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In the semiconductor industry, Moore’s law comes with increasing and complex
demands and the need for advanced process control metrology. Nearfield Instruments
fulfils these needs with their high-throughput scanning probe metrology (HT-SPM)
systems. January 2018, they started working on their first product, QUADRA.

By rigorously adhering to an agile systems engineering methodology and promoting
the concept of a minimum viable product, Nearfield Instruments was able to develop,
integrate, test, and subsequently ship their first QUADRA to a major semiconductor
fab in December 2020.
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First shipment

Following Moore’s law, chip manufacturers face an NFI has realised its first product, QUADRA, and shipped
the first system to a major semiconductor fab in December
2020 (Figure 1). QUADRA enables the industry to obtain
better insights into the chip’s manufacturing process
variations in the nanometer-sized features. These insights

increasing complexity of their integrated circuits (ICs), as
new, sensitive materials, 3D structures, and buried features
are introduced. This also leads to increasing and complex

demands and the need for advanced process control
metrology. Nearfield Instruments (NFI) fulfils these needs
by developing and delivering a high-throughput scanning
probe metrology (HT-SPM) system. It is the only metrology
system that can provide a 3D-capable, non-destructive,
inline atom-scale metrology and wafer defect review
instrument at industry-level throughput.

allow the industry better control of its manufacturing
process, leading to an increased production yield.
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NFl's Quadra.
(a) Metrology core
(b) First system shipped to a customer.
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Roadmap of logic devices. Some fabs will adopt gate-all-around for 3 nm and beyond,

and TSMC for 2 nm.

down to sub-nanometer level. Critical defects need to be
imaged and measured in three dimensions to trace back their
origin. With the full switch to 3D features, the alignment of
different IC layers requires atomic-scale precision.

However, the current industry state-of-the-art metrology
systems run into physical limits: classical optical metrology
equipment, for so-called in-device-metrology, does not
provide an acceptable resolution at the required feature
sizes, while electron-beam metrology equipment faces
challenges in the depth of field, accurate 3D information,
and sensitive materials. Therefore, to enable the application
of the current and next-node disruptive semiconductor
scaling technologies, novel atom-scale metrology solutions
at industry-level throughput are needed.

NFI approaches these process control challenges based on
scanning probe metrology (SPM), featuring a cantilever
with a sharp tip (probe) at its end that is used to scan the

specimen surface. When the tip is brought into proximity of

a sample surface, forces between the tip and the sample lead
to the cantilever’s deflection. In a sense, the information is
gathered by ‘feeling’ the surface with a mechanical probe.
Piezoelectric elements that facilitate tiny but accurate and
precise movements on (electronic) commands enable very
precise scanning.

SPM, therefore, has the potential to fulfil the current and
future requirements of the semiconductor industry. It has
the advantage of providing a three-dimensional surface
profile (3D capabilities). Additionally, samples viewed

by SPM do not require any special treatments or sample
preparation (unlike transmission electron microscopy)
that would irreversibly change or damage the sample. They
do not typically suffer from charging artifacts in the final
image. SPM also has soft materials sampling capabilities

as it produces a very high atomic resolution.
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QUADRA: high-throughput metrology equipment
Atomic force microscopy (AFM) is an established SPM
technique for analysing profile and surface properties with
(sub-)nanometer precision. In AFM, a cantilever with a
sharp tip attached to its free end is excited at a frequency
near its fundamental resonance frequency to reach a
specified free-air amplitude. Then, using a piezoelectric
actuator, it is brought into proximity of the sample surface.
Due to the tip and sample surface interactions, the vibration
amplitude reduces, which indicates the distance between the
sample surface and the tip. By scanning the sample surface
while adjusting the overall distance to keep the amplitude
constant, a 3D topographic profile of the sample is recorded.

Although AFM is a three-dimensional technique in
principle, regular AFM cannot be used to provide images
of 3D structures containing deep and narrow trenches,

as widely used in the semiconductor industry. Therefore,

a new scanning mode, called Feedforward Trajectory
Planner (FFTP) mode, is currently being developed by NFI
(Figure 3). This scanning mode enables non-destructive
nanoimaging of high-aspect-ratio, narrow trenches,

such as those common in the semiconductor industry.

Moreover, a single AFM instrument is known for its

very low speed and not suitable for scanning large areas,
resulting in very-low-throughput measurement.

