miniaturized optical systems will improve medical diagnostics by ensuring traceable measurements. The technology’s compact design and room-temperature operation make it ideal for space missions and small satellites. Overall, the project will deliver a quantum leap in metrology, enabling traceability in ways previously unattainable and reinforcing Europe’s competitive edge in a multi-billion-euro industry.


List of publications
[bookmark: _Hlk43814775]This list is also available here: https://www.euramet.org/repository/research-publications-repository-link/ 


	Project start date and duration:
	01 June 2026, 36 Months

	Coordinator: Jarle Gran, Justervesenet         E-mail: jag@justervesenet.no
Project website address: 

	Internal Beneficiaries:
1. JV, Norway
2. Aalto, Finland
3. CMI, Czechia
4. DFM, Denmark
5. INRiM, Italy
6. Metrosert, Estonia
7. NPL, United Kingdom
8. PTB, Germany
9. RISE, Sweden
10. SFI Davos, Switzerland
11. TUBITAK, Türkiye
12. VSL, Netherlands
	External Beneficiaries:
13. ElFys, Finland
14. IFE, Norway
15. SINTEF, Norway
16. UGent, Belgium
17. USN, Norway
	Unfunded Beneficiaries:




	
	

	
	Report Status:
PU – Public, fully open


Publishable Summary 


Issued: Month Year
	Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or EURAMET. Neither the European Union nor the granting authority can be held responsible for them.


The project has received funding from the European Partnership on Metrology, co‑financed from the European Union’s Horizon Europe Research and Innovation Programme and by the Participating States.
	[image: ]



	
	
	1/3
	



	

	
3/3
	





image1.jpg
®
EURAMET





image2.JPG
: Co-funded b
European Partnership - i Eumpea'{ Oiich

.

METROLOGY EURAMET -

PARTNERSHIP





