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Hybrid metrology for thin films in energy applications
Overview
The EU’s 2050 targets for energy efficiency and renewable energy generation stimulate fast growth of a
multibillion multi-technology industry based on innovation. Two key challenges in the development of new
technologies for energy generation, distribution and storage/conversion are to ensure long-term durability at
the required performance and short time-to-market of innovative products. This project will develop a
cross-cutting European hybrid metrology capability for the characterisation of thin film performance and
durability in energy applications; essentially developing experimental and mathematical methods to enable
datasets from multiple measurements to be combined to deliver new or better results than the sum of individual
methods.

Need
Currently over 50 % of the EU’s energy is imported, leading to a lack of price control due to volatility of
international markets. This scenario is further complicated by increasing demand and the significant
detrimental impact of fossil fuels on the environment. To combat that situation Europe’s strategy[1] is to focus
on more efficient ways of generating and using energy, which should lead to reduced CO2 emissions, improved
energy security, creation of local jobs and increased exports of EU expertise and products. The EU’s targets
for the use of renewable energy and energy efficient devices have stimulated fast growth of a multi-technology
market based on innovation. Two key challenges in the development of new technologies for energy
generation, distribution and storage/conversion are to ensure long-term durability at the required performance
and short time-to-market of innovative products.
New, efficient energy technologies currently face barriers to market entry due to the challenge of demonstrating
required lifetimes before product deployment. Predictive modelling of aging would reduce investment risks in
new technologies and provide a link between laboratory tests and real life operation. It also would provide a
ranking method for different materials and manufacturing processes, accelerating the cost-effective
development of new energy technologies. The key challenge for predictive modelling is that degradation is
affected by a complex mix of different parameters which would require a new analytical approach to combined
data analysis.
In parallel, faster and more cost efficient development and transfer of manufacturing processes from laboratory
to factory would accelerate uptake of new energy-efficient products. The complexity of thin films used in energy
applications means that device performance is affected by a combination of different sample characteristics.
The requirement to use complementary characterisation methods leads to major challenges related to reliable
correlation of datasets from different metrology tools. The result is increased scale-up time and costs that
adversely affects the uptake of better performing energy technologies.

Objectives
The aim of this project is to develop a cross-cutting European hybrid metrology capability for the
characterisation of thin films’ performance and durability in energy applications; it will develop experimental
and mathematical methods to combine datasets from multiple measurements, delivering new or better results
than the sum of individual methods.
The specific objectives of the project are to:
 Develop hybrid experimental methods for improved analysis of complex energy thin film material properties
and study their impact on the performance of energy products.

Report Status: PU Public
Publishable Summary

8his publication reflects only the author’s view
and the Commission is not responsible for any
use that may be made of the information it
contains.

Issued: April 2018

1/5

16ENG03 HyMet

 Develop data analysis, data fusion and mathematical models to implement the hybrid metrology methods.
 Develop measurement methods for 2D and 3D chemical, structural, optical, and optoelectronic properties
of nano-structured thin film energy materials and devices capable of identifying inhomogeneities at multiple
scales.
 Identify key measurement parameters for improved stability of thin film energy products and generation of
new materials datasets as a function of aging.
 Facilitate the uptake of the technology and measurement infrastructure developed in the project by the
measurement supply chain (accredited laboratories, instrument manufacturers), standards developing
organisations (DIN, ISO) and engage with industries that exploit thin films in energy applications to support
the development of new, innovative products, thereby enhancing the competitiveness of EU industry.