QUADRA addresses these challenges by parallelising

AFM instruments. The parallelisation is achieved by
miniaturising the AFM instrument and operating many of
them simultaneously. This concept has the advantage that
each miniaturised AFM can be operated independently. We
have developed an architecture that enables operating many
miniaturised scanning heads in parallel, increasing the

throughput to an industry-acceptable level. The first

3D metrology of high-aspect-ratio GAA FET structures with FFTP mode.



product out of this FFTP architecture is based on four
scanning heads, the so-called QUADRA.

While modern foundries produce from 20.000 to over
100.000 wafers per month, semiconductor manufacturers
have automated their factories to a high degree. Foundries
are built by integrating tools provided by different suppliers,
each tool performing one or more steps in the chip
manufacturing process. To be able to deliver a tool to

the semiconductor manufacturers, the tool must be fully
automated and compatible with the manufacturing
execution systems of each factory.

In QUADRA, all subsystems have their automation
software, and the machine is managed with a machine
control system. We have automated every step in measuring
a wafer, from loading and unloading the wafer, exchanging
probes, determining the measurements’ location on the
wafer, and finally, to the actual measurement. As QUADRA
will not be used to provide measurements but to provide
actionable information to our customers, the interpretation
of the 3D data from each measurement is also automated.

Minimum viable product approach

Early customer engagement

To develop and deliver a product to market in a very short
period of time while still satisfying the customer needs, NFI
has adopted the minimum viable product methodology. A
minimum viable product (MVP) is a version of a product
with just enough features to be usable by early customers
who can then provide feedback for future product
development.

Adbhering to a rigorous approach in developing an MVP
does not equal delivering an unfinished product. An MVP
is a product that is to be accepted and used by the customer
satisfying all necessary industry and customer requirements,
but only the necessary requirements. From this follows that
early customer engagement is of great importance to learn
what it really is what a customer needs and expects from

a first-in-fab product. As it is a new product with new
technology this deep engagement works both ways:
together with the customer NFI went through a journey

of exploration and creating mutual understanding.

One can distinguish four steps we went through:

1. A good understanding of the general market trends
and developing a decent proof-of-concept set-up to
be able to demonstrate the viability of the technological
solution.

2. Deep understanding of specific customer needs. This
can only be achieved by regular personal interaction,

not with the customer but with the users, the persons
that feel the pain in the factory. Listen, learn,
experiment, and show the results, whether good or
bad. This builds the trust to get into a dialogue on
applications and to have the customer release samples
to directly show customer application solutions.

3. Showing the viability and reliability of the solution;
in dialogue we can get clarity and agree upon the key
performance indicators (kpi’s) on which a first product
would be evaluated and, equally important, which kpi’s
are less or not important.

4. Discuss and engage with more customers, to ensure the
product will be able to serve a broader customer base
and add value to the whole industry.

Obviously, steps 1, 2 and 3 are a constant iterative process
that requires the system architecting and development to
take place in an agile manner, as with growing insights on
both NFI and customers side, the priorities often change,
certainly in the beginning. Having a solid system
architecture with a flexible design process allows to absorb
those changes. The challenge lies in dampening out the
changes to an ultimately frozen set of parameters. This can
only be done through a deep and trustworthy engagement
with the customer. NFI has done this by ‘getting out of the
building’ as early as possible. Engaging with the users
on-site, experiencing their pain and needs and getting
feedback on our ideas immediately and directly, constantly
helped us to stay focused towards the end goal: a system
that satisfies the customer needs while minimising
development risks, time, and resources.

The customer is not seeking the perfect system, a jack of all
trades. Ultimately, a customer wants an ultimate tool, but
principally a customer wants a solution to their pain as soon
as possible, satisfying as minimal as possible boundary
conditions, which can be challenging enough already. By
distinguishing between and agreeing on what parameters
are need-to-have and what are nice-to-have (and providing
a clear path towards those), an MVP can be defined that at
the same time satisfies the customer needs while
minimising the design parameter space. This leads to a
swifter, less complex development and integration process.

Agile systems engineering

Developing a highly complex system requires a structured
and phased approach, with clear milestones and decision
points to go to the next phase. At NFI, we apply proven
systems engineering methodologies to structure system
definition and product development. Following the well-
known V-model (Figure 4), the QUADRA product
requirement specifications were agreed with the customer,
then the system performance specifications were defined
from high-level system requirements on functionality,
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performance, reliability, and serviceability, down to
specifications on the part level, taking into account the
interfaces between all constituent elements in the system.
Key is that the interfaces are chosen such that the
subsystems are disentangled as much as possible to enable
swift integration, easy repair and recovery, and scalability
for future products based on the QUADRA architecture.

To have a factual basis for subsequent development,
intimate contact with our development partners on the
clarity and feasibility of specifications has proven invaluable.
With extensive FMEAs (failure modes and effects analyses)
to capture risks and include countermeasures, this ensured
that specified parts, modules, and subsystems were
developed, designed, and manufactured successfully, with
full understanding, commitment, and support of all parties
involved. Qualifying the system was done in reverse order,
from part level to modules, subsystems, to finally system
functions and performance.

Projects for all significant subsystems and system functions
were organised and managed in close cooperation with our
development partners. Specifications and timelines were
translated to detailed work breakdowns, a master planning
for the entire system, and more detailed plans for its
subsystems and modules. To ensure quality and time-to-
market within budget constraints, a significant part of the
work in developing and realising the system consisted of
managing uncertainty and risk. NFI adopted a strong, agile
way of working to make this happen. All teams conduct
daily and weekly reviews based on the available facts and
the projection on the goals to be met. These were used in
fast and efficient decision loops and priority setting at
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different organisational levels to mitigate risks and keep track.
Motto: manage the unavoidable and avoid the unmanageable.

This agile way of working was deployed to all parties
involved, internally and externally. Timely early integrations
for parts and modules were conducted to quantify technical
risks and correct them before full system integration
requires them to function properly in an even more
complex setting. Alternatives for time-consuming and/or
costly solutions were discussed and decided on.
Additionally, project organisation was adapted wherever
necessary to match the phase’s needs in the project.

This structured way of working, deeply involving all
parties, has proven its value, and has resulted in a well-
defined, well-developed, well-built, and well-performing
system. Following the principles described, NFI has
succeeded in realising and shipping its first high-
throughput scanning probe metrology tool with
unprecedented performance in the shortest possible
time - right first time.

Architecture

The mechatronics architecture of QUADRA has been

designed to fulfil three high-level requirements:

1. developing an imaging mode suitable for high-aspect-
ratio, dense 3D structures in the semiconductor industry
(Logic, DRAM, and 3DNAND);

2. increasing the throughput of SPM to a level that can be
leveraged in the semiconductor production line, and;

3. full automation of the system with interface to the
factory control software or MES (manufacturing
execution system).



Mini scan head

EEE I

Positioning Unit

The original concept of the high-throughput metrology: miniaturised scan heads or miniature AFMs (MAFMs) being positioned to the target of interest via miniaturised, fast
and accurate positioning units and parallel metrology of several locations on a wafer.

(a) Schematic.
(b) Realisation.

We have achieved a very high throughput in AFM via three
developments: by increasing the speed in MAFM (miniature
AFM); by increasing the bandwidth of the AFM’s sub-
modules, i.e., the mechanical stages (x, y, z), optical read-
out, controller bandwidth, approach speed, and speed of
positioning; and by a fast and automated probe exchange.

Completely fixed x,y-positions of the MAFMs would
significantly limit the flexibility. Therefore, the MAFMs
can individually be positioned relative to the wafer prior to
scanning the wafer. To keep the design simple, each MAFM
is positioned on a wafer by its own fast and accurate
positioning unit. In this way, a set of parallel MAFMs can
cover the full wafer, and they can be moved onto and off
the wafer to enable loading and unloading of the wafer.

The positioning loop vs. the metrology loop in the upside-down architecture.

To significantly increase the measurement bandwidth while
maintaining the high accuracy of metrology, it is crucial

to keep the metrology loop short. Since the MAFMs are
connected to a long positioning arm, the metrology loop

is large and external disturbances and wafer stage reaction
forces at high speeds limit the measurement performance.

We opted for an architecture to overcome this, in which the
MAFMs are mechanically detached from the positioning
arms during the measurement. In this way, the metrology
loop becomes much shorter. But it requires the system to

be upside-down such that by detaching the MAFMs from
the positioning arm, the MAFM can land on the frame

of the system. The two loops, for positioning and metrology,
in the upside-down system are depicted in Figure 6.
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Dynamics architecture

QUADRA dynamics architecture has been chosen to enable
sub-nm metrology performance while maintaining high
throughput for today and future products. The architecture
must fulfil the measurement performance in the presence
of external disturbances (floor vibrations, electronics noise,
acoustics, thermal effects, etc.) and reaction forces due to
motion stage accelerations. Five different concepts have
been considered (Figure 7) and analysed, and a trade-off
has been made to choose the baseline.