Progress beyond the state of the art
The complexity of thin films used in energy applications often requires the use of multiple characterisation
methods for a full understanding of materials’ properties and their impact on energy applications. Typically, a
trial and error approach is used to build correlation between manufacturing processes, characterisation data
and device performance/durability. Such inefficient process needs to be repeated for each material system
and energy technology, increasing development cost and time to market.
Hybrid metrology is the concept that to meet metrology requirements of complex technology, data from multiple
metrology sources must be combined or “hybridised”. Hybrid data analysis of separate methods used to
measure the same parameter have been demonstrated to reduce uncertainty and improve quality control of
nanoscale feature dimensions that are critical for microelectronic components.
This project will extend this concept for the challenging case of combining methods that measure different (but
correlated) sample parameters with a focus on developing the required metrology basis for the hybrid
metrology concept. The benefits of the method will be demonstrated in three different case studies with
stakeholders from the energy sector. A generalised approach towards combination of multiple parameter
metrology will be developed and disseminated.
In the area of characterisation of aging, current state of the art relies on accelerated tests that cannot be
validated for new energy products as acceleration factors are often unknown. It also relies on separate analysis
of individual measurements that do not allow easy identification of the key degradation processes and their
relative importance to device lifetime. This project will go beyond by developing in-situ, in-operando and
in-process measurement protocols that allow identification of degradation processes in novel energy
technologies. These will be combined with new hybrid data analysis methods to allow identification of key
materials parameters that can be used to monitor early signs of degradation and simplified measurement
methods.

Results
Hybrid experimental methods for improved analysis of complex energy thin film material properties and their
impact on the performance of energy products
The project will develop new experimental methods that make use of multiple measurement techniques to
improve analysis of complex thin film materials used in energy applications.


Combination of X-ray diffraction (XRD), X-ray fluorescence (XRF) and white light reflectometry (WLR)
will allow simultaneous monitoring of important film properties such as chemical depth gradients and
bandgap gradients with high time resolution (in the order of tens of seconds), opening the possibility
of real time measurements and process control during film deposition. The project has installed a highflux metal jet X-ray source for the XRD/XRF measurements that is currently being calibrated.



Combination of time-of-flight secondary ion mass spectrometry TOF-SIMS, optical and scanning probe
methods will allow analysis of laterally micro structured thin layer systems with resolution below
200 nm
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Combination of grazing incidence X-ray fluorescence (GIXRF) and near-edge X-ray absorption fine
structure spectroscopy (NEXAFS) will allow depth-dependent determination of chemical binding state.
As a first step the software algorithms to calculate the X-ray standing wave field and the GIXRF
fluorescence intensity has been reviewed and updated to give access to an automated calculation for
both GIXRF and NEXAFS.

Data analysis, data fusion and mathematical models to implement the hybrid metrology methods
The project will innovate in the development of new approaches to multidimensional data fusion and reliable
optimisation algorithms to keep computational costs to a minimum. Mathematical methods for combined data
analysis will be developed for:


Combined XRD/XRF/WLR



Combined TOF-SIMS, optical and scanning probe data analysis



Combined GIXRF/NEXAFS data analysis

The project will also develop a protocol for the implementation of hybrid metrology approaches. Detailed
discussions and knowledge transfer between partners are being used to identify best practice and to improve
efficacy of implementation of hybrid methods.
Measurement methods for 2D and 3D chemical, structural, optical, and optoelectronic properties of
nano-structured thin film energy materials and devices capable of identifying inhomogeneities at multiple
scales.


This project will build and develop a Hyperspectral Coherent Fourier Scatterometer (HCFS) that will
extend resolution and improve sensitivity of CFS by exploiting the diversity given by a broad spectral
range. Target will be to reach sub-nanometre uncertainty (0.1 nm) in dimensional measurements in a
spectral range covering at least 400 nm to 900 nm.



It will develop, validate and disseminate a measurement procedure for traceable ellipsometry
measurement of porous materials. Specifications for different sample types have been agreed
between partners. Mesoporous samples were produced and preliminary sample characterisation has
been completed using a number of methods such as GISAXS, XRR, XRF and SEM.



The combined TOF-SIMS, optical, scanning probe method, will be applied to the determination of
defects in thin film energy materials with a goal to achieve lateral resolution below 200 nm. A sample
transfer system has been installed and a photoluminescence (steady state and transient) system has
been implemented and demonstrated for ex situ characterisation of solar cells.



Complementary methods will be used to validate the new instrument, reference samples and
measurement methods.

Key measurement parameters for improved stability of thin film energy products and generation of new
materials datasets as a function of aging


The project will develop in-situ metrology facilities that can generate realistic aging conditions in a
controlled way, transfer chambers and procedures to avoid sample contamination and uncontrolled
aging during transport and storage, and improve quantification and specificity of techniques including
tip enhanced optical spectroscopy and TOF-SIMS (e.g. mass accuracy 1 ppm). It has developed a
new facility to handle sensitive samples by installation of a transfer system that will allow efficient
transfer of samples between the NPL Environmental Test Chamber and the 3D OrbiSIMS instrument
without exposing the samples to the atmosphere.



Measurements of key parameters as a function of aging in state-of-the-art devices will support
development of more stable new energy products.

Impact
Close interaction with stakeholders and a well-designed plan of knowledge transfer, training, dissemination
and exploitation activities is central to this project. The large group of stakeholder partners will ensure a diverse
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view of needs and exploitation routes that will help maximise impact to ensure a safe and sustainable low
carbon economy in Europe. Potential contribution from collaborators will also add value to the project.
Impact on industrial and other user communities


Three case studies championed by stakeholders will be investigated, covering stability of solar cells,
impact of porosity and chemical composition on electrocatalytic activity and quality assessment of thin
film power electronics. They will demonstrate the general applicability of the advanced metrology
developed, facilitate uptake of results by equipment manufacturers, device manufacturers and endusers and generate demonstrable impact within the project lifetime.



Accelerated time to market of more cost-efficient technologies will be enabled by the development of
failure mechanism identification and production quality (both in process and post process).



New calibration facilities, new reference samples and innovative new measurement methods will be
generated to support the EU energy community. The new facility to handle sensitive samples at NPL
is already being offered as a commercial service to companies in the energy sector. The project will
also offer free access to instrumentation, secondments and training to ensure uptake of the
technology.



Instrument manufacturers will benefit from validation of experimental methods and standardisation
activities that will strengthen the reputation and acceptance of the new measurement technologies.

Impact on the metrology and scientific communities
The hybrid metrology approach developed in this project will provide a new paradigm in metrology in Europe
where single metrology areas previously developed separately will be merged to deliver better support for the
energy sector. This concept drives collaboration and open innovation to the benefit of multiple stakeholders.
Results from the project have been disseminated through 9 conference/workshop presentation, delivery of 2
training events as well as 2 publications submitted for publication in peer-reviewed journals. The consortium
is also organising an Autumn Physics School on Metrology for Thin Film Materials during the 2018 European
Optical Society Biennial Meeting that will be focused on disseminating project results to the next generation of
scientists and engineers.
Impact on relevant standards
This project will perform two interlaboratory studies through VAMAS, contribute to a pilot study within CCQM
and to upcoming standards within DIN and ISO. It will also produce at least 2 best practice guides and
recommendation documents to support future standardisation activities. Partners of this consortium are very
active in pre-normative standards in VAMAS and standardisation activities in DIN and ISO. Traceability is
established through the Surface Analysis Working Group (SAWG) of CCQM at the BIPM. The experience of
all the partners and international network will ensure that standards developed are suited to the needs of
industry, based on the best science and inter-operability of procedures evaluated through interlaboratory
studies.
The project partners have already provided input to 2 documentary standards and presented consortium
research results and activities in two working group meetings (ISO and DIN) as well as participated in standard
committee meetings. In particular this project contributed significantly to DIN50989-1 Ellipsometry which is
now being extended to progress as an ISO document.
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Project start date and duration:

01 June 2017, 36 months

Coordinator:
Fernando Araujo de Castro, NPL
Tel: +44 2089 436 357
Project website address: https://www.hymet.ptb.eu/

E-mail: fernando.castro@npl.co.uk

Internal Funded Partners:

External Funded Partners:

Unfunded Partners:

1 NPL, United Kingdom
2 BAM, Germany
3 CEA, France
4 CMI, Czech Republic
5 PTB, Germany
6 VSL, Netherlands

7 Aalto, Finland
8 CPI, United Kingdom
9 HZB, Germany
10 SURREY, United Kingdom
11 TUB, Germany
12 TWI, United Kingdom

13 Accurion, Germany
14 Empa, Switzerland
15 Flisom, Switzerland
16 HF, France
17 METAS, Switzerland
18 Oxford PV, United Kingdom
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