Our study showed that a metroframe or balance mass is
likely to be required to reduce the measurement’s sensitivity
to vibrations introduced by “wafer scanning stage motion
reversals”. As a balance mass was considered more
complicated than a metroframe, and a metroframe could
also be beneficial for long-term machine stability
measurement to improve possible future overlay
measurement, the second concept (separate metroframe)
was selected. The study also pointed out that the metro-
frame could be helpful in the vertical degree of freedom (z)
as well.

Once QUADRA metrology performance and accompanying
budgets were defined, a quantitative study on system
dynamics was conducted. Consequently, the requirements
and budgets were determined for different parts of the
system, as shown in Figure 5. Next, the budgets were
divided over various contributors. Figure 8 illustrates the
dynamics layout of QUADRA.

It is vital to experimentally test and validate the
mechatronics design. Testing the full system at the end
means that when problems occur, it is difficult to pinpoint
the cause. Therefore, it is important to be able to isolate
each risk/function and test it separately and slowly increase
the complexity, e.g. by combining more functions. We call
this early integration.

With the use of early integrations, we have experimentally

validated the following:

o positioning units capable of positioning each MAFM
instrument quickly and accurately on a 300-mm wafer;

o performance of the MAFMs for customer wafers,
especially high-aspect-ratio structures;

« operation of four MAFMs in parallel;

« performance of active vibration isolation and the
metrology loop to reduce floor vibrations, reaction forces,

and acoustic and thermal disturbances.

Different dynamics architectures considered during the concept phase. . .
(a) Combined (single) frames. Architecture impacts

(b) Separate metroframe. Other vital criteria could influence the modules and overall
(c) Separate metroframe & force frame.
(d) Balance mass & force frame.

(e) Balance mass. mechanical layout, which determined required fab floor

systems considered, including required volume for
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a
The dynamics layout of QUADRA.

at the customer (affecting the cost of ownership), the
volume of service and access paths needed, thermal and
contamination constraints, and human and machine safety.

We considered the number of interfaces in the system.

This number determines the balance between the system’s
performance, manufacturability, and serviceability. We also
considered the complexity of modularity of the concept.
This was also essential for spare parts strategy and parallel
development, scalability to be used as a platform for future
products, the ability to be tested (as it is vital that suppliers
are able to test modules), industrialisation, and readiness
(whether it is an off-the-shelf solution and has been already
proven to work in the semiconductor industry).

Early software integration

The development of the software started simultaneously as
the whole system’s design and played an essential role in the
choices we made. Automation was an essential requirement,
and we foresaw that we needed to develop all systems in a
close corporation. In this way, the software could shape part
of the hardware development and vice versa. Also, as both
hardware and software systems were developed in parallel,
we could align expectations faster than if we had waited for
software development and integration until the very end.
By investing in early integration moments, we could find
problems in our design when these were still small and
could be managed. Not every system function could be
thoroughly tested with the hardware then available. For
these functions, we developed simulators. These simulators
helped us design the functions of the subsystems.

Software architecture
We designed our software’s architecture to support our overall

machine development and to be aligned with the hardware
architecture. This architecture resulted in a system divided
over three layers of control. In the lowest layer, all real-time
control of the hardware is implemented. In this layer, the
‘what’ of an actuator-controlled movement is translated to the
‘how’ of a movement (for example, with PID control loops)
and high-frequency sensor readings are translated to lower-
frequency quantitative measurements. On top of this layer, we
implemented a non-real-time subsystem layer. In this layer,
the ‘what’ of a subsystem is translated to the how’ in terms

of actuators and sensors.

Finally, in the top layer (machine control layer), we
coordinate all functions of subsystems to be able to provide
the system functions. These system functions combine
different ways to realise the various functions that the
QUADRA performs in a factory. This work division helped
us develop subsystems in parallel and decouples the
machine control layer from the actual hardware. As during
QUADRASs development, we changed the subsystem’s
hardware design but not their function, no change to the
QUADRA machine control layer was needed.

Software frameworks

At the start of the project, we realised that we could not
develop a machine control software system for a new system
that would also be immediately fully capable of integrating
with the existing customer MES. In the semiconductor
industry, the machine’s communication and control has
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been standardised over the past 25 years by the industry-
wide standards body SEMI (www.semi.org). This is of great
benefit to our development, as we do not have to develop

a custom integration system for each customer.

It also poses a challenge as the standard has grown to
become big and complex. Proven solutions for factory
integration and tool management are available in the
market, and we based our development on a pre-existing
framework. We did what we always do faced with an
important choice, and we made an extensive trade-off.

The framework we have chosen has allowed us to focus on
automation that is specific to QUADRA. The framework
handles all common patterns for tools in semiconductor
foundries (like loading wafers, interfacing with factory
systems, starting recipes). One of our criteria was the
implementation platform; the framework runs on .net,
and we can use the high-level language C# as our systems’
language.

A significant development in the high-tech machine-
building industry is the use of model-driven technologies.
The execution of one or more system functions can be
modelled with state machines. As the complexity of a
machine grows, so does the complexity of the state
machines and the interaction between state machines.

Validation of a machine’s correct function is hampered by
the fact that hardware and software need to interact. We use
a commercially available system that allows us to verify our
models correctness and to manage the complexity and
move a lot of the validation from testing to proving.

Agile way of working

Above, we already described the importance of defining a
minimal viable product. This concept is also closely related
to the agile way of working. We developed QUADRA using
the scrum methodology, with 2-week sprints. This allowed
us to have predictable integration moments and be flexible
on the direction of development but still deliver a working
system. It also allowed the different software development
teams to focus on a fixed set of deliverables per two weeks
and finish these. We found that a 2-week reaction time did
not fit with the day-to-day problems encountered during
the final full system integration stage. We went through an
adaptation period and are now partially developing using
scrum and partially using Kanban methods.

QUADRA was built within a growing company. We started
with a small team, relying on expert suppliers, and grew to
the almost grown-up team we have now. From the start, we
looked for expertise, teamwork, and good communicative
skills in our candidates. We found this in people worldwide
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and currently have more than 25 nationalities working at
NFI. In the software team, we first organised daily meetings
with the whole team, but we split up teams and their
meetings according to the architectural layers as we grew.
We keep full team meetings on a regular schedule to stay
connected and share knowledge. In 2020, we also moved
from a local team in one room to a distributed remote team.
We found that it is especially important to provide a safe
and open working environment in such a situation as

communication is more fragile in a remote setting.

Innovation ecosystem

To successfully develop and introduce a highly complex
system like QUADRA, careful consideration of where to
focus on as a company was necessary. This consideration
was even more critical for a start-up. Where should NFI
have unique added technological value? Can we include
strong technological competencies available in the existing
high-tech industrial landscape from other companies?

As the primary strategy, NFI has a preference to do only
what we are good at: the elements that form the heart of the
machine and architecture and that no one else can do. All
technology to make this heart tick in a complete industrial
machine is outsourced to competent development partners.

We work at the limit of what is physically and
technologically possible. Therefore, the network of
development partners formed needs to satisfy several
criteria: partners must have the right technological
competences to begin with, but also a thorough knowledge
of systems engineering principles, what it means to have
interfaces with many subsystems developed by various
parties and being capable of handling that, understanding
the technical challenges the other partners have.

Furthermore, experience in the semiconductor industry
with its specific requirements is essential. And last but not
least, an understanding and the willingness to work in a
very flexible - agile — way with a start-up like NFI, where
not all processes are already in a mature state, is paramount
for success. The intimate cooperation with all partners in
this highly innovative ecosystem has been a key factor in
enabling NFI to introduce QUADRA.

The current innovation ecosystem will keep evolving over
time to keep pace with the ramp-up to series production of
the existing product and new products to be developed and
introduced. The next steps with the currently involved
partners are to establish, consolidate and maintain long-
term strategic partnerships to ensure and secure the next
nodes in the NFI product-technology roadmap, volume
flexibility and lifecycle management of QUADRA and
subsequent platforms, and excellence in the supply chain
performance areas Technology, Quality, Logistics, and Cost.



What's next?

NFI is preparing for the series production of QUADRA, to
meet the market demands that have been communicated by
its customers. Moreover, NFI continuously works on R&D
for the next products of its roadmap. The throughput of the
NFI metrology systems will be further increased on the one
hand while introducing new metrology functionalities on
the other hand. The next product that is currently under
development at NFI is a non-destructive, nanoscale
subsurface scanning probe metrology system (SSPM),
targeting applications of buried void and on-product
overlay metrology.

Current and future semiconductor devices have features
that are buried under several layers (so-called subsurface

features). Most of these layers are metal or carbon layers
that are fully optically non-transparent (or opaque).
Moreover, semiconductor fabs require to perform
metrology on the product itself, rather than traditionally
measuring on targets in the scribe-lines. NFI, together with
TNO, has developed a new measurement concept by
combining ultrasound excitation and SPM. In this concept,
an acoustic wave (frequency in the order of several MHz to
even above several GHz) is launched through the SPM tip.

The ultrasound wave interacts with the subsurface features,
and the tip of the SPM can measure the effect. NFI will use
the same approach used in QUADRA’s development to
bring SSPM to its launching customer soon.
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